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Tissue-derived stem cells (TDSCs), proven to be defined in
tissues of bone marrow and blood vessels, adipose tissue,
and placental tissue, have been highly approved as a particu-
larly attractive autologous cell source for the purpose of
regenerative therapy in the past decade. Accordingly, we
opened up a special issue focused on TDSCs in 2016 with a
large yield in appealing findings and correlated mechanisms
though the safety aspects of their clinical applicability need
to be well investigated and assessed in further study. In the
meanwhile, the high risk of malignant transformation
emerged as a critical obstacle to safe clinical translation of
embryonic stem cell- or induced pluripotent stem cell-based
therapies despite their fascinating differentiation potentials.
Therefore, the compromising but feasible strategy of current
regenerative therapies aimed at clinical applications is mostly
limited to TDSCs isolated from adult tissue including bone
marrow, adipose tissues, and placental tissues, which in com-
parison with totipotent stem cells have more specialization
and less differentiation potential. In view of novel strategy
and improved technique in the recent studies of TDSCs, we
pushed forward a serial special issue in 2017.

Eighteen selected papers of research and review were
published in this special issue according to the topics. In
terms of the source of TDSCs, thirteen groups reported their
studies in mesenchymal stem cells (MSCs) derived from bone
marrow, adipose, lung, endometrium, placenta, and gingiva;
three groups in stem cells derived from midbrain, limbal
epithelial cell, and urine; one group in umbilical cord blood;
and one group in hepatic progenitor cells.

Though the previous studies have demonstrated the effi-
cacy of bone marrow-derived MSCs in graft-versus-host dis-
ease, osteogenesis imperfecta, myocardial infarction,
systemic lupus erythematosus, and diabetes in both preclini-
cal and early-phase clinical studies, the difference and the
elucidating mechanisms of immune phenotype and prolifer-
ative potential between the bone marrow- and other source-
derived MSCs and the modified technique were discussed in
eleven papers of this special issue. D. Cappetta et al. reported
that lung-derived MSCs improved emphysema induced by
elastase in mouse. F. Lizcano et al. discussed that IL-4 recep-
tor expressed in both precursor and adipocytes differentiated
from human adipose-derived MSCs. Neuropilin 1 mediates
keratinocyte growth factor-regulated adipose-derived MSC
differentiation was reported in S. Ceccarelli et al.’s article.
A. C. Yorukoglu et al. reviewed MSC sheets in osteogenic tis-
sue engineering. Ž. Večerić-Haler et al.’s review focused on
MSC therapy in acute kidney injury induced by cisplatin.
D. Aboalola and V. K. M. Han discussed the effect of
insulin-like growth factor-1 and 2 on myogenic differentia-
tions from human MSCs. E. Lara et al. reported that PGE2
can modify the transcription profile of cattle endometrial
MSCs. Y. Wanner et al. discussed that jaw platelet lysate
was a better condition for culture jaw periosteal cells. F.
Zhang et al.’s article indicated that inflammatory and anti-
inflammatory synchronization affects stem cell regeneration
from gingival stem/progenitor cells. D. Ye et al.’s article
reported that transplanted MSCs may improve liver damage.
N. Yusop et al. compared the characters of MSCs derived

Hindawi
Stem Cells International
Volume 2018, Article ID 8203537, 2 pages
https://doi.org/10.1155/2018/8203537

http://orcid.org/0000-0002-7843-7232
http://orcid.org/0000-0002-6314-6029
https://doi.org/10.1155/2018/8203537


from rat bone marrow and the endosteal niche. M.-S. Chen
et al. reported that IL-1 beta promotes MSC migration. M.
Miyamoto et al. discussed that BMSC proliferates well in
the recombinant peptide sponge.

Besides the studies of tissue-derived MSCs, interesting
results were reported of other source-derived stem cells in
four papers published in this special issue. T. Johansen et al.
analysed calcium transients in the proliferation and differen-
tiation of stem cell derived from human midbrain. Limbal
epithelial cell culture condition was identified in E. K. Kim
et al.’s article. X. Ji et al.’s review summarized the research
of urine-derived stem cell. F. Li et al. discussed that Y-box
protein can regulate the expression of collagen I in hepatic
progenitor cells. A. Correa et al. reported that CD133-
positive cells derived from human umbilical cord blood
improved myocardial infarction.

In conclusion, it is entirely possible that TDSCs come to
be the feasible and novel source into clinical regenerative
trials in the near future encouraged by the fascinating obser-
vations from the original research articles as well as the
review articles collected in this special issue. However, there
still remain fundamental uncertainties including elucidation
to mechanisms, safety aspects, and reproducibility regarding
the variety of origin of stem cells.
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Alejandro Correa ,1 Gabriel Salles Ottoboni,2 Alexandra Cristina Senegaglia,2

Luiz Guilherme Achcar Capriglione,2 Nelson Itiro Miyague,2 Lidiane Maria Boldrini Leite,2

Valderez Ravaglio Jamur,2 Carmen Lúcia Kuniyoshi Rebelatto,2 Márcia Olandoski,2

and Paulo Roberto Slud Brofman2

1Carlos Chagas Institute, Oswaldo Cruz Foundation, FIOCRUZ, Curitiba, PR, Brazil
2Core for Cell Technology, Pontifícia Universidade Católica do Paraná, Curitiba, PR, Brazil

Correspondence should be addressed to Alejandro Correa; alejandrocorreadominguez@gmail.com

Received 4 July 2017; Revised 8 November 2017; Accepted 12 December 2017; Published 11 April 2018

Academic Editor: Kequan Guo

Copyright © 2018 Alejandro Correa et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in anymedium, provided the original work is properly cited.

Pharmacological approaches are partially effective in limiting infarct size. Cell therapies using a cell population enriched with
endothelial progenitor cells (EPCs) CD133+ have opened new perspectives for the treatment of ischemic areas after infarction.
This preclinical study evaluated the effect of intramyocardial transplantation of purified or expanded human umbilical cord
blood-derived CD133+ cells on the recovery of rats following acute myocardial infarction (AMI). Histology studies,
electrocardiogram, and fluorescence in situ hybridization (FISH) were used to evaluate heart recovery. Purified CD133+ cells,
enriched in endothelial progenitor cells, when expanded in vitro acquired an endothelial-like cell phenotype expressing CD31
and von Willebrand factor (vWF). The group of infarcted rats that received expanded CD133+ cells had a more significant
recovery of contraction performance and less heart remodeling than the group that received purified CD133+ cells. Either
purified or expanded CD133+ cells were able to induce neovascularization in the infarcted myocardium in an equivalent
manner. Few human cells were detected in the infarcted myocardium of the rats 28 days after transplantation suggesting that
the effects observed might be related primarily to paracrine activity. Although both cell populations ameliorated the infarcted
heart and are suitable for regeneration of the vascular system, expanded CD133+ cells are more beneficial and promising
candidates for vascular regeneration.

1. Introduction

Despite advances in the diagnosis and treatment of acute
myocardial infarction (AMI), this cardiovascular disease
continues to have a major impact on public health [1].
Although mortality has decreased by approximately 30%
in recent decades, AMI incidence is still a fatal event in
approximately one-third of patients. The vast majority of
the cases result from coronary atherosclerosis and
superimposed thrombosis. The fissure and the consequent
rupture of atherosclerotic plaque is currently considered

the common pathophysiological basis of the onset of
symptoms [2].

Following occlusion of a coronary artery, the surround-
ing myocardial muscle area enters an ischemic cascade and
loses its contractile function. Compensatory mechanisms
are activated to restore ventricular function and cardiac out-
put. However, myocardial fibrosis and changes in the thick-
ness of the ventricular wall lead to cardiac remodeling and
the loss of ventricular cavity dilation function [3].

Current pharmacological approaches are partially effec-
tive in limiting infarct size [4]. Restoring myocardial

Hindawi
Stem Cells International
Volume 2018, Article ID 5412478, 11 pages
https://doi.org/10.1155/2018/5412478

http://orcid.org/0000-0002-5887-1453
https://doi.org/10.1155/2018/5412478


perfusion represents one way to normalize blood circulation
and oxygen demand. Intravenous thrombolysis with throm-
bolytic agents also plays an important role in the treatment
of AMI. This therapy is effective in rechanneling coronary
occlusion by a thrombus [5]. However, percutaneous coro-
nary angioplasty is currently the gold standard treatment
for acute myocardial infarction [6], whereas only selected
cases are candidates for surgical treatment [7].

Recently, a new therapy is being studied at the clinical
level, aiming to treat patients with myocardial infarction
and to make up for the time that is lost prior to revascu-
larization. Cell therapies using CD133+ cell population
enriched with endothelial progenitor cells (EPCs) have
opened new perspectives for the treatment of ischemic areas
after infarction [8–13].

In a previous study, we characterized and evaluated the
angiogenic potential of CD133+ cells and speculated that
expanded CD133+ cells might have clinical advantages over
purified CD133+ cells for treating AMI [14]. In this work,
we carried out an in-depth study and show that in fact
infarcted rats treated with expanded CD133+ cells have less
mortality, significantly improved ejection fraction, signifi-
cantly less ventricular remodeling, and more mature vascu-
larization than those treated with purified CD133+ cells.
The low number of human CD133+ cells found in the heart
after 28 days of treatment suggests that the improvements
observed were primarily due to the paracrine effectors
secreted by these cells.

2. Materials and Methods

This animal study and the procedures detailed herein were
reviewed and approved by the Local Ethics Committee on
Animal Research, identification number 180. Signed
informed consent was obtained from each mother prior to
human umbilical cord blood (HUCB) collection.

2.1. Purification and Expansion of Endothelial Progenitor
Cells (EPCs). The experiments were conducted with sam-
ples of human umbilical cord blood obtained at Hospital
Victor Ferreira Amaral from mothers who agreed to par-
ticipate in the study. Under sterile conditions, HUCB
was collected from fresh placentas with the umbilical cord
still attached. The puncture was performed with 60 and
20ml syringes using the anticoagulant acid citrate dextrose
(ACD) (JP Indústria Farmacêutica S.A., Ribeirão Preto,
Brazil) after the suspension of the placenta.

The isolation of mononuclear cells (MNCs) was per-
formed according to the method of Boyum [15] modified
using a Histopaque™ 1.077 density gradient (Sigma-Aldrich,
São Paulo, Brazil). EPCs (CD133+) were selected using
CD133-coupled magnetic microbeads (Miltenyi Biotec, Ber-
gisch Gladbach, Germany) according to manufacturer’s
instructions. The purity of the MACS-separated subpopula-
tions was confirmed by flow cytometry with monoclonal
antibodies (CD34, CD45, and CD133). After isolation,
CD133+ cells were expanded as described elsewhere by
Senegaglia et al. [14]. Briefly, isolated CD133+ cells were
plated in 25 cm2

flasks in Iscove’s modified Dulbecco’s media

(IMDM) (Invitrogen, Grand Island, NY, USA) supplemented
with 50ng/ml vascular endothelial growth factor (VEGF)
(Sigma-Aldrich, São Paulo, Brazil), 1 ng/ml basic fibroblast
growth factor (b-FGF) (Sigma-Aldrich, São Paulo, Brazil),
2 ng/ml insulin-like growth factor (IGF)-I (Gibco Invitrogen,
Carlsbad, USA), 10% fetal bovine serum (FBS) (Gibco Invi-
trogen, Carlsbad, USA), and 1% penicillin-streptomycin
(Gibco Invitrogen, Carlsbad, USA). All cultures were main-
tained at 37°C with 5% CO2 in a humidified atmosphere.
After MACS sorting, the number of CD133+ cells obtained
was low (in average 6.6× 105 cells) and approximately 20 days
of culturing were necessary to achieve confluence. After that,
cells were passed every 3-4 days. To obtain enough number of
cells for the in vivo experiments, they were used at passage 4
or 5. At the same time, this expansion is sufficient for the cells
to acquire an endothelial-like phenotype [14], yet maintain-
ing a young and highly proliferative cell population with no
changes in their properties or in the genetic stability of the
cells. For intramyocardial infusion, cells were prepared in a
1ml syringe, and 2× 105 cells were diluted in 0.3ml isotonic
saline (sodium chloride 0.9%) (JP Indústria Farmacêutica
S.A., Ribeirão Preto, Brazil). In the control group, the syringes
contained only 0.3ml isotonic saline (0.9% sodium chloride).

2.2. Characterization of the Cells. Immunophenotypic analy-
sis was performed by staining 2× 105 MNCs, purified and
expanded CD133+ cells per tube. MNCs and purified cells
were analyzed after isolation, whereas expanded cells were
analyzed at passage 3 or 4. Anti-mouse IgG1 antibodies con-
jugated with phycoerythrin (PE), fluorescein isothiocyanate
(FITC), allophycocyanin (APC), and peridinin chlorophyll
protein (PerCP) (all from BD Pharmingen™ San Jose, CA,
USA) were used as isotype controls. The cells were incubated
with the following monoclonal antibodies to determine their
typical cell surface epitope profiles: anti-CD14, anti-CD31,
anti-CD34, and anti-CD45 (all from BD Pharmingen™ San
Jose, CA, USA), anti-CD105 (eBioscience Inc., San Diego,
CA, USA), and anti-CD133 (Miltenyi Biotec, Bergisch Glad-
bach, Germany). For intracellular detection of vWF, cells
were permeabilized using FIX & PERM cell permeabilization
reagents (Caltag, Carlsbad, CA, USA) and further incubated
with an isotype-specific FITC-conjugated goat anti-rabbit
antibody (Sigma-Aldrich, São Paulo, Brazil). Their viability
was assessed by 7-AAD (BD Pharmingen) staining. The data
for cell staining were acquired using a FACSCalibur flow cyt-
ometer (Becton Dickinson, San Jose, CA, USA) and analyzed
with FlowJo software (Tree Star, Ashland, OR, USA).

2.3. Experimental Model of the AMI in Rats. The study
included 38 male 100-day-old albino Wistar rats (Rattus
norvegicus) (mean weight of 342 grams). Male animals
were used to avoid the hormone cycle of the female rats.
The hormone cycle would add one more variable to our
study. The rats were housed in open-top polypropylene cages
(41 cm× 34 cm× 16 cm (height)) in groups of three or four
rats/cage in a temperature- (18–21°C) and humidity-
controlled (55–65% relative humidity) environment under a
12-hour light-dark cycle and had ad libitum access to a stan-
dard rodent chow (NUVITAL®, Colombo, Paraná, Brazil)
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and water. The bedding (pine wood shavings, Inbrasfama,
São José dos Pinhais, Paraná, Brazil) in each cage was
changed daily.

This animal model was performed according to the
methodology described by Capriglione et al. [16]. For
anesthetization, the rats were first premedicated by intraper-
itoneal (IP) injections of 1.25mg/kg diazepam (Valium®,
5mg/ml, Teuto, Anápolis, Goiás, Brazil) and 12.5mg/kg
ketamine (Vetanarcol®, 50mg/ml, Laboratórios König S.A.,
Avellaneda, Argentina) and an intramuscular (IM) injection
of 5mg/kg meperidine (Dolosal®, 50mg/ml, Cristália, São
Paulo, Brazil) and 40 mcg/kg atropine (SANTROPINA®,
Santisa, Brazil, 0.25mg/ml). Five minutes after the injec-
tions, anesthesia was induced using halothane (Tanohalo®,
Cristália, São Paulo, Brazil). Each rat was then endotrache-
ally intubated, and anesthetization was maintained by halo-
thane vaporized in 100% oxygen (~150ml/minute) in a
semiclosed breathing circuit. Halothane delivery to the anaes-
thetized rats was not continuous: it was stopped at the time of
left coronary artery occlusion or when the rat was at the
desired depth of anesthesia. Each rat was mechanically venti-
lated using a ventilator (Harvardmodel 683 small animal ven-
tilator,HarvardApparatus,MA,USA),whichwas set to 70–80
breaths/minute and a minute volume of 175–200ml/min.

For surgery, the animal was placed in dorsal decubitus
position, and a lateral thoracotomy was performed in the left
fourth intercostal space, separating the latissimus dorsi and
pectoral muscles. The intercostal space was kept open using
a 7 cm AlM self-retaining retractor to visualize the beating
heart. The pericardium was then opened using a sterile flex-
ible cotton-tipped rod. The left anterior descending coro-
nary artery (LADCA) was first identified and then
occluded 2mm from its origin between the left atrial edge
and the pulmonary artery sulcus using 7-0 polypropylene
thread (Prolene®, Ethicon Inc., Somerville, USA). The
infarcted areawas immediately verified by the color difference
and loss of contractile function. The thorax was then closed in
two layers with simple interrupted 4-0 monofilament nylon
sutures. Each rat was returned to its home cage after it fully
recovered from the anesthesia and surgery and was kept
under the laboratory standard conditions (see previous).
After surgery, the rats received flunixin meglumine anti-
inflammatory (Banamin®, São Paulo, Brazil) 2.5mg/kg/SC
twice daily for 2 days and enrofloxacin antibiotic (Baytril
5%®, São Paulo, Brazil) 10mg/kg/IM once daily for 2 days.
The surgical wounds were cleansed with isotonic saline
(sodium chloride 0.9%) once daily until complete healing,
and the suture was removed after 7–10 days.

2.4. Echocardiographic Evaluation. Transthoracic echocardi-
ography (TTE) was performed seven days after AMI and 28
days after cell transplantation by an experienced professional
who did not have knowledge of the experimental groups.

For TTE, the rats were sedated by an IM injection of
50mg/kg ketamine and 5mg/kg xylazine (KENSOL® König,
Brazil, 20mg/ml). When sedated, they were placed in the dor-
sal decubitus position with the body slightly inclined to the
left. Two-dimensional TTE was performed using a multifre-
quency linear array ultrasound transducer (15L6, bandwidth

15MHz, Philips Ultrasound, USA) whose output was
recorded on a Hewlett Packard Sonos 5500 Ultrasound Sys-
tem. Ejection fraction (LVEF), end-systolic volume (ESV),
end-diastolic volume (EDV), end-systolic area (ESA), and
end-diastolic area (EDA) of the left ventricle were determined
from the images using Simpson’s method [17]. The heart rate
(HR) of these rats was simultaneouslymeasured by an electro-
cardiograph that was incorporated into the ultrasound sys-
tem. All echocardiographic measurements were performed
using the same equipment and were repeated three times by
the same examiner. The results are represented as the mean
of three independent measurements.

Rats with ejection fractions less than 40%, featuring ven-
tricular dysfunction, were included in further experiments.

2.5. Cell Transplantation. On the ninth day after AMI, the
rats were anesthetized with the same protocol and details
previously described (see Experimental Model of the AMI
in Rats). After antisepsis of the anterior chest region, the rats
were placed in a dorsal decubitus position and a median tho-
racotomy was performed. The infracted region of the left ven-
tricle was visualized by the staining difference and scarring.
The cell transplants (purified or expanded) or isotonic saline
injections (IS) were performed by a single injection to the cen-
tral area of theAMI. The cell transplant was performed using a
1ml insulin syringe (13mm× 0.38mm needle) containing
2× 105 stem cells diluted in 0.3ml IS. In the control group,
the same syringe was used with the needle containing only
0.3ml IS. The chest walls were closed via simple suture using
catgut 4.0 in the intercostal muscle and in the skin with nylon
monofilament 4.0. After recovery from anesthesia, the rats
were treated with the same anti-inflammatory and antibiotics
utilized previously (see Experimental Model of the AMI in
Rats) and were then returned to their home cages where they
were kept for 28 days under the conditions described inExper-
imentalModel of the AMI in Rats. The rats were also followed
up daily for clinical signs of illness and behavioral problems,
such as aggression or stereotypic behaviors. After 28 days,
the second TTE was performed followed by euthanasia. The
rats were humanely killed without the presence of other rats
by an overdose of halothane after being placed in the glass
induction chamber that was used to induce anesthesia. After
confirmation of death, each rat was necropsied.

2.6. Histopathology of the Hearts. After euthanasia, each rat
was necropsied and the heart of each one was removed for
histopathological analysis. The hearts were fixed in a 10%
neutral buffered formalin solution (Biotec, Pinhais, Brazil)
for 24 hours. Briefly, the formalin-maintained samples were
washed in tap water, dehydrated using an ascending alcohol
series, and then embedded in paraffin blocks. Sections
(5μm thick) were cut, mounted on glass slides, hydrated
using distilled water, and then stained. Hematoxylin and
eosin staining of cardiac tissue was performed to locate the
infarct and to evaluate the formation of new capillaries in
the infarcted area, and then the neovascularization findings
of the three groups were compared. To analyze the estimated
quantification of capillaries, slides were examined under an
Olympus CX41 microscope with a camera (model DP25)
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(Olympus, São Paulo, Brazil) attached to the microscope. The
images were captured using the analySIS getIT program
(software installed on Windows). We used a field of 100μm
at a magnification of 20x. The hearts were submitted to three
cross sections, and the most significant area of AMI was
selected. At an objective of 10x, three regions of infarct,
including one central (larger infarct size) and two peripherals
(the transition region between the infarct and the healthy
area) regions, were selected. In each of the three selected
regions, six random fields at the 20x objective were chosen,
and then the capillaries were counted. A capillary was defined
as a tubular histological structure with at least one endothe-
lial cell with a nucleus and cytoplasm in a circular shape
and containing at least one red blood cell in the interior
and no middle layer muscle.

We counted the capillaries in 18 fields of each slide.
Twenty slides were analyzed per group. Three investigators
performed the counts, and the results were expressed as the
mean of the capillaries per field in the peripheral, central,
and total areas for all three groups. The same histological
slides used to count the capillaries were used to determine
the relative amount of fibrosis via a semiquantitative analysis
of the infarcted region of the heart using what we have
named as the fibrosis value (F.V.). A maximum value of four
(F.V. = 4) was assigned to the worse cases of fibrosis observed
in the analyses, and a value of 0 (F.V. = 0) represented the
absence of fibrosis (healthy muscle heart). More specifically,
the scale was defined as follows: 0—preserved heart tissue
without histological changes; 1—thinning of the ventricular
wall, fibrosis deposition in localized regions; 3—thinning of
the ventricular wall, fibrotic deposition in diffused regions
but with the presence of some preserved cardiac tissue; and
4—very decreased thickness of the ventricular wall, intense
deposition of collagen throughout the infarcted region. All
the analyses were carried out such that the experimenters
were blinded to the identity of the samples.

2.7. Analysis of Transplanted Cells In Situ. Paraffin-embed-
ded tissue sections for FISH were prepared according to
Henegariu [18]. Briefly, the heart tissue sections were
maintained for one hour at 60°C, placed in xylene (Merck,
Darmstadt, Germany) for 10–15minutes, placed in a
xylene/ethanol (Merck, Darmstadt, Germany) solution
(1 : 1) for ten minutes, and finally, placed in 100% ethanol
for ten minutes. Sections were then treated with proteinase K
solution (20ml phosphate-buffered saline (PBS) (Invitrogen,
Carlsbad, USA)+100μl 10% sodium dodecyl sulfate (SDS)
(Sigma-Aldrich, Steinheim, Germany) + 200μl proteinase K
(Invitrogen, Carlsbad, USA) 20mg/ml) for 8 to 25 minutes at
45°C, then washed with PBS for 3 minutes, and finally dehy-
drated with ethanol solutions of 70% and 100% for five
minutes each. The prepared slides were dehydrated againwith
an ethanol sequence of 70%, 85%, and 100% for two minutes
each. Tissue sections were placed in each slide with a probe
for all human centromeres (AHC) shown in red (Kreatech
Diagnostics, Amsterdam, Netherlands) and a probe for rat
chromosome Y shown in green (ID Labs Inc., London,
Canada). Codenaturation, hybridization, and washing were
performed according to manufacturer’s instructions. To

display the signal, DAPI (Kreatech Diagnostics, Amsterdam,
Netherlands) was used as a counterstain, which has an affinity
for genetic material. The images were captured using a LAS
system (Leica Microsystems, Mannheim, Germany) with
green, red, blue, and overlapping filters.

2.8. Statistical Analysis. A one-way analysis of variance
(ANOVA) was used to compare the groups with respect
to the quantitative variables of the echocardiographic
parameters that were assessed pretransplantation. The
nonparametric Kruskal-Wallis test was used to compare
the percentage of collagen and the number of capillaries
among groups. Student’s t-test for paired samples was
used to compare echocardiographic parameters pre- and
posttransplantation. The results obtained are expressed as
the mean ± SD or as the median, minimum, and maxi-
mum values. p values< 0.05 were considered statistically
significant. All statistical analyses were performed using
SPSS v. 20.0 software.

3. Results

3.1. Expanded CD133+ Cells Acquire an Endothelial-Like
Phenotype. The average volume of blood collected from
eleven human umbilical cord samples was 93± 40ml. The
average number of mononuclear cells obtained was 70
± 78× 106 and the average number of CD133+ cells was
0.66± 0.62× 106, about 0.95% of the total mononuclear cell
population. After culturing the CD133+ cells for 3 to 4 pas-
sages in IMDM containing b-FGF/IGF-1/VEGF, the average
number of expanded cells was 1.99± 0.89× 106 (Table S1);
thus, a mean increase of three times the number of cells
was observed comparing expanded to purified cells. The cor-
relation coefficients between the volume of blood collected
versus the number of mononuclear cells, the number of mono-
nuclear cells versus the number of CD133+ cells, and the num-
ber of CD133+ cells versus the number of expanded CD133+

cells were 0.69, 0.84, and 0.32, respectively. As it has been pre-
viously shown by our group [14, 19] that the phenotype of the
enriched CD133+ cell population, as determined by surface
markers, changes considerably after expansion, acquiring an
endothelial-like phenotype. After isolation, the average per-
centages of cells were as follows: 81% CD133, 82% CD34,
12% CD45, 5% CD14, 8% CD105, 1% CD31, and 6% vWF.
The phenotypes of the expanded CD133+ cell population were
on average as follows: 3% CD133, 12% CD34, 2% CD45, 1%
CD14, 6% CD105, 85% CD31, and 64% vWF (Figure 1(a)).

3.2. Expanded CD133+ Cells Improve Cardiac Function of the
Infarcted Heart and Prevent Major Heart Remodeling More
Effectively Than Purified CD133+ Cells Alone. The rats with
AMI included in this study were divided into three groups
as follows: a control group (C) that received saline solution
(n = 15), a group transplanted with purified CD133+ cells
(P, n = 12), and a group transplanted with expanded
CD133+ cells (E, n = 11). In the control group, 33% (5 of
15) of the mortality was observed after surgery during the
28 days of follow-up. In the group that received purified
CD133+ cells, 17% (2 of 12) of the rats died during treatment,
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while in the group that received expanded CD133+ cells,
mortality dropped to only 9% (1 of 11) compared with the
control group (Figure 1(b)). Nevertheless, no significant dif-
ferences in mortality rate were observed among groups. To
evaluate heart functionality and remodeling, several cardio-
vascular parameters were determined to establish statistical
similarities or differences among groups. The values related
to heart rate (HR) decreased after 28 days posttransplanta-
tion in all three groups, albeit no statistic differences were
observed within or among groups (Table S2). The end-
systolic volumes of the left ventricle (LVESV) pre- and post-
transplantation were analyzed in the three groups. In the
control group, rats exhibited a trend of systolic dilatation (p
= 0 06). The average volumes pretransplantation and 28
days posttransplantation were 0.53ml and 0.70ml, respec-
tively. On the other hand, there was a clear preservation of
LVESV in the others treated groups. The LVESV of the group
that received the purified CD133+ cells fluctuated from
0.46ml to 0.51ml (p = 0 43), and that of the group trans-
planted with the expanded cells ranged from 0.53ml to
0.48ml (p = 0 37). No significant differences were observed
in the LVESV of the posttransplanted rats between groups
P and E (p = 0 750), while the differences between P and C

(p = 0 047) and between E and C (p = 0 023) (Figure 2(a)
and Table S3) were significant. For end-diastolic volume of
the left ventricle (LVEDV), the group C showed a significant
increase in LVEDV comparing pre- and posttransplanted
rats ranging from 0.73ml to 0.99ml with a p value of 0.015.
Group P also showed a significant increase from 0.67ml to
0.83ml (p = 0 038), suggesting dilation of the left ventricle
in both the C and P groups. Conversely, group E did not
show a significant increase in LVEDV, ranging from 0.73 to
0.80ml (p = 0 298), and thus the left ventricle was preserved
(Figure 2(b) and Table S4).

The average values of the end-systolic area of the left
ventricle (LVESA) for the pre- and posttransplanted rats were
compared, and no significant differences were observed within
each group (Figure 2(c) and Table S5). In addition, at the end
of the 28 days of follow-up, no significant difference was
observed in the LVESA values among groups. In contrast,
the data of the left ventricular end-diastolic area (LVEDA)
for the pre- and posttransplanted rats were significantly differ-
ent between groups C (pretreatment=1.21 cm2 and posttreat-
ment=1.43 cm2; p = 0 019) and P (pretreatment=1.16 cm2

and posttreatment=1.30 cm2; p = 0 041). In group E, the
values ranged from 1.22cm2 to 1.26 cm2 with p = 0 556.
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Figure 1: Expanded CD133+ cells acquired an endothelial-like immunophenotype and greatly diminished the mortality of rats with AMI. (a)
Percentage of positive cells with progenitor and endothelial cell markers. Representative immunoprofile of a sample of CD133+ cells isolated
from human umbilical cord blood before (purified CD133+ cells) and after expansion (expanded CD133+ cells). (b) Percentage of mortality of
the three groups: control (injected with isotonic saline solution, sodium chloride 0.9%), purified (transplanted with purified CD133+ cells),
and expanded (transplanted with expanded CD133+ cells). The differences between groups are expressed as the delta value (Δ) above the bars.
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Therefore, there was a significant increase in the end-diastolic
area of groups C and P, while that of group E was not signifi-
cantly different (Figure 2(d) and Table S6).

One of the most revealing parameters of cardiac function
is the LVEF. The mean value of the LVEF of healthy Wistar
rats has been well established and is approximately 80%
[20–22]. In our study, we included rats with EF< 40% after
infarct, representing sever damage in the cardiac function
due to considerable areas of noncontractile fibrotic tissue.
The LVEF percentages of the control group pre- and post-
transplant showed a slight but not significant increase from
27.4% to 29.9% (Δ=2.5%), p = 0 429. In the group of purified
CD133+ cells, there was a trend toward an improvement in
the ejection fraction from 31.1% to 38.3% (Δ=7.2%, p =
0 06), although the difference was not significant. Remark-
ably, the group transplanted with expanded CD133+ cells
exhibited a significantly increased LVEF from 28.6% to
40.0% (Δ=11.4%, p = 0 006) (Figure 3(a) and Table S7). It
is important to note that no differences were observed among
the groups before transplant (p = 0 538, Figure 3(b)); how-
ever, the posttransplantation group that received expanded
CD133+ cells was significantly different compared with the
control group (p = 0 04, Figure 3(c) and Table S7).

3.3. Transplant of Either Expanded or Purified CD133+ Cells
Decreases Fibrosis and Significantly Increases Vascularization
in Myocardial Tissue after Infarct. To determine the level of
fibrosis in the cardiac tissue, a semiquantitative microscopic
analysis was carried out (for further details, see Materials and
Methods). In the control group that did not receive cell ther-
apy, the cardiac tissue maintained a typical AMI pattern with
large areas of fibrosis between the myocardial tissue islands
(F.V. = 2.8; SD=1.03). Additionally, it was possible to
observe less capillaries in the control group than in the
transplanted groups and no evidence of new vascular-like
structures (circular or in networks) that suggested capillary
formation (Figures 4(a) and 4(d)). In group P, larger areas of
myocardial tissue in islands were identified mixed with fibro-
sis regions compared with group C (F.V. = 1.8; SD=0.89).
Numerous capillaries arranged in the form of vascular beds
in the transplanted area were observed. Concomitantly, struc-
tures resembling capillary formation in various stages of orga-
nization were evident both with and without red blood cells
inside (Figures 4(b) and 4(d)). Remarkably, the hearts of
group E showed fewer regions of fibrosis (F.V. = 1.53;
SD=0.53) than those of group P, although the difference
was not statistically significant. In comparison with the
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Figure 2: Echocardiographic evaluations revealed better-preserved hearts in the group of animals transplanted with expanded CD133+ cells.
Comparison of left ventricular end-systolic volume (a), left ventricular end-diastolic volume (b), left ventricular end-systolic area (c), and left
ventricular end-diastolic (d) within each group pretreatment and posttreatment. The results are presented as the mean (point in the box) with
the standard error (stripped boxes) and standard deviation (lines). Control = control group, injected with isotonic saline solution (sodium
chloride 0.9%). Purified = transplanted with purified CD133+ cells. Expanded = transplanted with expanded CD133+ cells. The p values of
each comparison are shown on top of the boxes.
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control group, the fibrosis in E group was markedly reduced.
Additionally, the presence of many well-developed vessels
and few structures resembling recently formed capillaries
without red blood cells was observed. The capillaries showed
a layout pattern that resembled more mature networks than
those observed in group P (Figures 4(c) and 4(d)).

To assess the degree of revascularization of the ischemic
tissue, a quantitative analysis was carried out by identifying
and counting the capillaries of the infarcted and peri-
infarcted areas in the three groups. The mean number of cap-
illaries in the central region of the infarct area was 22.5 in
group C, 38.7 in group P, and 38.2 in group E. In the periph-
eral area, the mean number of capillaries was 25.0 for group
C, 47.8 for group P, and 37.5 for group E. When assessing the
total region including the infarct and periphery, the capillary
average per area was 23.7 for group C, 43.2 for group P, and
37.8 for group E, indicating a beneficial angiogenic effects of
cell transplantation either with purified or expanded CD133+

cells (Figures 4(a)–4(c) and 4(e)). To gain information on
capillary maturity, a morphology analysis comparing puri-
fied and expanded CD133+ groups was performed, which
suggested different patterns among groups. Specifically, the

capillaries observed in group E had a more developed
morphology in comparison with the capillaries in group P.
Capillaries in the group that received purified CD133+ cells
had a smaller caliber and were often formed by a single endo-
thelial cell containing a single erythrocyte cell. The capillaries
in group E were larger in size, were formed by more endothe-
lial cells (two to four cells), and contained many erythrocytes
(>5) (Figure 4(e)).

3.4. FewTransplantedCD133+Cells Remained in the Infarcted
Cardiac Tissue after 28 Days. To determine if human purified
or expanded CD133+ cells transplanted into the central area
of AMI via a single intramyocardial injection were still pres-
ent in the region 28 days after transplantation, FISH analyses
were carried out using a human pancentromere-specific
probe. Transplanted cells were identified in both cell groups,
P and E. In the control group, eight rats were tested and no
FISH-positive cells were observed (Figure S1A). In five of
the nine tested rats of the group P (Figure S1B) and in five
of the eight rats of the group E (Figure S1C), human cells
were observed. In all cases, positive human cells were scarce,
and as a result of sample processing for FISH analysis, it was
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Figure 3: The ejection fraction of the animals with AMI significantly increased after transplantation with expanded CD133+ cells.
Comparison of the left ventricle ejection fraction within each group (a) and among the groups before (b) and after transplantation (c).
Control = control group, injected with isotonic saline solution (sodium chloride 0.9%). Purified = transplanted with purified CD133+ cells.
Expanded = transplanted with expanded CD133+ cells. The p value is shown for each comparison.
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not possible to discern if the human cells were integrated into
the blood vessels.

4. Discussion

Although somehow controversial [23–25], purified CD133+

cells are enriched in endothelial progenitor cells in compari-
son with the original mononuclear cell population, and in
addition, expanded CD133+ cells have increased the expres-
sion of markers CD31+ and vWF+, typical of endothelial-like

cells [14, 19]. Most reports that have used the CD133+ cell
population [11, 26–28] or expanded endothelial progenitors
[12, 19, 29] for treating heart infarcts in animal models have
shown some type of improvement regarding heart function
and vascularization with variations due to the differences
among the studies. Cell source, cell purification, number of
transplanted cells, route of transplantation, and time of treat-
ment after infarction may influence the effectiveness of the
treatment. Even totalmononuclear cell population containing
only 1.5% of endothelial progenitors [9, 30] was shown to
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Figure 4: Either purified CD133+ cells or expanded CD133+ cells decreased fibrosis and increased angiogenesis of rat hearts that underwent
AMI. Representative photomicrographs of myocardial tissue sections in the infarct region of the three groups: control (a), transplanted with
purified CD133+ cells (b), and expanded CD133+ cells (c). Control = control group, injected with isotonic saline solution (sodium chloride
0.9%). Purified = transplanted with purified CD133+ cells. Expanded = transplanted with expanded CD133+ cells. Semiquantitative analyses
of cross-sectional areas were carried out to determine the level of fibrosis in the infarcted region of the heart (d) and the level of
vascularization in the central/periphery regions of the heart (e) (for further details, see Materials and Methods). The control group
presented less capillaries than the groups treated with CD133+ cells. The presence of many well-developed vessels was observed in animals
transplanted with expanded CD133+ cells (white arrowheads in (c)). Structures resembling recently formed capillaries with one or without
red blood cells were identified in rats transplanted with purified CD133+ cells (black arrowheads in (b)). The bars in graphs (d) and (e)
represent the mean± the standard error. Scale bars: 50 μm.
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exert beneficial effects on heart function after infarction. No
previous study analyzed several cardiac parameters in parallel,
fibrosis level, neovascularization, and engraftment comparing
endothelial progenitor (CD133high CD31low) cells and
endothelial-like (CD133low CD31high) cells derived from the
same source. The echocardiographic results showed a more
effective and significant recovery of the left ventricular func-
tion in the group treated with adult endothelial-like cells than
in the group treated with progenitor cells. Most infarcted rats
in the group regained ventricular function.

Albeit all the rats had a LVEF< 40% before transplan-
tation, the infarct model used in this work results in a
wide variation of ejection fractions. The LVEFs ranged
from approximately 25% to 40% in all groups. Remark-
ably, even given this variation in the experimental groups
before transplantation, the rats that received expanded
CD133+ cells showed not only a robust improvement in
LVEF but also a preservation of end-diastolic dimensions,
preventing dilation and remodeling. Regarding end-systolic
volume and area, prevention of remodeling was observed
in both treated groups. Thus, considering the entire set
of results, the hypothesis raised in our previous publica-
tion [14] stating that expanded CD133+ cells would be
better candidates than purified cells for cardiac infarct
treatment was confirmed in the present study.

In accordance with previous publications [9, 12, 14, 19,
28, 31, 32], our histological analysis confirmed the induc-
tion of neovascularization by both groups of cells in com-
parison with the control group. Nevertheless, expanded
CD133+ cells apparently formed well-developed capillaries
in comparison to purified CD133+ cells, for which signs
of immature vascularization were observed. Similar results
were obtained by Schuh et al. [31] using cultivated pro-
genitors expressing markers of mature endothelial cells.
Neovascularization was also confirmed in Hu’s study [9,
12]. The histological analysis and capillary density results
revealed a higher level of capillary formation in the group
of cultivated EPCs derived from HUCB and transplanted
into rats with AMI. In our study, the expanded CD133+

cells were maintained in culture for a longer period of
time; however, the cell dose was five times smaller. This
may suggest that cultivation likely results in the most effi-
cient cell type regarding heart repair.

Asahara et al. [33, 34] showed in a rat model of acute
ischemic cardiomyopathy that endothelial progenitor cells
participate in the neovascularization processes by migrat-
ing and incorporating into ischemic sites, leading to tissue
remedial action. However, in our study, CD133+ cells
derived from HUCB were identified in the infarcted myo-
cardium of rats at extreme low numbers. Thus, it is rea-
sonable to speculate that the human cells transplanted
into the rats act mainly in a paracrine manner inducing
angiogenesis. Moreover, the functional and histological
results seem to indicate that paracrine signaling from
expanded CD133+ cells is more efficient than purified
CD133+ cells. It has been shown that CD133+ cell
expressed secreted angiogenic factors such as vWF [35].
More recently, we have shown that extracellular vesicles from
expanded CD133+ cell contain proteins [36] andmicro RNAs

(unpublished data) involved with a variety of angiogenesis-
related functionalities. The expansion of CD133+ cells results
in a more mature endothelial phenotype [14, 32] and this
probably alters the profile of secreted factors and the content
of extracellular vesicles favoring a more rapid and efficient
vascularization of the damage tissue. In accordance with
this, expanded but not purified CD133+ cells express
VEGF mRNA at levels that are detectable by RT-PCR
[14]. In addition to preclinical studies, a few recent clinical
studies have also been carried out using CD133+ cells.
These studies have begun to show that the autologous
use of CD133+ cells appears to be safe and have minor
[37] to moderate [38] positive effects for treating injured
hearts. Kurbonov et al. [38] recently showed that autolo-
gous single intracoronary infusions of purified CD133+

cells isolated from bone marrow had a net positive
response, reducing the infarct size in patients. Our find-
ings may call for the further expansion of CD133+ cells
in vitro before transplantation.

5. Conclusion

Although both cell populations ameliorated the infarcted
heart and are suitable for regeneration of the vascular system,
expanded CD133+ cells are more beneficial and promising
candidates for heart/vascular regeneration. In light of the
available preclinical and clinical results and the results pre-
sented here, we strongly believed that CD133low CD31high

(expanded CD133+) cells are a promising candidate for
future clinical trials.
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Supplementary 2. Table S2: Heart rate statistics.
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Supplementary 5. Table S5: Statistics of the end-systolic area
of the left ventricle.
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Supplementary 8. Figure S1: Few transplanted human cells
were found in the infarcted regions of the heart of the rats after
28 days of treatment. Infarcted heart sections were processed
for FISH staining using a human pancentromeric probe
(red). Nuclei were stained with DAPI (blue). Representative
photomicrograph of the three groups: control/vehicle (A),
transplanted with purified CD133+ cells (B), and expanded
CD133+ cells (C). Scale bars: 7.5μm.
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Bone marrow stromal cell (BMSC) transplantation has the therapeutic potential for ischemic stroke. However, it is unclear which
delivery routes would yield both safety and maximal therapeutic benefits. We assessed whether a novel recombinant peptide (RCP)
sponge, that resembles human collagen, could act as a less invasive and beneficial scaffold in cell therapy for ischemic stroke. BMSCs
from green fluorescent protein-transgenic rats were cultured and Sprague–Dawley rats were subjected to permanent middle
cerebral artery occlusion (MCAo). A BMSC-RCP sponge construct was transplanted onto the ipsilateral intact neocortex 7 days
after MCAo. A BMSC suspension or vehicle was transplanted into the ipsilateral striatum. Rat motor function was serially
evaluated and histological analysis was performed 5 weeks after transplantation. The results showed that BMSCs could
proliferate well in the RCP sponge and the BMSC-RCP sponge significantly promoted functional recovery, compared with the
vehicle group. Histological analysis revealed that the RCP sponge provoked few inflammatory reactions in the host brain.
Moreover, some BMSCs migrated to the peri-infarct area and differentiated into neurons in the BMSC-RCP sponge group.
These findings suggest that the RCP sponge may be a promising candidate for animal protein-free scaffolds in cell therapy for
ischemic stroke in humans.

1. Introduction

Stroke is a leading cause of death and disability but few
treatment options exist despite intensive research [1]. Recent
studies have strongly suggested that cell therapy can promote
functional recovery of patients with various central nervous
system (CNS) diseases, including ischemic stroke. Bone
marrow stromal cells (BMSCs) are considered as candidates
for donor cells because of their regenerative potential.
BMSCs can survive in the infarcted brain, migrate towards
the ischemic lesion, express neural phenotypes, and promote

functional recovery when transplanted into animal stroke
models [2, 3].

However, several problems remain to be solved before
launching the clinical application of BMSCs for stroke. Issues
include the optimal route of donor cell delivery in the clinical
situation [2]. It is essential to determine the most desirable,
least invasive route of cell delivery with maximal therapeutic
effects prior to clinical application of cell therapy [4]. For
example, BMSCs can be transplanted into injured CNS tissue
through intravenous, intra-arterial, intracerebral, or intrathe-
cal routes. Although intracerebral injection permits the most
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efficient delivery of donor cells to the damaged tissue, a less
invasive procedure would be optimal [2]. Intravenous or
intrathecal transplantation are attractive because they are less
invasive, safe techniques for the host CNS, but they result in
less pronounced cell migration and functional recovery than
direct cell transplantation [5]. Alternatively, the intra-arterial
injection of BMSCs may be feasible to less invasively deliver
them to the damaged CNS [6]. However, there are a limited
number of studies that directly compare the therapeutic
effects of these delivery routes under the same conditions [2].

Recently, tissue engineering has developed into a promis-
ing cell delivery method. Tissue engineering aims to provide
three-dimensional (3D) constructs to serve as replacement
tissues or organs by combining donor cells and scaffolds.
We have already reported the application of some biomate-
rial scaffolds in cell therapy for animal CNS disease models.
First, we reported that fibrin matrix, which is widely used
as a surgical glue, provides a suitable scaffold for BMSCs
transplanted to rat spinal cord injury model and rat MCA
occlusion model [7, 8]. Next, we reported use of a thermore-
versible gelation polymer hydrogel for BMSC transplantation
to a mouse MCA occlusion model [9]. We also reported the
application of cell sheet technology to BMSC transplantation
for rat brain infarcts, although, strictly speaking, a cell sheet
is different from a scaffold [10]. Each of these tissue-
engineering methods had its merits and issues.

In the present study, we assessed whether a novel recom-
binant peptide (RCP) sponge made of human collagen could
act as a less invasive and beneficial scaffold in cell therapy for
ischemic stroke.

2. Materials and Methods

2.1. Preparation of Rat BMSCs and RCP Sponges. All animal
experiments were approved by the Animal Studies Ethical
Committee of Hokkaido University Graduate School of
Medicine. The BMSCs were isolated under sterile conditions
from the femurs of male 7-week-old transgenic Sprague–
Dawley (SD) rats expressing enhanced green fluorescent
protein (GFP; Japan SLC Inc., Hamamatsu, Japan), as
described previously [11]. Whole marrow cells were placed
in tissue culture flasks coated with collagen I (Becton
Dickinson Labware, UK) with a medium that consisted
of Dulbecco’s modified Eagle’s medium (DMEM; D6429,
Sigma-Aldrich, Japan) containing 10% fetal bovine serum
(FBS), 2mM L-glutamine, and 100U/mL penicillin. After
24 h, the nonadherent cells were removed by changing the
medium. The culture medium was replaced 3 times per
week (Figure 1(a)).

The RCP sponge, which was made from human colla-
gen recombinant peptide, was supplied by Fujifilm Corpo-
ration (Kanagawa, Japan; Figure 1(b)). The RCP sponge
was obtained using a previously reported method [12].
Freeze-dried RCP sponge was prepared using a 4% aqueous
RCP solution that was gradually cooled to −40°C in a polyte-
trafluoroethylene chamber (TaKaRa Freeze-Dryer TF5-
85ATNNN; TaKaRa Co. Ltd., Tokyo, Japan). Then the
sponge was thermally cross-linked under reduced pres-
sure at 160°C for 24 h. BMSCs (1× 105 cells in 50mL

of medium), which had been passaged twice, were seeded
onto RCP sponges and incubated for 1 h, and then the
sponges with BMSCs were cultured for 14 days under the
conditions described above. The cells were detached using
0.05% trypsin-ethylenediaminetetraacetic acid (EDTA; Gibco,
Hayward, CA, USA) and counted to evaluate the viability of
BMSCs on the RCP sponge. The cell viability was checked
on day 1, 7, and 14 postculture in RCP sponge.

2.2. Scanning Electron Microscope Analysis of BMSCs in RCP
Sponge. A scanning electron microscope (HITACHI S-4500,
Tokyo, Japan) was employed to observe the morphology of
BMSCs in the RCP sponge. RCP sponges with BMSCs were
fixed with 2.5% glutaraldehyde, dehydrated using ethanol,
and then dried using isoamyl acetate. Finally, theywere coated
by ion sputtering and observed using electron microscopy.

2.3. Permanent Middle Cerebral Artery Occlusion Model.
Male 7-week-old SD rats were purchased from CLEA Japan
Inc. (Tokyo, Japan). Permanent middle cerebral artery
(MCA) occlusion was performed as described previously
[11]. Anesthesia was induced with 4.0% isoflurane in
N2O :O2 (70 : 30) and maintained with 2.0% isoflurane in
N2O :O2 (70 : 30). Core temperature was maintained at
between 36.5 and 37.0°C throughout the procedure. Both
common carotid arteries were exposed through a ventral
midline incision of the neck, and then a 1.5 cm vertical skin
incision was made between the right eye and ear. The
temporal muscle was scraped from the temporal bone and a
5× 5mm temporal craniotomy was performed using a small
dental drill. To prevent cerebrospinal fluid leakage, the dura
mater was carefully kept intact, and the right MCA was
ligated using a 10-0 nylon thread through the dura mater.
The cranial window was then closed with the temporal
bone flap and the temporal muscle and skin were sutured
with a 4-0 nylon thread. Subsequently, the bilateral com-
mon carotid arteries were occluded by surgical microclips
for 1 h. Animals that circled toward the paretic side after
surgery were used for transplantation [13].

2.4. BMSC Transplantation. The animals subjected to per-
manent MCA occlusion were randomly divided into three
groups: the BMSC/scaffold group, the BMSC/direct injec-
tion group, and the vehicle/direct injection group. Surgery
for cell transplantation was performed 7 days postischemia
in all groups. In the BMSC/scaffold group (n = 10), the
cranium was exposed through a coronal skin incision
(Figure 2(a)), and the brain surface was carefully exposed
through a craniotomy (10× 20mm) made with a dental drill
under a surgical microscope at the right parietal region
adjacent to the infarcted brain (Figure 2(b)). The dura matter
was carefully folded and the sheet of RCP sponge with GFP-
expressing BMSCs was gently placed onto the brain surface
(Figure 2(c)). Then, the cranial window was closed with the
dura matter and the parietal bone flap and the surgical
wound was closed.

GFP-BMSCs or vehicle were stereotactically transplanted
into the ipsilateral striatum in the BMSC/direct injec-
tion group or the vehicle/direct injection group (n = 11
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in each group), as reported previously [11]. Briefly, a
burr hole was made 3mm to the right of the bregma.
A Hamilton syringe was inserted 5mm from the surface
of the dura mater into the brain parenchyma, and 10μL
of cell suspension (1× 106 cells) or vehicle was introduced
into the striatum (Figure 3(c)).

2.5. Behavioral Test. The motor function of the animals was
assessed before and at 1, 7, 14, 21, 28, 35, and 42 days after
the onset of ischemia using a rotarod treadmill (Model
MK-630B; Muromachi Kikai Co., Japan). The rotarod
treadmill was set to the acceleration mode of 4 to 40 rpm
for 5min. Each animal (vehicle/direct injection group:
n = 10, BMSC/direct injection group: n = 11, and BMSC/
scaffold group: n = 8) was trained for 3 days before the
study. The maximum time that the animal stayed on the
rotarod was recorded for each performance, as described
previously [11].

2.6. Histological Analysis. Five weeks after transplantation,
the animals were deeply anesthetized with 4.0% isoflurane
in N2O/O2 (70 : 30) and transcardially perfused with 20mL
of heparinized saline, followed by 50mL of 4% paraformal-
dehyde. The brains were removed and 4μm thick coronal
sections were prepared for subsequent analysis.

Fluorescence immunohistochemistry was performed to
identify the donor-derived GFP-positive cells, as described
previously [11]. A mouse monoclonal anti-GFP antibody
(1 : 100 dilution; Santa Cruz Biotechnology Inc., Santa Cruz,
CA, USA) and Zenon Alexa Fluor 488 fluorescent label
(Molecular Probes Inc., Eugene, OR, USA) were used. The
number of the GFP-positive cells that migrated toward the
peri-infarct area was counted in five regions of interest
(ROIs; 450× 550μm) placed on the dorsal and ventral neo-
cortex adjacent to the cerebral infarct (Figure 3(c)).

Double fluorescence immunohistochemistry was per-
formed to evaluate the fate of the donor cells, as described
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Figure 1: Analysis of RCP sponges with cultured BMSCs. Panel (a) shows a fluorescence photomicrograph of cultured rat GFP-BMSCs.
Panels (b) and (c) show photomicrographs of the RCP sponge before cell culture (b) and 14 days after the second cell passage (c). Panel
(d) shows a photomicrograph of BMSCs on the RCP sponge, using scanning electron microscopy. Panel (e) shows the line graph of the
cell viability in RCP sponge. The arrow in (d) indicates a surviving BMSC on the RCP sponge. Scale bars: 500 μm (c) and 20μm (d).
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previously [11]. Briefly, each section was treated with
primary antibody against NeuN (mouse monoclonal, 1 : 100
dilution; Millipore Co., Billerica, MA, USA), and then it
was labeled using a secondary antibody labeled with Alexa
Fluor 594 (1 : 200 dilution; Molecular Probes). Subsequently,
the sections were incubated with primary antibody against
GFP tagged with Zenon Alexa Fluor 488 (Molecular Probes).
Five ROIs were placed in the ipsilateral neocortex adjacent to
cerebral infarct as described above. The percentages of the
cells that were double positive for GFP and NeuN compared
to the total GFP cell population were calculated (n = 5).

Furthermore, fluorescence immunohistochemistry was
performed to evaluate the influence of the RCP sponge on
the brain surface using a primary antibody against glial
fibrillary acidic protein (GFAP; mouse monoclonal, 1 : 500
dilution; BD Pharmingen, San Diego, CA, USA) and Alexa
Fluor 594 (Molecular Probes). The activation of astrocytes
around the brain surface was compared between the RCP
sponge animals and direct injection animals. The ROIs
(900× 1100μm) were set in the ipsilateral dorsal neocortex
(n = 6 in both groups; Figure 4(c)). Then, the area occupied
by GFAP-positive cells was quantified with the image analy-
sis system Image J 1.41 (National Institutes of Health, MD) in
each ROI [10]. Briefly, the red fluorescence signal emitted
from cells stained with the anti-GFAP antibody was binar-
ized, and each area was presented as the percentage of the
whole area of the ROI.

2.7. Statistical Analysis. All data were expressed as mean±
standard deviation (SD). Continuous data were compared
using Student’s t-test. Values of P < 0 05 were considered
statistically significant.

3. Results

3.1. BMSCs in RCP Sponge In Vitro. The BMSCs could be
cultured on RCP sponge and passaged twice, and living cells
were found on RCP sponge 14 days after the second passage
(Figure 1(c)). Scanning electron microscopy showed the RCP
sponge had holes and the BMSCs adhered to the material,
bridging the holes (×1500; Figure 1(d)). The cell viability
was about 95% or higher on day 1, 7, and 14 postculture in
RCP sponge (n = 3; Figure 1(e)).

3.2. Functional Recovery. All animals survived the surgeries
and were used for subsequent analyses. As shown in
Figure 5, all animals exhibited severe neurological deficit
one week after the onset of focal cerebral ischemia. There
was no significant difference in motor function among the
three groups 7 days postischemia. Subsequently, marked
deterioration of motor function was found in the vehicle/
direct injection group. In contrast, motor function signifi-
cantly improved 28 and 35 days posttransplantation in the
BMSC/direct injection group (P = 0 008 and 0.027, resp.).
The animals in the BMSC/scaffold group showed significant
improvement of motor function at 21 days posttransplanta-
tion (P = 0 042) and were similar to the BMSC/direct injec-
tion group at 28 and 35 days posttransplantation.

3.3. BMSCs in RCP Sponge In Vivo. All animals were
sacrificed at 5 weeks posttransplantation and their brains
were removed. In the BMSC/scaffold group, some RCP
sponge remained on the brain (Figure 2(d)). The RCP sponge
did not adhere to the brain surface and so was readily

(a) (b)

(c) (d)

Figure 2: Cell transplantation in the BMSC/scaffold group. Panels (a), (b), and (c) show photographs of the surgical treatment for cell
transplantation in the BMSC/scaffold group. Panel (d) shows a brain removed 35 days posttransplantation in the BMSC/scaffold group.
Arrows indicate the outer rim of the craniotomy (b), the RCP sponge with BMSCs (c), and remaining sponge (d).
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removed. Moreover, no abnormal findings were seen on the
brain surface after the RCP sponge was removed.

3.4. Donor Cell Survival and Phenotypic Change. GFP-
expressing cells were extensively distributed adjacent to the
cerebral infarct at 5 weeks posttransplantation in both the
BMSC/direct injection and BMSC/scaffold groups. Some of
the migrating GFP-positive cells in both groups expressed
NeuN, a neuronal marker (Figure 6). Quantitative analysis
indicated that the number of GFP-positive cells in the
peri-infarct area was not different between the two groups
(BMSC/direct injection group: 42.9± 4.0 cells/mm2 and
BMSC/scaffold group: 39.0± 10.3 cells/mm2). The analysis
of each ROI showed that the donor cells migrated to the
peri-infarct area (ROI numbers 1, 2, 4, and 5) in the
BMSC/scaffold group but not to the deeper brain paren-
chyma (ROI number 3), although there was no significant
difference between the two groups (Figure 3(a)). The per-
centage of GFP and NeuN double-positive cells in the
GFP-positive cell population was high (76.9± 14.1% in
the BMSC/direct injection group and 91.8± 29.1% in the

BMSC/scaffold group), but there was no significant differ-
ence between the ROIs or groups (Figure 3(b)).

3.5. Reactive Astrocytes in the Host Brain. Quantitative
analysis of GFAP immunofluorescence showed no significant
difference between the two groups (20.1± 3.8% in the BMSC/
direct injection group and 22.7± 11.6% in the BMSC/scaffold
group), although an increase in reactive astrocytes was found
at the brain surface due to contact with the RCP sponge
(Figure 4). In the BMSC/scaffold group, some BMSCs were
found at the brain surface where the RCP sponge contacted,
most of them did not coexpress GFAP (Figure 7).

4. Discussion

Our present study showed that BMSCs proliferated well on
the RCP sponge. Compared with the vehicle group, the
BMSC-RCP sponge construct promoted functional recovery
posttransplantation onto the ipsilateral intact neocortex.
Histological analysis revealed that the RCP sponge induced
little inflammatory reaction in the host brain. Moreover,
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Figure 3: Histological analysis. The bar graphs show the mean number of GFP-positive cells (a) and the percentage of GFP and NeuN
double-positive cells in the total GFP-positive cell population (b) in each ROI. Panel (c) indicates the location of each ROI. White bars:
the BMSC/direct injection group; shaded bars: the BMSC/scaffold group. Error bars show SD.
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some BMSCs migrated to the peri-infarct area and differenti-
ated into neuronal cells.

The RCP was designed using human collagen type I (α I
chain) [12]. This type of collagen exists in large quantities
in tissues such as dermis and bone. It is enriched with
arginine-glycine-aspartate (RGD) sequences that enhance
cell adhesion. RCP has high safety and biocompatibility
because it is a nontoxic sequence of human type I collagen
and does not contain animal-derived material. It is biode-
gradable and bioabsorbable, so it does not remain in the
body. In order to demonstrate the biodegradability in vivo
for RCP, the hydrogel made of RCP was implanted under
the dorsal skin of mice. The results indicated that the dry
weight was 55% on day 5 and 9% on day 14 to the time of
implantation. Thus, RCP is going to decompose gradually
in vivo [12]. Moreover, RCP has an extremely uniform
molecular weight distribution of approximately 51 kD and
is flexible, so it can be formulated into various forms, such
as sponges, porous particles, and granules.

Tissue engineering involves implantation of a scaffold
made with biomaterials and seeded with transplanted cells.
Unlike surgical materials made from polymers, ceramics, or
titanium, the biomaterials used in regenerative medicine
must be biodegradable, porous, and cytophilic. Such bioma-
terials have been used for cell therapy in the bone, cartilage,
blood vessels, heart, and skin. However, these organs are less
complex than the CNS [14]. Although cell therapy using
scaffolds for the CNS has many limitations, the RCP sponge
seems to be suitable for use due to its properties. The supplier
of the material showed that cell proliferation was equivalent
to BMSCs cultured using collagen 1-coated flasks (data not
shown), and if the pore size of the material can be optimized,
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Figure 4: Immunohistochemistry for GFAP. Panels (a) and (b) show the fluorescence photomicrographs of GFAP 5 weeks
posttransplantation in the BMSC/direct injection (a) and BMSC/scaffold (b) groups. A red rectangle in panel (c) indicates the location.
Scale bars: 500 μm.
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Figure 5: Rotarod test. The line graph shows the mean time on a
rotarod treadmill for each group. Black circles: the vehicle/direct
injection group; shaded diamonds: the BMSC/direct injection
group; white squares: the BMSC/scaffold group. Error bars show
SD; #P < 0 05 in the BMSC/scaffold group versus the vehicle/
direct injection group, ∗P < 0 05 in the BMSC/direct injection
group versus the vehicle/direct injection group.
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the cell proliferative capacity may increase. In the present
study, it was found that reactive astrogliosis increased slightly
near the brain surface in contact with the RCP sponge. As the
sponge is a human collagen-based material, it may cause
astrogliosis in rat brains but not human brains. Moreover,
the RCP sponge was present on the brain surface at the time
of animal sacrificed, and astrogliosis may become weaker
after the material degrades over time in vivo. In the present
study, although we had 5-week observation after the trans-
plantation, it seems that a longer duration study would be
beneficial for verification of astrogliosis and degradation of
the material in BMSC/scaffold group.

In the present study, the animals in the BMSC/scaffold
group showed significant improvement of motor function
21 days posttransplantation but not at 28 and 35 days, com-
pared with the vehicle group. In contrast, motor function
improved 28 to 35 days posttransplantation in the BMSC/
direct injection group. Thus, the BMSC-RCP sponge con-
struct promoted functional recovery in the early phase after
transplantation, but the therapeutic potential appeared to
be weaker in the later phase. In the early phase, there is
a “nursing effect,” which is a neuroprotective effect caused
by paracrine secretion of cytokines or neurotrophic factors
from donor cells and that plays an important role in the
therapeutic potential of the cells [15]. The BMSC-RCP
sponge construct may provide a greater number of BMSCs

to the peri-infarct area than direct cell injection, promoting
an earlier therapeutic effect in the BMSC/scaffold group.
However, most BMSCs at the peri-infarct area would have
died in early phase, except for cells that integrated into the
host brain, such as cells expressing neural markers [15]. Fur-
ther, it is difficult for the donor cells in BMSC/scaffold group
to reach the deeper brain parenchyma, although they can
readily migrate to the peri-infarct area.

Neurogenesis can occur in the subventricular zone (SVZ)
of the adult rodent brain [16] and the directly transplanted
BMSCs maymigrate to the SVZ and enhance intrinsic neuro-
genesis in the host brain, as we showed in a previous study.
Interestingly, some donor cells, which did not express any
neural markers, survived in the ependymal layer in contact
with neural stem/neuronal precursor cells. We proposed that
the donor cells that had not differentiated into neurons
integrated into the ependymal layer and stimulated intrinsic
neurogenesis through a paracrine mechanism [17]. In the
present study, fewer donor cells were found around the
SVZ (ROI 3 in Figure 3) in the BMSC/scaffold group than
in the BMSC/direct injection group. Moreover, fewer non-
neuronal donor cells were found around the SVZ in the
BMSC/scaffold group. Thus, the therapeutic potential may
be weaker in later phases because the potential to stimulate
intrinsic neurogenesis around the SVZ was lower in the
BMSC/scaffold group. But we did not find whether the
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Figure 6: Immunohistochemistry for GFP and NeuN. Panels (a) and (b) show fluorescent photomicrographs adjacent to the cerebral infarct
5 weeks posttransplantation in the BMSC/direct injection (a) and BMSC/scaffold (b) groups. Green: GFP; red: NeuN. Arrows indicate
coexpressing cells. Scale bars: 25μm.

GFP GFAP Merged 100 �휇m

Figure 7: Immunohistochemistry for GFP and GFAP. Panels show fluorescent photomicrographs around the brain surface where the RCP
sponge contacted 5 weeks posttransplantation in the BMSC/scaffold groups. Green: GFP; red: GFAP. Scale bars: 100 μm.
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therapeutic potential remained weaker or not in the BMSC/
scaffold group. A follow-up study would need to be per-
formed to answer this issue.

The direct cell transplant technique is an invasive
method, though it can deliver the cells to the deep brain
region. The BMSC-RCP sponge construct, on the other hand,
has great potential to deliver many cells from the surface of
brain with less invasion, but it would be hard for the cells
to reach the deep region, especially in human brain.
Although this is a limitation of not only the BMSC-RCP
sponge construct but also the scaffold set on the surface of
brain in general, it may be solved with the concomitant use
of additional less invasive methods, such as intrathecal,
intra-arterial, or intravenous administration of cell suspen-
sions. These combined cell delivery methods might be
effective to deliver many cells from both inside and outside
of the brain with less-invasion. Thus, the combined method
may be useful as an option because it could make up for
the shortcomings of the BMSC-RCP sponge construct.
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Mesenchymal stem cells (MSCs) are known for homing to sites of injury in response to signals of cellular damage. However, the
mechanisms of how cytokines recruit stem cells to target tissue are still unclear. In this study, we found that the
proinflammation cytokine interleukin-1β (IL-1β) promotes mesenchymal stem cell migration. The cDNA microarray data show
that IL-1β induces matrix metalloproteinase-1 (MMP-1) expression. We then used quantitative real-time PCR and MMP-1
ELISA to verify the results. MMP-1 siRNA transfected MSCs, and MSC pretreatment with IL-1β inhibitor interleukin-1
receptor antagonist (IL-1RA), MMP tissue inhibitor of metalloproteinase 1 (TIMP1), tissue inhibitor of metalloproteinase 2
(TIMP2), MMP-1 inhibitor GM6001, and protease-activated receptor 1 (PAR1) inhibitor SCH79797 confirms that PAR1
protein signaling pathway leads to IL-1β-induced cell migration. In conclusion, IL-1β promotes the secretion of MMP-1, which
then activates the PAR1 and G-protein-coupled signal pathways to promote mesenchymal stem cell migration.

1. Introduction

Umbilical cord mesenchymal stem cells possess several prop-
erties that make them of interest as a source of cells for ther-
apeutic use [1]. Stem cells migrating toward damaged tissues
play critical roles in wound healing and tissue regeneration
[2]. It was assumed that tissue damage or apoptosis releases
factors that recruit stem cells to the damaged site, where the
mobilized stem cells then proliferate and differentiate to
replace damaged tissues [3, 4]. It has been found that system-
atically infused mesenchymal stem cells possess the ability to
migrate to sites of injured or inflamed tissues and exert
therapeutic effects [5]. However, the mechanisms involved
in the homing functions of stem cells are still not fully
understood. Recent research has shown that inflamed and
ischemic tissue may release cytokines or growth factors such
as stromal cell-derived factor- (SDF-) 1α, transforming

growth factor- (TGF-) β1, monocyte chemotactic protein-
(MCP-) 1, tumor necrosis factor- (TNF-) α, and interleukins
(IL) to promote mesenchymal stem cells homing to the
injured region [2, 6]. Several cytokines and growth factor
receptors are found in mesenchymal stem cells, including
interleukin-1 receptor (IL-1R) [7].

Interleukin-1β plays an important role in inflammation
and tissue damage in many organs. IL-1β is involved in a
range of cellular functions, including cell proliferation, differ-
entiation, and apoptosis. IL-1β also induces cell migration
and homing by activating downstream protein kinase cas-
cades, which leads to the expression of inflammatory pro-
teins [8]. Furthermore, it has been observed that IL-1β
enhances lymphocyte and eosinophil cell adhesion and
transendothelial migration [9, 10]. Some studies have
reported that IL-1β is capable of inducing different types of
matrix metalloproteinase (MMP) expressions, which can
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degrade extracellular matrix and promote cell migration
[8, 11–14]. It has been reported that IL-1β-induced MMP-1
expression in chondrocytes involved ERK activation [15].

Cellular migration is a complex process encompassing
the disintegration of extracellular matrix, detachment of
cells from the basal membrane, migration of cells from
the original location, intravasation into the target tissue,
and interaction with the target microenvironments [16].
The breakdown of the extracellular matrix requires the
action of proteolytic enzymes such as MMPs, which are
zinc-dependent endopeptidases [17]. MMPs are secreted as
inactive proenzymes or zymogens, which are activated by
the cleavage of the prodomain [18]. Depending on the
substrate specificity and structure, MMPs are divided into
several subgroups: collagenases (e.g., MMP-1), gelatinases
(e.g., MMP-2 and MMP-9), stromelysins (e.g., MMP-3 and
MMP-10), matrilysins (e.g., MMP-7 and MMP-26), and
membrane-type matrix metalloproteinase-1 (MT1-MMP).
In particular, interstitial collagenase (MMP-1) has been
found to be involved in the invasion of breast carcinoma
[19]. Stromal-derived MMP-1 have been shown to cleave
and activate G-protein-coupled receptor PAR1, leading to
the activation of intracellular signals regulating the invasion
process in breast cancer cells [20]. Recently, the functional
role of MMP-1 in the migratory activities of stem cells was
studied. Ho et al. [21] found that targeted knockdown of
endogenous MMP-1 inhibits the migration ability of mesen-
chymal stem cells in vitro.

Previous studies demonstrated that inflammatory cyto-
kines such as transforming growth factor- (TGF-) β1,
tumor necrosis factor- (TNF-) α, and IL-1β increase the
production of MMPs in stem cells, resulting in a strong
stimulation of chemotactic migration through the extracellu-
lar matrix [2, 22]. These findings indicate that enhancement
of the homing capacity of stem cells can be achieved through
the modulation of mesenchymal stem cell responses to a
variety of growth factors and cytokines.

Protease-activated receptor (PAR) 1 is a G-protein-
coupled receptor identified with the discovery of the first
thrombin receptor [23, 24]. PAR1 activation by thrombin
and other trypsin-like serine-like proteases is based on prote-
ase cleaving of the N-terminal domain of the receptor and the
release of a tethered ligand binding to an extracellular loop of
the receptor, subsequently activating the G-protein-coupled
signal transduction [25]. PAR1 plays a central role in tissue
repair, fibrosis, inflammation, neurodegeneration, athero-
sclerosis, and restenosis [26–28]. It has been reported that
MMP-1 performs an important role in tumor progression
by activating PAR1 [20]. Additionally, PAR1 has been found
to be involved in the invasive and metastatic processes of
cancers of the breast, colon, lung, pancreas, prostate, and
melanoma [20, 29–32]. Furthermore, Ho et al. [21] reported
that the interference of interaction between MMP-1 and
PAR1 seriously reduced the migration capability of stem
cells, indicating the importance of the MMP-1-PAR1 signal-
ing axis in regulating the migration ability of mesenchymal
stem cells.

In this study, we demonstrated that proinflammation
cytokine IL-1β promotes mesenchymal stem cell migration,

which can be inhibited by IL-1RA. Furthermore, we found
that IL-1β can increase MMP-1 secretion [33]. As a result
of the inhibition of MMP-1 secretion by TIMP1, TIMP2,
and MMP-1 inhibitor GM6001 and MMP-1 siRNA transfec-
tion, PAR1 activation and stem cell migration were inhib-
ited. By using IL-1RA (IL-1β inhibitor) and SCH79797
(PAR1 inhibitor), the migration ability of stem cells was
also decreased. Taken together, we are of the opinion that
IL-1β-mediated stem cell migration involves MMP-1
expression, which then activates PAR1 and finally influ-
ences mesenchymal stem cell migration via its signaling
transduction pathway.

2. Materials and Methods

2.1. Cell Culture. Human umbilical cord mesenchymal stem
cells were maintained in low-serum defined medium: 56%
low-glucose Dulbecco’s modified Eagle medium (Invitrogen,
CA, USA), 37% MCDB 201 (Sigma, MO, USA), 2% fetal
bovine serum (Thermo, Logan, UT), 0.5mg/ml albumin
(Sigma, MO, USA), 1x insulin-transferrin-selenium-A
(Invitrogen, CA, USA), 1x antibiotic antimycotic solution
(Thermo, Logan, UT), 10 nM dexamethasone (Sigma, MO,
USA), 50μM L-ascorbic acid 2-phosphate (Sigma, MO,
USA), 10 ng/ml epidermal growth factor (PeproTech, NJ,
USA), and 1ng/ml platelet-derived growth factor-BB
(PeproTech, NJ, USA). Cells were incubated at 37°C and
5% CO2. When cells reached 70–80% confluence, they were
detached with HyQTase (Thermo, Logan, UT) and replated
at a ratio of 1 : 4.

2.2. Cytokines and Inhibitors. Cell cultures were starved for
16–18 hours in serum-free DMEM containing 0.1% bovine
serum albumin and then treated with 2μg/ml IL-1β inhib-
itor IL-RA (PeproTech, NJ, USA) for 2 hours prior to cyto-
kine stimulation. The MMP inhibitors TIMP1 and TIMP2
(PeproTech, NJ, USA) and MMP-1 inhibitor GM6001
(Merck, Darmstadt, Germany) were added to cell cultures
2 hours prior to IL-1β stimulation at concentrations of
45 nM, 45 nM, and 50nM, respectively. 100 nM PAR1 inhib-
itor SCH79797 (Axon Medchem, Groningen, Netherlands)
was added to cell cultures 2 hours before stimulation as
previously described. At the indicated time, cells were incu-
bated for 12–48 hours with 100ng/ml human recombinant
IL-1β (PeproTech, NJ, USA) in the continued presence of
these inhibitors.

2.3. Cell Viability Assay. Cells were plated in 24-well plates in
serum-free DMEM containing 0.1% BSA for 16 hours and
stimulated with 0–500ng/ml human recombinant IL-1β for
18 hours. PrestoBlue™ cell viability reagent was added
directly to cells in the culture medium and incubated for 30
minutes at 37°C. The results were detected using multimode
microplate readers (Infinite 200, Tecan).

2.4. MTT Assay. Cells were plated in 96-well plates in serum-
free DMEM containing 0.1% BSA for 12–16 hours and stim-
ulated with 100ng/ml human recombinant IL-1β for 36
hours. MTT assay reagents (3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide; Serva, Heidelberg,
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Germany) were added directly to cells in culture medium and
incubated 4 hours at 37°C, and then DMSO (Sigma, MO,
USA) was added for 2 hours. The results were detected using
multimode microplate readers (Infinite 200, Tecan).

2.5. Microarray Analysis. Total RNA was isolated from mes-
enchymal stem cells with or without IL-1β stimulation and
IL-1RA stimulation. The RNA quality was checked by RNA
electrophoresis before hybridizing with human genome
U133 2.0 array chip (Affymetrix). The cDNA detection and
raw data were obtained from the National Yang-Ming
University VYM Genome Research Center.

2.6. Quantitative Real-Time Polymerase Chain Reaction.
After stimulation, cells were harvested and the total RNA
was extracted using the TriPure isolation reagent (Bioline,
London, UK) according to the manufacturer’s instructions.
RNA was converted to cDNA with the Tetro cDNA synthesis
kit (Bioline, London, UK). The following oligonucleotides
were used for each gene: MMP-1 forward primer 5′-GA
TGGACCTGGAGGAAATCTTG-3′ and MMP-1 reverse
primer 5′-TGAGCATCCCCTCCAATACC-3′ and GAPDH
forward primer 5′-GGAGTCAACGGATTTGGTCGTA-3′
and GAPDH reverse primer 5′-GGCAATATCCACTTTA
CCAGAGT-3′.

Gene expression was analyzed by quantitative real-
time PCR using SensiFAST CYBR Hi-ROX system (Bioline,
London, UK), and each reaction was repeated in triplet.

2.7. MMP-1 Enzyme-Linked Immunosorbent Assay. After
48 hours of stimulation with IL-1β, the condition medium
was collected. Quantitation of MMP-1 protein expression
and activity was performed using RayBio human MMP-1
ELISA kit (RayBiotech, GA, USA). The results were detected
at a wavelength of 450nm using a spectrophotometer reader
(ND-1000, NanoDrop).

2.8. Western Blotting. Cells were washed with PBS and
lysed by M-PER mammalian protein extraction reagent
(Thermo, IL, USA) with Halt protease inhibitor cocktail
(Thermo, IL, USA) and were then centrifuged at 14,000g
for 10min at 4°C to collect the precleared cell extracts.
Protein concentration was determined with the Coomassie
Plus (Bradford) protein assay reagent (Thermo, IL, USA)
using multimode microplate readers (Infinite 200, Tecan).
Protein samples were resolved by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to polyvinylidene fluoride membranes (Merck,
Darmstadt, Germany). Membranes were blocked in 10% fish
gelatin blocking buffer (Amresco, OH, USA) for 1 hour and
then incubated with the anti-human active form of PAR1 pri-
mary antibody (Sigma, MO, USA) at 1 : 2500 dilution and
ERK 1/2 and phospho-ERK 1/2 primary antibodies (Cell
Signaling Technology, MA, USA) at 1 : 2500 dilution at 4°C
overnight. The blots were washed with Tris-buffered saline
with Tween 20 (TBST) and incubated with goat anti-rabbit
secondary antibody for 1 hour at room temperature. Mem-
branes were washed and then detected by an enhanced

chemiluminescence substrate using a luminescence imaging
system (LAS 4000, GE, USA).

2.9. MMP-1 siRNA Oligonucleotides and Negative Control
siRNA Transfection. MMP-1 Silencer Select predesigned
siRNA (s8847 and s8848, Ambion, Austin, USA) and
Silencer Select negative control no. 1 (Ambion, Austin,
USA) were used to downregulate MMP-1 expression in cells.
Cells were plated in 6-well plates for 24hrs prior to transfec-
tion with 5nM of MMP-1-specific siRNA or negative control
siRNA using lipofectamine RNAiMAX transfection reagent
(Invitrogen, CA, USA).

2.10. Wound Healing Assay. Cells were seeded at cell cul-
ture inserts (ibidi, Planegg, Germany) in 24-well plates
and cultured until confluent. Cells were then starved in
serum-free DMEM containing 0.1% BSA for 16–18 hours
before adding inhibitors. After incubation with inhibitors IL-
1RA (2μg/ml), TIMP1/2 (45 nM), GM6001 (50nM), and
SCH79797 (100 nM) for 2 hours, the cell culture inserts
from 24-well plates were taken out and treated with
100 ng/ml IL-1β. MMP-1 siRNA-transfected cell groups
were seeded in 24-well plates and cultured until confluent
before adding IL-1β (100 ng/ml). Cell migration was
observed with an inverted microscope, and pictures were
taken in the same field every 6 hours after stimulation for
24 hours.

2.11. In Vitro Invasion Assay. The invasion assay was per-
formed in an 8.0μm pore size Matrigel invasion chamber
(Corning, MA, USA). Matrigel (Corning, MA, USA) was
thawed and liquefied on ice, and then 30μl of Matrigel was
added to 24-well transwell inserts and solidified in a 37°C
incubator for 30 minutes to form a thin gel layer. Cells were
seeded in 6-well plates and cultured until confluent. Cell cul-
tures were starved for 12–16 hours in serum-free DMEM
containing 0.1% bovine serum albumin and then treated with
IL-1RA (2μg/ml) for 2 hours prior to IL-1β stimulation. At
the indicated time, cells were incubated for 36 hours with
100 ng/ml IL-1β in the continued presence of these inhibi-
tors. Cells were then detached with HyQTase, and 15,000
cells in serum-free DMEMwere loaded into the upper Matri-
gel chamber, and complete MSC medium was added to the
lower chamber. After 18 hours of incubation at 37°C, nonmi-
grated cells in the upper chamber were removed with a cot-
ton swab, and cells that had migrated to the lower chamber
were fixed and stained with crystal violet (Sigma, MO, USA).

2.12. Statistical Analysis. Statistical analyses were performed
using the SPSS software (version 16.0). Quantitation of real-
time PCR, ELISA, and cell wound healing assay data was
analyzed by Student’s t-test. P values< 0.05 were considered
statistically significant.

3. Results

3.1. IL-1β Stimulates Mesenchymal Stem Cell Migration and
Invasion. In vitro migration was performed using the wound
healing assay. The results showed that 100ng/ml IL-1β
enhanced stem cell migration, whereas IL-1β antagonist
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IL-1RA could inhibit IL-1β-induced cell migration after
treatment with IL-1β for 18 hours (Figures 1(a) and
1(b)). Matrigel-coated transwell invasion assay showed
that while IL-1β enhanced mesenchymal stem cell inva-
sion, IL-1RA could inhibit IL-1β-induced MSC invasion
ability (Figures 1(c) and 1(d)). The cell viability assay indi-
cated that IL-1β at a concentration of 500ng/ml showed signs
of cytotoxicity. Cell viability showed no significant change in
the 100ng/ml IL-1β group treated for 18 hours compared to
the control group (Figure 1(e)). The MTT cell proliferation
assay showed no significant change in IL-1β-treated MSCs
in comparison to the control group (Figure 1(f)). These
results indicated that IL-1β-induced stem cell migration
and invasion was not affected by cell proliferation.

3.2. IL-1β Promotes MMP-1 Expression in Mesenchymal
Stem Cells. To identify the molecular pathways involved
in the migration of stem cells, gene expression profiles of
IL-1β-treated cells and nontreated cells were determined
by cDNA microarray using human genome U133 2.0 array
(Affymetrix). Array results were analyzed, and we found
that MMP-1 was upregulated significantly in mesenchymal
stem cells treated with IL-1β (Figure 2(a)). The mRNA
expression of MMP-1 was confirmed by quantitative real-
time PCR. Figure 2(b) shows that the levels of MMP-1
transcript in IL-1β-treated cells were higher than those in
nontreated cells after 24 hours. To confirm that the
MMP-1 expression was mediated by IL-1β, we pretreated
the cells with IL-1β inhibitor IL-1RA. Results indicated
that this inhibitor significantly suppressed IL-1β-induced
MMP-1 expression. These findings are consistent with our
microarray data.

To further confirm the expression of MMP-1 in stem
cells treated with IL-1β, levels of MMP-1 protein expression
were quantified using an ELISA. As shown in Figure 2(c),
MMP-1 expression was significantly higher in IL-1β-treated

stem cells compared with that in the control group after 48
hours. IL-1β-induced MMP-1 expression was inhibited by
IL-1RA (Figure 2(c)). Taken together, these results indicate
that IL-1β promotes MMP-1 expression in mesenchymal
stem cells.

3.3. IL-1β-Mediated Cell Migration Depends on MMP-1
Secretion. To examine whether the observed mesenchymal
stem cell migration ability was influenced by the expression
of MMP-1, MMP inhibitors TIMP1 and TIMP2, MMP-1
inhibitor GM6001, and MMP-1 siRNA transfection were
used in this experiment. The results showed that stem cell
cultures treated with both TIMP1 and TIMP2 simulta-
neously inhibited MMP-1 protein expression (Figure 3(a)).
Wound healing assay indicated that cells treated with TIMP1
and TIMP2 together attenuated IL-1β-induced cell migra-
tion (Figures 3(b) and 3(c)). Pretreatment with another
MMP-1 inhibitor GM6001 also decreased IL-1β-induced cell
migration (Figures 3(b) and 3(c)). MMP-1 siRNA transfec-
tion of MSCs decreased IL-1β-induced cell migration
(Figures 3(d) and 3(e)). Western blot showed that MSCs pre-
treated with TIMP1/2 and GM6001 attenuated IL-1β-
induced ERK 1/2 phosphorylation (Figure 3(f)), suggesting
that IL-1β-induced MMP-1 expression involved the activa-
tion of ERK 1/2 signaling cascades.

3.4. MMP-1 Which Was Mediated by IL-1β Regulates the
Activation of PAR1. In recent studies, the G-protein-
coupled receptor PAR1 has been found to be cleaved and
activated by MMP-1, which promotes cancer cell migration
and invasion [20, 34]. To investigate whether PAR1 plays a
role in IL-1β-induced MMP-1 expression in mesenchymal
stem cells, PAR1 Western blotting analysis was performed
in cultures pretreated with MMP inhibitors TIMP1 and
TIMP2, MMP-1 inhibitor GM6001 (Figure 4(a)), and IL-
1RA (Figure 4(b)). The results showed obvious decrease in
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Figure 1: IL-1β-induced MSC migration and invasion. (a) Cell wound healing assay for IL-1β-stimulated mesenchymal stem cells in the
presence or absence of 2μg/ml IL-1RA (IL-1β inhibitor) at 6 and 18 hours. Scale bars = 500μm. (b) Graph indicates the migration
ability of stem cells into the wound area. Data are shown as mean± SD (n = 3, ∗P < 0 05 versus control, #P < 0 05 versus IL-1β). (c)
Cell invasion assay; cultures were treated with IL-1β in the presence or absence of IL-1RA for 18 hours. (d) Quantitative data in
invasion assay are presented as mean± SD of triplicate samples. Data are shown as mean± SD (n = 3, ∗P < 0 05, ∗∗P < 0 01). (e) Cell
viability assay for IL-1β stimulation at different concentrations. Data were quantified by multimode microplate readers. Data are
shown as mean± SD (n = 3, ∗P < 0 05). (f) MTT cell proliferation data for IL-1β stimulation. Data were quantified by multimode
microplate readers. Data are shown as mean± SD (n = 3).
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the expression of the active form of PAR1 (Figures 4(c) and
4(d)). MMP-1 siRNA transfection of MSCs knock downs
by at least 80% IL-1β-induced MMP-1 release in the medium
(Figures 4(e) and 4(f)). The results indicated that MMP-1
siRNA transfection revealed high transfection efficiency. In
the MMP-1 siRNA transfection of MSCs, the Western blot
showed that IL-1β-induced PAR1 expression was attenuated
(Figure 4(g)). These findings indicate that MMP-1 induced
by IL-1β regulates the activation of PAR1.

3.5. IL-1β-PAR1 Signaling Axis Influences Stem Cell
Migration. To determine IL-1β-stimulated MSC migration,
wound healing assays were performed in cultures pretreated
with PAR1 inhibitor SCH79797. Figures 5(a) and 5(b) show
that IL-1β-induced stem cells were attenuated when
SCH79797 was added to the cells, thus demonstrating that
IL-1β-induced mesenchymal stem cell migration is mediated
by interaction with PAR1.

4. Discussion

Mesenchymal stem cells have been reported for homing
and long-term engraftment into the appropriate target tissue
[35]. During the past decade, it has been confirmed that
inflammation cytokines or growth factors are migratory cues

in mesenchymal stem cell migration to the injured region.
These cues include stromal cell-derived factor- (SDF-) 1α,
transforming growth factor- (TGF-) β1, monocyte chemo-
tactic protein- (MCP-) 1, and tumor necrosis factor- (TNF-)
α [2, 6].

In this study, we have demonstrated that proinflamma-
tion cytokine IL-1β plays a role in mesenchymal stem cell
migration. IL-1β enhances stem cell migration but does
not influence cell proliferation. Some studies suggested that
IL-1β may activate downstream protein kinase cascades,
leading to the expression of inflammatory proteins [8]. Fur-
thermore, it has been demonstrated that IL-1β can stimulate
lymphocyte and eosinophil cell migration [9, 10]. Using
DNA microarray analysis, our results showed that MMP-1
is significantly upregulated in IL-1β-treated stem cells. This
was confirmed by the ~35-fold higher level of MMP-1 tran-
scripts in the IL-1β-treated stem cells compared with that
in nontreated cells using real-time PCR. The mRNA expres-
sion of MMP-1 was further supported by ELISA: stem cells
treated with IL-1βwere shown to secrete substantial amounts
of MMP-1 into the culture supernatants. MMP-1 is a kind of
matrix metalloproteinase which degrades collagen type I, and
it has been reported that the condition medium of TGF-β1-
treated adipose-derived stem cells can increase fibroblast
MMP-1 expression and promote cell migration [36].

Matrix metalloproteinase
Gene symbol Gene title Log ratio
MMP1 Matrix metallopeptidase 1 (interstitial collagenase) 4.1
MMP3 Matrix metallopeptidase 3 (stromelysin1, progelatinase) 1.5
MMP14 Matrix metallopeptidase 14 (membrane-inserted) 0.5
MMP16 Matrix metallopeptidase 16 (membrane-inserted) 1.1
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Figure 2: IL-1β-induced MMP-1 expression. (a) DNAmicroarray-based screening for the expression of MMPs with IL-1β stimulation for 24
hours in mesenchymal stem cells. (b) Quantitation of changes in the gene expression of MMP-1 detected by real-time PCR after IL-1β
inhibitor IL-1RA (2 μg/ml) pretreatment and stimulation with IL-1β for 24 hours. Data are shown as mean± SD (n = 3, ∗P < 0 05 versus
control, #P < 0 05 versus IL-1β). (c) MMP-1 protein expression was measured using ELISA, pretreated with IL-1RA at concentration of
2μg/ml, and stimulated with IL-1β for 48 hours. Data are shown as mean± SD (n = 3, ∗P < 0 05 versus control, #P < 0 05 versus IL-1β).
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Recently, Boire et al. found that PAR1 is a MMP-1 recep-
tor which promotes the invasion and tumorigenesis of breast
cancer cells in vitro and in vivo [20]. Shi et al. demonstrated

that blocking PAR1 cleavage and activation inhibits the inva-
sion and chemotaxis of prostate cancer cells [37]. In our
study, the active form of PAR1 protein expression was
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Figure 3: MMP-1 is required for IL-1β-induced MSC migration. (a) MMP-1 protein expression measured by ELISA. Pretreatment with
both TIMP1 and TIMP2 together at a concentration of 45 nM reduced MMP-1 concentration in the culture. Data are shown as mean± SD
(n = 3, ∗P < 0 05 versus control, #P < 0 05 versus IL-1β). (b) Cell wound healing assay. Cultures were treated with MMP inhibitors TIMP1
and TIMP2 and MMP-1 inhibitor GM6001 at concentrations of 45 nM, 45 nM, and 50 nM, respectively, as indicated. Scale bars = 500μm.
(c) Quantitative graph showing the migration ability of stem cells into the wound area at 6 and 18 hours. Data are shown as mean± SD
(n = 3, ∗P < 0 05 versus control, #P < 0 05 versus IL-1β at 18 hours). (d) Cell wound healing assay for IL-1β-stimulated MSCs after MMP-1
siRNA transfection (scale bars = 500μm). (e) Quantitative graph showing the migration ability of MMP-1 siRNA-transfected stem cells into
the wound area at 6 and 18 hours. Data are shown as mean± SD (n = 3, ∗P < 0 05 versus control, #P < 0 05 versus IL-1β at 18 hours).
(f) Western blot results of the phosphorylated ERK 1/2 from the lysates of cells pretreated with TIMP1/2 and GM6001.
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decreased by IL-1β inhibitor IL-1RA. A recent study
reported the presence of GM6001 in stem cell culture block
cell migration in collagen-based invasion assay [38]. It seems

that MMP-1 plays a role in extracellular matrix degradation
and further affects cell movement directly. Using MMP
inhibitors TIMP1 and TIMP2, MMP-1 inhibitor GM6001,
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Figure 4: Effect of IL-1β receptor antagonist, MMP-1 inhibitor, and MMP-1 siRNA on IL-1β-induced PAR1 expression. (a) Example of
Western blot results of the active form of PAR1 (46 kDa) from the lysates of cells pretreated with TIMP1, TIMP2, and GM6001. (b)
Example of Western blot results of PAR1 expression from the culture treated with IL-1β and IL-1RA. (c and d) Quantitative graphs
of the Western blot results of the active form of PAR1 protein expression of (a) and (b), respectively. Data are shown as mean± SD
(n = 3, ∗P < 0 05 versus control, #P < 0 05 versus IL-1β). (e) Example of Western blot results of MMP-1 released in the medium after
siRNA transfection with/without IL-1β stimulation. (f) Quantitative graphs of the Western blot results of MMP-1 released in the medium
of (e). Data are shown as mean± SD (n = 3, ∗∗∗P < 0 001). (g) MSCs transfected with MMP-1 siRNA attenuated PAR1 expression.
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and MMP-1 siRNA transfection, we showed that IL-1β-
induced PAR1 expression was inhibited. Moreover, using
the PAR1 inhibitor SCH79797, we showed that blocking
MMP-1-PAR1 interaction significantly reduced the migra-
tion ability mediated by IL-1β in stem cells. Thus, it appears
that the level of MMP-1 expression and the specific interac-
tion of MMP-1 with PAR1 determine the migration ability
of stem cells. Additionally, Ho et al. [21] demonstrated that
MMP-1 plays an important role in the migration function
of mesenchymal stem cells, operating through the MMP-1-
PAR1 signaling axis.

In the future, the homing function of stems cells may
provide the basis for the important clinical application of

stem cells as a cellular vehicle for anticancer therapeutics in
tumors [39] and regenerative medicine. Several factors that
affect the homing potential of stem cells should be consid-
ered, including the ability of mesenchymal stem cells to
respond to migratory stimuli, physiological barriers blocking
stem cell migration, and inflammatory microenvironments
of the body. Given the characteristics of stem cells, a range
of therapeutic strategies can be explored to augment homing
capability [2]. In conclusion, the results of this study suggest
that the IL-1β-mediated expression of MMP-1 is associated
with stem cell migration and that the MMP-1-PAR1 signal-
ing axis is involved in IL-1β-mediated MMP-1 expression
in promoting mesenchymal stem cell migration (Figure 6).
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Within bone, mesenchymal stromal cells (MSCs) exist within the bone marrow stroma (BM-MSC) and the endosteal niche, as
cells lining compact bone (CB-MSCs). This study isolated and characterised heterogeneous MSC populations from each niche
and subsequently investigated the effects of extensive cell expansion, analysing population doublings (PDs)/cellular senescence,
colony-forming efficiencies (CFEs), MSC cell marker expression, and osteogenic/adipogenic differentiation. CB-MSCs and
BM-MSCs demonstrated similar morphologies and PDs, reaching 100 PDs. Both populations exhibited consistent telomere
lengths (12–17 kb), minimal senescence, and positive telomerase expression. CB-MSCs (PD15) had significantly lower CFEs
than PD50. CB-MSCs and BM-MSCs both expressed MSC (CD73/CD90/CD105); embryonic (Nanog) and osteogenic markers
(Runx2, osteocalcin) but no hematopoietic markers (CD45). CB-MSCs (PD15) strongly expressed Oct4 and p16INK4A. At early
PDs, CB-MSCs possessed a strong osteogenic potency and low potency for adipogenesis, whilst BM-MSCs possessed greater
overall bipotentiality for osteogenesis and adipogenesis. At PD50, CB-MSCs demonstrated reduced potency for both
osteogenesis and adipogenesis, compared to BM-MSCs at equivalent PDs. This study demonstrates similarities in proliferative
and mesenchymal cell characteristics between CB-MSCs and BM-MSCs, but contrasting multipotentiality. Such findings
support further comparisons of human CB-MSCs and BM-MSCs, facilitating selection of optimal MSC populations for
regenerative medicine purposes.

1. Introduction

The bone marrow cavity contains a rich source of mesenchy-
mal stromal cells (BM-MSCs). These MSCs can be consid-
ered as a distinct type of stromal progenitor cells with
defined capabilities for self-renewal and differentiation into
lineages of mesenchymal origins, such as bone, fat, and vari-
ous other collagenous connective tissues [1, 2]. Conse-
quently, BM-MSCs are highly considered to offer great
potential for application in stem cell repair and regenerative
therapies [3], most notably for bone itself. They are also often
used in the development of in vitro models of disease pro-
gression and for the monitoring of therapeutic efficiency in
accelerating a wide variety of clinical outcomes [4–7].

BM-MSCs have been described within two distinct
niches within the bone environment, namely, the perivascu-
lar niche organized around sinusoidal endothelial cells and
the endosteal niche centralized around preosteoblasts and
osteoblasts of the bone-lining cells [8]. Via cell-cell contacts,
the BM-MSCs of both niches provide a role in supporting the
activities of the hematopoietic cells, in addition to facilitating
bone remodeling and repair, whether for stress-induced
microfractures or major trauma-induced fractures [8]. Fur-
thermore, within both these niches, isolated MSCs represent
heterogeneous populations, commonly forming the progeni-
tor cells of adipocytes and osteoblasts where balanced differ-
entiation in favour of osteogenesis is important for successful
bone repair. Indeed, dysregulation towards adipogenesis
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during bone remodeling has been linked to several patholo-
gies of weakened bone seen in obesity, osteopenia, and oste-
oporosis [9]. Clonal analyses of BM-MSCs have identified
cell populations that are described as highly proliferative
transit-amplifying cells, capable of forming colonies, and
possessing multipotency, alongside cell populations with
lower colony-forming efficiencies that are more restricted in
their lineage potential [10, 11]. Such understanding has con-
sequences for the protocols used to isolate BM-MSCs,
whether for use in cell-based therapies or in vitro cell models,
where cell populations with defined characteristics are desir-
able. For most isolations of MSCs from tissues such as the
bone, the cell population can be regarded as heterogeneous
containing “immature” highly proliferative multipotential
cells, along with lineage-committed and differentiated cells
with slower proliferative capacity which can vary greatly
between sampled individuals [3, 12]. Following isolation,
cells are invariably expanded in vitro to obtain sufficient
numbers. This can lead to further change in the heteroge-
neous profile of the MSCs, which are highly likely to impact
on a whole range of cellular behaviour, such as multipotency,
efficacy of differentiation, proliferation, migration, and
immunosuppression [12]. However, despite the huge varia-
tions in isolation procedures being identified to be a major
hindrance to clinical translation, very few studies have com-
pared isolation techniques and the characterisation of the cell
populations following expansion.

Classically, MSCs were isolated from the bone marrow
tissues of human and rodent species, by manipulating their
distinct ability to expand in culture following adherence to
plastic culture surfaces, as the techniques have shown a
potential in reducing the coculture of hematopoietic cells
[13]. However, the property of plastic adherence itself is not
sufficient for the isolation of MSCs due to the abundant exis-
tence of unwanted hematopoietic cells, endothelial cells, and
granulomonocytic cells reported in early and later stages of
subculture. Frequently, bone marrow stromal cells are sub-
jected to fractionation on a density gradient solution, such
as Ficoll™, to improve the purification strategies, followed
by low-density plating methods [14, 15]. Extending from ini-
tial studies isolating stem cell populations from the epidermis
[16], recent studies have also been successful in the isolation
of heterogeneous MSC populations from bone marrow,
dental pulp, and the oral mucosa, by virtue that these adult
stem cells exhibit high surface α5β1 integrin expression, to
promote rapid adhesion to fibronectin-coated culture
plates, providing easier selection from hematopoietic and
endothelial cell types present in this tissue [17–20]. With
the growing development of technologies in bone engraft-
ment and skeletal tissue repair, the search for potential
MSC candidates with specific pro-osteoinductive and pro-
osteoconductive capacities directly derived from endosteal
niche has been described as promising for the application
in bone repair treatments. Against this clinical aim, recent
studies have successfully performed the isolation of MSCs
from mouse compact bone explants, suggesting the potential
application of this method as an alternative in providing
MSCs for bone repair therapies and for in vitro models
of cellular behaviour [21–23].

This study presents data comparing the isolation, expan-
sion, and characterisation of heterogeneous rat MSCs from
bone marrow and compact bone explants. Attention is given
to compare the efficiency of each purification method by
analyzing cell proliferative capacity, maintenance of mes-
enchymal stromal/stem cell characteristics, and differentia-
tion potential towards osteogenic and adipogenic lineages,
following extensive culture in vitro. The successful isolation,
expansion, and characterisation of these MSCs revealed that
both bone marrow and compact bone offer the potential for
two contrasting in vitro cell models that differ with respect
to their differentiation potency. The results presented thus
offer an initial characterisation relating to the differing
heterogeneous nature of the MSC populations from each
niche, which is valuable in considering appropriateness of
the isolation and expansion protocols during study design
and provide an initial viability assessment of the potential
use of each stromal cell population for future stem cell
therapy development.

2. Materials and Methods

Bone femurs were harvested from 28-day-old male Wistar
rats, sacrificed in accordance with Code of Practice for the
Humane Killing of Animals, under Schedule 1 of the Animals
(Scientific Procedures) Act, 1986. Prior to dissection, animals
were sterilized by immersion in 70% alcohol.

2.1. Isolation and Culture of BM-MSCs from Bone Marrow.
Six-well plates were coated with 1ml/well of 10μg/ml
human plasma fibronectin (Sigma-Aldrich, Poole, UK),
reconstituted in +PBS (phosphate-buffered saline, supple-
mented with 1mM Ca2+ and 1mM Mg2+), and left for
24 h at 4°C. The femur and humerus were aseptically dis-
sected, cleaned of all connective tissues, and collected on
ice in 10ml isolation medium (IM), αMEM with ribonu-
cleosides and deoxyribonucleosides (ThermoFisher Scien-
tific, Paisley, UK), supplemented with 10% antibiotic-
antimycotic (Sigma-Aldrich). Bone marrow cells were
collected by flushing of each long bone with 10ml of com-
plete culture medium (CCM), containing αMEM with
20% heat-inactivated foetal bovine serum (FBS, Thermo-
Fisher Scientific), 1% antibiotic-antimycotic, and 100μm
L-ascorbic acid 2-phosphate (Sigma-Aldrich), and filtered
through a 70μm nylon cell strainer into T-75 tissue cul-
ture flasks (Greiner Bio-One International, Kremsmünster,
Austria). Cells were incubated at 37°C, 5% CO2, and non-
adherent cells were removed by change of medium after
24 h. On day 3, cells were retrieved using StemPro® Accu-
tase® (ThermoFisher Scientific) and counted. To preferen-
tially select immature MSCs expressing high levels of cell
surface β1 integrins, cells were seeded at 4000 cells/cm2

in 1ml of serum-free CCM into each well of fibronectin-
coated plates, immediately after removing PBS. After
20min incubation at 37°C, nonadherent cells were removed
by washing with PBS. Adherent cells were cultured in
CCM at 37°C, 5% CO2. Culture medium was changed
every 2-3 days.
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2.2. Isolation and Culture of Rat Bone Chip Explant CB-
MSCs. From the long bone remnants recovered from above,
the diaphysis was cut into 1–3mm2 bone chips and digested
with gentle agitation in 3mg/ml collagenase II (Sigma-
Aldrich) in αMEM for 2 h at 37°C. Digestion medium and
released cells were removed, and the bone chips were washed
three times with 5ml CCM. The digested bone chips were
then incubated with CCM at 37°C, 5% CO2. On day 3, the
bone chips and nonadherent cells were discarded by washing
with PBS and remaining adherent cells were cultured to allow
for colony formation and expansion. After 12 days, CB-
MSCs were harvested using StemPro Accutase (Passage 0),
counted, and reseeded at 4000 cells/cm2 in T-25 culture flasks
(Greiner Bio-One International). Culture medium was chan-
ged every 2-3 days.

2.3. Histological Examination. During the isolation proce-
dure, tissue samples of the bone were taken before flushing
away the bone marrow tissue and of the resultant bone chips
before and after collagenase treatment. Samples were demi-
neralised in 10% formic acid, for 72 h, and then dehydrated
through an ascending concentration of alcohols, which was
cleared with xylene prior to embedding in paraffin wax. Five
μm sections were cut, mounted onto poly-L-lysine-coated
glass slides (ThermoFisher Scientific), dried overnight at
60°C, and then stained with haematoxylin and eosin. Stained
sections were mounted using DPX glue (Raymond A Lamb,
East Sussex, UK), prior to viewing using a light microscope,
with digital images captured.

2.4. Assessment of Population Doubling Levels. Upon reach-
ing 70–80% confluency, cells were passaged and cell counts
were determined. Population doubling (PD) values were
assessed as a proportion of the original number of cells
seeded using the formula:

log 10 cells harvested − log 10 cells reseeded
log 10 2 1

Cumulative PD was plotted against time in culture and
performed in duplicate for each isolation procedure.

2.5. Cell Morphological Analysis. Cellular morphology was
regularly examined over the entire culture duration by light
microscopy. In addition, cells at PD15, PD50, and PD100
were cultured at a density of 4000 cells/cm2 for 24h in glass
chamber slides (BD Biosciences, Oxford, UK) before fixation
with 4% (v/v) paraformaldehyde solution and permeabilisa-
tion with 200μl/well 0.1% Triton-X100 (Sigma-Aldrich),
for 30min. Cells were blocked with 200μl/well 1% bovine
serum albumin (BSA, ThermoFisher Scientific) in Tris-
buffered saline (1% BSA-TBS), for 1 h at room temperature,
and the actin cytoskeleton was stained with 20μg ml/ml
phalloidin-FITC (Sigma-Aldrich), 1% BSA-TBS and incu-
bated for 1 h at 4°C in darkness. Cells on the glass slides were
mounted using Vectashield® mounting medium with DAPI
(Vector Laboratories Ltd., Peterborough, UK), and images
were captured using an ultraviolet (UV) microscope.

2.6. Colony-Forming Efficiency. Cells were seeded at a density
of 100 cells/well of a 6-well plate and cultured for a period of
12 days. Visual observations were performed every 24h
where colonies of 32 cells or more were recorded.

2.7. SA-β-Galactosidase Staining for Cell Senescence. Cell
senescence was analysed by the presence of senescence-asso-
ciated- (SA-) β-galactosidase staining using a Senescence
Cells Histochemical Staining Kit (Sigma-Aldrich), according
to manufacturer’s instruction. Cells were viewed by light
microscopy, and the average percentage blue-stained positive
cells were calculated from 5 random fields of view (30μm2).

2.8. Telomere Length Determination. Cells were cultured at a
density of 1× 104 cells/cm2 to 80% confluence, before treat-
ment with proteinase K, and purified with DNEasy Blood
and Tissue Kit (Qiagen, Crawley, UK). Purified DNA was
run on a 0.8% (w/v) agarose gels and Southern blotted onto
nylon membranes according to manufacturer’s instruction
for the TeloTAGGG Telomere Length Assay kit (Roche,
Welwyn Garden City, UK).

2.9. Reverse Transcription PCR. Total RNA was extracted
using the RNeasy® Mini kit and QIAShredder (Qiagen Ltd.,
Crawley, UK). RNA purity and quantity were determined
at 260nm/280 nm absorbance. cDNA was synthesised
from 500ng of total RNA using 5μl 5X Moloney murine
leukaemia virus (M-MLV) buffer, 0.5μg random primers,
0.625μl RNasin, 1.25μl deoxynucleotide triphosphates
(dNTPs; 10mM), and 1μl M-MLV reverse transcriptase,
reconstituted to 15μl with DNase-free water (all Promega,
Southampton, UK, total volume 25μl), at 37°C for 1 h,
followed by 95°C for 5min.

cDNA was synthesized from 500ng of total RNA using
1μl random primer (Promega), added to RNAase-free water
to a final volume of 15μl. The sample was run at 70°C for
5min. RT reaction mix was prepared, containing 5μl 5×
Moloney murine leukemia virus reverse transcriptase
(MMLV) reaction buffer, 3.4μl 10mM dNTPs, 0.6μl RNasin
and 1μl MMLV reverse transcriptase, and 15μl of random
primer/RNA mix and reconstituted to 25μl with DNase-
free water (all Promega) and performed in a thermocycler
at 37°C for 1 h. A reaction mix minus mRNA was prepared
as a negative control. PCR was performed using 1μl cDNA
and reaction reagents 5μl 5× buffer, 0.5μl 10mM dNTP,
1.25μl 10μm forward and reverse primer (as shown in
Table 1, Primer Design Ltd., Southampton, UK), 1μl
25mM magnesium chloride, and 0.25μl Taq polymerase,
reconstituted to 25μl per reaction with RNAase-free water
(Promega). β-Actin was used as a housekeeping gene. Reac-
tions were performed in a thermocycler, with an initial dena-
turing step of 94°C for 5min, followed by 35 cycles of 1min,
94°C denaturing step of 30 s, 55°C annealing step of 30 s, 72°C
extension step, and with a final 72°C extension step for 7min.
The same conditions were applied to all primers with excep-
tion for Nanog, Oct4, CD73 and CD105, which used an
annealing temperature of 52°C, and osteocalcin using anneal-
ing temperature of 62°C. Products were separated using 2%
agarose gels and viewed under UV light. Images were
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Table 1: Primer sequences for RT-PCR and qPCR analysis.

Gene Primer sequence Length (bp) Application

CD73
F: 5′ TCCCGCGGCTGCTACGGCACCCAAGTG-3′
R: 5 -ACCTTGGTGAAGAGCCGGGCCACGCCG-3′ 204 RT-PCR

CD90
F: 5′-CCTGACCCGAGAGAAGAA-3′

R: 5′-TGAAGTTGGCTAGAGTAAGGA-3′ 125 RT-PCR

CD105
F: 5′-ACATGGTGCCCACACCCGCAGCTGGCA-3′
R: 5′-CACTGCCACCACGGGCTCCCGCTTGCT-3′ 263 RT-PCR

CD45
F: 5′-AGCAATACCAGTTCCTCTATGA-3′

R: 5′-TCCGTCCACTTCGTTATGA-3′ 113 RT-PCR

CD34
F: 5′-GTCACACTGCCTACTACTTC-3′
R: 5′-TCCTCGGATTCCTGAACAT-3′ 210 RT-PCR

Nanog
F: 5′-GGGGATTCCTCGCCGATGCCTGCCGTT-3′
R: 5′-GGGATACTCCACCGGCGCTGAGCCCTT-3′ 477 RT-PCR

Oct4
F: 5′-GCCCACCTTCCCCA TGGCTGGACACCT-3′
R: 5′-GCAGGGCCTCGAAGCGGCAGA TGGTTG-3′ 563 RT-PCR

Runx2
F: 5′-CCAGATGGGACTGTGGTTACC-3′
R: 5′-ACTTGGTGCAGAGTTCAGGG-3′ 381 RT-PCR

OCN
F: 5′-ACAGACAAGTCCCACACAGCAACT-3′
R: 5′-CCTGCTTGGACA TGAAGGCTTTGT-3′ 161 RT-PCR

PPARγ
F: 5′-GGAAAGACAACAGACAAA TCAC-3′
R: 5′-GAACTTCACAGCAAACTCAAAC-3′ 408 RT-PCR

Sox9
F: 5′-CCCTTCAACCTCCCACACTACAGC-3′
R: 5′-TGTGTAGACGGGTTGTTCCCAGTG-3′ 249 RT-PCR

rTERT
F: 5′-GACATGGAGAACAAGCTGTTTGC-3′
R: 5′-ACAGGGAAGTTCACCACTGTC-3′ 185 RT-PCR

p53
F: 5′-ACAGCGTGGTGGTACCGTAT-3′
R: 5′-GGAGCTGTTGCACATGTACT-3′ 83 RT-PCR

p21waf1
F: 5′-TCTTGCACTCTGGTGTCTCA-3′
R: 5′-GGGCTTTCTCTTGCAGAA-3′ 147 RT-PCR

p16INK4A
F: 5′-TGCAGATAGACTAGCCAGGGC-3′
R: 5′-CTCGCAGTTCGAATCTGCAC-3′ 184 RT-PCR

β-Actin
F: 5′-TGAAGATCAAGATCATTGCTCCTCC-3′
R: 5′-CTAGAAGCATTTGCGGTGGACGATG-3′ 155 RT-PCR

OSX
F: 5′-GCTTTTCTGTGGCAAGAGGTTC-3′
R: 5′-CTGATGTTTGCTCAAGTGGTCG-3′ 200 qPCR

OCN
F: 5′-ACAGACAAGTCCCACACAGCAACT-3′
R: 5′-CCTGCTTGGACATGAAGGCTTTGT-3′ 161 qPCR

FABP4
F: 5′-GGAATTCGATGAAATCACCCC-3′
R: 5′-TGGTCGACTTTCCATCCCACT-3′ 104 qPCR

C/EBPα
F: 5′-GGGAGAACTCTAACTCCCCCAT-3′
R: 5′-CTCTGGAGGTGGCTGCTCATC-3′ 82 qPCR

LPL
F: 5′-AGGTCAGAGCCAAGAGAAGCA-3′
R: 5′-GGAGTAGGTTTTATTTGTGGCG-3′ 215 qPCR

β-Actin
F: 5′-GGGTCGAGTCCGCGTCCAC-3′
R: 5′-CGACGAGCGCAGCGATATC-3′ 108 qPCR
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captured using Quantity One Image Analysis Software
(Bio-Rad, Hemel Hempstead, UK).

2.10. qRT-PCR Analysis. cDNA was generated as described
above and diluted 1 : 5 with RNAase-free water. Each qRT-
PCR reaction was performed using 2.5μl and 3μm primers
(forward and reverse, see Table 1), 5μl diluted cDNA sample,
and 10μl SYBR Green Precision qRT-PCR Master Mix
(Primer Design Ltd.). All samples were analysed in triplicate
in Bright White 96-well plates (Primer Design Ltd.), using an
ABI Prism 7000 Sequence Detection System and ABI Prism
7000 SDS Software V1.0 (ThermoFisher Scientific). Reac-
tions conditions were as follows: 1 cycle of 95°C for 10min,
40 cycles of 95°C for 15 s, 55°C for 30 s, and 72°C for 30 s
for all primers except for osteocalcin, where the annealing
temperature was set at 62°C. For quantitative analysis, the
gene expression profile was normalised to expression of β-
actin as the housekeeping gene, using the 2−ΔΔCt method
for quantitative data analysis. Gene expression was presented
as fold increases or decreases compared gene expression in
nondifferentiating medium at day 0.

2.11. Assessment of Bipotential Differentiation. In order to
assess the differentiation capacity of the isolated MSCs, the
expression of specific differentiation markers and transcrip-
tion factors was examined, both at gene and protein level.
MSCs were examined at 15 PDs and 50 PDs.

2.11.1. Osteogenic Induction.MSCs were seeded at 4000 cells/
cm2 in 6-well plates for total RNA extraction and 8-well
chamber slides for histological staining. Cells were cultured
in CCM for 24 h, which was then replaced with osteogenic
mineralising medium consisting of αMEM with ribonucleo-
sides and deoxyribonuclosides, supplemented with 10%
FBS, 1% antibiotics-antimycotics, 100μm L-ascorbic acid 2-
phosphate, 10 nM dexamethasone, and 100μM β-glycero-
phosphate (all from Sigma-Aldrich) and further incubated
in 37°C, 5% CO2, with medium changes every 2 to 3 days.
As a negative control, cells were also cultured in CCM. At
day 28, cells were fixed for 10min with 4% paraformaldehyde
and mineral calcium deposition was stained with 20mg/ml
alizarin red S (Sigma-Aldrich), pH4.2 for 30min, with
images captured by light microscopy. mRNA expression of
osteogenic markers, osteocalcin and osterix, was also exam-
ined on days 2, 7, 14, and 28 by Q-PCR, as described above.

2.11.2. Adipogenic Induction. Adipogenesis was promoted
using the following induction protocol. Cells were plated
at 10,000 cells/cm2 and cultured in CCM until 90% con-
fluent. Cells were then cultured in adipogenic induction
medium (AIM; αMEM with ribonucleosides and deoxyri-
bonucleosides, 10% FBS, 100μm L-ascorbic acid 2-phos-
phate, 1μM dexamethasone, 100μM indomethacin, 100μM
3-isobutyl-1-methylxanthine, 1% antibiotics-antimycotics (all
from Sigma-Aldrich), and 37°C, 5% CO2 for 6 days, with
media changed every 72h). Cells were then cultured for
48h in adipogenic maintenance medium (AMM; αMEM
with ribonucleosides and deoxyribonucleosides, supple-
mented with 10% FBS, 100μm L-ascorbic acid 2-phosphate,
10μg/ml insulin, and 1% antibiotics-antimycotics) and then

cultured again until day 14 in AIM. As a negative control,
cells were cultured for 14 days in CCM, as described above.
Intracellular lipid-rich vacuole accumulation was visualised
by Oil Red O staining (500μl/well, Sigma-Aldrich; 3.5 g/l in
isopropanol, mixed 3 : 2 with double-distilled water), for
10min or the fluorescent histological stain LipidTOX™
(ThermoFisher Scientific) following the manufacturer’s
protocol. Digital images were captured using either a light
or a fluorescence microscope, respectively. mRNA samples
were collected on days 2, 7, and 14, and gene expression
for adipogenic markers, adiponectin, PPARγ, lipoprotein
lipase, C/EBPα, was examined by RT-PCR and Q-PCR as
described above.

2.12. Statistical Analysis.Data were expressed as mean± stan-
dard error of mean (SE). Data were statistically compared
using analysis of variance (ANOVA), with Tukey’s post hoc
test, using SPSS version 20.0 (IBM, New York, USA), with a
significance level accepted at p < 0 05.

3. Results

3.1. Histological Analysis of Isolation Procedure. Tissue
samples were processed for haematoxylin and eosin stain-
ing to demonstrate cells present before flushing away of
the bone marrow, after flushing away of the bone marrow,
and after treatment with the collagenase. The results indicate
the range of cells present in the central bone marrow cavity
(Figure 1(a)), the majority of which are readily flushed away
with the exception of a few remnant cells lining the endosteal
surface of the bone (Figure 1(b)). The bone within the fem-
oral shaft consisted of cortical lamellar bone, with a strong
network of Haversian and Volkmann canals that were lined
with perivascular-associated cells (Figure 1(c)). Treatment
of this osseous tissue with the relatively high concentra-
tion of collagenase leads to some loss of the mineralised
tissues, releasing cells, including perivascular MSCs and
progenitor osteoblasts lining the surfaces of the Haversian
and Volkmann canals (Figure 1(d)).

3.2. Examination of Stromal Cell Characteristics. The effects
of different separation methods and niche source on the pro-
liferative lifespan for each isolated CB-MSCs and BM-MSCs,
as determined through the cumulative population doublings
(PDs), are shown in Figure 2(a). Cumulative PD profiles were
repeated on two different occasions and demonstrated a
consistent proliferation pattern with little variation between
CB-MSCs and BM-MSCs. Both populations demonstrated
an initial lag phase over 60 days, followed by a rapid expo-
nential growth reaching PD100. Both MSC populations
rapidly generated a confluent monolayer from PD15, reach-
ing 70%–80% confluence every 2-3 days; the average PDs
recorded per week was 5.4 for CB-MSCs and 5.2 for BM-
MSCs, respectively.

Cells from CB-MSCs and BM-MSCs, at PD 15, PD50,
and PD100 positively expressed the mesenchymal progenitor
cells surface antigens, CD73 (ecto-5-nucleotidase), CD90
(Thy-1), and CD105 (endoglin), and were found to be nega-
tive for the expression of CD45 (hematopoietic surface
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antigens) (Figure 1(b)). CB-MSCs at PD15 expressed CD34,
which was lost by PD50 and absent in all BM-MSC popula-
tions. Both MSC populations maintained expression of the
embryonic stem cell marker, Nanog, whilst Oct4 was only
highly expressed in CB-MSCs at PD15 with faint expression
at PD50 and PD100. Oct4 was absent from BM-MSCs. The
expression of adipogenic differentiation marker, PPARγ,
and chondrogenic marker, Sox9, was negative in MSCs from
both groups. Analyses also demonstrated positive expression
of Runx2, along with a detectable low expression of osteocal-
cin in CB-MSCs and BM-MSCs at all PDs examined.

Figure 2(c) shows the CFEs for CB-MSC or BM-MSC
populations at PD15 and PD50. The results indicate that
CB-MSCs at PD15 have a significantly lower CFE, compared
with cells at PD50 (p < 0 001 at days 3–6) and BM-MSCs at
either PD15 or PD50. The CFE of BM-MSCs was observed
to decrease as cumulative PDs increased from PD15 to PD50.

3.3. Characterisation of Cell Morphology and Absence of
Cell Aging. Images presented in Figure 3 show the mor-
phologies of cells in each MSC population at both high
magnifications with actin staining. Images indicate that
MSCs taken from PD15 revealed clear observation of large

stellate-shaped cells, with flattened and nucleated spread
body, mixed with smaller amount of spindle-shaped,
fibroblastic-like morphology cells. However, at PD50, the
smaller cells with a more fibroblastic-like appearance were
the predominant cell type present, with an organised pattern
of actin cytoskeleton, formed centrally within spindle-shaped
cells in the culture. At PD100, both CB-MSC and BM-MSC
populations demonstrated the presence of small stellate-like
with short processes.

During this extended culture, CB-MSCs or BM-MSCs
showed little signs of cellular senescence (Figure 4). Analysis
of telomere lengths indicated little shortening during
extended culture (Figure 4(a)), which correlated with the
continued expression of rTERT (Figure 4(c)). BM-MSCs
had slightly longer telomere lengths, ranging from approxi-
mately 25.6 to 6.3 kbp, compared to CB-MSCs which ranged
from 23.4 to 3.1 kbp, but these represent average values from
3 separate blots and were deemed to be statistically nonsig-
nificant. Further analyses indicated that cells were nonsenes-
cent, which was confirmed by <2% of cells per 30μm2

staining positive for SA-β-galactosidase (Figure 4(d)) and
cells still being able to achieve a doubling rate> 4.9 PD/
week (Figure 2(a)).

50 �휇m

(a)

100 �휇m

(b)

100 �휇m

(c)

100 �휇m

(d)

Figure 1: Haematoxylin and eosin staining of bone samples taken during isolation of cells from the long bones of rats. (a) Section through the
femoral shaft prior to flushing of bone marrow demonstrated a large network of the Haversian and Volkmann canal system within the cortical
lamellar bone. (b) Following removal of bone marrow, some cells lining the endosteal surface remain. (c) Cells are evident within the
Haversian/Volkmann canal system associated with the perivascular system contained within. (d) Subsequent digestion of these bone chips
with a relatively high concentration of collagenase leads to some loss of mineralised bone, opening up the canal system and associated
lining cells.
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Analysis of genes associated with cell cycle regulation
(Figure 4(d)) showed that all cell populations expressed the
tumour suppressor gene, p53, and downstream gene,
p21Waf1 (regulator of cell cycle progression at G1 and S
phase). However, another recognized tumour suppressor
gene, p16INK4A, was only expressed in CB-MSCs at PD15,
which was lost by PD50.

3.4. Osteogenic and Adipogenic Differentiation of MSCs. At
PD50, following 28 days culture in osteogenic medium, both
MSC populations demonstrated distinct formation of miner-
alised bone nodules that stained positive with alizarin red
(Figures 5(c) and 5(d)). Staining was greater in BM-MSCs.
These results were confirmed by the analysis of gene expres-
sion for osteoblast-specific markers, osterix and osteocalcin

(OCN) by qPCR (Figure 5(e); presented as fold differences
compared to before and after treatment with the inductive
medium). Analyses indicated that in the presence of osteoin-
ductive media, both CB-MSC and BM-MSCs showed consid-
erable fold-change increases in these osteogenic genes during
induction, with a significantly greater fold increase observed
in BM-MSCs noted at days 7 and 21 (p < 0 01). CB-MSCs
indicated higher fold-change increases in osterix at day 2,
but this high expression was not sustained as cultures contin-
ued in osteoinductive media.

Adipogenic differentiation was also successfully induced
in both CB-MSC and BM-MSCs, with Oil Red O staining
indicating the formation of larger and clearer lipid droplets
in the differentiated BM-MSCs (Figures 6(a) and 6(b)). These
observations correlated with the higher gene expression of
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Figure 2: Analysis of MSC characteristics for cells isolated from compact bone and bonemarrow stroma. (a) Cumulative population doubling
(PDs) of CB-MSC and BM-MSC isolates, performed on two separate occasions, demonstrated high ability for self-replication after PD10,
approximately 60 days in culture. (b) Both CB-MSCs and BM-MSCs expressed classical MSC markers, in addition to certain embryonic
markers. Osteogenic marker, Runx2, was strongly expressed by both cell populations at all PDs examined, but were negative for
chondrogenic marker, Sox9, and adipogenic marker, PPARγ. CB-MSCs demonstrated the additional presence of Oct4 and CD34. (c)
Colony-forming efficiency (CFEs) demonstrated lower efficiency for CB-MSC at PD15 compared to BM-MSC at PD15 and PD50.
Statistically significant differences between respective populations are shown. ∗∗∗p < 0 001 and ∗∗p < 0 01.
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lipoprotein lipase in BM-MSCs, with roles proposed to be
involved in fatty acid uptake and storage (Figure 6(c)). How-
ever, qPCR also demonstrated the earlier induction of adipo-
genic master gene, C/EBP4, and downstream gene, FABP4,
within the CB-MSC cell population (Figure 6(c)). The adipo-
genic and osteogenic potency of CB-MSC at PD15 and PD50
was also examined using staining techniques for mineral
deposition using alizarin red and formation of lipid droplets
using the fluorescent dye, LipidTOX (Figure 7). At PD50,
CB-MSCs demonstrated an increased potential for adipo-
genic induction and a reduced potential for osteogenic induc-
tion, compared with CB-MSCs at PD15.

4. Discussion

The present study presents an original comparative analysis
pertaining to the isolation, expansion, and characterisation
of heterogeneous MSC populations potentially derived from
the cell niches associated with bone marrow stroma
(achieved via preferential fibronectin adherence plating tech-
niques; BM-MSCs), and with the endosteal surface of rat
bone chip explants (CB-MSCs). Regardless of cell origin
and isolation technique, all purified MSC populations were
found to be positive for selected MSC markers, CD105,
CD90, and CD73, indicating that they were of mesenchyme

origin and meeting the suggested requirements of the Inter-
national Society of Cell Therapy (ISCT) position statement
[13]. These populations were negative for CD45, indicating
that the isolated population was successfully separated from
hematopoietic stem cells that are present in high numbers
in the bone marrow stroma and associated with the endosteal
niche [8] which would interfere with a full characterisation of
MSCs. Both isolation techniques were successful in the
isolation of multipotent MSCs which were capable of sustain-
ing long-term in vitro expansion up to PD100. Analysis of
cells at PD50 indicated that both populations maintained
MSCs that were bipotential for osteoblastic and adipogenic
lineage differentiation. For both CB-MSC and BM-MSC cell
populations, cell doubling only significantly increased when
the cells had achieved approximately PD10. Similar lag
periods in high-proliferative activity have been reported
previously [20] and possibly reflect the expected low num-
bers of highly proliferative MSCs expected in these isolations,
which subsequently expand to become established within the
heterogeneous MSC population, and/or cells adapting to new
culture conditions which differ to the in vivo niche environ-
ment. For this reason, all analyses were performed when cells
were rapidly proliferating at PD15 and beyond—a time
period when cells are also more likely to be utilized for
in vitro assay model systems or cell therapies.

CB-MSCs BM-MSCs

PD
50

PD
15

PD
10

0

Figure 3: Cell morphology of CB-MSCs and BM-MSCs at PD15, PD50, and PD100 visualized following staining of cytoskeletal actin with
phalloidin-FITC. At later PDs, cells were predominantly observed to adopt a more elongated fibroblastic appearance, whilst at PD15,
stellate cells with increased number of cellular processes were observed.
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Within this study, cells at PD15 for both CB-MSC and
BM-MSC demonstrated a heterogeneous morphology with
both small, elongated bipolar cells and larger polygonal
cells present. This is consistent with previous studies
examining stromal cell precursors isolated from the bone
marrow, which have continued to identify that the smaller
fibroblastic-like cells of 60–100μm are also actively prolif-
erating whilst the larger polygonal cells proliferate more
slowly [12]. Of note, the larger cells appear to be lost by
PD50, which may be due to their slower proliferation rate
compared with the smaller faster dividing cells which thus
dominate the culture. The smaller cells may thus represent
cells which conform to transit-amplifying cells with greater
multipotentiality, whilst the larger cells may represent
either more differentiated, lineage-committed cells or
larger aging, senescent cells. The latter is the less likely
scenario since telomere lengths remained consistently long
and unchanged during culture expansion (25–8 kbp), an
observation supported by the detection of high levels of
rTERT expression. Further analysis of cells at PD50 indi-
cated few senescent cells staining positive for SA-β-galac-
tosidase, suggesting that these cells may be present albeit
in low numbers, although more analysis may be necessary
to verify this conclusion. The presence of preosteoblastic
stromal cells along with nestin-positive MSC has been
described within two important niches within the bone

marrow stroma, namely, the perivascular niche and the
endosteal niche, where they are important in supporting
hematopoietic stem cells, in addition to providing an impor-
tant contribution to bone remodeling and repair activities
[8]. Their presence thus contributes to the heterogeneous
nature of mesenchymal stem cells, which are evident in either
isolations from bone marrow (BM-MSCs) or as a result of
explants following collagenase digestion that remove all but
cells associated with the endosteal niche (CM-MSCs). CM-
MSCs are likely to additionally contain perivascular MSCs,
preosteoblasts, and bone-lining cells that also reside within
the Haversian and Volkmann canal system, which takes a
vascular supply from the periosteum into the bone, in addi-
tion to supporting the osteocyte network and physiological
bone remodeling.

Both BM-MSC and CB-MSC populations demonstrated
a consistent expression of the embryonic stem cell marker,
Nanog, at all stages of culture. Nanog has been proposed a
role in supporting the proliferation of adult MSCs in the
transition from in vivo quiescence to adaption expansive
growth in vitro [24, 25]. However, within this study, we also
identified MSC populations within CB-MSC PD15 cell pop-
ulation which were CD34+ and Oct4+. A CD34+ MSC sub-
population has been described within the bone marrow,
proposed to be intimately associated with the vasculature
[26], and thus may relate to a quiescent arterial niche recently
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Figure 4: Effect of continuous cell expansion on (a) telomere length analysis for CB-MSC and BM-MSC populations at cited PDs, by
Southern blotting. Average telomere lengths were calculated from 3 blots, and averages and range of TRF values obtained are indicated in
the associated table. Right-hand lane represents the separated DIG-labelled telomere length standard. (b) Expression of telomerase
catalytic subunit, rTERT, was assessed by RT-PCR. Continued expression of rTERT at PD100 is consistent with minimal change in
telomere length following expanded culture. (c) Staining of cell populations at PD100 with SA-β-galactosidase indicated the absence of
senescent cells. (d) mRNA expression of cell cycle proteins regulating arrest in CM-MSCs and BM-MSCs was assessed by RT-PCR.
p16INK4A was only detected in CB-MSCs at PD15 and was lost with subsequent culture. Continued expression of p21Waf1 and p53
was observed.
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described to be present in the endosteal region [27, 28].
Expression of CD34 appears to be influenced by the sur-
rounding environment and it has been documented that
MSC expression of CD34 can change from positive to nega-
tive and vice versa, which may account for the loss of expres-
sion in the CB-MSC cultures beyond PD15 [25]. Oct4 has
proposed roles in maintaining pluripotency and is used in
the generation of induced pluripotent cells from adult MSCs
[24, 29] and, of note to this present study, “induced MSCs”
from CD34+ cells isolated from adult peripheral blood [30].
Collectively, the identification of these MSCmarkers, Nanog,

CD34, and Oct4, within our CB-MSC populations would
suggest the presence of an immature MSC subpopulation
maintained in an undifferentiated state, capable of propaga-
tion for multiple passages at least beyond PD15, which is
not identifiable in MSC populations derived from the bone
marrow stroma.

Irrespective of PDs, all isolated CB-MSCs and BM-MSCs
in the present study showed positive expression of Runx2
during expansion culture in basal medium. Although its role
has not been fully delineated, Runx2 and osterix are required
as essential to promote osteoblast differentiation at an early
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Figure 5: Osteogenic differentiation of CB-MSCs and BM-MSCs at PD50. Cells were cultured for 28 days in the absence (a and b) or presence
(c and d) of osteoinductive media and mineral deposition visualised by alizarin red staining. At PD50, osteogenic potency was observed to be
higher for BM-MSCs, a result which is supported by (e) gene expression profiles for osteogenic markers by CB-MSCs and BM-MSCs. Values
were normalised against the expression of β-actin and presented as the fold increase compared to expression value obtained for the respective
cell population in nondifferentiating media, at day 0. Each bar represents mean fold change± SD, n = 3. ∗p < 0 05 and ∗∗p < 0 01.
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Figure 6: Adipogenic induction of CB-MSCs and BM-MSCs at PD50. (a) CB-MSCs and (b) BM-MSCs were cultured in adipogenic medium
for 14 days and stained with Oil Red O to detect neutral lipid droplet formation within the cultured cells. Potency was greater for BM-MSCs
with results correlating with (c) gene expression of adipogenic markers in MSCs at PD50 quantified by qPCR. Values were normalised to the
expression of β-actin, and expression following 14 days in adipogenic media is presented as a fold increase or decrease compared to levels in
cells cultured in basal media. Each bar represents the mean fold change± SD. n = 3, ∗p < 0 05, and ∗∗p < 0 01.
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Figure 7: Comparison of CB-MSCs at PD15 and PD50 for adipogenic and osteogenic induction. Cells at PD15 demonstrated a greater
potency for osteogenic induction and reduced adipogenic induction compared to cells cultured to PD50.
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stage of induction, but inhibited terminal osteoblast differen-
tiation [31]. Runx2, with Sox5, Sox6, and Sox9, is essential for
the terminal differentiation of chondrocytes [31]. Within the
study presented herein, we failed to detect Sox9 and detected
low levels of osterix, suggesting that both the CB-MSC and
BM-MSC heterogeneous populations also contained osteo-
progenitor and preosteoblasts, cells which studies have
shown are still capable of extensive replication [32]. This
commitment to the osteoblast lineage, however, is not
expected to negate a contribution to the bipotentiality seen
with both cell populations. Studies have indicated that the
transcription factor, PPARγ, can induce the transdifferentia-
tion of Runx2 expressing osteoblastic MC3T3-E1 cells into
mature adipocytes [33].

Within their respective heterogeneous populations, both
CB-MSC and BM-MSC populations demonstrated similar
population doubling profiles, achieving between 4 and 5
PDs per week. Within each MSC population, the expression
of the cell cycling genes regulating replicative capacity was
also examined. p21waf1/CIP1 and p53 can act in dependent
and interdependent ways to arrest cell cycle progression at
G1 and S phases, acting as tumor suppressors to regulate cell
proliferation to rates that provide genomic fidelity during
MSC division [34]. p53 is also a negative regulator in the
formation of preosteoblasts and preadipocytes [35], and loss
of p53 leads to osteosarcoma development [36]. The expres-
sion of p21waf1/CIP1 and p53, therefore, regulates the steady
expansion of MSCs in an undifferentiated state, and their
presence in both populations suggests the presence of such
MSC populations. In addition, CB-MSCs at PD15 demon-
strated the additional presence of p16INK4A, which also has
a proposed role in reducing stem cell proliferation [37, 38].
It has also been suggested as a key marker of stromal cell
and somatic cell senescence [39] and may indicate the
isolation of senescent cell subpopulations within CB-MSC
isolates, although telomere measurements suggested little
reduction in lengths. It is noteworthy, however, that protein
expression of p16INK4A and p21waf1/CIP1 has both been
detected in fully differentiated osteoblasts derived from
MC3T3 cells and calvarial explants, where it has been
proposed that they are involved in cell growth arrest in this
scenario [40]. It is thus tempting to speculate that the
presence of p16INK4A within the CB-MSC population at
PD15 represents a subpopulation of postmitotic differenti-
ated osteoblast cells, possibly derived from the bone-lining
cells within the endosteal environment. To test this hypothe-
sis, we examined the ability of cells within the respective
populations to form colonies from a single cell, correlated
to their bipotential potency. The present study clearly
demonstrated that CFEs for the CB-MSC population at
PD15 were significantly lower compared to CFEs for CB-
MSCs at PD50 and BM-MSCs at either PD15 or PD50.
However, the CB-MSC population at PD15 demonstrated
increased staining for the deposition of mineral containing
bone nodules and reduced potential to form adipocytes,
when compared to CB-MSCs at PD50, thus supporting the
presence of more mature osteoblasts in the heterogeneous
population at PD15 of the CB-MSC population, which are
subsequently lost by PD50.

In the present study, we compared CFEs and bipoten-
tiality to form osteoblasts and adipocytes by CB-MSC and
BM-MSCs at PD50, a time when both cell populations
showed similar gene expression profiles for MSC markers,
CD73, CD90, and CD105, Nanog, the osteogenic marker
Runx2, and cell cycle proteins, p21waf1/CIP1, p53 (CD34,
Oct4, and p16INK4A positivity was not detected). At this time
point, BM-MSCs had a greater potential for adipogenic and
osteogenic differentiation, compared to CB-MSCs. Both
populations demonstrated a marked ability to form clonal
colonies. These results would suggest that the bone marrow
population contained greater numbers of committed preos-
teoblasts, which are still capable, under the correct signalling
environment, to form adipocytes [33, 41]. In contrast, con-
sidering CB-MSCs at PD50, a more immature MSC popula-
tion now predominated. As these CB-MSC cultures were
continued under osteogenic conditions, increased deposition
of mineralizing bone nodules was observed, suggesting the
presence of cells with osteogenic potential, which took longer
to achieve a fully differentiated osteoblast capable of synthe-
sizing mature bone.

5. Conclusion

The study has compared two isolation techniques which have
yielded two heterogeneous MSC populations whose charac-
teristics vary according to the niche source of the cells. The
value of the data is twofold. The study offers data to provide
an informed consideration for which isolation technique to
use in selecting an in vitro model. The protocols have been
successful in isolating MSCs from the compact bone niche,
a MSC population that is more lineage restricted for osteo-
genesis. Such cells may be proposed to be the first responders
during mineralized tissue repair, with the immature MSCs
subsequently proliferating to replace the former cell popula-
tion [42]. Thus, isolation of primary cells from bone explants
offers MSCs which may be more appropriate when wishing
to assess the efficacy of osteogenic therapeutics, where data
obtained may be more relevant for the study of bone repair
processes. Conversely, BM-MSCs may be more appropriate
when assessments of tripotentiality are required and could
find relevance in the study of a range of tissue engineering
applications outside bone regeneration. In addition, the data
provides an important initial characterisation to justify stud-
ies that further characterise the MSC populations within
human models. It is of note that the gold standard for
bone regeneration is autologous bone grafts that contain
an endosteal niche and hence a potential benefit from a
MSC population that is lineage-restricted in terms of osteo-
genic differentiation. Further investigation of these lineage-
restricted MSCs may thus be of benefit in providing a more
defined cell population for stem cell-based therapies.
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Pulmonary emphysema is a respiratory condition characterized by alveolar destruction that leads to airflow limitation and reduced
lung function. Although with extensive research, the pathophysiology of emphysema is poorly understood and effective treatments
are still missing. Evidence suggests that mesenchymal stem cells (MSCs) possess the ability to engraft the injured tissues and induce
repair via a paracrine effect. Thus, the aim of this study was to test the effects of the intratracheal administration of lung-derived
mouse MSCs in a model of elastase-induced emphysema. Pulmonary function (static lung compliance) showed an increased
stiffness induced by elastase, while morphometric findings (mean linear intercept and tissue/alveolar area) confirmed the
severity of alveolar disruption. Contrarily, MSC administration partially restored lung elasticity and alveolar architecture. In the
absence of evidence that MSCs acquired epithelial phenotype, we detected an increased proliferative activity of aquaporin 5- and
surfactant protein C-positive lung cells, suggesting MSC-driven paracrine mechanisms. The data indicate the mediation of
hepatocyte growth factor in amplifying MSC-driven tissue response after injury. Our study shed light on supportive properties
of lung-derived MSCs, although the full identification of mechanisms orchestrated by MSCs and responsible for epithelial repair
after injury is a critical aspect yet to be achieved.

1. Introduction

Chronic obstructive pulmonary disease (COPD) and pulmo-
nary emphysema, together with asthma, are highly prevalent
lung diseases worldwide [1, 2]. These disorders are character-
ized by airflow limitations, airway inflammation, and
hyperresponsiveness [3, 4] and can be correlated with other
pathologies as well [5, 6]. In particular, pulmonary emphy-
sema is defined as a progressive disease related to cigarette
smoking and other respiratory insults, resulting in perma-
nent enlargement and loss of alveoli and bronchioles [7].
The chronic inhalation of irritants attracts inflammatory cells
and inflammatory mediators into the lungs, where they
impair protease-antiprotease balance thus leading to the
destruction of alveolar units [8]. Given the irreversibility of

this disease and the significant number of deaths and the
short-lasting benefits of current therapies, the understanding
of mechanisms underlying lung tissue homeostasis is critical
for developing new therapies aiming at replenishing diseased
alveoli. Thus, lung regeneration biology is an area of intense
studies in the search for new strategies for combating human
lung diseases.

A significant body of evidence has demonstrated that
mesenchymal stem cells (MSCs), harvested from adult
organs such as bone marrow and adipose tissue and admin-
istered in the damaged tissue, may induce organ repair
mainly through paracrine effects [9, 10]. Despite conflicting
results about the degree of engraftment of MSCs, it seems
clear that these cells may be protective against tissue injury
independently from their ability of engraftment [11, 12].
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The usefulness of MSCs, whose benefits are also linked to
their low immunogenicity [13], has been proven in various
models of pulmonary diseases [14, 15]. In particular, MSCs
from bonemarrow and adipose tissue had a therapeutic effect
in an experimental cigarette smoke-induced and elastase-
induced emphysemamodels [16–19]. To date, several clinical
trials have investigated the safety and feasibility of MSC
administration reporting no serious adverse events although
indicating modest effects in spite of undoubted efficacy in
animal studies [20, 21].

Most studies have focused attention on bone marrow-
and adipose tissue-derived MSCs to assess their potential
on lung diseases, and the orientation of scientific community
for these sources is essentially dictated by the readiness to
obtain MSCs from these sites. On the other hand, little is
known about the biological significance of lung-derived
MSCs also because of obvious difficulties to obtain lung biop-
sies that have limited the studies on these cells. Nonetheless,
lung MSCs may be relevant in alveolar homeostasis and
repair after injury and may need consideration as a potential
tool or target for cell-based therapy that involves other pul-
monary cell populations. Therefore, the aim of our study
was to test the effects of intratracheal administration of
pulmonary MSCs into elastase-injured emphysematous
lungs. In contrast to the majority of studies that utilized the
systemic administration of cells, in our work, the intratra-
cheal delivery was used. This route provides benefits over a
systemic infusion, such as the reduction of cell number and
the low risk to engraft other organs.

2. Materials and Methods

2.1. Cell Isolation and Culture. Six/eight lungs were harvested
from 2-month-old male C57BL/6J mice (Charles River
Laboratories) for each isolation of murine lung-derived
MSCs. Samples were collected in 100mm diameter culture
dishes and were quickly washed with DPBS w/o Ca2+ and
Mg2+ (Euroclone) to wash out the blood. Large vascular
and bronchial components were removed as well. In order
to obtain a cell suspension, the lungs were tinily minced
and enzymatically dissociated with a prewarmed collagenase
solution [280U/ml type II collagenase (Worthington),
100U/ml penicillin, and 100μg/ml streptomycin (pen/strep,
Euroclone)]. After a 45min digestion at 37°C under agitation,
collagenase was deactivated by adding a double volume of
precooled quenching buffer [0.5% bovine serum albumin
(Sigma-Aldrich); pen/strep]. Cell suspension was further
purified by several passages through cell strainers [70 and
40μm pores (BD Biosciences)] and centrifuged at 1200 rpm
for 10min to remove debris. Cell pellet was collected and
then washed with DPBS. After centrifugation (1200 rpm for
10min), the cell pellet was plated in 60mm diameter culture
dishes. MSCs were selected by adhesion. After removal of
nonadherent cells, cells were cultured in α-MEM supple-
mented with 10% FBS and pen/strep and seeded at a density
of 7× 104 cells/cm2. The cells were used from passage 3.

2.2. Flow Cytometry. FACS analysis was performed for MSC
phenotype characterization, and 10,000 cells were detected

for each surface marker. PE-conjugated antibodies for
CD14, CD34, CD44, CD45, CD73, CD90, and CD105 were
used (BD Biosciences). Isotype control was utilized to define
the threshold for each specific signal. Data were acquired by
FACSAria (BD Biosciences) and analyzed by FCS Express 6
(De Novo Software).

2.3. GFP Lentiviral Infection. MSCs were transduced with a
Cignal Lentivirus carrying GFP and puromycin resistance
genes at a MOI of 50 (Qiagen). After 24h, cells were washed
and transduction medium was replaced by fresh medium.
At this point, Cignal reporter constructs were integrated
into the genomic DNA of target cells. To select the cells
that stably expressed the GFP reporter gene, puromycin
(5μg/ml) selection was performed for one week. GFP-
positive MSCs were collected, diluted in fresh medium, and
used for in vivo procedures.

2.4. Animal Housing. The experimental protocol was
approved by the Animal Care and Use Committee of the
University of Campania “Luigi Vanvitelli” (294/2016-PR
24.03.2016). Animal care complied with Italian regulations
on the protection of animals used for experimental and other
scientific purposes (116/1992) as well as with the EU guide-
lines for the use of experimental animals (2010/63/EU). Mice
were housed in the Animal Facility of the University of
Campania “Luigi Vanvitelli.” Food and water were supplied
ad libitum. Room temperature was set at 22°C–24°C, rela-
tive humidity at 40%–50%, and the day/night cycle at
12 h/12 h. In order to prevent any possible animal pain,
all experimental animals were anesthetized with ketamine
and medetomidine hydrochloride. All mice were sacrificed
by cervical dislocation.

2.5. Experimental Protocol. Emphysema was induced in 2-
month-old female C57BL/6J mice by intratracheal admin-
istration of porcine pancreatic elastase (PPE; 80U/kg in
100μl of PBS on day 0). Mice were then randomized into
two experimental groups: (1) PPE-MSCs (n = 18), receiv-
ing lung MSCs (5× 104 cells in 50μl medium per animal)
and (2) PPE (n = 18), receiving standard cell medium.
MSCs or medium was intratracheally administered on
day 21. Naïve mice (n = 18), not subjected to any treat-
ment, served as the control. BrdU was injected twice a
day (50mg/kg, i.p.) and added to the drinking water
(1mg/ml) in order to identify newly formed cells. All
mice were sacrificed on day 31.

2.6. Intratracheal Administration. Prior to cell administra-
tion, mice were anesthetized with ketamine (40mg/kg, i.p.)
and medetomidine hydrochloride (0.15mg/kg, i.p.). A 20-
gauge custom-made catheter was inserted into the trachea
via the mouth and connected to a mouse ventilator (Harvard
Apparatus). After checking the correct placement of the cath-
eter, the ventilator was disconnected and the delivery of the
necessary vehicle (PPE, MSCs or medium) was carried out
by using a syringe with a fine needle. Then, mice were
mechanically ventilated for 3min and placed in a warm
chamber until they recovered consciousness (5–15min).
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2.7. Static Lung Compliance. After animal sacrifice, the body
cavity was opened, an incision was made in the trachea, and a
20-gauge catheter was inserted and secured with a suture.
Static lung compliance was measured with a 5 cc syringe con-
nected to the trachea via a catheter and to a water manometer
via a three-way stopcock. To get the inflation curves, 0.2 cc of
air was manually injected, up to 3.0 cc. The resultant pressure
from each incremental injection was read from the manom-
eter approximately 1 s after the injection. Deflation was read
in the same fashion, manually withdrawing 0.2 cc at a time,
until reaching the maximum volume of 3.0 cc. The curves
of inflation and deflation were measured twice for each ani-
mal. Volume was traced as a function of pressure. Static lung
compliance was obtained through the average slope of each
deflation curve at its midpoint [22].

2.8. Tissue Preparation. For histology, the lungs were per-
fused and fixed as previously described [23]. Tissue sections,
5μm in thickness, were used. For morphometric studies, sec-
tions were stained with hematoxylin/eosin (H&E, Sigma-
Aldrich). For molecular biology analysis, the lungs were
excised and subsequently stored at −80°C.

2.9. Morphometry. Morphometric assessment included the
determination of the average interalveolar distance (mean
linear intercept) and the calculation of tissue and airspace
areas, corrected for the alveolar number. The mean linear
intercept was measured by superimposing a grid over each
image and counting the number of times the alveolar walls
intercepted the grid lines. The equation

Mean linear intercept = N × L
m

, 1

where N is the number of times the transverses were placed
on the tissue, L is the length of the transverses, and m is the
sum of all intercepts, gave mean linear intercept [22, 24].
Morphologic measurements were done with Image-Pro Plus
software (Media Cybernetics).

2.10. Immunohistochemistry. Injected MSCs were detected
by chicken polyclonal anti-GFP antibody (1 : 500, overnight
at 4°C) (Abcam). Rat monoclonal CD45 (1 : 30, overnight at
4°C) (Novus Biological) was used to exclude the hematopoi-
etic lineage in MSCs. Lung cells were identified by immuno-
staining for aquaporin 5 (AQP5; rabbit polyclonal, 1 : 100,
overnight at 4°C) (Abcam) and surfactant protein C (SFTPC;
rabbit polyclonal, 1 : 100, overnight at 4°C) (Santa Cruz
Biotechnology). Cycling cells were visualized using mouse
monoclonal anti-BrdU antibody (1 : 10, 1 h at 37°C) (Roche
Diagnostics). The expression of hepatocyte growth factor
(HGF; rabbit polyclonal, 1 : 100, overnight at 4°C) (Abcam)
and its receptor c-Met (mouse monoclonal, 1 : 100, over-
night at 4°C) (Cell Signaling) in the lung was also
detected. Nuclei were stained with DAPI (Sigma-Aldrich).
Secondary antibodies conjugated with FITC, TRITC, or
Cy5 were used at the dilution of 1 : 100 for 1 h at 37°C
(Jackson ImmunoResearch). The quantification of newly
formed cells was performed by counting at least 200
AEC1 or AEC2 (n = 6 from each experimental group)

and expressed as the percentage of BrdU-positive cells.
Samples were analyzed with a Leica DM 5000B microscope
a Zeiss LSM 700 confocal microscope.

2.11. Western Blotting. Tissue samples were homogenized in
lysis buffer containing protease inhibitors (Sigma-Aldrich).
Protein concentration was determined by Bradford assay
(Bio-Rad Laboratories). 20μg of protein extracts was then
separated by SDS-PAGE on 8–12% bis-acrylamide gel
and transferred onto polyvinylidene fluoride membrane
(Thermo Fisher Scientific). Membranes were probed with
primary antibodies (1 : 1000 for 1 h at room temperature)
against AQP5 (Abcam), SFTPC (Santa Cruz Biotechnology),
HGF (Abcam), epidermal growth factor (EGF) (Elabscience),
and vascular endothelial growth factor (VEGF) (Santa
Cruz Biotechnology). Loading conditions were determined
with glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
1 : 20,000 for 1 h at room temperature) (Sigma-Aldrich).
Peroxidase-conjugated secondary antibodies (Santa Cruz
Biotechnology) were employed for primary antibody detec-
tion, antibody binding was visualized by enhanced chemilu-
minescence (1 : 10,000 for 1 h at room temperature) (Merck
Millipore), and images were collected and analyzed using a
Chemidoc-It Imager (Ultra-Violet Products). The optical
density of the bands was measured with the Molecular
Analysis software (Bio-Rad Laboratories).

2.12. Statistical Analysis. Results were reported as the
mean± SD. Statistics were performed by using GraphPad
Prism (GraphPad Software). Significance among multiple
comparisons was determined by the one-way ANOVA cor-
rected with the Bonferroni’s posttest. A value of P < 0 05
was considered significant.

3. Results

3.1. Immunophenotyping and Tissue Engraftment. The phe-
notype of MSCs isolated from the lung of healthy mice was
addressed using flow cytometry. Lung-derived MSCs dis-
played the surface expression of CD44, CD73, CD90, and
CD105, consistent with the profile of cells of mesenchymal
origin. MSCs were also found to partially express the pro-
genitor marker CD34 and to completely lack hematopoietic
cell markers CD14 and CD45 (Figure 1(a)). After isolation
and expansion, MSCs were infected with GFP-carrying len-
tivirus (Figure 1(b)). Immunofluorescence analysis address-
ing the capacity of MSCs to engraft within the injured tissue
revealed the substantial presence of GFP-positive cells,
negative for hematopoietic surface marker CD45, within
pulmonary structures ten days after their administration
(Figures 1(c)–1(f)).

3.2. Morphology, Morphometry, and Function. Histological
analysis revealed evident airspace enlargement and oblitera-
tion of the alveolar wall in the lungs injected with elastase.
These changes were attenuated by the instillation of MSCs
(Figure 2(a)). Quantification of alveolar destruction by the
mean linear intercept showed a marked increase in the PPE
group compared to naïve mice, while the treatment with
MSCs induced a significant decrease (Figure 2(b)). The tissue
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area, alveolar area, and number of alveoli were used for
the calculation of additional morphological parameters.
The PPE group exhibited the increment of tissue and
alveolar areas (normalized for alveolar number), consis-
tently with the increment of the alveolar size. On the
other hand, the administration of MSCs positively affected
lung structures and partially reverted alveolar destruction
observed in emphysematous mice (Figure 2(c)). To assess
whether the altered histology was accompanied by changes in
lung mechanics, static lung compliance was examined.

Compliance, which significantly increased in the PPE group
due to the poor elastic recoil, was instead reduced after the
intratracheal administration of MSCs (Figure 2(d)).

3.3. Fate of Lung-Derived MSCs. To answer the question of
how the presence of MSCs could participate to structural
and functional changes observed in cell-treated mice, the
in vivo fate of MSCs was examined. The engraftment of
MSCs was not accompanied by a significant differentiation
towards the pulmonary lineage, as confirmed by the lack of

CD14 CD45 CD34

CD44 CD73 CD90 CD105

(a) (b)

(c) (d)

(e) (f)

Figure 1: MSC characterization and engraftment. (a) Immunophenotypic profile by flow cytometry of MSCs isolated from adult mouse
lungs. Grey-shaded peaks show CD markers; red histograms represent isotype control. (b) Representative image of MSCs after lentiviral
transduction of GFP (green). (c, d) In vivo engraftment of GFP-positive MSCs (green) in emphysematous lungs ten days after
intratracheal cell administration. (e) Representative image of GFP-positive MSCs (green) and CD45-positive cells (red). (f) Negative
control for GFP staining in a PPE lung. Nuclei are counterstained with DAPI (blue). Scale bars: 20 μm (d, e), 50μm (b, f), and 100 μm (c).
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colocalization of GFP staining with both alveolar epithelial
type I and type II cell (AEC1 and AEC2) markers, AQP5
and SFTPC, respectively (Figures 3(a) and 3(b)). Hence,
excluding that, MSCs are able to acquire (at least to a signif-
icant extent) a pulmonary-committed phenotype which
opens to the possibility that MSCs may indirectly orchestrate
the activation of other cell types for the repair of tissue dam-
age. Western blotting of elastase-treated lung tissue showed
the reduced content of epithelial markers AQP5 and SFTPC,
consistent with the destructive effect on the alveolar walls.
The formation of new epithelium was suggested by the
increased expression of AQP5 and SFTPC observed in the
lungs receiving intratracheal administration of lung MSCs
(Figures 3(c) and 3(d)). Indeed, in the PPE-MSCs group, a
significant rate of proliferative cells confirmed the formation
of new parenchyma. Interestingly, the analysis of alveolar
epithelium revealed a higher proliferative rate of AEC2
(Figures 3(e)–3(h)).

3.4. Paracrine Action Induced by Lung-Derived MSCs. In the
search for mechanistic insights that may drive repair and
regenerative processes, we examined the expression of several
growth factors such as EGF, VEGF, and HGF. The presence
of these factors in the normal lung indicates their role in

tissue homeostasis in physiological conditions. While West-
ern blotting analysis revealed a nonsignificant modulation
of EGF and VEGF, HGF expression, lower in PPE mice,
was significantly boosted after the administration of MSCs
(Figures 4(a)–4(c)). In situ analysis demonstrated the intra-
and extracellular presence of HGF in the lung parenchyma
of mice treated withMSCs. Moreover, GFP-positive cells pre-
sented scattered intracellular distribution of the growth fac-
tor (Figures 4(d)–4(f)). The importance of HGF signaling
in the MSC-treated lungs was supported by the elevated con-
tent of its receptor c-Met that was also expressed by AEC2
(Figures 4(g)–4(i)).

4. Discussion

We report that intratracheal administration of lung-derived
MSCs ameliorated alveolar damage induced by elastase. This
effect may have been mediated by the release of HGF as
MSC-dependent paracrine mechanisms. Activation of
HGF/c-Met system, by promoting survival and proliferation
of alveolar epithelial cells, may be a major determinant to
trigger a reparative response in emphysema lung.

The elastase model “translates”major pathogenic mecha-
nisms accounting for COPD: the protease-antiprotease
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Figure 2: Lung histology and function. (a) Hematoxylin/eosin staining on lung tissue at day 31. (b) Morphometric analysis of the mean linear
intercept. (c) Quantification of tissue and alveolar area per alveolus. (d) Functional measurements of static lung compliance. Data are
expressed as the mean± SD (n = 6 in each experimental group). Scale bars: 200μm. ∗P < 0 05 versus naïve; ∗∗P < 0 05 versus PPE.
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imbalance, characterized by elevated production of proteases
by inflammatory cells that determines the interruption of
alveolar integrity [25]. In the present study, elastase-

induced deterioration in lung function and structure was
improved by lung MSCs, administered at the peak of airspace
enlargement [24]. The partial recovery of microanatomy was
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Figure 3: Biological effects mediated by MSCs. (a, b) Representative images of GFP-positive MSCs (green) lacking alveolar epithelial
commitment in emphysematous pulmonary parenchyma. Alveolar type I (a) and type II (b) epithelial cells express aquaporin 5 (AQP5;
magenta, pseudocolor) and surfactant protein C (SFTPC, red), respectively. (c, d) Protein expression of AQP5 (c) and SFTPC (d) in the lung
by Western blotting. (e, f) Proliferative activity (BrdU; white, pseudocolor) in the PPE-MSC group; alveolar type I (e) and type II (f)
epithelial cells expressed AQP5 (magenta, pseudocolor) and SFTPC (red), respectively. Scattered GFP-positive MSCs (green) are also
present. Nuclei are counterstained with DAPI (blue). (g, h) Quantification of newly formed alveolar type I (g) and type II (h) epithelial cells.
Data are expressed as the mean± SD (n = 6 in each experimental group). Scale bars: 20μm. ∗P < 0 05 versus naïve; ∗∗P < 0 05 versus PPE.
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reflected by the significant decrease of mean linear intercept
and alveolar enlargement and the increase of the alveolar
number. Some degree of regaining the mechanical perfor-
mance measured by static lung compliance may be consid-
ered the causal consequence of the regenerative process
upon alveolar units.

Phenotypic identity and plasticity of MSCs may depend
on the tissue of origin and even vary within the same tissue.

MSCs from multiple sources have the recurrent presence of
mesenchymal markers and the concomitant absence of
hematopoietic and endothelial markers. A number of differ-
ent determinants, such as CD34, Sca-1, or CD117, may be
expressed to different extents [20, 26]. Our data on lung-
derived MSC phenotype confirmed the expression of the set
of general MSC surface markers. Although the phenotype
of MSCs across sources is similar, evidence shows a diverse
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behavior in vivo regarding the capacity to differentiate,
migrate, or engraft. This implies that different gene expres-
sion or epigenetic signatures drive the cells to acquire distinct
biological properties [27]. It is as much as logic that also the
cell-receiving organ plays a pivotal role. Indeed, it has been
demonstrated that lung-derived MSCs, when injected intra-
venously in a large number, possess a higher ability to engraft
the lung with respect to bone marrow MSCs. Lung MSCs
exhibited greater expression of genes encoding paracrine
signaling and higher level of adhesive proteins [28].

MSC-related therapeutic potential in lung diseases incor-
porates two main mechanisms: immunomodulation and
multilineage differentiation [10]. MSCs are immunosuppres-
sive, and anti-inflammatory effects by means of cell-to-cell
contact and the release of soluble factors modulate the activ-
ity of immune cells [29–31]. Data on MSC differentiation
potential show mixed results, and the dispute whether this
phenomenon occurs at tissue level is ongoing [32]. Studies
have shown bone marrow MSCs possessing a low plasticity
in vivo with a residual capacity to differentiate into either
AEC1 or AEC2 likely dictated by their low engraftment
[33]. In our hands, the engraftment of lung MSCs was not
accompanied with a differentiation into endodermal lineage
pointing that lung-derived MSCs are likely to coordinate
the repair rather than directly replace lost tissue.

The mechanisms through whichMSCs may modulate the
function of other cells involved in tissue homeostasis remain
largely unexplored. There is a consensus that factors such
as VEGF, EGF, and HGF are involved in the protective
and reparative effects of bone marrow and adipose MSCs
[17, 33]. Similar to fetal development, when mesenchymal
cells supply lung epithelial cells with trophic factors sustain-
ing their growth, an interaction during the adult life is plausi-
ble [20]. The analysis of the growth factor profile has
evidenced a stronger modulation of HGF, compared to EGF
and VEGF. We have detected an elevation of the HGF/c-
Met axis in the lungs of MSC-treated animals as well as
HGF inside and in the proximity of GFP-positive cells. More-
over, administration of lung MSCs was accompanied by the
proliferation of AEC2. In this regard, tissue repair observed
in our study is consistent with a concept that a fraction of
AEC2may possess progenitor properties and, when activated,
promote a repair of injured alveoli [34]. HGF is a potent
morphogenetic and proliferative factor in case of injuries
[35, 36] and stimulates epithelial cell proliferation in
elastase-induced models, mediating alveolar formation and
regeneration [16, 37, 38]. Human bone marrow MSCs,
administered early at the onset of the emphysema, exerted
anti-inflammatory and antiapoptotic effects mediated in part
through MSC production of HGF [39]. Mice deficient in c-
Met inalveolar epitheliumexhibit impaired airspacemorphol-
ogy and reduced the number of surviving AEC2 [40]. Briefly,
stimulation with HGF reversed airspace enlargement in the
emphysematous lung, while in vitro experiments conducted
on alveolar epithelial cells established protecting effects of
HGF. The implication of HGF in mediating MSC-stimulated
beneficial effects has also been demonstrated in experimental
models of multiple sclerosis [41] further indicating a critical
role for HGF and c-Met in the recovery from injuries.

5. Conclusions

We report previously unrecognized properties of adult
mouse lung-derived MSCs that after local administration
boost and orchestrate a local response to damage. Although
several aspects of cellular physiology and in vivo behavior
related to the therapeutic potential of lung-derived MSCs
remain to be clarified, the comprehension of the mechanisms
driving epithelial repair, as well as the interrelationships
between epithelial cells and MSCs, may help to identify tar-
gets for pharmacological and/or cell-based interventions for
lung diseases.
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Adipogenesis is regulated by a complex network of molecules, including fibroblast growth factors. Keratinocyte growth factor
(KGF) has been previously reported to promote proliferation on rat preadipocytes, although the expression of its specific
receptor, FGFR2-IIIb/KGFR, is not actually detected in mesenchymal cells. Here, we demonstrate that human adipose-derived
stem cells (ASCs) show increased expression of KGF during adipogenic differentiation, especially in the early steps. Moreover,
KGF is able to induce transient activation of ERK and p38 MAPK pathways in these cells. Furthermore, KGF promotes ASC
differentiation and supports the activation of differentiation pathways, such as those of PI3K/Akt and the retinoblastoma
protein (Rb). Notably, we observed only a low amount of FGFR2-IIIb in ASCs, which seems not to be responsible for KGF
activity. Here, we demonstrate for the first time that Neuropilin 1 (NRP1), a transmembrane glycoprotein expressed in ASCs
acting as a coreceptor for some growth factors, is responsible for KGF-dependent pathway activation in these cells. Our study
contributes to clarify the molecular bases of human adipogenesis, demonstrating a role of KGF in the early steps of this process,
and points out a role of NRP1 as a previously unknown mediator of KGF action in ASCs.

1. Introduction

Adipose-derived mesenchymal stem cells (ASCs) represent a
population of self-renewing and multipotent cells that reside
in the vascular stroma of adipose tissue and, when appropri-
ately stimulated, can differentiate into several cell types, that
is, adipocytes, myocytes, chondrocytes, and osteocytes [1].
These cells play important roles in development, post-natal
growth, tissue repair, and regeneration [2, 3]. Based on these
properties, ASCs are a powerful tool not only for regenerative
cell-based therapy but also for investigating the molecular
mechanism involved in adipogenesis.

Adipogenic differentiation has been shown to be regu-
lated by a complex network of transcription factors, cofac-
tors, and signaling intermediates from numerous pathways
that begins with the transient expression of CCAAT/
enhancer binding protein β (CEBPβ) and CEBPδ, which
in turn activate peroxisome proliferator-activated receptor
γ (PPARγ) and CEBPα [4].

Several members of the fibroblast growth factor (FGF)
family have been reported to regulate adipogenesis. In par-
ticular, FGF1 is produced in adipose tissue and acts
through its specific receptor FGFR1 to enhance prolifera-
tion, commitment, and differentiation of preadipocytes
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[5–7]. FGF2 and FGF10 are also expressed in adipose
tissue and have each been implicated in adipogenesis.
FGF2 is regulated through adipogenic differentiation and
displays concentration-dependent biphasic effects on the
expression of adipogenic genes [8, 9]. FGF10 is essential
for the development of adipose tissue, since on the one
hand it stimulates the proliferation of preadipocytes
through the activation of RAS/MAPK pathway [10–12]
and on the other hand it regulates adipogenic differentia-
tion by contributing to the expression of adipogenic genes
such as CEBPβ and PPARγ [13].

KGF, another member of FGFs family, also known as
FGF7, has been also detected in adipose tissue [14, 15].
KGF is produced by cells of mesenchymal origin and
mainly acts in a paracrine way on epithelial cells, playing
an important role in organogenesis, vasculogenesis, and
regeneration of different organs [16, 17] as well as in cel-
lular processes such as proliferation and migration [18,
19]. It is known that KGF acts by binding to the
FGFR2-IIIb receptor, also called KGFR, which is generally
expressed in epithelial cells. Its alternatively spliced iso-
form FGFR2-IIIc, predominantly expressed in cells of the
mesenchymal lineage, usually binds other members of
the FGF family, such as FGF1 and FGF2 [20]. Neverthe-
less, recently it has been reported that KGF is able to pro-
mote proliferation of murine preadipocytes through the
activation of the PI3K-Akt signaling pathway [21]. In
addition, KGF seems to stimulate the expression of key
regulators of adipogenesis, such as CEBPα, CEBPδ, and
sterol-regulatory element binding protein-1 (SREBP-1), in
alveolar type II cells [22]. However, KGF effect on human
ASCs has not been yet investigated.

Moreover, although KGF has been reported to contrib-
ute to preadipocyte proliferation and adipogenesis in an
autocrine manner, the involvement of FGFR2-IIIb in its
action has not been demonstrated, and previous works
suggested that KGF stimulation of preadipocyte prolifera-
tion might happen through an unknown receptor rather
than FGFR2-IIIb [21].

Neuropilin 1 (NRP1) is a transmembrane glycoprotein
that serves as a receptor for various types of ligands, such as
the class 3 semaphorins in neurons, the vascular endothelial
growth factor (VEGF) family in endothelial cells, and the
platelet-derived growth factor (PDGF) in megakaryocytes
[23, 24]. NRP1, although generally considered a coreceptor
for these growth factors, has been observed to induce activa-
tion of some signaling pathways also independently of other
tyrosine kinase receptor expression [25].

Our study has been focused to better define the potential
role of KGF in human adipogenesis by analyzing its expres-
sion during adipogenic differentiation, and in adipose-
derived stem cell proliferation by assessing its effect on the
activation of cellular signaling in ASCs. Then, we analyzed
its mechanism of action, trying to determine the receptor
involved in KGF-mediated stimulation of ASCs.

This work could contribute to a better understanding of
the molecular bases of adipogenesis, and it will also highlight
a previously unknown role of Neuropilin 1 as a mediator of
KGF action in these cells.

2. Materials and Methods

2.1. Adipose Tissue Donors. Subcutaneous adipose tissue
samples were harvested from abdominal wall resections of
seven healthy donors (age range: 22–55 years, BMI range:
18.5–24.9 kg/m2), who underwent elective plastic surgery.
Donors had no systemic diseases or diabetes, and neither
took drugs that could affect the mass of adipose tissue and
metabolism. The deidentified samples were transported to
the laboratory and processed within 24h of collection.

The use of clinical samples of adipose tissue for ASC iso-
lation complied with the Declaration of Helsinki 1975,
revised in 2008, and has been approved by the Institutional
Review Board of the Department of Experimental Medicine
of the Sapienza University of Rome (Ref. 11.1.2/27-10-
2015). Written consent was obtained from all subjects.

2.2. Cell Isolation and Culture. The adipose tissue samples
were transferred into a sterile tube and washed extensively
with sterile phosphate-buffered saline (PBS) containing 2%
PSG to remove contaminating debris and red blood cells.
Then, adipose tissue was transferred into a Petri dish and
digested with 0.075% collagenase (type I; Gibco, Paisley,
UK) in PBS at 37°C for 30–60min, with gentle agitation,
to break down the extracellular matrix. The collagenase
was inactivated with an equal volume of Dulbecco’s mod-
ified Eagle’s medium (DMEM; Gibco) supplemented with
10% fetal bovine serum (FBS), and the suspension was
gently pipetted until disintegration and filtered through a
100μm mesh filter to remove debris. The stromal-vascular
fraction (SVF), which contains ASCs, was then pelleted by
centrifugation for 5min at 2000 rpm. The pelleted cells were
resuspended in DMEM-Ham’s F-12 medium (vol/vol, 1 : 1)
(DMEM/F12; Gibco) supplemented with 20% FBS, 100U/
ml penicillin, 100mg/ml streptomycin, and 2mM L-
glutamine and plated in a 75 cm2 tissue culture flask coated
with collagen (type IV; Sigma-Aldrich, Milan, Italy). The
SVF fraction contains an unpurified population of stromal
cells, which includes ASCs, but also circulating cell types,
hematopoietic stem cells, and endothelial progenitor cells.
ASCs were self-selected out of the SVF during subsequent
tissue culture passages, since they are adherent to the plastic
tissue cultureware.

ASCs were maintained in a 5% CO2 incubator at 37
°C in

a humidified atmosphere, with medium change twice a week.
When reaching 80–90% confluence, cells were detached with
0.5mM EDTA/0.05% trypsin (Gibco) for 5min at 37°C and
replated. ASCs were expanded and cell viability was assessed
by using the trypan blue exclusion assay. Cell morphology
was evaluated by phase contrast microscopy. A homoge-
neous population of ASCs was subsequently checked by ana-
lyzing the surface marker expression profile. For all the
experiments, ASCs were used between passages 2 and 6.

The adenocarcinoma cell lines MCF-7 and MDA-MB-
231 were obtained from the American Type Culture Collec-
tion (ATCC-LGC Promochem, Teddington, UK) and cul-
tured in Dulbecco’s Modified Eagle’s Medium (DMEM;
Invitrogen, Karlsruhe, Germany), supplemented with 10%
fetal bovine serum (FBS; Invitrogen) and antibiotics. Primary
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cultures of human fibroblasts (HFs) were established from
1 cm2 full-thickness skin biopsy from a healthy donor, as pre-
viously described [26], and maintained in DMEM containing
10% FBS.

2.3. Flow Cytometry. Flow cytometric analyses were per-
formed by using a FACSCalibur cytometer (BD Biosciences,
San Jose, CA, USA), as previously described [1]. Briefly, cul-
tured ASCs were harvested, centrifuged, and fixed for 30min
in ice-cold 2% paraformaldehyde. The single-cell suspen-
sions were washed in flow cytometry buffer containing PBS,
2% FBS, and 0.2% Tween 20 and then incubated for 30min
with monoclonal antibodies to CD29, CD34, CD44, CD45,
CD90, and CD166, conjugated to fluorescein isothiocyanate,
phycoerythrin, or phycoerythrin-Cy5 (BD Biosciences). All
monoclonal antibodies were of the IgG1 isotype. Nonspe-
cific fluorescence was determined by incubating the cells
with conjugated mAb anti-human IgG1 (DakoCytomation,
Glostrup, Denmark).

2.4. Multilineage Differentiation. The adipogenic, chondro-
genic, and osteogenic differentiation of cultured ASCs was
achieved using the Human Mesenchymal Stem Cell Func-
tional Identification Kit (R&D Systems, Inc., Minneapolis,
MN, USA), which contains specially formulated media
supplements and a panel of antibodies to define the mature
phenotypes of adipocytes, chondrocytes, and osteocytes, as
previously reported [27]. In particular, for adipogenic differ-
entiation, cells were resuspended in αMEM (Gibco) supple-
mented with 10% FBS, 100U/ml penicillin, 100μg/ml
streptomycin, and 2mM L-glutamine and seeded on cover-
slips onto 24-well plates, at a density of approximately
3.7× 104 cells/well. Medium was replaced every 2-3 days until
100% confluency was reached, then cells were incubated
with adipogenic differentiation medium (ADM, αMEM sup-
plemented with a solution containing hydrocortisone, isobu-
tylmethylxanthine, and indomethacin; R&D Systems), to
induce adipogenesis. In KGF-treated cells, ADM was supple-
mented with 1ng/ml KGF (Upstate Biotechnology, Lake
Placid, NY). The ADM or ADM+KGF was replaced every
3-4 days. The appearance of lipid vacuoles was monitored
by microscopic examination.

2.5. Immunofluorescence Analysis. Immunofluorescence was
performed as previously described [28]. Briefly, cells grown
on coverslips onto 24-well plates were fixed in 4% parafor-
maldehyde for 30min at room temperature, followed by
treatment with 0.1M glycine in PBS for 20min and with
0.1% Triton X-100 in PBS for additional 5min to allow per-
meabilization. Cells were then incubated with the following
primary antibodies: anti-human CD29monoclonal antibody,
anti-human CD166 monoclonal antibody (BioLegend, San
Diego, CA, USA), anti-human CD34 monoclonal antibody
(BD Biosciences), and goat anti-mouse FABP4 antibody
(R&D Systems). After appropriate washing in PBS, primary
antibodies were visualized using FITC-conjugated goat
anti-mouse IgG (Cappel Research Products, Durham, NC,
USA) or Texas Red-conjugated rabbit anti-goat IgG (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA).

For all immunofluorescence experiments, nonspecific
fluorescence was determined by omitting primary antibody.
Nuclei were visualized using 4′,6-diamidino-2-phenylindole
(DAPI) dihydrochloride (Sigma-Aldrich). The single-
stained and merged images were acquired with AxioVision
software (Carl Zeiss, Jena, Germany) using a 20x objective
lens. Quantitative analysis was performed by counting cells
exhibiting FABP4 expression (expressed as percentage of
FABP4-positive cells). More than 50 stained cells per micro-
scopic field were counted. Results from three microscopic
fields, expressed as mean± standard deviation, were reported
in graphs.

2.6. Oil Red O Stain. After 21 days from induction with ADM
or ADM+KGF, cells were fixed in 10% formalin for 30–60
minutes at room temperature, incubated in 60% isopropanol
for 5minutes and stained with oil red O solution, which iden-
tifies lipids, for 5minutes. The images were acquired with
AxioVision software (Carl Zeiss, Jena, Germany) using a
20x objective lens. Subsequently, the stained oil droplets were
treated with isopropanol to elute oil red O dye, and the absor-
bance was quantified at 490nm. Results from three indepen-
dent experiments, expressed as mean± standard deviation,
were reported in a graph.

2.7. MTT Assay. Cells were plated onto 96-well plates at a
density of 2.5× 103 cells/well in DMEM-Ham’s F-12 supple-
mented with 10% FBS, then serum starved for 18 h and
treated or not with 20ng/ml KGF for 1–5 days. Then,
0.5mg/ml MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide; Sigma, St. Louis, MO, USA) was
added, mixed into each well, and incubated at 37°C. After
4 h, the MTT-medium mixture was removed and 100μl
dimethyl sulphoxide (DMSO; Sigma, St. Louis, MO, USA)
was added in each well. The absorbance value was measured
at 490 nm with an ELISA Microplate Reader (Bio-Rad,
Hercules, CA, USA). Results from three independent
experiments, expressed as mean± standard deviation, were
reported in a graph.

2.8. RT-PCR and Quantitative Real-Time PCR (qRT-PCR).
ASCs were harvested and total RNA was extracted with the
use of TRIzol reagent (Invitrogen). cDNAwas generated with
oligo (dT) from 1μg of RNA using the SuperScript III
Reverse Transcriptase Kit (Invitrogen). Specific NRP1 PCR
primers (Table 1) were used, and PCR conditions were as fol-
lows: hold for 2min at 94°C, followed by 40 cycles consisting
of denaturation at 94°C (15 s), annealing at 62°C (30 s), and
elongation at 72°C (20 s). The amplified products were sub-
jected to electrophoresis in a 1.5% agarose gel. GAPDH was
used as a reference gene. Quantitative real-time PCR assays
(qRT-PCR) were conducted in triplicate on an ABI 7500
Real Time instrument (Applied Biosystems) as previously
described [29]. Briefly, the abundance of KGF, FABP4, or
NRP1 was quantified using the appropriate real-time Taq-
Man gene expression assay kit (Applied Biosystems by Life
Technologies, Carlsbad, CA, USA). Cyclophilin A (PPIA)
mRNA was used as endogenous control. For FGFR2-IIIb
and FGFR2-IIIc, specific custom TaqMan primer/probe
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assays were developed and used at a concentration of 1x per
well. Primers and probes are reported in Table 1. The abso-
lute copy number of the target transcripts was obtained
according to a plasmid DNA standard curve, as previously
described [30]. The analysis of the adipogenic differentiation
marker PPARγ was performed using SYBR Green PCR mas-
ter mix kit (Applied Biosystems), and primers were designed
according to Newell et al. [6].

2.9. Immunoprecipitation and Western Blot Analysis. Cells,
treated or not with 20ng/ml KGF for the indicated times,
were lysed in RIPA buffer. For immunoprecipitation experi-
ments, 800μg of lysates were incubated with anti-NRP1 anti-
body overnight at 4°C, and then for 2 h at 4°C with 20μl
Protein A/G PLUS-Agarose (Santa Cruz). Immune com-
plexes were collected by centrifugation and washed three
times with ice-cold RIPA buffer. After a final wash, the super-
natant was discarded and the pellet was resuspended in SDS
lysis buffer, and then boiled in 4x SDS loading dye for 5min.
Proteins were resolved under reducing conditions by 10%
SDS-PAGE and transferred to Immobilon-FL membranes
(Merck Millipore, Billerica, MA, USA). Membranes were
blocked in TBS containing 0.1% Tween 20 (TBS-T) and 5%
milk for 1 h at 25°C and then incubated overnight at 4°C with
the following primary antibodies: anti-Neuropilin 1 (A-12)
and anti-FGF7 (Santa Cruz Biotechnology, Santa Cruz,
CA, USA). Membranes were then incubated with a goat
anti-mouse IgG1 heavy chain- (HRP) conjugated secondary
antibody (Abcam, Cambridge, UK) for 1 h at 25°C. Bound
antibody was detected by enhanced chemiluminescence
detection reagents (Pierce Biotechnology Inc., Rockford,
IL, USA), according to the manufacturer’s instructions.
For Western blot analysis, total proteins (50–150μg) were
resolved under reducing conditions by 7–10% SDS-PAGE
and transferred to Immobilon-FL membranes (Merck
Millipore, Billerica, MA, USA), as previously described
[28]. Membranes were blocked in TBS containing 0.1%
Tween 20 (TBS-T) and 5% milk for 1 h at 25°C and then
incubated overnight at 4°C with the following primary
antibodies: anti-phospho-p44/42 MAPK (Thr202/Tyr204),
anti-phospho-Akt (Ser473), anti-Akt, anti-phospho-p38
MAPK (Thr180/Tyr182), anti-p38 MAPK, anti-phospho-
Rb (Ser807/811), anti-Rb (Cell Signaling Technology Inc.,
Danvers, MA, USA), anti-ERK2, anti-Bek (C-17), anti-
Neuropilin 1 (A-12), anti-FGF7 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), and anti-β-tubulin (Sigma-Aldrich).
FGFR2-IIIb expression was achieved using a homemade
mouse monoclonal antibody raised against a peptide corre-
sponding to amino acids 314–361 of the human FGFR2-
IIIb [31].

Membranes were then incubated with the appropriate
horseradish peroxidase- (HRP-) conjugated secondary
antibody (Santa Cruz Biotechnology) for 1 h at 25°C. Bound
antibody was detected by enhanced chemiluminescence
detection reagents (Pierce Biotechnology Inc., Rockford, IL,
USA), according to the manufacturer’s instructions. Tubulin
served to estimate the protein equal loading. Densitometric
analysis was performed using Quantity One Program
(Bio-Rad Laboratories S.r.l., Segrate, MI, Italy).

2.10. High-Performance Thin Layer Chromatography
(HPTLC). ASCs untreated or treated with 20 ng/ml KGF for
24 h were lysed in lysis buffer containing 1% Triton X-100,
10mM TRIS-HCl (pH7.5), 150mM NaCl, 5mM EDTA,
1mM Na3VO4, and 75U of aprotinin and allowed to stand
for 20min at 4°C. The cell suspension was mechanically
disrupted by Dounce homogenization (10 strokes). Then,
lysate was centrifuged for 5min at 1300×g to remove nuclei
and large cellular debris. After evaluation of the protein
concentration by Bradford Dye Reagent assay (Bio-Rad,
500-0006), the lysate was subjected to lipid analysis. Neu-
tral lipid extracts were separated by high-performance
thin layer chromatography (HPTLC) using a solvent sys-
tem of hexane/diethyl ether/acetic acid (70 : 30 : 1, v/v/v)
and were detected by staining with 2% copper acetate
solution in 8% phosphoric acid and subsequent heating
at 120°C for 15min. After about 3min, free cholesterol,
cholesterol esters, and triglycerides yielded red spots on
a white background, which were converted into pink-brown
spots after 10min. Quantitative analysis was carried out
using NIH Image1.62 as software (Mac OS X, Apple
Computer International).

2.11. siRNA-Mediated Downregulation of FGFR2 and NRP1.
The FGFR2-specific (siBek) or NRP1-specific (siNRP) short
interfering RNA, which specifically knock down FGFR2 and
Neuropilin 1 gene expression, respectively, as well as nega-
tive control siRNA (siNC), which does not lead to the spe-
cific degradation of any cellular mRNA, were purchased
from Santa Cruz Biotechnology. ASCs were transfected with
siRNA at a final concentration of 25 nM, using the HiPer-
Fect Transfection Reagent (Qiagen, Valencia, CA, USA)
according to the manufacturer’s instructions. Transfected
cells were incubated at 37°C for 48 h before starvation,
treated with 20 ng/ml KGF for 5min at 37°C, and processed
for Western blot assay. The reduction of FGFR2 or NRP1
expression in ASCs was confirmed by immunoblotting.

2.12. Statistical Analysis. Data were analyzed using one-way
analysis of variance (ANOVA) after Bartlett’s test for the

Table 1: List of primers used for the expression analysis of NRP1 by RT-PCR and custom primers/probes used for the expression analysis of
FGFR2-IIIb and FGFR2-IIIc by qRT-PCR.

Gene Forward primer sequence Reverse primer sequence Reporter sequence

NRP1 cctgaatgttcccagaactacacaa caacatcagggaatccatccc —

FGFR2-IIIb ggctctgttcaatgtgaccga gttggcctgccctatataattgga ttccccagcatccgcc

FGFR2-IIIc cacggacaaagagattgaggttct ccgccaagcacgtatattcc ccagcgtcctcaaaag
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homogeneity of variances and Kolmogorov-Smirnov’s test
for the Gaussian distribution and followed by Newman-
Keuls multiple-comparison test or, when appropriate, with
Student’s t-test for paired samples assuming a two-tailed
distribution. All data reported were verified in at least
three different experiments and reported as mean± stan-
dard deviation (SD). Only P values< 0.05 were considered
as statistically significant.

3. Results

3.1. Phenotypic Characterization of ASC Cultures. First, we
obtained primary cultures of ASCs from adipose tissue.
Cultured ASCs showed the typical spindle-shape phenotype
of mesenchymal stem cells, as observed by phase contrast
microscopy (Figure 1(a), A). We then analyzed the specific
pattern of cell surface markers in our ASC cultures by immu-
nofluorescence (Figure 1(a), B–D) and flow cytometry
(Figure 1(b)), in order to exclude the presence of contaminat-
ing elements such as hematopoietic stem cells. ASC charac-
terization was performed using the expression of cell-
specific surface markers, according to the criteria reported
elsewhere [1]. In particular, CD29, CD44, CD73, CD90,
CD105, and CD166 were considered as typical mesenchymal
stemness markers, while CD34 and CD45 were assumed as
expressed by hematopoietic stem cells. Immunofluorescence
analysis confirmed that our cells expressed the CD29 and
CD166 (Figure 1(a), B and C) and were negative for CD34
(Figure 1(a), D). Moreover, flow cytometry on ASCs con-
firmed the expression of CD29, CD44, CD73, CD90,
CD105, and CD166, whereas no expression of CD34 or
CD45 was detected (Figure 1(b)). We also assessed the capa-
bility of ASCs to differentiate into various cell types. The
adipogenic, osteogenic, and chondrogenic differentiation
was induced for 21 days and assessed as previously described
[27]. In particular, cells subjected to adipogenic differentia-
tion showed evident intracellular lipid accumulation,
detected by oil red O staining (Figure 1(c), A) and the expres-
sion of the lineage-specific FABP4 protein (Figure 1(c), B).
ASCs induced towards osteogenic differentiation showed
deposition of de novo bone matrix, as assessed by alizarin
red S staining (Figure 1(c), C), and the expression of the
bone-specific protein osteocalcin (Figure 1(c), D). Finally,
cell pellets induced towards chondrogenic differentiation
showed secretion of sulfated glycosaminoglycans, as indi-
cated by positive stain for Alcian Blue (Figure 1(c), E)
and the expression of the large proteoglycan aggrecan
(Figure 1(c), F). ASCs were further characterized for the
expression of mesenchymal and epithelial markers (vimen-
tin and cytokeratin 14, resp.) by both immunofluorescence
and Western blot analysis, to confirm the absence of epi-
thelial contaminants. Consistently with their mesenchymal
origin, ASCs were positive for vimentin (Figure 1(d), A;
Figure 1(e)), while no expression of cytokeratin 14 (K14)
was detected in our cultures (Figure 1(d), B; Figure 1(e)).
Thus, we were able to obtain primary cultures of ASCs
devoid of contaminating elements, such as hematopoietic
stem cells or epithelial cells.

3.2. KGF Expression during ASC Adipogenesis. To assess the
potential involvement of KGF in adipogenesis, we induced
our cells through adipogenic differentiation by means of a
medium containing specific supplements (ADM) and
assessed the transcript levels of KGF in ASCs on several dif-
ferentiation times (0, 3, 7, 14, and 21 days) by qRT-PCR
(Figure 2(a)). We found that KGF expression fluctuated dur-
ing ASC differentiation, but it was always higher than that in
undifferentiated cells (day 0). In particular, we observed
maximal upregulation in early and late differentiation
(day 3, 1.9-fold increase, P < 0 005, and day 21, 2.0-fold
increase, P < 0 05, resp.). To better characterize the involve-
ment of KGF in the early steps of adipogenesis, we assessed
its expression during the first 3 days of differentiation
(Figure 2(b)), and we observed a peak of KGF expression at
day 1 of adipogenic induction (5.3-fold increase, P < 0 0005),
thus suggesting a potential role of KGF upregulation in
early steps of adipogenesis. We also performed WB analysis
on ASCs at day 0 and at day 21 of adipogenic differentiation,
to assess KGF protein expression (Figure 2(c)). Even at pro-
tein level, differentiated ASCs showed an increase in KGF
expression (2.2-fold), thus confirming the data obtained at
mRNA level by real-time PCR.

3.3. KGF Effect on ASC Proliferation. To determine
whether KGF could also induce ASC proliferation, cells
were serum starved and then treated with KGF for 1, 2,
3, 4, or 5 days, and proliferation was assessed through MTT
assay (Figure 3(a)). No increase in cell number was observed
during the first 2 days, which is compatible with the long
population doubling time of these cells [27]. At 3 and 4 days
of exposure to KGF, we observed a significant induction of
cell proliferation (46%, P < 0 005, and 21%, P < 0 05, resp.),
which is not maintained until day 5, probably due to
KGF degradation.

To assess the mechanism of KGF-mediated proliferation
in ASC cultures, we analyzed the activation of the extracellu-
lar signal-regulated kinase (ERK) pathway and the
p38MAPK pathway. We found a consistent activation of
ERK1/2 after 5 and 30min of treatment with KGF (1.5-fold
and 3.4-fold, resp.; Figure 3(b)). KGF treatment was also able
to strongly phosphorylate the p38 protein at the same time
intervals (5.1-fold and 10.3-fold, resp.; Figure 3(c)), thus sug-
gesting that both these pathways could be involved in KGF-
mediated ASC proliferation.

To better address the involvement of ERK and p38MAPK
pathways in KGF-induced ASC proliferation, we decided to
assess ASC proliferation in the presence of selective inhibi-
tors for these two pathways. First, the efficacy of the ERK
inhibitor U0126 and of the p38MAPK inhibitor SB202190
was confirmed by Western blot analysis of ERK and p38
phosphorylation levels after treatment with KGF in the pres-
ence or not of each inhibitor (Figures 3(d) and 3(e)). As
expected, after 5min of treatment with KGF, we found acti-
vation of ERK1/2 (1.6-fold, P < 0 0005; Figure 3(d) and of
p38 protein (1.8-fold, P < 0 05; Figure 3(e)). Cotreatment
with SB202190 selectively inhibited p38 phosphorylation
(0.8-fold; Figure 3(e)), without affecting ERK phosphoryla-
tion (1.5-fold, P < 0 05; Figure 3(d)). Conversely, treatment
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Figure 1: Phenotypical characterization of ASCs. (a) Representative phase-contrast photomicrograph of ASCs, showing homogeneous,
spindle-shaped morphology (A) and immunofluorescence analysis showing positive staining for the mesenchymal antigens CD29 (B) and
CD166 (C) and negative staining for the hematopoietic CD34 antigen (D). Nuclei (blue) were visualized with 4′,6-diamidino-2-
phenylindole (DAPI). Scale bars: 100 μm. (b) Flow cytometric analysis of ASCs. Cells were stained with monoclonal antibodies directed
against CD29, C44, CD90, CD166, CD73, CD105, CD34, and CD45. Dark grey areas represent patterns obtained with antibodies against
the indicated markers, whereas light grey lines represent the isotype-matched monoclonal antibody that served as a control. Each panel
reported the percentage of positive cells for the corresponding marker. (c) Multilineage differentiation of ASCs. Adipogenic differentiation
was assessed by positive staining with oil red O (A) and by positive immunofluorescence analysis for the adipocyte-specific fatty acid
binding protein 4 (FABP4) (B). Osteogenic differentiation was demonstrated by positive staining for alizarin red (C) and positive
immunofluorescence reactivity to osteocalcin (D). Chondrogenic differentiation was assessed by positive staining for Alcian Blue (E) and
by positive immunofluorescence with anti-aggrecan antibodies (F). (d) Immunofluorescence analysis of ASCs showing positive staining
for the mesenchymal marker vimentin (A) and negative staining for the epithelial marker cytokeratin 14 (K14) (B). Scale bars: 100 μm. (e)
Expression of vimentin and K14 assessed by Western blot analysis on ASC whole cell lysates. HFs and MCF-7 cells were used as controls
for mesenchymal and epithelial lineage, respectively. Western blot with anti-tubulin antibody served as loading control. The images are
representative of at least three independent experiments.
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with U0126 strongly inhibited KGF-mediated ERK phos-
phorylation (0.1-fold, P < 0 0005; Figure 3(d)) without affect-
ing activation of p38 protein (2.3-fold, P < 0 05; Figure 3(e)).
Then, we assessed ASC proliferation. Briefly, cells were
serum starved and then treated for 3 days with KGF alone
or in combination with the ERK inhibitor U0126 or with
the p38MAPK inhibitor SB202190, and proliferation was
assessed through MTT assay (Figure 3(f)). In KGF-treated
cells, we observed a significant induction of cell prolifera-
tion (48%, P < 0 05), as expected. Interestingly, no increase
in cell number was achieved when KGF treatment was
performed in the presence of the p38MAPK inhibitor
SB202190, and even a reduction in cell number was evident
when ASCs were treated with KGF in combination with the
ERK inhibitor U0126 (−35.4%, P < 0 0005), thus confirming
the involvement of both these pathways in KGF-mediated
ASC proliferation.

3.4. KGF Effect on ASC Differentiation.We assessed the effect
of KGF treatment on ASC neutral lipid content. ASCs were
cultured with and without KGF for 24h, and then lipids were
extracted and analyzed by high-performance thin-layer chro-
matography. As reported in Figures 4(a) and 4(b), KGF treat-
ment significantly increased the amount of free cholesterol
(CHOL), triglycerides (TGs), and cholesterol esters (CEs)
(2.0-fold, 3.0-fold, and 1.9-fold, resp., P < 0 005).

We then analyzed the effect of prolonged KGF treat-
ment on ASCs induced to differentiate towards the adi-
pogenic lineage by a standard protocol. At day 21 of
differentiation, cells treated or not with KGF were stained
with oil red O. The quantitation of solubilized oil red O
dye showed that the amount of lipid droplets was higher
in KGF-treated cells with respect to control cells (CTRL)
(2.3-fold, P < 0 005; Figure 4(c)). Cells were also subjected
to immunofluorescence analysis with the adipocyte marker
FABP4 (Figure 4(d)). KGF treatment determined an increase
of the percentage of FABP4-positive cells (30.6% versus
17.9% of untreated cells (CTRL), P < 0 05). Since KGF-
treated ASCs demonstrated enhanced differentiation than
the control cells, we further investigated whether KGF could
regulate the expression of specific genes involved in adipo-
genesis by qRT-PCR. At 21 days of adipogenic differentia-
tion, the expression levels of PPARγ in KGF-treated cells
showed only a slight increase with respect to untreated
cells (CTRL) (1.2-fold; Figure 4(e)), while the levels of FABP4
were significantly higher in KGF-treated cells (6.3-fold,
P < 0 05; Figure 4(f)), thus strengthening the data obtained
with immunofluorescence analysis.

In order to clarify the mechanism by which KGF affects
cell differentiation, we first assessed its effect on sustained
ERK activation, since the activation of differentiation pro-
gram requires the switch off of ERK signaling. We
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Figure 2: qRT-PCR analysis of KGF mRNA expression in ASCs at different times of adipogenic differentiation. (a) Relative KGF mRNA
levels at days 3, 7, 14, and 21 of adipogenic differentiation are shown as fold value of the level of KGF mRNA in undifferentiated cells
(day 0). (b) Relative KGF mRNA levels at days 1, 2, and 3 of adipogenic differentiation are shown as fold value of the level of KGF
mRNA in undifferentiated cells (day 0). Each experiment was performed in triplicate, and mRNA levels were normalized to PPIA
mRNA expression. Error bars represent standard deviations. ∗P < 0 05; ∗∗P < 0 005; and ∗∗∗P < 0 0005. (c) KGF protein expression was
assessed by Western blot analysis with anti-FGF7 antibody on ASC whole cell lysates at days 0 and 21 of adipogenic differentiation.
Tubulin served as loading control.
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Figure 3: Evaluation of KGF effect on ASC proliferation. (a) Proliferation ability of ASCs treated or not with 20 ng/ml KGF for 1–5 days was
determined by MTT assay. Error bars represent standard deviations from three independent experiments. ∗P < 0 05 and ∗∗P < 0 005. (b)
Phosphorylation of ERK was assessed by Western blot analysis with a phospho-specific ERK monoclonal antibody (pERK) on ASC whole
cell lysates, treated or not with 20 ng/ml KGF for 5 and 30min. Levels of total ERK were assessed by blotting with an ERK2-specific
antibody and served as loading control. (c) Phosphorylation of p38 was assessed by Western blot analysis with a phospho-specific p38
monoclonal antibody (pp38) on ASC whole cell lysates, treated or not with 20 ng/ml KGF for 5 and 30min. Levels of total p38 were
assessed by blotting with a p38-specific antibody and served as loading control. (d) Phosphorylation of ERK was assessed by Western blot
analysis with a phospho-specific ERK monoclonal antibody (pERK) on ASC whole cell lysates, treated or not with 20 ng/ml KGF for
5min, in the presence or not of the p38 inhibitor SB202190 or of the ERK inhibitor U0126. Levels of total ERK were assessed by blotting
with an ERK2-specific antibody and served as loading control. (e) Phosphorylation of p38 was assessed by Western blot analysis with a
phospho-specific p38 monoclonal antibody (pp38) on ASC whole cell lysates, treated or not with 20 ng/ml KGF for 30min, in the
presence or not of the p38 inhibitor SB202190 or of the ERK inhibitor U0126. Levels of total p38 were assessed by blotting with a p38-
specific antibody and served as loading control. (b–e) The intensity of the bands was evaluated by densitometric analysis; the values from
at least three independent experiments were normalized and reported as fold increase with respect to the untreated sample. (f)
Proliferation ability of ASCs treated or not with 20 ng/ml KGF in the presence or not of the p38 inhibitor SB202190 or of the ERK
inhibitor U0126 for 3 days was determined by MTT assay. Error bars represent standard deviations from three independent experiments.
∗P < 0 05 and ∗∗∗P < 0 0005.
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Figure 4: Evaluation of KGF effect on ASC adipogenic differentiation. (a) HPTLC analysis of the neutral-lipid cholesterol (CHOL),
triglycerides (TGs), and cholesterol esters (CEs) in ASCs treated or not with 20 ng/ml KGF for 24 h. (b) The intensity of the bands was
evaluated by densitometric analysis, normalized and reported in a graph as relative expression with respect to untreated cells. Error bars
represent standard deviations (∗∗P < 0 005). (c) Representative images of ASCs cultured in adipogenic medium with or without KGF for
21 days and subjected to lipid staining with oil red O. Stained cells were then solubilized using isopropanol, and the extent of adipocyte
differentiation was quantitated by determining the amount of extracted dye, as measured by the optimal absorbance at 490 nM, reported
in the graph as relative expression with respect to untreated cells (∗∗P < 0 005). (d) Immunofluorescence analysis of the adipocyte-specific
fatty acid binding protein 4 (FABP4, red) in ASCs at day 21 of adipogenic differentiation, treated or not with KGF during differentiation.
Nuclei (blue) were visualized with 4′,6-diamidino-2-phenylindole (DAPI). The percentage of FABP4-positive cells was determined by
counting the number of FABP4-positive cells versus total number of cells in ten different areas randomly taken from three independent
experiments. Error bars represent standard deviations (∗P < 0 05). (e) Relative PPARγ mRNA levels at day 21 of adipogenic differentiation
in ASCs treated with KGF are shown as fold value of the level of PPARγ mRNA in untreated cells. Error bars represent standard
deviations. (f) Relative FABP4 mRNA levels at day 21 of adipogenic differentiation in ASCs treated with KGF are shown as fold value of
the level of FABP4 mRNA in untreated cells. Error bars represent standard deviations (∗P < 0 05).
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demonstrated that in ASCs, KGF promotes only transient
ERK activation, with no detection of ERK phosphorylation
after 24 h of KGF treatment (Figure 5(a)).

Then, we decided to examine the effect of KGF on
pathways involved in cell differentiation, such as those
of PI3K/Akt and the retinoblastoma protein (Rb). As
reported in Figure 5(b), KGF was able to induce Akt phos-
phorylation, at both 5 and 30min (1.9-fold and 3.3-fold,
resp.). We also observed in ASCs a significant phosphoryla-
tion of Rb protein induced by KGF after 5min of treatment,
and more consistently after 30min (1.6-fold and 5.3-fold,
resp.; Figure 5(c)).

Taken together, these data demonstrate that KGF is
involved in ASC proliferation and adipogenesis, by pro-
motion of multiple pathways stimulation. Furthermore,
such evidence underscores the presence in these cells of
a membrane receptor that is able to mediate KGF down-
stream signaling.

3.5. Expression and Functionality of FGFR2-IIIb in ASCs.
KGF is known to act by binding to the FGFR2-IIIb isoform
(also known as KGFR), expressed by cells of epithelial ori-
gin, whereas the alternatively spliced FGFR2-IIIc isoform
is generally expressed in mesenchymal cells. We decided
to investigate the expression of both FGFR2 isoforms in
ASCs, through absolute quantification of transcripts by
qRT-PCR. Briefly, using a series of diluted plasmid DNA
as templates, we obtained a standard curve for FGFR2-
IIIb and for FGFR2-IIIc, from which we obtained the
exact copy number of both isoforms in ASCs, as well as
in human fibroblasts (HFs), used as control for the mesen-
chymal lineage, and in the human breast cancer cell line
MCF-7, used as control for the epithelial lineage
(Figure 6(a)). As expected, we observed a high expression
of the mesenchymal isoform FGFR2-IIIc in both ASCs
and HFs (about 2263 and 2302 copies/25 ng total RNA,
resp.), and a strong expression of FGFR2-IIIb in the epi-
thelial cell line MCF-7 (3768 copies), which also express
a small amount of FGFR2-IIIc (482 copies), due to their
neoplastic nature, as previously observed [32, 33]. HFs did

not express a significant amount of FGFR2-IIIb (16 copies),
but, surprisingly, we detected a certain amount of this iso-
form in ASCs (252 copies).

Therefore, to assess if the presence of FGFR2-IIIb tran-
script in these cells would correspond to a significant amount
of protein, we performed Western blot analysis on the same
cellular models. Western blot with a commercial antibody
directed against FGFR2 (Bek), which does not discriminate
the two isoforms FGFR2-IIIb and FGFR2-IIIc, showed a
consistent expression of FGFR2 protein in all the three type
of cells (Figure 6(b)). Then, we assessed FGFR2-IIIb expres-
sion by using a homemade antibody [31], which is able to
specifically recognize this isoform. As shown in Figure 6(b),
Western blot analysis for FGFR2-IIIb confirmed a consistent
expression in MCF-7 cells and an almost undetectable
expression in HFs. However, we detected a faint but not
negligible expression of FGFR2-IIIb in ASCs, thus con-
firming the data obtained by qRT-PCR.

These results demonstrate for the first time that ASCs,
despite their mesenchymal nature, are able to synthesize
and express a low amount of FGFR2-IIIb mRNA and protein.

So, we wondered if this low amount of FGFR2-IIIb in
ASCs would be sufficient to support KGF-mediated pathway
activation in these cells. For this purpose, we achieved the
downmodulation of FGFR2 gene expression in ASCs by
transfection with an FGFR2-specific small interfering RNA
(siBek). A nonspecific siRNA was used as negative control
(siNC). First, we analyzed the efficiency of FGFR2 silencing
by Western blot with Bek polyclonal antibodies in ASCs
treated or not with KGF for 5min at 37°C. Tubulin was used
to assess the equal loading (Figure 7(a)). SiBek specifically
reduced FGFR2 expression by more than 80%, in both
untreated (CTRL) and KGF-treated cells (0.1- and 0.2-fold
increase, resp., P < 0 005), with respect to treatment of cells
with control siRNA (siNC) (Figure 7(a)). It should be noticed
that KGF treatment induced a decrease in FGFR2 protein
levels, probably due to receptor endocytosis and lysosomal
degradation (see Figure S1 for time course experiments).
Then, we investigated the effect of FGFR2 downregula-
tion on ERK activation induced by KGF. As shown in
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Figure 5: Evaluation of differentiation pathway activation by KGF. (a) Sustained phosphorylation of ERK was assessed by Western blot
analysis with a phospho-specific ERK monoclonal antibody (pERK) on ASC whole cell lysates, treated or not with 20 ng/ml KGF for 24 h.
Levels of total ERK were assessed by blotting with an ERK2-specific antibody and served as loading control. (b) Phosphorylation of Akt
was assessed by Western blot analysis with a phospho-specific Akt monoclonal antibody (pAkt) on ASC whole cell lysates, treated or not
with 20 ng/ml KGF for 5 and 30min. Levels of total Akt were assessed by blotting with an Akt-specific antibody and served as loading
control. (c) Phosphorylation of Rb was assessed by Western blot analysis with a phospho-specific Rb monoclonal antibody (pRb) on ASC
whole cell lysates, treated or not with 20 ng/ml KGF for 5 and 30min. Levels of total Rb were assessed by blotting with a Rb-specific
antibody and served as loading control. The images are representative of at least three independent experiments.
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Figure 7: Effect of FGFR2 silencing on KGF-mediated phosphorylation of ERK. (a) ASCs transfected with FGFR2-specific siRNA (siBek) or
nonspecific control siRNA (siNC), treated or not with 20 ng/ml KGF for 5min at 37°C, were lysed, and FGFR2 expression was analyzed by
immunoblotting with anti-Bek antibodies. siBek induced a marked reduction in FGFR2 expression in both untreated and KGF-treated cells.
Western blot with anti-tubulin antibodies was used as loading control. (b) The same lysates were analyzed by immunoblotting with anti-
phospho-ERK antibody. Transfection with siBek did not affect ERK phosphorylation levels in KGF-treated cells. The levels of total ERK
were assessed by Western blot with anti-ERK1/2 antibodies. The intensity of the bands was evaluated by densitometric analysis; the values
from a representative experiment were normalized, expressed as fold increase with respect to the untreated siNC sample and reported as a
graph. ∗∗P < 0 005 and ∗∗∗P < 0 0005.
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Figure 7(b), transfection of ASCs with FGFR2 siRNA did not
lead to a significant reduction in ERK phosphorylation
induced by KGF (1.7-fold for siBek versus 1.6-fold for siNC),
thus suggesting that KGF activity in these cells is not carried
out through FGFR2-IIIb, but is presumably mediated by a
previously hypothesized unknown receptor.

3.6. Identification of a Potential Alternative Receptor for
KGF in ASCs. In order to find another receptor that might
be responsible for KGF pathway activation in ASCs, we
analyzed the KGF Entrez Gene database [34]. The first
interactant gene reported in the “Interactions” section was
Neuropilin 1 (NRP1), a known coreceptor for other growth
factors, such as VEGF-A or PDGF. Such interaction has been
demonstrated by West et al. [35].

We first assessed that NRP1 is expressed in ASCs, both at
the RNA and protein level (Figures 8(a) and 8(b), resp.).
MDA-MB-231 cells were used as positive control for Neuro-
pilin expression. Then, to determine whether the NRP1
receptor was in a molecular complex with the KGF protein,
the ability of KGF to coprecipitate with the NRP1 receptor
was assessed in ASCs treated or not with 20 ng/ml KGF for
5min. Protein lysates were immunoprecipitated with anti-
NRP1 antibody, and the immunoprecipitates were probed
for the presence of KGF or of NRP1 receptor by Western
blotting with the respective antibodies. KGF protein was
detected in NRP1 immunoprecipitates (Figure 8(c)) after
KGF treatment, thus indicating that KGF and NRP1 are able
to interact in ASCs. Such data prompted us to investigate the
possible involvement of NRP1 in ERK activation induced by
KGF. For this purpose, we downregulated the expression of
NRP1 in ASCs by means of a specific siRNA (siNRP). The
efficiency of NRP1 silencing in ASCs treated or not with
KGF for 5min was assessed by Western blot with an anti-
NRP1 antibody. Tubulin was used to assess the equal loading
(Figure 8(d)). NRP1 silencing was achieved with an efficiency
of about 70–80%, in both untreated and KGF-treated cells
(0.3-fold and 0.2-fold, resp., P < 0 0005), with respect to
treatment of cells with control siRNA (siNC) (Figure 8(d)).
In this case, we did not observe a significant decrease of
NRP1 protein levels after treatment with KGF for 5′, as pre-
viously shown for FGFR2 (Figure 7(a)). To better address this
point, since such a phenomenon would be expected if NRP1
functions as a receptor for KGF in ASCs, we performed time
course experiments to assess the protein levels of FGFR2 and
NRP1 after KGF treatment. Cells were treated with KGF for
5′, 15′, 30′, 1 h, 2 h, and 3h and then subjected to WB anal-
ysis for FGFR2 and NRP1 (Figure S1). We observed, as
expected, a significant decrease of FGFR2 levels just after
5′ of treatment (P < 0 0005), in accordance to what was
previously shown in Figure 7(a), then FGFR2 levels remains
significantly lower than those of untreated cells until 2 h of
treatment (P < 0 0005). Concerning NRP1, we observed,
although to a lesser extent and starting at longer time of
KGF exposure, a significant decrease of its expression after
15′ and 30′ of KGF treatment (P < 0 0005 and P < 0 005,
resp.). Therefore, the data obtained from time course exper-
iments are not in conflict with a potential role of NRP1 as
KGF receptor.

Then, we analyzed ERK activation induced by KGF in
NRP1-silenced cells. As shown in Figure 8(e), NRP1 down-
regulation significantly inhibited KGF-dependent ERK phos-
phorylation (1.0-fold for siNRP versus 1.3-fold for siNC). To
further assess NRP1 role in KGF-mediated signaling path-
ways, we analyzed phosphorylation of ERK, p38MAPK, and
Akt in NRP1-silenced cells at 30min of KGF treatment (since
previous experiments indicated a stronger pathway activa-
tion at this time point, see Figures 3 and 5). As reported in
Figure 9, we first assessed the efficiency of NRP1 silencing
in ASCs treated or not with KGF for 30min by Western blot
with an anti-NRP1 antibody. Tubulin was used to assess the
equal loading (Figure 9a). NRP1 silencing was achieved in
both untreated and KGF-treated cells (0.4-fold and 0.3-fold,
resp., P < 0 05), with respect to treatment of cells with control
siRNA (siNC). After NRP1 silencing, we observed a signifi-
cant reduction in KGF-induced activation of ERK (0.4-fold
for siNRP versus 1.9-fold for siNC), p38 (1.0-fold for siNRP
versus 1.9-fold for siNC), and Akt (0.6-fold for siNRP
versus 2.1-fold for siNC).

In conclusion, NRP1 seems to be directly responsible
for KGF-dependent pathway activation in ASCs, thus sug-
gesting its role as an alternative receptor for this growth
factor in these cells.

3.7. FGFR2-IIIb and NRP1 Expression during ASC
Adipogenesis. To assess the role of FGFR2-IIIb and NRP1
in adipogenesis, we induced our cells through adipogenic dif-
ferentiation by means of ADM medium and assessed the
transcript levels of both receptors in ASCs on several differ-
entiation times (0, 1, 2, 3, 7, 14, and 21 days) by qRT-PCR
(Figure 10). We found that FGFR2-IIIb expression
(Figure 10(a)) started to increase at day 3 of ASC differentia-
tion. In particular, we observed maximal upregulation in
middle-late differentiation (day 7, 5.7-fold increase, P <
0 05, and day 14, 6.7-fold increase, P < 0 005, resp.). As for
NRP1 (Figure 10(b)), its expression is holding steady during
all the differentiation process, with a slight increase peaking
at days 2 and 3 of adipogenic induction (1.3-fold increase),
thus suggesting a potential role of NRP1 in the response
of ASCs to endogenous KGF upregulation in early steps of
adipogenesis (see Figure 2(b)).

4. Discussion

The present work provides a novel insight into the role of
KGF in human adipogenesis of ASCs. It is well known that
ASCs, as well as bone marrow stem cells (BMSCs), release
soluble paracrine factors, including KGF, which are crucial
for the usefulness of these cells in therapeutic strategies to
restore structure and function of epithelial tissues. However,
at present, there is no evidence of a direct effect of KGF on
BMSCs. Interestingly, recent evidence indicates a role of
KGF in the differentiation of human umbilical cord-derived
mesenchymal stem cells (hUC-MSCs) into sweat gland-like
cells (SGCs), with potential implications in the field of regen-
eration of destroyed sweat glands and injured skin [36].
Moreover, a role of KGF in promoting proliferation path-
ways on murine preadipocytes [21], and in inducing the
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expression of key regulators of adipogenesis in alveolar
type II cells [22], has been previously reported. However,
the role of KGF in human ASC proliferation and adipogene-
sis still needs to be elucidated. In contrast to what observed in
murine preadipocytes [21], we demonstrated a significant
change in levels of KGF mRNA expression throughout ASC
adipogenic differentiation, with a peak at day 1 of differenti-
ation. This observation suggests that the upregulation of KGF
expression might be required for the proper induction of
ASC differentiation and prompted us to further investigate
the role of KGF in adipogenesis.

Since an effect of KGF on preadipocytes proliferation
has been previously demonstrated in a murine model
[21], we determined whether KGF could also induce ASC
proliferation. We decided to analyze the activation of the
extracellular signal-regulated kinase (ERK) pathway and the
p38MAPK pathway, since they are both indicated as required
not only for mesenchymal cell proliferation but also for the
mitotic clonal expansion that represent the first step of adi-
pogenesis [37, 38]. Based on our results, we suggest that
KGF might promote the proliferation of ASCs and the
mitotic clonal expansion to initiate adipogenesis through
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Figure 8: Effect of NRP1 silencing on KGF-mediated phosphorylation of ERK. Expression of NRP1 assessed by PCR (a) and Western blot
analysis (b) on ASC whole cell lysates. MDA-MB-231 cells were used as positive control for NRP1 expression. GAPDH mRNA expression
and blotting with anti-tubulin antibody served as loading control for PCR and Western blot analysis, respectively. The images are
representative of at least three independent experiments. (c) Coimmunoprecipitation assay was performed to study in vivo interaction
between KGF and NRP1 proteins. ASCs, untreated or treated with 20 ng/ml KGF for 5min, were immunoprecipitated with anti-NRP1
antibody and blotted with anti-FGF7 antibody. Western blot with anti-NRP1 antibody was used as loading control. (d) ASCs transfected
with NRP1-specific siRNA (siNRP) or nonspecific control siRNA (siNC), treated or not with 20 ng/ml KGF for 5min at 37°C, were lysed,
and NRP1 expression was analyzed by immunoblotting with anti-NRP1 antibodies. siNRP induced a marked reduction in NRP1
expression in both untreated and KGF-treated cells. Western blot with anti-tubulin antibodies was used as loading control. (e) The same
lysates were analyzed by immunoblotting with anti-phospho-ERK antibody. Transfection with siNRP significantly inhibits ERK
phosphorylation induced by KGF treatment. The levels of total ERK were assessed by Western blot with anti-ERK1/2 antibodies. The
intensity of the bands was evaluated by densitometric analysis; the values from a representative experiment were normalized, expressed as
fold increase with respect to the untreated siNC sample and reported as a graph. ∗P < 0 05 and ∗∗∗P < 0 0005.
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activation of ERK and p38MAPK pathways. Moreover, in
contrast with what observed by Zhang et al. [21], we demon-
strated that in human ASCs, proliferation and differentiation
are not mutually exclusive, since KGF is also able to promote

adipogenic differentiation. This double role in adipogenesis
has been previously demonstrated also for other growth fac-
tors and receptors, such as members of the Notch family and
of the FGF family [5, 12, 39].
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Figure 9: Effect of NRP1 silencing on KGF-mediated phosphorylation of ERK, p38, and Akt. (a) ASCs transfected with NRP1-specific siRNA
(siNRP) or nonspecific control siRNA (siNC), treated or not with 20 ng/ml KGF for 30min at 37°C, were lysed, and NRP1 expression was
analyzed by immunoblotting with anti-NRP1 antibodies. siNRP induced a marked reduction in NRP1 expression in both untreated and
KGF-treated cells. Western blot with anti-tubulin antibodies was used as loading control. (b) The same lysates were analyzed by
immunoblotting with anti-phospho-ERK antibody. Transfection with siNRP significantly inhibits ERK phosphorylation induced by KGF
treatment. The levels of total ERK were assessed by Western blot with anti-ERK1/2 antibodies. (c) Phosphorylation of p38 was assessed by
Western blot analysis with a phospho-specific p38 monoclonal antibody (pp38). Levels of total p38 were assessed by blotting with a p38-
specific antibody and served as loading control. (d) Phosphorylation of Akt was assessed by Western blot analysis with a phospho-specific
Akt monoclonal antibody (pAkt). Levels of total Akt were assessed by blotting with an Akt-specific antibody and served as loading
control.The intensity of the bands was evaluated by densitometric analysis; the values from a representative experiment were normalized,
expressed as fold increase with respect to the untreated siNC sample and reported as a graph. ∗P < 0 05 and ∗∗P < 0 005.
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However, the role of ERK and p38MAPK pathways in
adipogenesis is still controversial. In the case of ERK, its
activation seems to be necessary for the initial proliferative
step, but the pathway needs to be shut off to allow proper
differentiation [38]. Our data are consistent with this
observation, since we demonstrated that KGF induces only
transient ERK activation, in which phosphorylation is no
longer detectable after 24 h of KGF treatment. Concerning
p38MAPK pathway, opposing roles in adipocyte differentia-
tion have been described, but Aouadi et al. demonstrated a
positive role of this pathway in human adipogenesis through
regulation of adipogenic transcription factors [40]. There-
fore, our evidence of p38MAPK activation induced by KGF
is not in contrast with a role of this growth factor in ASC
differentiation. Moreover, this role is sustained by our obser-
vation of KGF-mediated stimulation of PI3K/Akt and Rb
pathways, which are known to be important for adipo-
genic differentiation [41, 42]. In particular, it has been
reported that Akt plays a role in adipogenesis in both
murine 3T3-L1 preadipocyte [43] and human ASCs [44].
Concerning the retinoblastoma protein Rb, its role in
adipogenesis is complex. Phosphorylation-dependent inac-
tivation of Rb permits progression through mitotic clonal
expansion, by releasing the members of the E2F family of
transcription factors [19]. However, Rb has also an impor-
tant role in cell cycle exit, as well as its interaction with
members of the C/EBP family of transcription factors. In
particular, Rb has been demonstrated to stimulate adipo-
genesis though activation of C/EBPα [45]. Early alterations
in Rb phosphorylation may be important for the antiadi-
pogenic effect of macrophage-secreted factors on 3T3-L1
adipocyte differentiation [46]. Other studies indicate that
pRb acts as a molecular switch determining white versus
brown adipogenesis, suggesting the function of Rb phos-
phorylation as a key cell cycle regulator in adipocyte line-
age commitment and differentiation [47]. In addition, it is
known that p38 activation can mediate an increase in the
phosphorylation of Rb [48]. Therefore, our data on Rb
phosphorylation are consistent with the observed activation
of p38MAPK pathway.

Our approach to assess KGF role in adipogenic differen-
tiation took in consideration also the evaluation of neutral
lipids. De novo lipid biosynthesis is controlled by sterol reg-
ulatory element-binding proteins (SREBPs), which are not
only generally activated in response to changes in intracellu-
lar and membrane levels of fatty acids and cholesterol but
also strongly induced during adipogenic differentiation, since
cholesterol accumulation is required very early during adipo-
genesis, in preparation for triglyceride synthesis and lipid
droplet formation [49]. Moreover, previous works demon-
strated a role of KGF in lipid metabolism, both in vitro on
a pulmonary epithelial cancer cell line [22] and in vivo in a
rat model [50]. In agreement with these data and with our
initial hypothesis, we were able to demonstrate a KGF-
dependent increase in neutral lipids (cholesterol, cholesterol
esters, and tryglicerides), suggestive of a preparative step to
initiate adipogenesis. Moreover, we observed that KGF treat-
ment during adipogenesis was able to increase cell differenti-
ation, determined as increased amount of oil red O stained
lipid droplets, increased amount of mature adipocytes
expressing FABP4 protein and higher expression of FABP4
mRNA in KGF-treated cells with respect to untreated cells.
However, we were able to detect only a slight increase in
PPARγ expression in KGF-treated cells at the end of differen-
tiation. Since PPARγ upregulation is a late event in adipogen-
esis, we can hypothesize that in the advanced steps of this
process, the effect of exogenous KGF might be partially
masked by the upregulation of endogenous KGF that occur
during differentiation.

It is known that FGFR2 gene is subjected to an alternative
splicing to obtain the FGFR2-IIIc isoform, generally
expressed in mesenchymal cells, or the FGFR2-IIIb isoform
(also called KGFR), preferentially found in epithelial cells.
Importantly, the only study reporting an effect of KGF on
adipose cells failed to detect the expression of FGFR2-IIIb,
the only known receptor that supports KGF signaling
[21], suggesting that the effects of KGF on preadipocytes
might be mediated through an unknown receptor rather
than FGFR2-IIIb. Such hypothesis is also proposed by
another study indicating KGF proliferative effect on
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Figure 10: qRT-PCR analysis of FGFR2-IIIb (a) and NRP1 (b) mRNA expression in ASCs at different times of adipogenic differentiation.
Relative mRNA levels at days 1, 2, 3, 7, 14, and 21 of adipogenic differentiation are shown as fold value of the level of mRNA in
undifferentiated cells (day 0). Each experiment was performed in triplicate, and mRNA levels were normalized to PPIA mRNA expression.
Error bars represent standard deviations. ∗P < 0 05 and ∗∗P < 0 005.
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endothelial cells derived from small vessels, which do not
express FGFR2-IIIb [51]. However, since further studies
demonstrated the expression of FGFR2-IIIb in vascular
smooth muscle cells [52], we decided to assess FGFR2-
IIIb expression in human ASCs. Our data demonstrated
for the first time that ASCs, despite their mesenchymal ori-
gin, express a low amount of FGFR2-IIIb transcript and
protein. Nevertheless, the open question was to determine
if such FGFR2-IIIb was able to function even if expressed
to a limited extent. To this aim, we took into account the
activation of ERK, the main signaling pathway downstream
KGF. Silencing of FGFR2 expression by means of small
interfering RNA did not determine any variation of ERK
phosphorylation, thus allowing us to conclude that FGFR2-
IIIb is not responsible for KGF-mediated signaling pathway
activation in ASCs. Such conclusion is supported by the
known efficacy of FGFR2-IIIb silencing in the reduction of
KGF effects on silenced cells, as previously demonstrated by
our group [33].

Exploring the hypothesis of a nonclassical KGF receptor,
we focused on NRP1, since it is indicated as a potential KGF
interactor. Coimmunoprecipitation experiments allowed us
to demonstrate that NRP1 is able to bind KGF in ASCs.
Moreover, besides its role as receptor for class 3 semaphorins,
NRP1 is also considered a coreceptor for some growth fac-
tors, such as VEGF or PDGF. Most data indicate that it lacks
a defined signaling activity, but recent evidence obtained in
melanoma cells has suggested that NRP1 is able to activate
VEGF-mediated signal transduction pathways also indepen-
dently of VEGFR-2 expression [25]. Consistent with this
data, the results of our study show that the expression of
NRP1 is necessary and sufficient for KGF-mediated activa-
tion of ERK, p38, and Akt pathways, thus indicating this
molecule as a previously unrecognized nonclassical receptor
for KGF. Interestingly, we found a differential expression of
FGFR2 and NRP1 upon KGF treatment in time course exper-
iments (see Figure S1). In particular, NRP1 downregulation
was found to be less consistent than that of FGFR2, and
limited to 15–30min of KGF treatment. However, it is
known that ligand binding should not necessarily induce
receptor degradation. In fact, also for FGFR2 itself, it has
been previously demonstrated that the receptor can have
an alternative fate depending on the ligand, since it is ubi-
quitinated and degraded after KGF treatment but not after
FGF10 treatment, probably due to a different regulation of
receptor endocytic transport [53]. In the future, it will be
interesting to investigate NRP1 intracellular fate upon treat-
ment with KGF.

The evaluation of FGFR2-IIIb and NRP1 expression
levels during adipogenesis represent a further confirmation
of this hypothesis. In fact, we observed that endogenous
KGF levels in differentiating ASCs increased in the first step
of adipogenesis (days 1 and 2, see Figure 2), but at this time
point, FGFR2-IIIb expression was still at basal levels, corre-
sponding to a very low amount of protein (see Figure 6).
The consistent amount of NRP1 protein in undifferentiated
ASCs (see Figure 8(b)) and its further increase in the first
days of adipogenesis (see Figure 10) support our hypothesis
that NRP1 might mediate FGF7 activities during clonal

expansion of ASCs, while FGFR2-IIIb mediates FGF7 action
subsequently (maybe in association with NRP1 as a corecep-
tor). Of course, to definitely validate this working model, our
future work will be dedicated to perform stable knockdown
of FGFR2-IIIb and NRP1 in ASCs subjected to adipogenic
differentiation.

5. Conclusions

Our study aimed to assess the role of KGF in human adipo-
genesis, in terms of proliferation and cell signaling activation.
We believe that the discovery of an increase in KGF expres-
sion during adipogenic differentiation could contribute to a
better understanding of the molecular bases of human adipo-
genesis, with potential implications for the therapeutical
application of ASCs for regenerative medicine, as well as for
the introduction of novel therapeutic strategies for obesity
and other disorders related to alteration of lipid metabolism.
Future work will be dedicated to better assess the role of KGF
in adipogenesis, by means of approaches involving knock-
down of KGF protein expression in ASCs and subsequent
evaluation of adipogenic differentiation.

Moreover, the discovery of the role of NRP1, a widely
expressed molecule, as a nonclassical KGF receptor indi-
cates that its effects might be not limited to the epithelial
tissues. Therefore, a deeper investigation of the specific con-
tribution of the canonical receptor FGFR2-IIIb and the
alternative receptor NRP1 to KGF signaling in different cel-
lular contexts could contribute to better understand a num-
ber of physiological and pathological processes involving
various tissues and organs.
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The transplantation of autologous BM-MSCs holds great potential for treating end-stage liver diseases. The aim of this study
was to compare the efficiency of transplanted rBM-MSCs and rBM-MSC-derived differentiated stem cells (rBM-MSC-DSCs)
for suppression of dimethylnitrosamine-injured liver damage in rat model. Synchrotron radiation Fourier-transform infrared
(SR-FTIR) microspectroscopy was applied to investigate changes in the macromolecular composition. Transplantation of
rBM-MSC-DSCs into liver-injured rats restored their serum albumin level and significantly suppressed transaminase activity
as well as the morphological manifestations of liver disease. The regenerative effects of rBM-MSC-DSCs were corroborated
unequivocally by the phenotypic difference analysis between liver tissues revealed by infrared spectroscopy. Spectroscopic
changes in the spectral region from 1190–970 cm−1 (bands with absorbance maxima at 1150 cm−1, 1081 cm−1, and
1026 cm−1) indicated decreased levels of carbohydrates, in rBM-MSC-DSC-transplanted livers, compared with untreated and
rBM-MSC–transplanted animals. Principal component analysis (PCA) of spectra acquired from liver tissue could readily
discriminate rBM-MSC-DSC-transplanted animals from the untreated and rBM-MSC-transplanted animals. We conclude
that the transplantation of rBM-MSC-DSCs effectively treats liver disease in rats and SR-FTIR microspectroscopy provides
important insights into the fundamental biochemical alterations induced by the stem-derived cell transplantation, including
an objective “signature” of the regenerative effects of stem cell therapy upon liver injury.

1. Introduction

Liver damage often leads to liver fibrosis which sometimes
progresses to liver cirrhosis [1]. Liver transplantation is one
of the most effective treatments for severe liver-associated
diseases such as cirrhosis. However, due to the shortage of
donated organs and the growing list of patients in need of
such intervention, transplantation is often not a viable option
[2]. Current studies suggest that hepatocyte transplantation
may develop into a feasible alternative to whole-organ

transplantation; however, the efficiency of isolation of
sufficient transplantable hepatocytes is very low and is
restricted by the small number of marginal donor organs
allocated for this purpose [3–5]. Hence, novel cell sources
are required to deliver hepatocytes of adequate quality for
clinical use. Most of the recent studies concentrate on
stem cells of extrahepatic origin, as a potential derivation
source for producing hepatocytes, because of their ready
availability and unrestricted potential to propagate and
differentiate [6–9].
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The preeminent candidate stem cells for therapy for
injured livers are mesenchymal stem cells (MSCs), which
possess multipotentiality ability, and in vitro have the poten-
tial to differentiate into hepatocyte-like cells [10, 11]. More-
over, studies have shown that rat or human mesenchymal
stem cells can differentiate into hepatocyte-like cells when
transplanted into rat liver [12–14]. Recently, transplantation
of rat bone marrow-derived mesenchymal stem cells (rBM-
MSCs) has been shown to protect the rat liver from
chemically induced liver fibrosis and improves some hepatic
functions [15–17]; however, their effectiveness was reduced
by the limitation of characterization of the cells that
were transplanted. Even though the evidence that bone
marrow-derived cells suppress fibrosis in mice has been
shown [18, 19], it remains controversial which type(s) of cells
among those derived from the bone marrow show the most
potent suppressive effect on fibrosis.

FTIR microspectroscopy is a powerful technique, which
has been widely used in biophysical research, and has been
proven to provide sensitive and precise measurement of
biochemical changes in a diverse range of biological cells
and tissue [20]. For example, FTIR imaging analysis is
becoming a valuable analytic method in brain research
showing the ability to detect tumour formation [21] and
very early changes associated with autoimmune encephalo-
myelitis [21]. Wang et al. used FTIR microspectroscopy to
study the compositional changes in inflammatory cardio-
myopathy, and the results demonstrate chemical difference
between the inflammatory responses in the mouse model,
providing insight into why the disease can be self-limiting
in some cases while fatal in others [22]. Recently, synchro-
tron infrared microspectroscopy has been used for the early
detection of liver fibrosis [23]. In addition, FTIR microspec-
troscopy also can be used to distinguish between stem cells
and their differentiated cells of human [24–26] and murine
stem cells [27–30]. The infrared spectroscopic approach
provides structural information about macromolecules,
such as proteins, nucleic acids, carbohydrates, and lipids,
allowing detection, identification, and quantification of
changes in these cellular components associated with
changes in biological state. These spectroscopic approaches
to phenotypic characterization of disease progression are
facilitated typically by sophisticated multivariate modeling
and classification methods [31].

In this study, we aimed to compare the efficiency of
rBM-MSCs with differentiated stem cells derived from
BM-MSCs to suppress dimethylnitrosamine-induced liver
injury in rats, by comparing a range of conventional his-
tological and blood analyses with synchrotron radiation
Fourier transform infrared (SR-FTIR) microspectroscopy,
which was applied to investigate possible biochemical
molecular alteration of the liver tissue after the transplan-
tation of cells.

2. Materials and Methods

2.1. Cell Culture. All animal care and surgical interventions
were undertaken in strict accordance with the approval of
the Suranaree University of Technology Laboratory Animals

Ethics committee. rBM-MSCs were isolated from 8-week-old
female Wistar rats and cultured as described previously [32].
rBM-MSCs at passage five were used in this study. Differen-
tiated stem cell differentiation from rBM-MSCs and charac-
terization were performed as described by our previous
reports [33]. In brief, rBM-MSCs were serum-deprived for
2 days in Iscove’s Modified Dulbecco’s Medium (IMDM)
supplemented with 10ng/ml basic fibroblast growth factor
(bFGF) and 20ng/ml epidermal growth factor (EGF). Then,
rBM-MSCs were cultured in IMDM supplemented with
20 ng/ml hepatocyte growth factor (HGF), 10ng/ml bFGF,
and 4.9mmol/ml nicotinamide for 7 days. Finally, the cells
were treated with IMDM supplemented with 10mmol/ml
ITS (insulin, transferrin, and selenious acid), 1mmol/ml
dexamethasone, and 20ng/ml oncostatin M for 14 days.
The media were changed twice weekly. Before transplanta-
tion, the differentiated cells were characterized by liver-
specific proteins and gene expression and liver function
determination. Our latest reports show that rBM-MSC-
DSCs were able to chronologically expressed liver-specific
proteins like AFP, ALB, CK18, HNF1α, and HNF3β. rBM-
MSC-DSCs expressed liver-specific genes such as CYP2B1,
ALB, and CXCR4 [33].

2.2. DMN-Induced Rat Liver Injury Model. Female Wistar
rats were bred and maintained in an air-conditioned animal
house with specific pathogen-free conditions and were sub-
jected to a 12 : 12-hours daylight/darkness and allowed
unlimited access to food and water. Liver damage was
induced by dimethylnitrosamine (DMN) in 3-week-old rats,
weighing between 180 and 200 g. DMN administration was
as follows: on day 0, rats were injected intraperitoneally at a
dose of 100μL DMN (diluted 1 : 100 with 0.15mol/L sterile
saline) per 100 g body weight. The same volume of sterile
saline alone was used as control. The injections were given
on three consecutive days of each week for 4 weeks. Cir-
rhosis was determined by killing three rats per week for
histopathology. A total of 28 rats were used in this study.
All reagents were purchased from Sigma-Aldrich, unless
otherwise indicated.

2.3. Cell Transplantation. Untreated rBM-MSCs at passage
five, as well as rBM-MSC-DSCs, were prepared for cell trans-
plantation. To monitor the transplanted cells, those cells
were stained using the PKH Fluorescent Cell Linker kit as
the instructions described. PKH26-derived fluorescence was
observed using a fluorescence microscope (Olympus, Tokyo,
Japan). Cell transplantation was performed as described by
our previous reports [33]. The DMN-treated rats were
randomly divided into three groups after 4 weeks DMN
treatment: (a) the DMN/rBM-MSCs group, injected
intravenously a dose of rBM-MSCs of 1× 106 cells per
rat, n = 5; (b) the DMN/ rBM-MSC-DSCs group, injected
intravenously a dose of differentiated stem cells of 1× 106 cells
per rat, n = 5; and (c) DMN/saline group, which were injected
with 1ml of saline, only n = 5. DMN untreated rats were
regarded as the normal group. On day 28, venous blood was
collected for assessment of liver function. Albumin (ALB),
aspartate aminotransferase (AST), and alanine transaminase
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(ALT) levels were assessed using conventional laboratory
methods [16]. All rats were killed and the liver tissue was har-
vested for further analysis. Histopathology of the liver was
conducted using our previously described protocol [33]. All
values are presented as mean± S.E.M, the data were per-
formed for statistical significance using ANOVA and
followed by Tukey HSD post hoc correction, with P < 0 05
considered statistically significant.

2.4. Synchrotron Infrared Microspectroscopy (SR-FTIR).
High spatial resolution infrared spectral maps were col-
lected at the infrared microspectroscopy beamline (2BM1B)
at the Australian Synchrotron, Melbourne, Australia. SR-
FTIR spectra were acquired using a Hyperion 2000 FTIR
microscope (Bruker Optik GmbH, Ettlingen, Germany) with
a narrow-band mercury cadmium telluride (MCT) detector
coupled to a Bruker Vertex 80V FTIR spectrometer, which
was connected to an IR beamline at the Australian Synchro-
tron. The sample was mapped through the focused beam
using an X-Y step size of 4μm with a 4μm× 4μm aperture
in the microscope focal plane with a spectral resolution of
8 cm−1 with 64 interferograms coadded. All spectral acquisi-
tion and control functions of the microscope were performed
through Bruker Opus version 6.5.

2.5. Data Analysis. Spectra from all liver samples were
extracted using the CytoSpecTM (Cytospec Inc., Boston
MA, USA) spectroscopic software after performing a quality
test to assess the appropriate sample thickness, rejecting the
spectra with maximum absorbance less than 0.2 or greater
than 0.8 absorbance units over the spectrum range of 3100–
970 cm−1. Spectra extracted using Cytospec were subse-
quently converted into a galactic format by a macro
converter in OPUS6.5 software in preparation for multivari-
ate data analysis.

Representative spectra from all groups were processed
and compared following multivariate analysis. Following
quality selection, 1020 spectra were then selected randomly
from each experimental group with an equal number of
spectra from each rat. 340 spectra acquired from each
animal liver section were further reduced to 85 spectra by
taking the arithmetic mean of groups of 4 spectra, selected
at random. 255 spectra from each experimental group were
further randomly selected to 85 by taking the arithmetic
mean of groups of 3 spectra. Prior to multivariate analyses
or classification, the data was preprocessed by performing
the second derivative using the Savitzky-Golay algorithm
with 9 smoothing points and normalization using the
extended multiplicative signal correction (EMSC). The
Unscrambler 9.7 software (Camo Software AS, Oslo,
Norway) was used for multivariate data analysis.

3. Results

3.1. Changes in the Liver Tissue in the Liver-Damaged Rat
Model. Routine H&E staining was employed to characterize
representative liver sections at 1 week, 2 weeks, and 4 weeks
following DMN injection and liver sections from rats not
injected with DMN that served as controls, as shown in

Figure 1. The liver tissue from control rats not exposed to
DMN showed the normal histological appearance of
hepatocytes, that is, they were polyhedral with eosinophilic
cytoplasm and a central nucleus (Figure 1(a)). However,
after 1 week following DMN injection, necrosis areas
appeared (Figure 1(b)). Specifically, after 2 weeks of DMN
injection, the large areas of necrosis were found (Figure 1(c)).
At the fourth week of injection, the alteration of the liver
structure was even more evident, with more hemorrhagic
necrosis and disruption of tissue architecture (Figure 1(d)).

3.2. Tracing of Transplanted Cells in the DNM-Injured Liver.
PKH26-stained rBM-MSCs and rBM-MSC-DSCs were
transplanted into DMN-damaged rats to examine what cell
type was effective for the engraftment in the liver. Figure 2
shows the fluorescence microscopy images of liver tissues
from the animals transplanted with PKH26-stained rBM-
MSCs and rBM-MSC-derived hepatocytes. The PKH26-
stained cells were easily detected in the liver by fluorescence
microscopy. The transplanted cells were located in the blood
vessels, the sinusoid, and the liver lobules. This result
suggested that the transplanted cells entered the sinusoid
and liver parenchymal tissue.

3.3. Recovery of Albumin Production by Stem Cell
Transplantation. The normal level of rat serum albumin
was 4.64± 0.46 g/dL, while the DMN treatment rat serum
albumin was 2.71± 0.25 g/dL, which was significantly lower
than the normal level (P < 0 05, Figure 3(a)). Liver-injured
rats recovered serum albumin levels but these were still lower
than that of the normal level following transplantation of
rBM-MSCs. In contrast, the transplantation of rBM-MSC-
DSCs into liver-damaged rats restored the serum albumin
close to the normal level. Although it is not clear whether it
was the transplanted rBM-MSC-DSCs that produced albu-
min or whether DMN-damaged liver regenerated in response
to the transplanted cells, nevertheless, transplantation of the
differentiated stem cells effectively led to restored albumin
production after the transplantation.

3.4. Suppression of Liver Inflammation by Stem Cell
Transplantation. The AST and ALT levels in the serum of
normal rats not exposed to DMN were 155.1± 2.21 and
45.4± 4.79U/L, respectively. As shown in Figures 3(b) and
3(c), the serum AST and ALT levels in the DMN-treated rats
were 220.2± 2.43 and 76.1± 1.82U/L, respectively, which
were significantly higher than the normal level (P < 0 05).
The transplantation of rBM-MSC-DSCs significantly
suppressed the serum AST and ALT levels to the normal
levels in the DNM-injured rats. The transplantation of
rBM-MSCs suppressed the serum AST and ALT level in the
DNM-injured rats to some extent, but this was still higher
than normal levels and the difference was statistically
significant. In summary, it appeared that transplantation
of the differentiated stem cells effectively suppressed liver
inflammation caused by the DMN treatment and was
significantly more effective than transplantation of undif-
ferentiated rBM-MSCs.
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In addition to the serum protein assays, the effects of
rBM-MSCs and rBM-MSC-DSCs on a DMN-injured liver
were evaluated by histopathologic examination of the liver
sections by H&E staining. The control group (Figure 4(a))
exhibited the hemorrhagic necrotic and disruption of
tissue architecture. Some changes of necrosis areas and
the tissue architecture in the liver sections were observed
in transplantation of rBM-MSCs group (Figure 4(b)).
Differences were more marked in the liver tissue
architecture following transplantation of rBM-MSC-DSCs.
Hemorrhagic necrosis was rarely observed in these
tissues and tissue architecture and appeared to be similar
to that of normal (control) rats (Figure 4(c)).

3.5. Synchrotron Radiation Fourier-Transform Infrared
(SR-FTIR) Microspectroscopy Investigation of Liver Tissue.
SR-FTIR microspectroscopy was applied to investigate
any macromolecular phenotypic changes in the liver tissue
after transplantation of rBM-MSCs and rBM-MSC-DSCs,
compared to DMN-injured rats that did not receive cellular
transplants and control rats not subjected to the DMN treat-
ment. Figure 5 shows average second derivative IR spectra
from 1800 to 950 cm−1 in each group. The average spectra
showed differences in bands near 1658 cm−1 (amide I mode
from proteins), 1544 cm−1 (amide II mode from proteins),
as well as IR absorbance bands with maxima at 1155 cm−1,

1081 cm−1, and 1026 cm−1 which were assigned to glycogen
and other carbohydrates [34]. The intensities of α-helix
(1658 cm−1) and amide II (1544 cm−1) were highest in liver
tissue after rBM-MSCs injection, followed by the liver tissue
injected with rBM-MSC-DSCs compared to the normal liver
tissue, indicating different protein content in each tissue type.
It was also shown that bands from carbohydrates at
1155 cm−1, 1081 cm−1, 1026 cm−1 were highest in DMN-
injured liver tissue (control) and followed by liver tissue from
rats transplanted with rBM-MSCs and lowest in the liver
tissue from rats transplanted rBM-MSC-DSCs. The profile
of these bands in liver tissue from rBM-MSC-DSCs trans-
planted rats was very similar to that of normal liver tissue
not exposed to DMN (Figure 5). Elevation of glycogen levels
in liver tissue following solvent-induced damage compared
to healthy tissue is well known [23]. Our results showing
increased absorbance in C-O stretching bands from carbohy-
drates in damaged tissue compared to normal controls is
consistent with these observations. Moreover, the decrease
in the intensity of these bands after stem cell treatment,
particularly by rBM-MSC-DSCs, indicated a decrease in
glycogen levels indicative of amelioration of the solvent-
induced liver damage by these treatments.

Given that the spectroscopic dataset was inherently mul-
tivariate in nature, principal component analysis (PCA) was
applied to assess relative changes in band profiles across the
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Figure 1: Representative liver tissues stained with hematoxylin and eosin. Normal liver (a), 1-week injection of DMN (b), 2 weeks injection of
DNM (c), and 4 weeks injection of DMN (d). Original magnification, 100x.
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population of spectra acquired from liver tissue samples.
PCA of the SR-FTIR spectra was performed in the 1770–
1500 cm−1 and 1190–970 cm−1 spectral region which is
associated with protein and glycogen absorbance. In the
score plot (Figure 6(a)), PC1 was explained by 69% of total
variance and PC2 was explained by 19% of total variance.

The loading plots (Figure 6(b)) shows which spectral bands
were most responsible for the clustering observed in the score
plot. The PCA score plot showed that the spectra extracted
from the control group, rBM-MSCs injection group, rBM-
MSC-DSCs injection group, and normal liver were clustered
separately along PC1 (Figure 6(a)). Spectra from normal liver
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Figure 2: Engraftment of PKH-stained rBM-MSCs and rBM-MSC-DSCs in DMN -injured rat livers. Nontransplanted liver from
DMN-damaged rats was used as the control (a and d). rBM-MSCs (b and e) and rBM-MSC-DSCs (c and f) were transplanted into DMN-
damaged rats, and 4 weeks later liver sections were observed using fluorescence microscopy. The upper panel (a, b, and c) and lower panel
(d, e, and f) picture are bright-field and fluorescence images, respectively, with PKH-stained cells within the tissue fluorescing red.
Original magnification, 200x.
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Figure 3: Biochemical analysis of blood sera. (a) Concentration of albumin in blood serum of rats. (b) Concentration of aspartate
aminotransferase (AST) in blood serum of rats. (c) Concentration of alanine transaminase (ALT) in blood serum of rats. Bars with
different letter superscripts are different statistically (P < 0 05).
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tissue were colocalised on the score plot with spectra from the
tissue of rats exposed to DMN and subsequently transplanted
with rBM-MSC-DSCs (Figure 6(a)), corroborating the

similarity between average spectra from these classes
(Figure 5). In contrast, spectra from the DMN-exposed con-
trol liver tissue and rBM-MSC-injected liver tissue clustered
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Figure 4: Hematoxylin and Eosin staining of liver sections fromDNM-injured rats that received cell transplant. (a) DNM-injured rats did not
receive cell transplant showed hemorrhagic necrotic and disruption of tissue architecture. (b) DNM-injured rat received rBM-MSC transplant
showed some changes of necrosis areas and the tissue architecture. (c) DNM-injured rat received rBM-MSC-DSC transplant showed
significant changes of necrosis areas and the tissue architecture. (d) Normal liver. Original magnification, 200x.
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separately from spectra from untreated normal liver tissue
and rBM-MSC-DSCs transplanted tissue along the PC1 axis
(Figure 5(a)). Further, spectra from DMN-exposed control
liver tissue and rBM-MSCs injection liver tissue clustered
separately along the PC2 axis (Figure 6(a)) in the PC1 versus
PC2 score plot. Loadings plots (Figure 6(b)) were examined
to determine spectra changes that were most influential on
the clustering patterns observed in the score plot. PC1 load-
ings showed prominent negative loadings at 1157 cm−1,
1083 cm−1, and 1027 cm−1 that were inversely correlated with
a strong positive loading 1652 cm−1. These loading indicated
that DMN-treated control and rBM-MSCs transplanted liver
tissue spectra had stronger absorbance for bands assigned to
glycogen (maxima at 1157 cm−1, 1083 cm−1, and 1027 cm−1)
and lower absorbance for proteins (amide I band at
1652 cm−1) compared with normal untreated and rBM-
MSC-DSC-transplanted samples, corroborating the differ-
ences observed in the average spectra (Figure 5). PC2
loadings were similar to PC1 loadings indicating that liver
tissue from DMN-treated animals receiving no cellular
transplants had the highest glycogen and lowest protein
levels compared to DMN animals that were transplanted
with rBM-MSCs, again corroborating the differences
observed between the average spectra (Figure 5).

4. Discussion

In our previous study and in this study, we showed the effec-
tiveness of transplanting rBM-MSC-DSCs to treat liver
damage in an experimental animal model using dimethylni-
trosamine, which was consistent with previous study where
carbon tetrachloride was used as a hepatotoxic agent [16].
We were able to refine knowledge in this area showing that
hepatic differentiation of rBM-MSCs pretransplantation
enhanced the engraftment of new cells in the recipient’s liver
and produced clear therapeutic benefits compared with
transplantation of undifferentiated rBM-MSCs in DMN-
injured rats. Specifically, we found that the transplantation
of rBM-MSC-DSCs significantly reduced the serum transam-
inase levels in DMN-injured rats and appeared to be more
effective for the suppression of liver inflammation compared
with transplantation of the undifferentiated stem cells. Previ-
ous studies have reported that hepatocyte growth factor
(HGF) upregulated C-X-C chemokine receptor type 4
(CXCR4), which is the chemokine receptor for stromal cell-
derived factor-1 (SDF-1), in human hematopoietic stem cells
[35]. SDF-1 is expressed in the liver bile duct epithelium and
the secretion is increased by the inflammation. The injected
rBM-MSC-DSCs have been proven to express CXCR4 in
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Figure 6: Principal component analysis (PCA) score plots (a) and loading plots (b). Spectra were processed to the 2nd derivative over the
spectral range between 1770–1500 cm−1 and 1190–970 cm−1 prior to PCA. Average spectra for DNM-injured liver (n = 85), DNM-injured
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in the direction of the greatest variance in the data set (explaining 69% of total variance), and principal component 2 (PC2) is in the
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our previous report. We hypothesize that CXCR4 might be
upregulated in rBM-MSC-DSC-induced HGF and the
engraftment in injured livers could be enhanced by the inter-
action with SDF-1. In support of this view, a previous study
has shown that CCl4-injured hepatocytes stimulated HGF
secretion in the cocultured BM-MSCs [16]. HGF is well
known to suppress hepatocyte death and liver fibrosis [28].
The results suggest that when transplanted into a DMN-
injured rat, engrafted rBM-MSC-DSCs might secrete HGF
in the liver and suppress the inflammation.

However, our results were contrary to previous work
reporting that undifferentiated rBM-MSCs were the most
effective for suppression of liver fibrosis compared to rBM-
MSC-DSCs [36]. It is still not clear why and how the undif-
ferentiated rBM-MSCs most effectively suppressed liver
fibrosis in this previous work, or why the opposite was the
case in our study; however, the different results of our current
study may have been due to the different transplantation
approach we employed. In our study, we chose intravenous
injection rather than intrasplenic injection used in the previ-
ous work, which is an easy and convenient way of cell deliv-
ery, being less invasive and traumatic to the recipient [36].
Furthermore, intravenous injection of transplanted cells has
shown to have more efficient migration to the target areas,
because the injured target organ may express specific recep-
tors or ligands to facilitate trafficking of transplanted cells
[36, 37]. Other issues need to be taken into account, including
the age of rat used in experimental liver disease, the protocol
of induced liver disease, and the hepatic differentiation proto-
col. In our study, a 3-week-old rat was used for transplanta-
tion compared to an 8-week-old rat used in Hardjo’s report.
The rat at the early age seems to recover more efficiency than
the old. In addition, we could not compare the degree of liver
fibrosis in our study to Hardjor’s study because the different
protocols were used to induce liver fibrosis. The degree of
liver fibrosis is an important issue that affects the results of
cell transplantation. Lastly, the hepatic differentiation
method we used was different to Hardjor’s study. Themethod
we used has reported more efficiency in hepatic differentia-
tion in our previous report [31].

A unique aspect of the current study was the use of
SR-FTIR microspectroscopy to obtain insights into biochem-
ical changes in the tissue occurring as result of liver damage
and as a result of transplantation of rBM-MSCs and derived
cells. The spectral phenotypic “signature” of each experimen-
tal group was shown to be significantly different and was
associated with differences in protein and glycogen levels.
The lowest protein levels found in the liver tissues of
DMN-treated animals not receiving transplants is consistent
with findings that DMN destroys proteins and inhibits fur-
ther synthesis protein [38]. The higher levels of protein
absorbance found in rBM-MSCs and rBM-MSC-DSCs trans-
plantation groups compared to DMN-treated animals not
receiving transplants suggested the resumption of protein
synthesis after cell transplantation. However, the mechanism
of how the transplanted cells could cause this is still unclear.
It was also shown that glycogen levels were lower in rBM-
MSC-DSCs treated liver than that in the control group and
rBM-MSCs treated group. The liver plays a major role in

carbohydrate metabolism, with DMN causing loss of liver
function, particularly the destruction of glycogenolysis,
which leads to accumulation of glycogen in the liver [38].
Glycogen was observed to have the highest level in the
control group, indicating the accumulation of glycogen in
the livers of these animals [23]. However, glycogen levels in
animals receiving cellular transplantation, especially in those
transplanted with rBM-MSC-DSCs, suggested a decrease of
glycogen deposition in the liver, which resulted from the
resumption of carbohydrate metabolism in the livers of these
animals after cell transplantation. In the rBM-MSC-DSCs
transplantation group, the spectral profile of glycogen bands
was found to be similar to that of normal liver tissue, indicat-
ing similar biochemical composition and confirming that
rBM-MSC-DSCs effectively treated and reversed the liver
damage induced by DMN.

5. Conclusion

The transplantation of rBM-MSC-DSCs effectively treated
the liver injury in rats. Transplantation of these cells restored
serum albumin level and significantly suppressed transami-
nase activity and liver disease. This is a promising technique
for autologous transplantation in humans with liver injury.
The changes of cellular composition revealed by infrared
spectroscopy indicated that rBM-MSC-DSCs caused the
resumption of protein synthesis and carbohydrate metabo-
lism in the liver after transplantation leading to the recovery
of normal function.
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Previously, we demonstrated a high quality of minerals formed by serum-free cultured jaw periosteal cells (JPCs) by Raman
spectroscopy but the mineralization extent was not satisfactory. In the present study, we analyzed the proliferation and
mineralization potential of human platelet lysate- (hPL-) cultured JPCs in comparison to that of FCS-cultured JPCs. By cell
impedance measurements, we detected significantly higher population doubling times of PL-cultured JPCs in comparison to
FCS-cultured JPCs. However, this result was not based on lower proliferation activities but on diminished cell sizes which JPCs
develop under PL cultivation. The measurements of the metabolic activities clearly showed significantly higher cell proliferation
rates under PL culturing. Equivalent levels of the mesenchymal cell markers CD29, CD45, CD73, CD90, and CD105 were
detected, but there were significantly increased MSCA-1 levels under PL cultivation. While JPCs only occasionally mineralize
under FCS culture conditions, the mineralization potential was significantly stronger under PL cultivation. Moreover, in 4 of 5
analyzed patient cells, the addition of dexamethasone was proved no longer necessary for strong mineralization of PL-cultured
JPCs. We conclude that in vitro cultivation of JPCs with platelet lysate is a suitable alternative to FCS culture conditions and a
powerful tool for the development of high-quality TE constructs using jaw periosteal cells.

1. Introduction

In order to make clinical applications of tissue engineering
constructs safe, we established serum-free culture conditions
and observed an earlier but weaker mineralization potential
of serum-free cultured JPCs [1]. By Raman spectroscopy, we
identified and emphasized the differences in the biochemical
composition of crystals formed extracellularly under FCS-
containing and FCS-free cultivation of JPCs [2]. The dimin-
ished extent of JPC calcification as well as the significantly
decreased collagen production might lead to an unsatisfac-
tory bone formation significantly countering the success of
future tissue engineering applications using this cell type.

From the beginning of the cell culture technique up to the
present day, the use of fetal calf serum still represents the gold

standard for in vitro cell cultivation. However, the develop-
ment of the relatively young field of tissue engineering
including the innovative 3D bioprinting and microfluidic
approaches cause a long-term change of standard in vitro cell
culture techniques/media.

In the meantime, a variety of companies provide serum-
free cell culture media; however, the cultivation of some pri-
mary cells with these media is not trivial. In general, coating
of the culture dishes is required for sufficient cell adhesion,
the production of extracellular matrix by serum-free cultured
cells is normally diminished, and lower cell densities can be
achieved. As mentioned before, serum-free cultured JPCs
show a reduced mineralization potential, an observation that
can partially be explained by the alteration of extracellular
matrix formation.
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In recent years, the use of human platelet lysate has been
taken into consideration as a suitable alternative to FCS,
circumventing the problem of transmission of animal compo-
nents and/or triggering of immune responses during cell
therapies. During PLmanufacture, platelets are lysed in order
to achieve the release of growth factors from platelets’ alpha
granules [3]. After the apheresis and filtering procedures, cell
debris, and leucocytes will be removed [3–5].

In order to evaluate the suitability of human platelet
lysate for the in vitro culturing and osteogenic differentiation
of JPCs, we analyzed in the present study the proliferation
and mineralization capacity of these cells under PL and
FCS culture conditions. For proliferation analysis, two
completely different approaches were performed: on the
one hand, population doubling times were determined by
measurements of electric impedance, and on the other hand,
measurements of the metabolic cell activities were carried
out. Additionally, cell differentiation experiments were per-
formed andmineralization capacities as well as mesenchymal
stem cell marker expression by PL- and FCS-cultured JPCs
were analyzed and quantified.

2. Material and Methods

2.1. Cell Isolation and Culture of JPCs. JPCs derived from 5
donors were included in this study in accordance with the
local ethical committee (approval number 194/2008BO2)
and after obtaining written informed consent. The jaw peri-
osteal tissue was cut in small pieces with a scalpel and enzy-
matically digested with type XI collagenase (1500U/ml,
Sigma-Aldrich, Steinheim, Germany) for 90min. Enzymati-
cally isolated cells were expanded in DMEM/F12+ 10% fetal
calf serum (FCS) for up to 4 passages until used in passage 5
for all differentiation and proliferation comparative assays.
JPCs were cultured in different well formats depending on
the used method. For 96 well plates used for MTT assays
and E-plates used for xCELLigence measurements, a cell
density of 2000 cells per well was chosen. For differentiation
experiments, 6-well plates with a starting density of
4× 104 cells/well were used. For flow cytometric analyses of
surface antigen expression, JPCs were grown in 75 cm2 cul-
ture flasks with a starting density of 5× 105 cells/flask. JPCs
were cultured in DMEM/F12 (Invitrogen-BioSource Europe,
Nivelles, Belgium) containing 10% FCS (Sigma-Aldrich,
Steinheim, Germany) or 10% platelet lysate containing 1%
amphotericin B and penicillin/streptomycin (Biochrom,
Berlin, Germany). The used PL was provided by the Institute
for Clinical and Experimental Transfusion Medicine in
Tübingen, did not contain heparin, and was referred to as a
research lysate based on the absent quarantine period.
DMEM-cultured cells were passaged using trypsin-versene
EDTA (1x, Lonza, Basel, Switzerland), and medium change
was performed three times per week.

Osteogenic conditions were performed for the experi-
ments illustrated in Figures 1–6 by the addition of dexameth-
asone (4μM), β-glycerophosphate (10mM), and L-ascorbic
acid 2-phosphate (100μM). These osteogenic conditions
are listed in the left column of Table 3, for other experiments,

one or two of the osteogenic supplements were removed, as
indicated in the table.

2.2. Live Monitoring of Cell Proliferation Using xCELLigence.
Measurements of cell impedance were carried out using the
RTCA DP analyzer (OLS OMNI Life Science, Bremen,
Germany). Two hours before starting xCELLigence measure-
ments, the device was put into the incubator for equilibration
at 37°C. The required E-plates are equipped with gold-plated
electrodes to enable noninvasive monitoring based on electri-
cal impedance. After performing the resistor plate test, 100μl
FCS or PL-containing (10%) DMEM/F12 medium was filled
into the E-plates for background measurements. Plates were
equilibrated for 2 hours before measurements. In the next
step, 100μl containing 2000 cells was pipetted in each well
of the E-plates. After half an hour of incubation at RT, live
monitoring was started by a measurement interval of one
hour. After an overnight incubation period, osteogenic
induction was started. Medium change was performed every
2 days. For the calculation of population doubling times, data
from 3 time points (day 5, 10, and 14) was extracted. The
population doubling time is defined as the time span required
for the doubling of the cell index and was calculated by the
device-specific software.

2.3. Analysis of Cell Viability Using the Colorimetric EZ4U
Assay. Cell viability measurements were performed using
the EZ4U assay (Biomedica GmbH, Vienna, Austria) based
on the conversion of tetrazolium salts in formazan derivates
by the cell mitochondrial activity. End-point measurements
were performed at 3 time points (day 5, 10, and 20) after
adding 20μl of substrate to 200μl FCS/PL containing DMEM
per well and a 4-hour incubation time. Optical densities were
measured using the ELx800 plate reader (Biotek Instruments,
Bad Friedrichshall, Germany) at a wavelength of 450nm with
a reference wavelength of 630nm.

2.4. Counting of JPC Numbers Cultivated under PL- and FCS-
Containing Culture Conditions and Calculation of Growth
Rate and Population Doubling Time. JPCs were seeded in a
density of 5× 103 cells/cm2, and cell counting was performed
after 5, 7, and 10 days of PL and FCS culturing following
trypsinization of JPCs (n = 5 donors, n = 4 counting per
patient and culture condition). Based on the fact that osteo-
genically induced JPCs are not easy to separate to get single-
cell suspensions, we chose for cell counting of untreated and
osteogenically induced JPC early examination time points at
day 5, 7, and 10 of in vitro culturing.

Counting was performed 4 times (per patient and culture
condition, resp.). Growth rates (1) and population doubling
times (2) were calculated using the following formula:

μ = ln Nt/N0
t

, 1

td =
ln 2
t

, 2

where μ is the growth rate (h−1), td is the population doubling
time (h), N0 is the cell population at t = 0, Nt is the cell
population at t, and t is time (h).
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Growth rates and population doubling times from 5
patients were averaged and obtained mean values (±standard
deviations) listed in Table 1 and Table 2, respectively.

2.5. Measurements of Cell Size of PL- and FCS-Cultured JPCs.
Based on the visual impression of strongly diminished cell size
under PL cultivation, measurements of full-length cell size
using the CellProfiler and the LAS EZ software were per-
formed. Therefore, FCS- and PL-cultured JPCs from 3 donors
(n = 10 per donor) were used for untreated and osteogenic
medium conditions (n = 30 for each culture condition).

2.6. Surface Antigen Expression Analysis by Flow Cytometry.
PL- and FCS-cultured JPCs cultivated under undifferentiated
and osteogenic conditions were detached from cell culture
flasks and centrifuged (350g for 7min), and pellets were
resuspended in 20ml of 10% Gamunex (human immune
globulin solution, Talecris Biotherapeutics, Frankfurt,
Germany) and incubated for 15min at 4°C. The incubation
with specific phycoerythrin- (PE-) labeled mouse anti-
humanCD29, CD45, CD73, CD90 (BDBiosciences Pharmin-
gen, San Diego, USA), CD105 (AbD Serotec), and MSCA-1
(MACS Miltenyi Biotec, Bergisch Gladbach, Germany) in
FACS buffer (PBS, 0.1% BSA, 0.1% sodium azide) followed,
and cells were incubated for 15min at 4°C. After two addi-
tional wash steps with FACS buffer, flow cytometric
measurements with the Guava EasyCyte 6HT-2L instrument
(Merck Millipore, Darmstadt, Germany) were performed.

2.7. Detection of Cell Mineralization by Quantification of
Alizarin Dye Stainings. PL- and FCS-cultured JPCs from
5 donors were induced osteogenically (3 wells (of a 6-
well plate) per culture condition) for 24 days, and cell
monolayers were fixed with 4% formalin for 20min. After
two wash steps with PBS, 1ml of a 40mM alizarin dye
solution with a pH of 4.2 was added to the monolayers
for 20min while shaking. Thereafter, the unbound dye
was washed 4 times with dest water for 15min. By adding
of 10% acetic acid solution, alizarin dye was dissolved out
from the monolayers for 20min while shaking and cell
layers were detached by scraping. After vigorous mixing
and heating at 85°C for 10min, samples were cooled on
ice for 5min and centrifuged at 20.000g for 20min. Superna-
tants were neutralized by the addition of 10% ammonium
hydroxide. Photometrical calcium quantification was then
performed at a wavelength of 405 nm.

2.8. Statistical Analysis. For the evaluation of the data,
means± standard deviations are expressed, and for the statis-
tical analysis, two-tailed Student’s t-tests were used. A p value
of <0.05 was considered significant.

3. Results

3.1. Measurements of JPC Population Doubling Times Using
the Live-Monitoring System xCELLigence. JPCs were seeded
into E-plate dishes and cell impedance was continuously
evaluated under untreated (Co) and osteogenic (Ob) PL
and FCS culture conditions. Based on the cell impedance
data, population doubling (PD) times for three time points

(day 5, 10, and 14) were calculated from the device-specific
RTCA software 1.2.1. As individually illustrated (patient cell
numbers 1, 2, 3, and 4) in Figure 1, we detected in almost all
cases (with two exceptions: number 3 at day 14 and number 4
at day 10, both under undifferentiated (Co) conditions) sig-
nificantly higher PD times in PL-cultured JPCs under both
untreated (Co) and osteogenic (Ob) culture conditions.
These data imply significant higher JPC proliferation activi-
ties under FCS culturing.

3.2. Measurements of Metabolic JPC Activities under PL- and
FCS-Containing Culture Conditions. In contrast to the PD
time measurements by cell impedance, we detected signif-
icantly higher metabolic activities of PL-cultured JPCs, as
measured by theMTT-based assay and individually illustrated
for the four analyzed patient cells in Figure 2. The resulted
significant differences were detected both under undiffer-
entiated (Co) and/or osteogenic culture conditions (Ob).

3.3. Counting of JPC Numbers Cultivated under PL- and FCS-
Containing Culture Conditions. The abovementioned results
obtained by x-CELLigence and the metabolic activity assay
could not accurately reflect exact JPC proliferation rates.

By simple cell counting, we obtained significantly higher
cell numbers when JPCs were cultured under PL supplemen-
tation under untreated and/or osteogenic conditions at all
analyzed time points (day 5, 7, and 10). Representative
microscopic images are shown in Figure 3. We detected
highest proliferation rates after 5 days of culturing under
PL supplementation (7-fold under untreated and 9-fold
higher cell numbers under osteogenic conditions) compared
to FCS supplementation. The differences between PL supple-
mentation and FCS supplementation seemed, however, to
become smaller at days 7 and 10 of in vitro cell culturing.
Nonetheless, we counted on average 3-fold higher cell
numbers under PL supplementation of untreated and osteo-
genically induced JPCs. Calculated growth rates and popula-
tion doubling times (PDT) are listed in Tables 1 and 2. After
5 days of in vitro culturing, significantly higher PDTs (3-fold)
were calculated for PL-cultured JPCs in comparison to
FCS-cultured JPCs. After 7 days of in vitro culturing, 5-fold
higher PDTs were obtained for untreated JPCs and 6-fold
higher PDTs for osteogenically induced JPCs under PL
supplementation. After 10 days of in vitro culturing again,
3-fold higher PDTs were calculated for PL-cultured JPCs
compared to FCS-cultured JPCs. It is interesting to note the
extremely high standard deviations for PDLs under FCS
cultivation in contrast to the quite moderate deviations under
PL supplementation.

3.4. Analysis of JPC Cell Size under PL- and FCS-Containing
Culture Conditions. The results of PD times obtained by
xCELLigence were quite contradictory to our observations
made. By numerous cell countings and microscopic visuali-
zations, the development of highly proliferating cells of
significantly diminished cell sizes was observed under PL cul-
tivation. Therefore, we performed measurements of JPCs
derived from 3 patients (10 measurements per patient) under
untreated/osteogenically induced PL- and FCS-containing
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culture conditions (n = 30 for each culture condition). As
illustrated in Figure 4, significantly diminished cell sizes
were detected under PL cultivation of both untreated and
osteogenically induced cells. PL-cultured JPCs seemed to
be on average 25% smaller than FCS-cultured cells and this
difference in size achieved significant values under both
culture conditions (FCS Co: 225.24± 58.59 versus PL Co:
165.11± 36.40; p < 0 001; FCS Ob: 219.08± 50.53 versus PL
Ob: 167.65± 35.66; p < 0 001).

3.5. Flow Cytometric Analysis of Mesenchymal Cell Surface
Marker Expression under PL- and FCS-Containing Culture
Conditions. Mesenchymal stem cell marker expression was
analyzed in untreated and osteogenic-induced JPCs (from 5
donors) under PL and FCS culture conditions. Averaged
marker expression levels are illustrated in Figure 5. CD29,
CD73, CD90, and CD105 were shown to be expressed at
comparable levels by PL- and FCS-cultured JPCs under undif-
ferentiated and osteogenically induced JPCs. All cells were
almost completely negative for the leucocytic marker CD45.

Significant differences were detected for MSCA-1 cell
surface expression. Under undifferentiated culture condi-
tions, significantly higher MSCA-1 levels were detected only
after day 10 of PL cultivation (Co day 5: FCS 16.82± 16.40
versus PL 45.12± 35.07; Co day 10: FCS 25.22± 23.78 versus
PL 64.1± 21.45; p < 0 05). Under osteogenic culture condi-
tions, a significantly higher degree of JPC positivity was

detected at both analyzed time points forMSCA-1 expression
under PL cultivation (Ob day 5: FCS 17.06± 14.70 versus PL
60.14± 23.48; p < 0 05; Ob day 10: FCS 55.32± 17.53 versus
PL 86.32± 2.93; p < 0 05).

3.6. Analysis of the Mineralization Potential of JPCs Cultured
under PL- and FCS-Containing Culture Conditions. In
Figure 6, representative microscopic images showed appar-
ently higher amounts of calcium phosphate precipitates
under PL (right panel) in comparison to FCS cultivation
(left panel) of JPCs (4 donors). Subsequent quantification
of alizarin red B stainings resulted in significant differ-
ences in calcium concentrations (μM, logarithmic scale)
under untreated as well as under osteogenic culture condi-
tions (Co: FCS 0.025± 0.017μM versus PL 0.031± 0.015μM;
Ob: FCS 0.058± 0.022μM versus PL 4.77± 1.74μM), as
shown in Figure 7.

3.7. Analysis of JPC Mineralization under Different
Osteogenic Induction Conditions. Table 3 shows the 5 differ-
ent osteogenic medium conditions containing dexametha-
sone (dexa), β-glycerophosphate (β-glyc), and ascorbic acid
(ascorb) in different combinations tested for mineralization
induction of JPCs from 5 donors (numbers 1–5). Under
FCS culture conditions, only 3 of 5 patient cells mineralized
under the addition of all three osteogenic inducers to a rela-
tively low extent. In contrast, PL-cultured JPCs mineralized
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Figure 1: JPC population doubling times using the live-monitoring system xCELLigence. JPCs from 4 donors (numbers 1–4) were cultivated
under FCS and human PL supplementation under normal (Co) and osteogenic (Ob) conditions for 5, 10, and 14 days in E-plates for electrical
impedance measurements. Population doubling times (in hours, logarithmic scaling of the x-axis) were calculated by the device-specific
RTCA software. The bars indicate statistical significances: p < 0 05.
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all under these conditions and to a much higher extent. In
addition, FCS-cultured cells derived from number 5 could
also mineralize after addition of β-glyc and ascorbic acid.

Under PL cultivation, 2 of 5 patient cells mineralized
strongly without the addition of ascorbic acid, whereas
none of them mineralized under FCS cultivation upon
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Figure 2: Measurements of metabolic JPC activities under FCS- and PL-containing culture conditions. JPCs from 4 donors (numbers 1–4)
were cultivated under FCS and human PL supplementation under normal (Co) and osteogenic (Ob) conditions for 5, 10, and 20 days
in 96-well plates for colorimetric measurements of metabolic activities. Optical densities (OD) are presented in the diagrams. The bars indicate
statistical significances: p < 0 05.

FCS

PL

Co Ob
Day 5

Figure 3: Representative microscopic images of FCS- and PL-cultured JPCs. JPCs were cultured under FCS or PL supplementation for 5 days
and cell monolayers were visualized by microscopic images (scale bar: 200 μm). Subsequently, cells were counted after trypsinization.
Days 7 and 10 of in vitro culturing were also taken into account and growth rates and population doubling times were calculated, as listed
in Tables 1 and 2.
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addition of dexa and β-glyc. Most interesting was the min-
eralization capacity of JPCs under activation with β-glyc
and ascorbic acid. 4 of 5 patient cells showed under PL
cultivation a strong mineralization without the addition
of dexamethasone. Additionally, JPCs derived from num-
ber 4 could also mineralize after the individual addition
of only β-glyc.

4. Discussion

The use of FCS for the in vitro expansion of mesenchymal
stromal cells for future cell therapies is restricted due to
regulatory affairs and transmissions of animal diseases or
causing immune reactions. To gain knowledge about the
suitability of platelet lysate as a FCS substitute for the

Table 1: Growth rate calculated from cell counting of FCS and PL-cultured JPCs under untreated and osteogenic culture conditions.
5× 103 cells/cm2 were seeded in 12-well culture plates and counted following trypsinization after 5, 7, and 10 days of in vitro culturing.
Growth rate μ (h−1) calculated from total cell counts from 5 donors (n = 4 counting per patient and culture condition) is listed ±standard
deviations and significance values.

Growth rate μ (h−1)
FCS Co PL Co FCS Ob PL Ob

d5 4.28E−03± 3.23E−03 1.58E−02± 1.48E−03 5.40E−03± 3.52E−03 1.91E−02± 2.77E−03
Significance p < 0 01 p < 0 01
d7 5.32E−03± 1.69E−03 2.41E−02± 4.46E−03 8.79E−03± 4.79E−03 3.42E−02± 2.36E−03
Significance p < 0 01 p < 0 01
d10 6.20E−03± 1.86E−03 2.20E−02± 2.93E−03 1.19E−02± 3.73E−03 3.00E−02± 2.88E−03
Significance p < 0 01 p < 0 01

Table 2: Doubling time td calculated from cell counting of FCS and PL-cultured JPCs under untreated and osteogenic culture conditions.
5× 103 cells/cm2 were seeded in 12-well culture plates and counted following trypsinization after 5, 7, and 10 days of in vitro culturing.
Doubling time td (h) calculated from total cell counts from 5 donors (n = 4 counting per patient and culture condition) is listed ±standard
deviations and significance values.

Doubling time td (h)
FCS Co PL Co FCS Ob PL Ob

d5 140.4± 55.5 44.2± 4.3 112.5± 39.2 37.2± 6.0
Significance p < 0 05 p < 0 01
d7 156.6± 84.6 29.9± 6.0 125.9± 104.8 20.4± 1.3
Significance p < 0 05
d10 125.6± 48.5 32.1± 4.3 66.5± 27.3 23.3± 2.1
Significance p < 0 01 p < 0 05
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Figure 4: Measurements of cell size under FCS- and PL-containing culture conditions. Full length cell size measurements were performed
using the CellProfiler and the LAS EZ software from 3 JPC donors (n = 10 measurements per donor, n = 30 for each culture condition).
Cells were cultivated under FCS and human PL supplementation under normal (Co) and osteogenic (Ob) conditions for 5 days before
performing the measurements. Statistical significances are indicated by asterisks: ∗p < 0 001

6 Stem Cells International



120

100

80

A
m

ou
nt

 o
f p

os
iti

ve
 ce

lls
 (%

)

60

40

20

−20
CD29 CD45 CD73 CD90 CD105 MSCA-1CD29 CD45 CD73 CD90 CD105 MSCA-1

0

120

100

80

A
m

ou
nt

 o
f p

os
iti

ve
 ce

lls
 (%

)

60

40

20

0

Day 5 FCS
Day 5 PL

Day 10 FCS
Day 10 PL

Co Ob

⁎
⁎

⁎

Day 5 FCS
Day 5 PL

Day 10 FCS
Day 10 PL

Figure 5: Flow cytometric analyses of MSC surface markers by JPCs cultivated under FCS and PL supplementation. Cell surface expression of
CD29, CD45, CD73, CD90, CD105, andMSCA-1 was analyzed in JPCs (from 4 donors) cultivated under FCS and human PL supplementation
under normal (Co) and osteogenic (Ob) conditions for 5 and 10 days by flow cytometry. Significantly higher levels (∗p < 0 05) of MSCA-
1 were detected under Co conditions after day 10 and under osteogenic conditions after day 5 and 10 of hPL cultivation.

N
um

be
r 1

FCS Ob PL Ob

N
um

be
r 2

N
um

be
r 3

N
um

be
r 4

Figure 6: Detection of JPC mineralization cultured under FCS- and PL-containing culture conditions. Representative microscopic images
(scale bar: 200μm) of alizarin red B stainings of PL- and FCS-cultured JPC monolayers (from 4 donors) after 24 days of osteogenic
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in vitro cultivation of jaw periosteal cells, we compared in the
present study cell functions and mineralization potential of
these cells under FCS and PL culturing. Since serum-free cul-
turing of JPCs selectively promoted the osteoprogenitors
within the whole cell population [1] and biochemical analysis
of formed minerals elucidated their high quality by Raman
spectrometry [2], the extent of mineralization was not
satisfactory. To the best of our knowledge, we analyze for
the first time in the present study the high potential of plate-
let lysate for the in vitro cultivation and mineralization of
periosteal cells.

For the processing of human platelet lysates, several
methods have been established, the most common of them
being the implementation of one or more freeze/thaw cycles
to induce platelet lysis and the release of abundant bioactive
molecules [6]. However, a systematic analysis determining
the optimal number of freeze/thaw cycles is still missing
[3]. In a recent study, Bernardi and colleagues could demon-
strate that the production method affects the efficacy of
human PL for the expansion and differentiation of bone
marrow-derived MSCs [7].

We analyzed cell surface marker expression as defined by
Dominici and coauthors for MSCs [8]. All markers revealed
comparable levels independent of FCS or PL cultivation.
The only significant difference was referred to MSCA-1

surface expression which was detected at significantly higher
levels in PL-cultured JPCs. We already demonstrated in a
former study that the MSCA-1-positive cells hallmark the
osteoprogenitors within the entire JPC cell population [9].
Growth factors derived from the used PL might trigger the
proliferation of MSCA-1-positive cells and therefore be in
part the reason for the much higher osteogenic potency of
the herein analyzed JPCs.

Under PL cultivation, we observed and quantified a
significantly diminished cell size. A similar observation
was made under serum-free cultivation of JPCs [1]. This
fact obviously impacts cell impedance measurements by
altering the electrical resistance within the E-plates. The
significantly higher PD times of FCS-cultured JPCs calcu-
lated by the xCELLigence software were shown to be in
contrast to those obtained by measurements of the meta-
bolic activities and by microscopic observations. These
results indicate that this device is not suitable for the com-
parison of primary cells cultured at different media condi-
tions which probably influence the cell size. Alternatively,
the calculation of PD times by the device-specific software
should be improved by including a correction factor con-
sidering the cell size.

Due to the fact that neither the xCELLigence system nor
the MTT assay could accurately measure exact differences in

Table 3: JPC mineralization under FCS and PL cultivation by different combination of osteogenic stimuli. FCS- and PL-cultured JPCs from 5
donors (numbers 1–5) were induced by the addition of different combinations of osteogenic stimuli for 24 days before alizarin red stainings
were performed.

Pat. number
FCS hPL

dexa, β-glyc,
ascorb

dexa,
β-glyc

β-glyc,
ascorb

dexa,
ascorb

β-glyc
dexa, β-glyc,

ascorb
dexa,
β-glyc

β-glyc,
ascorb

dexa,
ascorb

β-glyc

1 + 0 0 0 0 +++ 0 0 0 0

2 0 0 0 0 0 + 0 +++ 0 0

3 0 0 0 0 0 +++ 0 +++ 0 0

4 + 0 0 0 0 +++ +++ +++ 0 ++

5 ++ 0 ++ 0 0 +++ +++ +++ 0 0

dexa: dexamethasone; β-glyc: β-glycerophosphate; ascorb: ascorbic acid; 0: no mineralization occurred; +: low, ++: middle, +++: strong mineralization.

FCS Ob

FCS Co

PL Co

PL Ob

0.01 0.1 1

⁎
⁎
⁎

⁎
⁎
⁎

Calcium concentration (�휇M)

Figure 7: Calcium quantification of PL- and FCS-cultured JPCs. Alizarin dye was dissolved in acetic acid and colorimetric quantification
(calcium concentration (μM), logarithmic scale) was performed. Untreated and osteogenic induced JPCs under PL and FCS
supplementation were considered. Statistical significances are indicated by asterisks: ∗∗∗p < 0 0001.

8 Stem Cells International



cell proliferation under FCS- and PL-culturing, we per-
formed simple cell counting and detected significantly higher
cell numbers (3–9-fold) at all analyzed time points. Popula-
tion doubling times were calculated to be 3-fold higher after
5 and 10 days and 5-6-fold higher after 7 days of in vitro
culturing under PL cultivation of JPCs.

Numerous studies have proven the potency of hPL for the
expansion of MSCs [10] from adipose tissue [11–13], umbil-
ical cord blood, and bone marrow [14, 15]. In the present
study, we proved additionally the potency of hPL for JPC
proliferation and mineralization. An extensive comparative
study examined in vitro proliferation of MSCs under the cul-
tivation of 4 different media and three supplements including
FCS, human AB serum, and human PL [16]. MSC prolifera-
tion was observed to be optimal in the PL-supplemented
αMEM. The researchers assessed a library of soluble fac-
tors to promote robust MSC proliferation and established
a cocktail which in combination with up to 1.2% PL could
replace the addition of 5% hPL to the culture medium.
The developed cocktail of recombinant human factors
contained also hormones such as dexamethasone, insulin,
and TSH. Fiorentini and coauthors demonstrated that
the addition of dexamethasone ensures bone marrow
MSC mineralization [17]. Interestingly, in our study, the
addition of 10% hPL could replace the addition of dexa-
methasone to the osteogenic medium for robust minerali-
zation of JPCs from 4 out of 5 tested donors indicating
that the used hPL contains natural glucocorticoids that
can replace dexamethasone. We further made the observa-
tion that β-glycerophosphate is essential and leads to a
missing JPC mineralization when lacking as a phosphate
source in the osteogenic medium.

A further interesting aspect might be the in vitro JPC
culturing under hPL supplementation directly after the
isolation from the primary tissue. In this study, frozen
JPCs from passage 2 were thawed and expanded under
FCS supplementation till sufficient cell numbers were
achieved for the comparative experiments. The PL use from
the starting point of JPC in vitro culturing could accelerate
and improve the generation of tissue engineering constructs
using this cell type.

In summary, we demonstrated in the present study
the high potential of the supplementation with human
platelet lysate instead of the commonly used FCS for
the in vitro culturing and clinical tissue engineering appli-
cations of JPCs. Furthermore, the addition of the cortico-
steroid dexamethasone is probably no longer necessary
after hPL supplementation.
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Insulin-like growth factors (IGFs) are critical components of the stem cell niche, as they regulate proliferation and differentiation of
stem cells into different lineages, including skeletal muscle. We have previously reported that insulin-like growth factor binding
protein-6 (IGFBP-6), which has high affinity for IGF-2, alters the differentiation process of placental mesenchymal stem cells
(PMSCs) into skeletal muscle. In this study, we determined the roles of IGF-1 and IGF-2 and their interactions with IGFBP-6.
We showed that IGF-1 increased IGFBP-6 levels within 24 hours but decreased after 3 days, while IGF-2 maintained higher
levels of IGFBP-6 throughout myogenesis. IGF-1 increased IGFBP-6 in the early phase as a requirement for muscle
commitment. In contrast, IGF-2 enhanced muscle differentiation as shown by the expression of muscle differentiation markers
MyoD, MyoG, and MHC. IGF-1 and IGF-2 had different effects on muscle differentiation with IGF-1 promoting early
commitment to muscle and IGF-2 promoting complete muscle differentiation. We also showed that PMSCs acquired increasing
capacity to synthesize IGF-2 during muscle differentiation, and the capacity increased as the differentiation progressed
suggesting an autocrine and/or paracrine effect. Additionally, we demonstrated that IGFBP-6 could enhance the muscle
differentiation process in the absence of IGF-2.

1. Introduction

Insulin-like growth factor (IGF) system regulates cell growth,
differentiation, migration, and cell survival through activa-
tion of several receptor-dependent signal transduction path-
ways [1]. The IGF family consists of two IGF ligands (IGF-1
and IGF-2), three cell surface receptors (IGF-1 and IGF-2
receptors and the insulin receptor), and six IGF binding
proteins (IGFBPs) [1]. IGF-1 and IGF-2 are circulating
peptides, which bind IGF-1R, a ligand-activated receptor

tyrosine kinase, for their biological actions [1, 2]. IGFBPs
act as carriers for IGFs in the circulation [3], protecting
them from degradation [2, 4] and regulating the biological
actions of IGFs by delivering them to specific tissues. The
IGF family plays an important role in fetal and placental
development by stimulating proliferation, differentiation,
and survival of various types of placental cells [5]. IGFs
are vital in cell growth, development, and cell-fate changes
through several mitogen activation cascades [6–9]. The
IGF family is also important in muscle development as
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IGFs maintain muscle cell viability, promote hypertrophy,
and stimulate differentiation in cultured myoblasts [9].
The importance of IGFs and the IGF-1R in skeletal muscle
development is demonstrated in the loss-of-function ani-
mal models. IGF-1R knockout mice die soon after birth
as functional respiratory muscle is deficient and pups are
unable to breathe [10, 11]. Furthermore, IGF-1 and IGF-
2 are expressed by skeletal muscle cells during muscle
repair in response to muscle injury and exercise [12, 13].
IGFs are the only factors known to promote both muscle
cell proliferation and differentiation [13]. In response
to muscle injury, adult skeletal muscle regenerates by
expressing myogenic regulatory factors (MRFs) [13]. During
myogenesis, committed muscle cells differentiate into the
muscle lineage by expressing muscle commitment markers,
Pax3 and Pax7, which in turn upregulate MyoD and myo-
genin [14]. After commitment, myoblasts fuse together and
form multinucleated fibers that express myosin heavy chain
(MHC) [14].

After muscle injury, IGF-1 enhances regeneration while
inhibiting IGF-1 activity with neutralizing antibodies, reduc-
ing the number of regenerating myofibers in vivo [15]. IGF-2,
which upregulates its own gene expression during myogen-
esis in a positive feedback loop [12], is expressed abundantly
in the developing skeletal muscle and is the major growth
factor for muscle growth, differentiation, and regeneration
[12, 13]. When IGF-2 is inhibited, myogenesis does not
occur [16]. In fact, IGF-2 is required to allow the continued
recruitment of MyoD-associated proteins at the myogenin
promoter [17]. Moreover, in cultured myoblasts, IGFs stim-
ulate terminal differentiation through an autocrine pathway
that is dependent on IGF-2 secretion [18].

IGFBPs also play a role in fetal and placental develop-
ment as they are expressed during different stages of
development in a time-specific and cell-specific manner.
Although loss-of-function studies targeting single IGFBP
genes have not yielded significant phenotypic changes in
the fetus or placenta, it is thought that there are subtle
changes in development which are possibly due to biologic
compensation by other binding proteins or redundancy.
IGFBP-6, a member of the IGF binding protein family, is
expressed abundantly in developing muscle cells and is
required for myogenesis [13]. It is a unique peptide among
the IGFBPs due to its higher binding affinity to IGF-2
versus IGF-1 (~70- to 100-fold) [19–22]. The most com-
monly reported function of IGFBP-6 is the modulation
of IGF-2 activity. IGFBP-6 binds IGF-2 in the circulation
and prevents it from binding to the cell surface receptors
and modulates IGF-2 bioavailability in vitro and in vivo
[23, 24]. IGFBP-6 can also bind and localize IGF-2 at
the cell surface, enhancing IGF-2 actions by delivering
IGF-2 to the IGF-1R [24]. However, the mechanisms con-
trolling the multiple actions of IGFBP-6 remain unclear.
Previous studies in our lab have shown that both extracellular
and intracellular IGFBP-6 are required for myogenesis. In
this study, we determined the different biologic roles of
IGF-1 and IGF-2 and whether IGFBP-6’s impact on PMSC
differentiation into skeletal muscle is dependent or indepen-
dent of IGFs (particularly IGF-2).

2. Materials and Methods

2.1. Isolation of PMSCs. PMSC isolation and experiments
were conducted in accordance with the approval from
the Health Sciences Research Ethics Board of Western
University. Informed consent was obtained from healthy
women undergoing therapeutic termination of pregnancy,
and the PMSCs used in this study were isolated from 15
weeks preterm placental tissues. After surgery, chorionic villi
were dissected, washed, minced with surgical scissors and
forceps, and then subjected to enzymatic digestion with
collagenase IV (369 IU/mg), hyaluronidase (999 IU/mg)
(Sigma-Aldrich, Oakville, ON), and DNase I (2000 IU/mg)
(Hoffmann-La Roche, Mississauga, ON) for 10 minutes
at room temperature, followed by 0.05% trypsin (Gibco/
Invitrogen, Mississauga, ON) for 5 minutes at room temper-
ature. The sample was then washed for 10 minutes with 10%
FBS in DMEM/F12 medium, and the resulting single cell
suspension was separated by density centrifugation over a
Percoll (Sigma-Aldrich, Oakville, ON) discontinuous gradi-
ent using a modified protocol by Worton et al. [25, 26].
PMSCs isolated were validated for the expression of
stem cell markers (CD73, CD105, and CD-117/c-Kit) and
differentiation ability [26].

2.2. Muscle Differentiation and IGFs Treatment. Cells
were plated in muscle growth media (fetal bovine serum
0.05mL/mL, fetuin 50μg/mL, epidermal growth factor
10 ng/mL, basic fibroblast growth factor 1 ng/mL, insulin
10μg/mL, and dexamethasone 0.4μg/mL) for 48 hours
before changing to the skeletal muscle differentiation
media, which is a proprietary serum-free medium containing
10μg/mL insulin (PromoCell, Heidelberg, Germany) [26],
with or without 100ng/mL of either IGF-1 or IGF-2 (Cell
Signaling Technology, Danvers, MA). IGFs were added every
3 days at the time of media change. Cells were grown in
six-well plates in a standard tissue culture incubator at
37°C in 5% CO2.

2.3. Downregulation of IGF-2 Expression by siRNA. To silence
the endogenous IGF-2 expression, siRNA against IGF-2
(Santa Cruz Biotechnology, Dallas, TX) was used. 8μL of
Lipofectamine (Invitrogen, Mississauga, ON) with 8μL of
either scrambled or IGF-2 siRNA was added to 100μL
of DMEM/F12 media (Invitrogen, Mississauga, ON) for
40 minutes at room temperature. siRNA was added to
the 70% confluent cells and incubated for 5 hours at 37°C.
Muscle growth media (1.5mL) was added for 48 hours, then
changed to muscle differentiation media (2mL) (PromoCell,
Heidelberg, Germany).

2.4. IGFBP-6. Recombinant human IGFBP-6 (ProSpec, East
Brunswick, NJ) was added to the media (375 ng/mL) every
3 days at the time of media change. The IGFBP-6 concentra-
tion was determined by a dose-response curve using PMSCs
in muscle differentiation media [26].

2.5. Immunoblotting. Following PMSC culture, cell lysates
containing 20μg of protein were added to 6x SDS gel
loading buffer (1%β-mercaptoethanol, 1% SDS, 30% glycerol,
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0.0012% bromophenol blue, Tris-HCl 0.28M, pH6.8). Sam-
ples were boiled for 5 minutes at 95°C, then placed on ice for
3 minutes, and centrifuged at 3000 rpm for 20 seconds
before loading. Samples were resolved by molecular weight
using 10% SDS polyacrylamide gels transferred onto polyvi-
nylidene fluoride (PVDF) membranes (Bio-Rad, Hercules,
CA) using a Trans-Blot Turbo (Bio-Rad, Hercules, CA) with
an optimized protocol depending on protein size. Mem-
branes were blocked with 5% nonfat dry milk, gently shaking
for 1 hour at room temperature in Tris-HCl buffered saline
pH8.0 with 0.1% Tween-20 (TBS-T). Blots were then
washed with TBS-T (3 times for 10 minutes) followed by
incubation at 4°C overnight with specific primary antibodies
in 5% BSA or 5% nonfat dry milk in TBS-T following the
manufacturer’s protocol. Then, membranes were washed
and incubated for 1 hour at room temperature with the cor-
responding secondary HRP-conjugated antibody. Resolved
protein bands were detected using chemiluminescence, and
images were taken using the VersaDoc Imager (Bio-Rad,
Hercules, CA) [26].

2.6. Immunocytochemistry. PMSCs were grown on glass
coverslips, stained with primary antibodies (1 : 100), and
incubated at 4°C overnight. Primary antibodies were washed
using 0.1% Tween-20 in PBS (3 times for 5 minutes); cells
were then incubated in the dark with the corresponding
secondary Alexa Flour conjugated antibody (1 : 200). The
secondary antibody was washed using 0.1% Tween-20 in
PBS (3 times for 5 minutes), and the nuclear stain was added
for 7 minutes and then rinsed. The cover slips were mounted
and images were taken using a confocal microscope (Zeiss,
Germany) [26].

2.7. Antibodies. To detect stem cell-associated potency
markers, antibodies for OCT4 (N-19: sc-8628) (Santa
Cruz Biotechnology, Dallas, TX), SOX2 (2683-1) (Epi-
tomics, Burlington, ON), and Nanog (3369-1) (Epitomics,
Burlington, ON, Canada) were used. To detect markers of
muscle differentiation, Pax3/7 (E-10: sc-365613), MyoD
(M-318: sc-760), myogenin (F5D: sc-12732), and myosin
heavy chain (H-300: sc-20641) (Santa Cruz Biotechnology,
Dallas, TX) were used. To detect IGFBP-6, antibody H-70:
sc-13094 (Santa Cruz Biotechnology, Dallas, TX) was used.
To detect IGF-2, antibody H-103: sc-5622 (Santa Cruz
Biotechnology, Dallas, TX) was used. For loading control,
pan-Actin Ab-5 (Thermo Fisher Scientific, Fremont, CA)
was used. The secondary antibodies used for immunoblot-
ting were HRP-conjugated goat anti-rabbit (#170-6515) or
anti-mouse (#170-6516) (Bio-Rad, Hercules, CA) or don-
key anti-goat antibody (Santa Cruz Biotechnology, Dallas,
TX). The secondary antibodies used for immunocytochem-
istry were green-Alexa 488 or red-Alexa 568 (Invitrogen,
Mississauga, ON).

2.8. Quantification of IGFBP-6 and IGF-2 by Enzyme-Linked
Immunosorbent Assay (ELISA). Human IGFBP-6 (RayBio-
tech®, Burlington, ON) and IGF-2 (ALPCO, Salem, NH)
ELISA kits were used to measure the amount of IGFBP-6
and IGF-2 secreted into PMSC conditioned media. Standards

and samples were loaded into the wells and the immobilized
antibody bound IGFBP-6 or IGF-2 present in the sample.
The wells were washed and biotinylated anti-human anti-
body was added. After washing, HRP-conjugated streptavi-
din was added; then, a TMB substrate solution was used
to develop a blue color in proportion to the amount of
IGFBP-6 or IGF-2 bound. The Stop Solution changes color
from blue to yellow, and the intensity was measured at
450 nm using Multiskan Ascent plate reader and analysis
software [26].

2.9. Aldehyde Dehydrogenase (ALDH) Activity. ALDH activ-
ity, a conserved progenitor cell function, was assessed by flow
cytometry. Using the Aldefluor™ assay (Stem Cell Technolo-
gies, Vancouver, BC), as per the manufacturer’s instructions.
Briefly, 5μL of activated Aldefluor reagent was added to 1mL
of cell suspension and incubated for 45 minutes at 37°C. Cells
were washed and resuspended in 500μL of ice-cold Aldefluor
assay buffer and ALDH activity was measured using flow
cytometry. As a negative control, Aldefluor DEAB reagent
was used [26]. Samples were run in triplicate.

2.10. Statistical Analysis. All experiments were performed in
triplicate using the cells from 3 PMSC samples (N = 3).
GraphPad Prism Software 5.0 was used to generate all graphs
and analyses. A two-way ANOVA followed by a Bonferroni’s
multiple comparison test or a one-way ANOVA followed by
a Student’s t-test was used to calculate significant differences
when P < 0 05. Graphic representation values are presented
as mean± SEM (shown as variance bars).

3. Results

3.1. IGF-1 Affects PMSC Multipotency and Differentiation
into Skeletal Muscle. To test the effects of extracellular
IGF-1 on PMSC multipotency and differentiation into mus-
cle cells, IGF-1 was supplemented to muscle differentiation
media (100 ng/mL) every third day for up to 14 days.
OCT4 levels were not changed by IGF-1 supplementation
(Figure 1(a)), while both SOX2 (Figure 1(b)) and Nanog
(Figure 1(c)) levels were reduced at early time points com-
pared to unsupplemented muscle differentiation condi-
tions. In contrast, IGF-1 supplementation increased Pax3/
7 levels at 7 and 14 days suggesting PMSC commitment
to the muscle lineage (Figure 1(d)). Finally, IGF-1 treat-
ment decreased the levels of muscle-specific differentiation
marker, MyoD, at day 14 (Figure 1(e)), but did not
change MyoG and MHC levels (Figures 1(f) and 1(g)),
compared to PMSCs cultured under unsupplemented muscle
differentiation conditions.

Immunocytochemistry analyses at day 14 revealed that
PMSCs treated with IGF-1 showed qualitatively increased
Pax3/7, decreased MyoD, and no change in OCT4 and
MHC immunoreactivity (Figure 2), which was in agreement
with the analyses by Western blots. Moreover, IGF-1 treat-
ment significantly increased the total number of cells com-
pared to unsupplemented controls (Supplementary Figure 1).

We also tested PMSCs for ALDH activity to determine
the frequency of cells that maintained high ALDH activity,
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Figure 1: Continued.
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a conserved phenotype of early progenitor cells in multiple
lineages [27–29]. Under muscle differentiation conditions,
IGF-1 treatment increased the frequency of cells with high
ALDH activity at all time points compared to PMSCs under
muscle differentiation alone (Figure 3 and Supplementary
Figures 2A to 2D) suggesting that extracellular IGF-1 treat-
ment prolonged progenitor cell phenotype in PMSCs cul-
tured under muscle differentiation conditions.

3.2. IGF-2 Affects PMSC Multipotency and Differentiation
into Skeletal Muscle. The impact of IGF-2 in PMSC mul-
tipotency and differentiation into skeletal muscle was
investigated by adding IGF-2 (100ng/mL) to the muscle
differentiation media. Using Western blots, we demon-
strated that IGF-2 supplementation increased the protein
levels of pluripotency-associated marker OCT4 at days
3, 7, and 14 compared to PMSCs cultured in muscle dif-
ferentiation media alone (Figure 1(a)), whereas other
pluripotency-associated markers SOX2 (Figure 1(b)) and
Nanog (Figure 1(c)) were decreased. In contrast, IGF-2
supplementation increased the protein levels of the muscle
lineage commitment marker Pax3/7 and the levels of muscle
differentiation markers MyoD, MyoG, and MHC compared
to untreated controls (Figures 1(d) to 1(g)).

Using immunocytochemistry, PMSCs cultured under
muscle differentiation conditions supplemented with IGF-2
showed, qualitatively, no change in OCT4, Pax3/7, and
MyoD immunoreactivity (Figure 2). In contrast, expres-
sion of muscle differentiation marker MHC was increased

(Figure 2) at 14 days after IGF-2 treatment compared to
untreated controls, with fewer cells per field (Supplementary
Figure 1) suggesting that IGF-2 enhanced the terminal
muscle differentiation process.

Moreover, IGF-2 supplementation of PMSCs under
muscle differentiation conditions decreased the frequency
of cells with high ALDH activity compared to PMSCs under
untreated muscle differentiation condition at all time points
(Figure 3 and Supplementary Figures 2A to 2D), suggesting
that IGF-2 promoted the differentiation of PMSCs into
skeletal muscle.

3.3. Extracellular IGFs Altered IGFBP-6 Levels. Using
Western blots, we showed increased cellular IGFBP-6 levels
with IGF-1 treatment at early time points, which coincided
with delayed muscle commitment as indicated by higher
levels of Pax3/7 levels (Figure 1(d)). In contrast, IGF-2 did
not increase IGFBP-6 levels until day 14 compared to PMSCs
under muscle differentiation only (Figure 4(a)). When com-
pared to PMSCs treated with IGF-1, IGF-2 treatment
increased IGFBP-6 levels at 7 and 14 days (Figure 4(a)) sug-
gesting that IGF-2 treatment stimulated IGFBP-6 synthesis
after PMSC commitment to the muscle lineage, whereas
IGF-1 effect on IGFBP-6 synthesis occurred before PMSC
commitment to muscle.

To investigate the effects of IGF-1 and IGF-2 on
IGFBP-6 secretion into conditioned media under muscle
differentiation conditions, IGFBP-6 in the PMSC media
was measured using ELISA. With IGF-1 treatment, IGFBP-
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Figure 1: IGF-1 and IGF-2 supplementation differently affected levels of pluripotency-associated and muscle differentiation markers in
PMSC. (a) IGF-1 treatment had no effect on OCT4 levels, while IGF-2 treatment increased OCT4 levels at 3, 7, and 14 days compared to
muscle differentiation alone. (b) SOX2 and (c) Nanog levels were decreased after IGF-1 treatment at early time points only, whereas IGF-2
treatment decreased SOX2 levels until day 7 and at all time points for Nanog. (d) Pax3/7 levels were increased at 7 and 14 days and did
not decrease after IGF-1 treatment, while IGF-2 treatment increased Pax3/7 levels at all time points but decreasing with time. (e) MyoD,
(f) MyoG, and (g) MHC protein levels did not change with IGF-1 supplementation, except for a decrease in MyoD levels at day 14. In
contrast, IGF-2 treatment increased muscle differentiation marker levels at all time points. Protein levels were quantified by densitometry
and normalized to β-actin. Data is presented as the mean± SEM of 3 independent experiments. Two-way ANOVA with Bonferroni’s
multiple comparison test was performed to determine ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001 comparing control to muscle differentiation
conditions, or ###P < 0 001 comparing the same treatment over time.
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Figure 2: PMSCs treated with IGF-2 showed qualitatively increased immunofluorescence for MHC at 14 days. Compared to PMSCs cultured
under muscle differentiation alone, PMSCs treated with IGF-1 or IGF-2 showed similar OCT4 immunoreactivity (red-Alexa, λ= 568 nm).
However, IGF-1 supplementation increased Pax3/7 IR (green-Alexa, λ= 488 nm), decreased MyoD IR, with no change in MHC IR
(red-Alexa, λ= 568 nm). In contrast, IGF-2 treatment did not alter Pax3/7 IR (green-Alexa, λ= 488 nm) or MyoD IR, but increased MHC
IR (red-Alexa, λ= 568 nm). Nuclei, stained with Hoechst dye (blue, λ= 340 nm). Immunocytochemistry was performed in triplicate with
each antibody.

6 Stem Cells International



6 concentration was increased at early time points (days 1
and 3) and decreased at later time points (days 7 and 14)
compared to control PMSCs under muscle differentiation
conditions (Figure 4(b)). In contrast, IGF-2 treatment
increased IGFBP-6 secretion throughout differentiation
until day 14 (Figure 4(b)). Therefore, both IGFs increased
IGFBP-6 synthesis by PMSCs under muscle differentiation
conditions with the effect of IGF-1 short lived and IGF-2
for a long duration.

3.4. Extracellular IGFBP-6 Maintains Muscle Differentiation
of PMSCs in the Absence of IGF-2. Previous studies in the
Han Laboratory showed that during PMSC differentiation
into skeletal muscle, IGF-2 secretion was significantly
increased as compared to control (10% FBS), confirming that
developing muscle cells express IGF-2 which is actively
secreted [26]. To evaluate the role of endogenous IGF-2 on
PMSC differentiation into skeletal muscle, IGF-2 mRNA
was silenced using siRNA treatment every 3 days for up to
14 days. PMSCs with IGF-2 knockdown showed less compact
muscle morphology compared to control (scrambled siRNA)
at day 14 (Figures 5(a) and 5(b)). The addition of IGFBP-6
together with IGF-2 siRNA permitted PMSCs compact
muscle morphology at 14 days (Figures 5(b) and 5(c)). As
expected, IGF-2 levels were decreased by IGF-2 knockdown
compared to scrambled siRNA control. However, IGF-2
levels were equivalent to control levels at day 14 although
IGF-2 siRNA was administered every 3 days (Figure 5(d))
indicating that siRNA-treatment was transient. Furthermore,
IGF-2 levels remained significantly low at all of the time

points by the addition of IGFBP-6 with IGF-2 knockdown
and did not return to control levels (Figure 5(d)), suggesting
an interaction between IGF-2 and IGFBP-6.
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Figure 3: PMSCs cultured under skeletal muscle differentiation
conditions treated with IGF-1 showed an increased frequency of
cells with high ALDH activity, while cells treated with IGF-2
showed a decreased frequency. Compared to PMSCs under muscle
differentiation conditions, cells treated with IGF-1 showed
increased frequency of cells with high ALDH activity, while cells
treated with IGF-2 showed decreased frequency of cells with high
ALDH activity. Data is presented as the mean± SEM of 3
independent experiments. Two-way ANOVA with Bonferroni’s
multiple comparison test was performed to determine ∗P < 0 05
and ∗∗∗P < 0 001.
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Figure 4: IGFBP-6 expression is altered by IGF-1 and IGF-2
treatment in PMSCs cultured under skeletal muscle differentiation
conditions. (a) IGFBP-6 levels were increased by IGF-1 treatment
at days 1 and 3 compared to PMSCs under muscle differentiation
alone; however, they were reduced at days 7 and 14. IGF-2
treatment did not change IGFBP-6 levels until day 14 when they
were increased compared to controls. IGFBP-6 levels were
quantified by densitometry and normalized to β-actin. (b) IGFBP-
6 secretion into conditioned media was increased with both IGF-1
(days 1 and 3) and IGF-2 (days 1 to 7) compared to controls.
However, secreted IGFBP-6 levels were significantly decreased at 7
and 14 days with IGF-1 treatment, and remained increased with
IGF-2 treatment. Data is presented as the mean± SEM of 3
independent experiments. Two-way ANOVA with Bonferroni’s
multiple comparison test was performed to determine ∗P < 0 05,
∗∗P < 0 01, and ∗∗∗P < 0 001 compared to control (PMSCs under
muscle differentiation), or #P < 0 05 and ###P < 0 001 comparing
between IGF-1 and IGF-2 treatments.
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Figure 5: IGF-2 knockdown with siRNA inhibited PMSC differentiation into skeletal muscle and adding extracellular IGFBP-6 with the
treatment helped rescue muscle compaction. (a) Compared to PMSCs under muscle lineage differentiation conditions with siRNA
scrambled control, (b) PMSCs under muscle differentiation conditions treated with IGF-2 siRNA showed less skeletal muscle compaction
at 14 days (10x). (c) Extracellular IGFBP-6 supplementation with IGF-2 knockdown enhanced the PMSC muscle compaction at 14 days
compared to IGF-2 siRNA. The white arrows indicate muscle compaction. (d) IGF-2 levels by PMSCs treated with IGF-2 siRNA under
differentiation conditions were reduced and returned to control levels by day 14, while adding IGFBP-6 with IGF-2 knockdown
maintained lower IGF-2 levels. (e) IGFBP-6 protein levels increased until day 3 with IGF-2 knockdown compared to siRNA scrambled
control. IGFBP-6 addition with IGF-2 knockdown increased IGFBP-6 protein levels at each time point. Protein levels were quantified by
densitometry and normalized to β-actin. Data is presented as the mean± SEM of 3 independent experiments. Two-way ANOVA with
Bonferroni’s multiple comparison test was performed to determine ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001 compared to scrambled siRNA
control, or #P < 0 05 and ###P < 0 001 compared to IGF-2 siRNA.

8 Stem Cells International



After IGF-2 knockdown, IGFBP-6 levels were increased
until day 3 compared to scrambled siRNA control
(Figure 5(e)), suggesting greater availability of IGFBP-6
demonstrated by an increase in secreted IGFBP-6 (Supple-
mentary Figure 3). As expected, IGFBP-6 protein levels
were significantly increased at each time point during
IGF-2 siRNA treatment alongside extracellular IGFBP-6
supplementation compared to controls (Figure 5(e)).

Concurrent with IGF-2 knockdown, we observed a
decrease in pluripotency-associated marker OCT4 levels
until day 3 with an increase at day 14 compared to scrambled
siRNA control (Figure 6(a)). In contrast, SOX2 levels did not
change (Figure 6(b)). Furthermore, the addition of IGFBP-6
with IGF-2 knockdown reduced both OCT4 (Figure 6(a))
and SOX2 (Figure 6(b)) levels. The protein levels of muscle
lineage differentiation markers MyoD (Figure 6(c)) and
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Figure 6: IGF-2 knockdown decreased muscle differentiation markers, while adding IGFBP-6 partially increased the markers. (a) OCT4
levels were reduced with IGF-2 knockdown until day 3 and increased at day 14. Adding IGFBP-6 alongside IGF-2 siRNA reduced OCT4
protein levels at all-time points compared to siRNA scrambled control. In contrast, (b) SOX2 levels did not change with IGF-2
knockdown. But when IGFBP-6 was added with IGF-2 silencing, the levels were reduced from 1 to 3 days compared to control and IGF-2
knockdown. Protein levels of muscle differentiation markers: (c) MyoD and (d) MHC decreased with IGF-2 siRNA and IGFBP-6
supplementation increased the levels. Protein levels were quantified by densitometry and normalized to β-actin. Data is presented as the
mean± SEM of 3 independent experiments. Two-way ANOVA with Bonferroni’s multiple comparison test was performed to determine
∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001 compared to scrambled siRNA control, or #P < 0 05 and ###P < 0 001 compared to IGF-2 siRNA.
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MHC (Figure 6(d)) were decreased significantly after IGF-2
knockdown indicating a critical role for IGF-2 in PMSC
differentiation into skeletal muscle. In contrast, IGFBP-6
supplementation alongside IGF-2 knockdown significantly
increased MyoD and MHC levels at 7 and 14 days compared
to siRNA scrambled control or IGF-2 knockdown alone
(Figures 6(c) and 6(d)).

Knockdown of IGF-2 expression in PMSCs significantly
decreased the abundance of cells with high ALDH activity
compared to control (scrambled siRNA) at day 1 (Figure 7
and Supplementary Figure 4). In contrast, the addition of
IGFBP-6 together with IGF-2 knockdown further decreased
the abundance of cells with high ALDH activity at all time
points compared to siRNA scrambled control or IGF-2
siRNA treatment (Figure 7 and Supplementary Figure 4).
Collectively, these data suggest that IGFBP-6 reduced pro-
genitor cell phenotype under muscle differentiation condi-
tions and maintained the differentiation of PMSCs towards
skeletal muscle in the absence of IGF-2.

4. Discussion

It is believed that if stem cells are to be used successfully in
cell-based therapies for specific diseases, they must be
initiated towards a progenitor cell of a desired lineage (e.g.,
skeletal muscle for therapy of muscular dystrophy) [30]. In
addition, adequate cell numbers will be needed for effective
therapy. Human placenta, which is usually discarded fol-
lowing birth, is a potential source of adult mesenchymal
stem cells with functional capacity similar to bone marrow
[31–34]. PMSCs also demonstrate low tumorigenicity with
higher immunotolerance after transplantation, making them
an ideal cell type for tissue regeneration therapies [35, 36].

The IGF system is important for muscle development,
growth, regeneration, and differentiation [10, 11, 13, 37, 38].
IGF-2 plays an important role during C2C12 differentiation
and is considered the main myogenic factor in myoblast
cells [39]. In C3H 10T1/2 fibroblasts converted to myo-
blasts by transfection of MyoD transgene, there was an
increase in the mRNA expression and protein levels of
IGF-2 during the differentiation stage [16]. In this study,
we showed that IGF-2 is synthesized and secreted into the
extracellular space by PMSCs during muscle differentiation
and the highest levels are expressed by fully differentiated
muscle cells. Taken together, these findings show the
important role of the IGFs, particularly IGF-2, in muscle
differentiation as autocrine/paracrine factors.

IGF-binding proteins act as carriers for IGF-1 and IGF-2
in the circulation, facilitating ligand delivery to specific tis-
sues and controlling access to the IGF receptors [2, 3, 40].
Also, IGFBPs are expressed by many cell types, including
skeletal muscle, and have been demonstrated to have func-
tions that are dependent or independent of IGF binding [4].
IGFBPs are expressed by developing muscle cells and are
important in myogenesis [40, 41]. In osteoblasts, IGFBP-6
has been shown to modulate cell growth by reducing the bio-
availability of IGF-2 in the bone microenvironment [42].
When L6E9 cells (a myoblast cell line used to study late
myogenesis) are stimulated with IGF-1, these cells initiate a

proliferative response. During this time of rapid cell division,
the myogenic regulatory factors are inhibited. Approximately
30 hours later, there is a stimulation of myogenin expression
[43]. In mouse C2C12 cells and C2 satellite cell line, there
are greater levels of IGF-2 mRNA than IGF-1, 2000-fold
to 20-fold, respectively [12, 19, 44]. Our study is one of
the first to show the effects of IGF-1 and IGF-2, in com-
bination with IGFBP-6, on human PMSC differentiation
into skeletal muscle in vitro.

The aim of this study was to characterize the effects of
IGFs on the differentiation of PMSCs into skeletal muscle
and to delineate their interactions with IGFBP-6 in the
differentiation process. We showed previously that IGF-2
secretion into the condition media was increased during
and at the completion of muscle differentiation indicating
that the synthesis of IGF-2 increased as the cells became
more differentiated [26]. Moreover, increased IGFBP-6 in
the PMSC microenvironment is expected to reduce the
bioavailability of IGF-2 due to its high affinity for the peptide,
confirmed by IGF-2 ELISA [26].

In this study, we showed that IGF-1 can promote an early
increase in IGFBP-6 expression before PMSCs commit to
the muscle lineage, a requirement that delayed muscle
lineage commitment. This was confirmed by the increased
levels of muscle commitment marker (Pax3/7) and decreased
muscle differentiation marker (MyoD) after IGF-1 treatment.
On the other hand, IGF-2 treatment increased both
IGBP-6 and OCT4 levels. These results are in agreement
with our previous studies [26], showing IGFBP-6 positive
effects on OCT4 levels. Also, the muscle differentiation
markers (MyoD, MyoG, and MHC) were increased at
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Figure 7: IGF-2 knockdown and extracellular IGFBP-6 addition
in PMSCs under muscle differentiation conditions decreased the
frequency of cells with high ALDH activity. Compared to PMSCs
under muscle differentiation conditions (siRNA scrambled control),
cells treated with IGF-2 siRNA showed decreased frequency of cells
with high ALDH activity at day 1, while adding extracellular IGFP-
6 with IGF-2 siRNA showed decreased frequency of cells with
high ALDH activity at each time point. Data is presented as the
mean± SEM of 3 independent experiments. Two-way ANOVA
with Bonferroni’s multiple comparison test was performed to
determine ∗∗P < 0 01, and ∗∗∗P < 0 001 compared to scrambled
siRNA control, or ###P < 0 001 compared to IGF-2 siRNA.
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later time points with IGF-2 treatment, confirming that IGF-
2 enhanced PMSC muscle differentiation, unlike IGF-1
(Figure 8). Increased OCT4 levels occurred alongside a
decrease in SOX2 and Nanog levels which is expected in a
mesodermal differentiation [45]; OCT4 is needed for differ-
entiation as it supports downregulating pluripotency, and
when deficient, cells are not able to differentiate [46].

IGF-1 and IGF-2 stimulate both proliferation and termi-
nal differentiation of many tissues in developing embryos
and adults. IGFBP-6 has a significantly higher affinity (~70–
100-fold) for IGF-2 than IGF-1 [19–22]. Previous studies in
C2C12 cells show that as muscle differentiation progressed,
IGF-2 stimulated its own expression and inhibited IGF-1
expression in a time- and dose-dependent manner [12]. In
our study, there was a decrease in the amount of secreted
IGF-2 to the media after IGF-1 treatment in PMSCs under
muscle differentiation conditions, indicating that an intri-
cate balance between IGF-1 and IGF-2 expression exists in

the niche during myogenesis from PMSCs (Supplementary
Figure 5). Further investigation will be conducted to delin-
eate these effects.

Studies in various cell lines have shown mostly inhibitory
action of IGFBP-6 mainly via IGF-2-dependent mechanism.
In L6A1 myoblasts, recombinant human IGFBP-6 inhibited
muscle differentiation stimulated by IGF-2 in a dose-
dependent manner but had no effect on IGF-1 induced
differentiation [47]. Moreover, IGFBP-6 expression has been
previously associated with nonproliferative states and inhi-
bition of IGF-2 dependent tumor cell growth in rhabdo-
myosarcoma, neuroblastoma, and colon cancer [48]. More
specifically, neuroblastoma cells undergo a decrease in both
cell proliferation and tumorigenic potency as a result of
exogenous IGFBP-6 expression as IGFBP-6 sequesters
IGF-2 preventing a mitogenic response in tumor cells
[49, 50]. Previous reports on the effects of IGFs on muscle
differentiation used mouse cell lines [8, 12, 19, 39, 41, 44],
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and differentiation
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Figure 8: Model of IGFs and IGFBP-6 functions during PMSCs myogenesis. During myogenesis, PMSCs lose pluripotency-associated
markers (OCT4, SOX2, and Nanog) and gain muscle commitment marker (Pax3/7) that decreased as muscle differentiation markers
increase (MyoG, MyoD, and MHC). Committed and differentiated muscle cells expressed IGF-1, IGF-2, and IGFBP-6. Extracellular IGF-1
increased IGFBP-6 protein levels before PMSC muscle commitment, resulting in a delayed PMSC muscle commitment and differentiation.
However, IGF-2 extracellular increase resulted in an increase in IGFBP-6 after commitment to the muscle lineage, resulting in full muscle
lineage differentiation. Increased IGF-2 and IGFBP-6 levels also had a positive effect on OCT4 levels, but SOX2 and Nanog levels
were decreased.
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Figure 9: PMSC differentiation into skeletal muscle using the insulin-like growth factor system. PMSCs isolated from the chorionic villus of
preterm human placenta expressed high levels of pluripotency-associated markers under normal growth conditions (10% FBS). As these cells
differentiated into skeletal muscle, the levels of these markers decreased, and the cells committed to the muscle lineage, indicated by Pax3/7
expression. Once committed to differentiation, PMSCs subsequently decreased Pax3/7 expression and increased muscle differentiation
markers (MyoG, MyoD, and MHC) as myoblasts aligned and fuse to form multinucleated myofibers. IGF-1 and IGF-2 binds to the
IGF-1R and activates its intrinsic tyrosine kinase activity resulting in signaling that accelerated muscle differentiation via downstream
signals including PI3K-AKT-mTOR and the RAF-MEK-ERK (MAPK) pathway. Due to IGFBP-6 intracellular and extracellular locations,
IGFBP-6 demonstrated both IGF-dependent and IGF-independent effects on PMSC muscle differentiation. Extracellular IGFBP-6 binds
IGFs and enhances the muscle differentiation process through the IGF-1R, while intracellular IGFBP-6 directly impacted PMSC muscle
differentiation through an unknown mechanism.
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thus our study is one of the first to show the effects of
IGF-dependent functions of IGFBP-6 on human MSC
differentiation into skeletal muscle in vitro.

In this study, we focused on the role of IGFBP-6 and
IGF-2 in PMSCs under muscle differentiation conditions.
We showed that IGFBP-6 was required for PMSC differenti-
ation into skeletal muscle and modulated both multipotency
and muscle markers levels, as well as IGF-2 secretion.
When IGF-2 was knocked down using siRNA, myogenesis
was inhibited, and adding IGFBP-6 helped recover the
muscle differentiation process, supported by muscle mor-
phology and differentiation markers. Previous studies
[48–50] are in agreement with our findings, as IGF-2 levels
are significantly reduced with the increase in extracellular
IGFBP-6.

Placenta development is dependent on the IGF system,
including IGF-1 and IGF-2 [51]. The importance of IGFs in
the human placenta is well defined in mediating growth
and differentiation of the different cells of the chorionic villi
[5, 52]. In the human placenta, IGF-2 mRNA is expressed
in the villous mesenchymal core, where PMSCs reside [51].
IGF-2 also plays a role in the placenta at the early gestation,
whereas IGF-1 is associated in later gestation [53]. Results
from this study showed that IGF-1 and IGF-2 had different
effects on PMSC differentiation into skeletal muscle in a
time-dependent manner. The role of IGF-1 and IGF-2 in
PMSC differentiation into skeletal muscle is not clearly
defined and this study is the first to show the different effects
between IGF-1 and IGF-2.

In conclusion, PMSC differentiation into skeletal mus-
cle is regulated by IGFs. IGF-1 delays PMSC commitment
towards the muscle lineage while IGF-2 enhanced myogen-
esis. IGFBP-6 is also required in this differentiation pro-
cess, and extracellular addition of IGFBP-6 alongside
IGF-2 inhibition sufficiently rescued PMSC muscle differ-
entiation. Since IGFBP-6 has both intracellular as well as
extracellular effects, we showed that the effects on muscle
differentiation are both IGF-dependent and IGF-independent
(particularly IGF-2) (Figure 9). Further investigation of
the balance between IGFs and IGFBP-6 in PMSCmyogenesis
and delineating the receptors and signaling mechanisms
governing muscle lineage development and regeneration
will improve the success of cellular therapies in muscu-
lar dystrophies.
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Supplementary Materials

Supplementary Figure 1: PMSCs under muscle differentia-
tion conditions treated with IGF-1 showed higher cell count,
while IGF-2-treated PMSCs were lower compared to PMSCs
in muscle differentiation alone. Data is presented as the
mean± SEM of 15 different fields from 3 independent exper-
iments. One-way ANOVA followed by Student’s t-test was
performed to determine ∗∗∗P < 0 001 comparing to muscle
differentiation. Supplementary Figure 2: Representative flow
cytometry dot plots from 3 independent experiments show-
ing the frequency of PMSC with high ALDH activity when
cultured under muscle differentiation conditions with or
without either IGF-1 or IGF-2 at (A) day 1, (B) day 3, (C)
day 7, and (D) day 14. DEAB-treated controls were used to
establish the ALDH gate. Supplementary Figure 3: IGFBP-6
levels secreted to the media increased with IGF-2 knockdown
compared to muscle differentiation using ELISA. Data is pre-
sented as the mean± SEM of 3 independent experiments.
Two-way ANOVA with Bonferroni’s multiple comparison
test; ∗∗∗P < 0 001. Supplementary Figure 4: Representative
flow cytometry dot plots from 3 independent experiments
showing the frequency of PMSCs with high ALDH activity
when cultured under muscle differentiation conditions with
or without either IGF-2 siRNA or IGF-2 siRNA and extra-
cellular IGFBP-6 at (A) day 1, (B) day 3, (C) day 7, and
(D) day 14. DEAB-treated controls were used to establish
the ALDH gate. Supplementary Figure 5: PMSCs treated
with IGF-1 showed decreased IGF-2 levels secreted into
the media compared to muscle differentiation. Data is pre-
sented as the mean± SEM of 3 independent experiments.
Two-way ANOVA with Bonferroni’s multiple comparison
test; ∗P < 0 05 and ∗∗∗P < 0 001. (Supplementary Materials)
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Pathogenesis of AKI is complex and involves both local events in the kidney as well as systemic effects in the body that are
interconnected and interdependent. Despite intensive investigations there is still no pharmacological agent that could provide
complete protection against cisplatin nephrotoxicity. In the last decade mesenchymal stem cells (MSCs) have been proposed as a
potentially useful therapeutic strategy in various diseases, including acute kidney injury. Although MSCs have potent
immunosuppressive properties, animal studies also suggest that transplanted MSCs may elicit immune response. Interestingly,
tumorigenicity of transplanted MSCs in animal studies has been rarely studied. Since the risk of tumorigenicity of particular
therapy as well as the immune response to solid or cell grafts is a major issue in clinical trials, the aim of the present paper is to
critically summarize the results of MSC transplantation on animal models of AKI, particularly cisplatin-induced animal models,
and to expose results and main concerns about immunogenicity and tumorigenicity of transplanted MSCs, two important issues
that need to be addressed in future studies.

1. Introduction

Today, mesenchymal stem cell (MSC) therapy is recognized
as a potentially useful innovative therapeutic strategy in var-
ious diseases [1]. Increasing number of experimental studies
demonstrated beneficial effects of MSCs also in acute kidney
injury (AKI) [2]. The pathophysiology of AKI is very com-
plex and involves tubular and vascular cell damage and an
intense inflammatory reaction. Current therapies of AKI
mainly include supportive care, including renal replacement
therapy. Despite these therapies, the five-year mortality rate
for patients with AKI remains >50%. Hence, new therapeutic
interventions and strategies for improving survival outcome
for patients with AKI are needed. Stem cell-based therapy
has gained great interest in AKI treatment over the years
[2]. Recent studies have focused on the clinical efficacy of
MSC transplantation [3]. However, in clinical trials, the

immune response to allogeneic solid or cell grafts has always
been a major issue [4, 5]. Although allogeneic MSCs have
potent immunosuppressive properties, animal studies also
suggest that they may elicit a weak allogeneic immune
response [6].

Thus, the aim of the present paper is to critically sum-
marize the results of MSC transplantation in animal models
of AKI, particularly in cisplatin-induced animal models,
and to expose important issues that need to be addressed
in future studies. We have restricted our investigation on
a cisplatin animal model, because it has specific character-
istics that might have significant effect on short/long-term
MSC studies.

To get insight into the reported side effects or risk fac-
tors of stem cell-based therapy in a cisplatin animal
model, we conducted a PubMed search using keywords
“cisplatin kidney and stem cells” and got 111 publications
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(July, 2017). Among them, 40 publications investigated the
effects of stem cells on a cisplatin animal model and are
shown in Tables 1 and 2.

Tables 1 and 2 show the source and type of stem cells
used, immune state of the animals, duration of the studies,
and potential short/long-term risk effects of stem cell trans-
plantation, delivery route, and so on.

1.1. Important Factors to Consider before Conclusion Can
Be Made. Although most of the studies using the cisplatin
animal model reported that MSC transplantation amelio-
rates AKI, conclusions about the effectiveness and safety
of MSCs must not be made before below stated factors are
taken into consideration:

(1) Characteristics of cisplatin animal models

(2) Reliability of tracking the injected cells

(3) MSCs and risk of immune rejection

(4) MSCs and risk of tumorigenicity (duration of the
study: most studies ended within a week, only
few were performed to investigate potential side
effects (8 weeks), but on very small number of
animals (n = 3))

2. Characteristics of Cisplatin Animal Models

The cisplatin model has its own characteristics. It is impor-
tant to take into consideration the dose used as well as its
immunosuppressive and carcinogenic effects. When nepro-
toxic dose of cisplatin is used, kidney dysfunction develops
in 2–5 days, reaching peak at 4–7 days and then progressively
recovers (blood urea nitrogen/serum creatinine (BUN/Cr)
reach the baseline levels). When lethal dose of cisplatin is
used (Table 3), self-recovery is less likely. However, with
the higher doses of cisplatin, survival time of animals mark-
edly decreases [54]. Importantly, high-nephrotoxic doses of
cisplatin in rodents lead to systemic side effects, such as body
weight loss and mortality. Cisplatin usually causes diarrhea
in all animals, a significant decrease in both the lymphocytes
(65% decrease) and granulocytes (45% decrease) in the bone
marrow, decrease in circulating peripheral white blood count
(WBC) [49], massive necrotic changes in the kidney, injuries
in the gastrointestinal tract, testis, bone marrow [44], and the
lymph tissue [55]. Cisplatin is also carcinogenic and can
cause lung tumors in rodents [56].

3. Reliability of Tracking the Injected Cells

Most of the studies used labeling to check or confirm the
presence of injected cells in kidneys and/or other organs
(see Tables 1 and 2). It was reported that labeled cells
(PKH26, GFP, and DIO) were mostly detected in the lungs,
much less in the liver and in the kidneys [8, 10, 14, 18, 20,
22, 23, 25]. Cheng et al. studied biodistribution and found
that one hour after iv injection of syngeneic MSCs most of
the radiolabeled (or GFP labeled) cells were trapped in the
lungs (62%), followed by liver (12.5%), spleen (11.4%), and
kidneys (5.4%), but 7 days after injection no signs of MSCs

in any organ was found [36]. Studies using GFP labeling
reported disappearance of GFP+ cells in the kidney 4
days after injection [22, 31], while studies that used
PKH26 [12, 33] or CM-Dil [13] labeling reported pres-
ence of positive cells in the kidney until the end of their
study, that is, 2–4wks. Nevertheless, the fact that injected
MSCs are mostly trapped in the lungs and cleared with-
out any engraftment in kidney raise questions regarding
their pathophysiologic mechanisms, as well as possibility
of their potential rejection by the host’s immune system.

4. MSCs and Risk of Immune Rejection

4.1. Can Xenogenic or Allogeneic MSCs Survive in
Immunocompetent Environment? Human MSCs express
specific membrane antigens (CD73, CD90, and CD105) and
intermediate levels of major histocompatibility complex
(MHC) class I molecules, while, in a naive state, they do
not express MHC class II and the costimulatory molecules
CD80 (B7-1), CD86 (B7-2), CD40, or CD40L [57]. They
should therefore be recognized by alloreactive T cells, but
numerous in vitro studies have shown that undifferentiated
and differentiated human MSCs escape recognition by
alloreactive T cells, escape lysis by cytotoxic T cells and
natural killer (NK) cells, and inhibit mixed lymphocyte
cultures (MLC), [57–59], suggesting that MSCs may thereby
circumvent rejection and can thus be transplantable between
MCH-incompatible individuals without the need for host
immunosuppression. Furthermore, the observation that
MSCs are immunoprivileged and display immunosuppres-
sive characteristics [60] suggest their therapeutic value in
allogeneic transplantation to prevent graft rejection and to
prevent/treat graft versus host disease.

Numerous experimental studies have reported that trans-
plantation of allogeneic or even xenogeneic MSCs into
immunocompetent animals without the use of immunosup-
pressants resulted in an improvement (reviewed in Lin
et al. [61]) of a wide range of diseases, including cisplatin-
induced AKI, suggesting that hMSCs are immunotolerant.
However, although MSCs seem to be transplantable across
allogeneic or even xenogenic barriers, some animal studies
have clearly shown that the cellular and humoral responses
against the xenogenic MSCs in an immunocompetent
recipient can develop (some example are shown in Table 4).
Results also show that allogeneic MSCs are not intrinsically
immunoprivileged but under appropriate conditions induce
T cell response resulting in rejection of an allogeneic stem cell
graft [65].

4.2. MSCs Mechanism and Risk of Immune Rejection.Despite
evidence for the therapeutic potential of MSCs, the mecha-
nisms underlying the improvement in kidney function and
structure remain unclear. In the past, studies have reported
that injected exogenous MSCs can home into injured
tubules. Consequently, it has been proposed that the ability
of MSCs to transdifferentiate explains their protective effects
[25]. However, if the cells act by engrafting the tubules, then
either they will need to be autollogous (host-derived to
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prevent rejection) or the recipient will need proper immuno-
suppressive therapy.

Short duration of studies (usually less than a week) and
rare distribution of MSCs in the kidney sections (very small
in number) suggest that the beneficial effect of MSCs cannot
be attributed to their engraftment or transdifferentiation.
Thus, recent studies have suggested that MSCs protect
against acute tubular injury through a differentiation-
independent process (i.e., paracrine or endocrine process).
Consequently, it was suggested that if the cells merely transit
through the kidney and act in a paracrine manner to protect
or stimulate the endogenous renal cells, then they might only
need to survive for a few days and immune environment may
not be important [16]. However, recent studies show that the
situation is not so simple as it was suggested.

First, acute rejection of injected cells in cisplatin model
was not evaluated nor reported. It was only reported that cells
disappeared within 24 h after injection [18, 22, 31], which
could suggest acute rejection. However, sensitization reaction
(mixed-lymphocyte reaction—MLR test) that could confirm
or omit immune reaction was not done in any of AKI studies.
Since most of the studies using a cisplatin animal model
investigated effects of MSC transplantation ended within 4
days, the time period may be too short for the immune reac-
tion evaluation. Nevertheless, until now, no MLR test or
immune reaction in long-term studies on AKI was reported.
However, we observed the immune reaction in immunocom-
petent mice 3 months after MSC treatment, although mice
were immunosuppressed with polyclonal antithymocyte glo-
buline (ATG) before MSC therapy (unpublished data). MSC
treatment resulted in complete restitution of cisplatin-

injured organs/tissue such as the thymus, spleen, and kidney,
as well as white and red blood cells (Table 5).

However, histology revealed that the mouse had moder-
ate chronic jejunitis (Figure 1(d)) and rare small lymphohis-
tiocytic infiltrates in the kidneys located periglomerularly
and perivascularly (Figure 1(b)) and a subpleural tumor
0.5mm in diameter (Figure 1(a)). It is important to take into
consideration that athymia is associated with profound
immunodeficiency, but restitution of thymus leads to the
improvement of the immune system [67]. Restitution of
thymus integrity and function (which was in our case
diminished following ATG and cisplatin treatment) was
already described after MSC therapy [68]. Moderate
chronic jejunitis and focal infiltration of mononuclear cells
in lungs and kidneys found in the mouse after MSC therapy
may suggest that immunoregulatory properties of trans-
planted MSCs together with timely vanishing effect of
ATG-enabled immune system awakening and resulted in
the occurrence of dispersed inflammatory changes. Thus,
our case demonstrates that studying long-term MSC thera-
peutic effect in immunocompetent mice is challenging and
may raise additional questions.

Furthermore, studies have shown that extracellular mem-
brane vesicles (MVs) by themselves are capable of modulat-
ing T cell functions and repairing injured tissue. It was
found that cytokine stimulus affects molecular mechanisms
of MSCs and may have significant effects of the MV produc-
tion. Kilpinen et al. [69] investigated the production of extra-
cellular MVs from human umbilical cord blood- (UCB-)
derived MSCs in the presence (MVstim) or absence (MVcontr)
of inflammatory stimulus (IFN-γ) and demonstrated that

Table 3: The acute lethal single dose of cisplatin varies among various strains of mice and rats.

Strain (origin), sex, age Cisplatin dose Mortality Time Ref.

Wistar rats female 10.8mg/kg (9.1–12.8mg/kg) 50% D10 [43]

Fischer 344 rats female, 8 wks 11mg/kg 50% D6 [44, 45]

BALB/c (Harlan)
female

14.5mg/kg 100% D7 [46, 47]

C57BL/6 (Japan)
Male, 11–15 wks

15mg/kg 100% D10 [48]

Swiss Webster male
16.0± 0.8
19.5.± 0.8

50%
100%

D10 [49]

C57BL/6 x DBA/2 (F1) male
10mg/kg
14mg/kg

0%
90%

D8 [49]

DBA2 mice female
10.7mg/kg
16mg/kg

50%
90%

D10
D30

[43]

129SV
Male, 8–12 wks

14mg/kg 70% D7 [50]

CBA (UK)
Male, 6 wks

10mg/kg
15mg/kg

0%
67%

D15 [51]

CBA mice
Female, 4–8 wks

16mg/kg 40% D8 [52]

CBA mice
Female, 24 months

16mg/kg 100% D7 [53]

NMRI mice female 17.0mg/kg (14.9–19.7mg/kg) 50% D10 [43]

D: days after cisplatin injection.
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MSC paracrine regulation is complex. Although both MVstim
and MVcontr showed similar T cell modulation activity
in vitro, only MVcontr were able to protect rat kidney
in vivo. Detailed analysis of MV proteomes revealed

significant differences in protein composition of MVs in
dependence of the microenvironment of MSCs. MVcontr con-
tained complement factors (C3, C4A, and C5) and lipid bind-
ing proteins (i.e., apolipoproteins), whereas the MVstim
contained tetraspanins (CD9, CD63, and CD81) and more
complete proteasome complex accompanied with MHCI.
IFN-γ stimulation of MSCs for 24 h resulted in secretion of
MVs that contained the HLA-A (MHCI) molecule and both
α and β units of the proteasome complex required for the
antigen presentation and activation of T cells. When
hUCB-MSCs were stimulated with IFNγ for 48 hours, MVs
contained also HLA-II proteins. Thus, inflammatory signals
in the microenvironment can significantly influence not only
MSCs but also the protein content and functional properties
of secreted MVs [69]. These results represent additional
challenge or consideration for future studies.

5. What Are the Signs of Acute
Cellular Rejection?

Although numerous studies have demonstrated that MSCs
show low level of immunogenicity and can have an immu-
nomodulatory role [60], animal studies have demonstrated
that xenogenic or allogeneic MSCs can trigger either acute cel-
lular or humoral immune response or both. Differentiation of

Table 4: Examples of immune reaction after xenogenic or allogeneic MSC transplantation.

MSC origin Recipient, route of transplantation Adverse immune reaction Ref.

Allogeneic
Ad or BM

Healthy horses; intravenous injection,
3 times D0, D14, D28

Day 35: ↑ circulating CD8+ T cells after
multiple iv injections of BM MSCs

[6]

Xenogeneic hBM

Sprague-Dawley rats:
Intracardiac injection
(i) Immunocompetent
(ii) Immunosuppressed (tacrolimus)
(iii) RNU athymic rats

↑ macrophages in myocardium of
immunocompetent rats from day 2 to day 7;
MLR test (peripheral blood of rats mixed with
1% or 10% of MSCs) showed ↑ lymphocyte

proliferation in SD rats previously exposed to MSCs

[62]

Xenogeneic
hESCs

Healthy mice, immunocompetent
Infiltrates of T cells and macrophages around
injected MSCs; MSCs disappeared 3 days after

transplantation (acute rejection)
[58]

Xenogeneic
hBM

Rats
Intracardiac injection
RNU athymic rats
RNU+ tacrolimus
Fisher + tacrolimus

Cells were present 6 weeks after transplantation
in RNU rats with additional immunosuppression,

in RNU rats without additional immunosuppression
(tacrolimus) or in Fisher rats with immunosuppression

no surviving hMSCs were found

[63]

Allogeneic or syngeneic
BM MSCs

Wistar and Lewis rats;
Intracardiac injection
immunocompetent

Allogeneic MSCs caused T cell and B cell activation and
stimulated the humoral immune system to produce
antibodies against the allogeneic cells—function

was lost after 5 months

[64]

Allogeneic, syngeneic,
and third party
BM MSCs

BALB/c or B6 mice;
Sublethally irradiated mice
intravenous injection

The addition of host (syngeneic) MSCs enhanced
engraftment, while the infusion of donor (allogeneic)
MSCs was associated with increased rejection of
allogeneic donor BM cells and induce a memory
T cell response. Third-party MSCs had a neutral

effect on engraftment.

[65]

Allogenic
donor/recipient MSCs

Rats: Lewis (donor), ACI (recipients);
heart transplantation with or without
immunosuppression (CsA)

Allogeneic MSCs did not prolong allograft survival.
Treatment with low-dose CsA and MSCs accelerate
allograft rejection in a rat heart transplant model

[66]

BM: bone marrow; Ad: adipose tissue; hESC: human embryonic stem cells; CsA: cyclosporine A; Third party: commercially available; MLR: mixed-lymphocyte
reaction; RNU: Rowett nude rats (athymic with the genotype rnu/rnu).

Table 5: Body weight, relative weight of organs, and blood
parameters in BALB/cOlaHsd mice 3 months after hMSC
transplantation.

Parameter CIS hMSCs Healthy

WBC (103/mm3) 8.1 10.9 10.1

RBC (106/mm3) 7.46 10.35 9.46

PLT (103/mm3) 1303 773 789

Body weight (g) 23.7 31.4 31.6

RW of the spleen 0.877 0.42 0.35

RW of the liver 6.9 5.0 4.7

RW of the kidney 1.5 1.36 1.82

RW of the lungs 1.14 1.14 1.25

RW of the heart 0.96 0.67 0.59

CIS: mice treated with ATG and cisplatin (ip, 17 mg/kg); hMSCs: mice
treated with ATG, cisplatin (ip, 17mg/kg), and hMSCs (iv, 0.5 × 105 cells
in 0.2 ml PBS); healthy: mice received PBS instead; WBC: white blood cells;
RBC: red blood cells; PLT: platelets; RW: relative weight (weight of organ
divided by body weight ∗100).
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MSCs (to acquire myogenic, endothelial, or smooth muscle
characteristics) is associated with increased MHC-Ia and
MHC-II (immunogenic) expression and reduced MCH-Ib
(immunosuppressive) expression [70], which result in
increased cytotoxicity in coculture with allogeneic leukocytes
(acute rejection). Cells expressing MHC-Ia are usually elimi-
nated by cytolysis, while the loss of MHC-Ib (which has been
reported to suppress CD4+ T cell response) may result in
reduced immunosuppressive effects. In animal studies, it is
difficult to evaluate the signs of acute cellular rejection; thus,
we stated some points that can help researchers to assess the
immune reaction.

5.1. Beneficial or Absent Effect. The microenvironment of the
damaged kidney tissue is not favorable for survival of MSCs.
Cells are exposed to a hypoxic nutritionally poor environ-
ment, oxidative stress, andmasses of cytotoxic factors leading
to an inflammatory cytokine storm affecting the efficacy
of MSC therapy. Various approaches have been investigated
to help MSCs to cope/resist with the harmful microenviron-
ment into which cells are transplanted [19, 23]. Thus, the
absence of the effect of MSCs could indicate damaging

microenvironment [31], MSC inactivity due to cryopreserva-
tion [71], and finally cell rejection.

On the other hand, amelioration of kidney dysfunction
after MSC injection does not indicate that MSCs are not
immunogenic, because along with T cell and B cell activation
differentiated MSCs can stimulate the humoral immune sys-
tem to produce antibodies against the allogeneic/xenogeneic
cells. A good example of late rejection is the study where
allogeneic or syngeneic MSCs were implanted into the
infarcted rat myocardium. MSCs (versus media) significantly
improved ventricular function for at least 3 months after
implantation. Allogeneic MSCs differentiated by about 2
weeks after implantation, but at 5 weeks, antibodies against
differentiated allogeneic MSCs (but not syngeneic) were
detected in the circulation of recipient animals, and alloge-
neic MSCs were eliminated from the heart. Interestingly,
their functional benefits were lost within 5 months [64].

5.2. Presence/Absence of Injected Cells—Different Method of
Identification. There are various methods and markers for
tracking the injected cell. They all have advantages and limi-
tations and no single method is 100% reliable. It has been

(a) (b) (c)

(d) (e) (f)

Figure 1: hMSC treatment in ATG immunosuppressed and cisplatin-treated BALB/cOlaHsd male mice 3 months after transplantation
revealed unexpected pathology. (a) Subpleuraly, a homogeneous solid tumor (diameter 0.5mm) with rare mitosis and uniform nuclei was
sharply demarcated from the surrounding tissue in the lung of hMSC treated mouse (HE, magnification 100x). (b) Inflammatory cells
(lymphocytes, plasma cells, and histiocytes) surrounding the arteriola and vein in the kidney of the hMSC-treated mouse (PAS,
magnification 200). (c) Thrombus in the small artery of the right ventricle wall of ATG+ cisplatin-treated mouse (HE, magnification
400x). (d) Moderate chronic jejunitis in hMSC-treated mouse—note atrophy of crypts and loss of architecture of villi (Kreyberg,
magnification 400x). (e) Jejunum in the healthy untreated mouse (Kreyberg, magnification 400x). (f) Jejunum of the cisplatin-treated
mouse. Restitution of the mucosa is seen; however, the height of villi is decreased compared to healthy mice (Kreyberg, magnification 400x).
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already reported that PKH26 is not a reliable tracking agent.
Also, Santeramo et al. have shown that human cells (labeled
with PKH26 or GFP) injected in athymic rats can give differ-
ent results [18]. PKH26+ cells were found in the kidney close
to the tubular or interstitial cells and lungs even 14 days after
iv injection, while GFP+ cells were exclusively located in the
lungs and had disappeared within 24 h after injection [18].
Obtained results confirmed that PKH26 is not a reliable
tracking agent and explained the observed discrepancy
among studies regarding the duration of homing of
injected-labeled cells (as mentioned above in Section 3). It
is important to be aware that when a labeled cell is phagocy-
tosed by macrophages, the stain is usually not immediately
degraded. Thus, the macrophage with phagocytosed frag-
ments of labeled cells can give false positive results.

5.3. Presence of T Cells and/or Macrophages around
Cells—Acute Rejection. Infiltration of T cells and macro-
phages around transplanted cells is usually a sign of acute cel-
lular rejection. It can be observed soon after transplantation
and result in the disappearance of transplanted cells within
a few days. In a cisplatin animal model, immune rejection
of injected cells was not studied nor reported. Therefore, con-
clusions about immunogenic tolerance of MSCs cannot be
made. Interestingly, although the authors of one study found
that injected cells became entrapped in the lungs and cells
and their fragments were then phagocytosed by resident
macrophages (CD68+) and dendritic cells within 24 h of
administration, they observed the beneficial effect of injected
cells on AKI [18] but did not report or mention possibility of
potential acute rejection.

6. Risk of Tumorigenicity

Current knowledge about the risk of tumorigenicity in MSC
therapy has been recently reviewed [72, 73]. It was realized
that currently there is not enough data/studies to make any
conclusions. “In current animal models, in which either
human or animal cells (homologous models) are used, no
evidence of tumor formation has been observed to date.
However, the frequency of transformation of human MSCs
is too low to detect overt tumor formation in established
rodent model” [72]. It was also stated that “it should be
emphasized that tumor formation in human patients after
MSC administration has not been reported to date” [72, 73].

However, several researchers have so far described
the role of MSCs in tumor formation [74, 75] and some
succeeding observations of malignant lesions in the fields
of transplanted MSCs [76, 77] published after the review
of Barkholt et al. [72] place a serious question on the
former statements.

In our case, the tumor in the lungs of the mouse was
observed 3 months after MSC therapy. Cisplatin-associated
lung adenomas are among already observed late onset sec-
ondary tumors in experimental rodents treated with cisplatin
[56, 78]. In spite of large interspecies differences in the rates
of metabolism of cisplatin, in the case of secondary solid
tumors in humans (tumors that arise after treatment of pri-
mary malignancy as a consequence of cytostatic therapy),

there is an average 20–40 year expected interval from the
time of exposure of an individual to a chemical carcinogen
until the clinical detection of a tumor [79] that raises addi-
tional questions regarding possible tumor-promoting influ-
ence of stem cell therapy.

Another important issue to consider in the context of
tumorigenicity is the convenience of systemic, that is, intra-
venous route of MSC infusion. It was reported that only a
minority of intravenously infused MSCs reaches the target
tissue and then disappears after few days (see Tables 1 and
2 and Section 3 and Section 5.2) [72]. Our results showed that
intravenously infused human MSCs were mostly stuck in the
liver and lungs of ATG immunosuppressed mice, only few of
them reached other tissues including the kidneys and intes-
tine after MSC infusion [80]. Although MSCs mediate their
effects mostly through paracrine action, massive trapping of
dead and/or dying MSCs in pulmonary or liver circulation
after intravenous infusion may represent some burden for
ill organism. It is also not known whether all MSCs that are
trapped in the lungs either die or some of them are able to
survive or even transform (under special circumstances).

Probably, the most important issue associated with
tumorigenicity of transplanted MSCs in this experimental
model is uremic and immunocompromised status of the
host. While there is not much disagreement regarding the
influence of manufacturing practice and in vitro culture con-
ditions, especially the duration of cell propagation on chro-
mosomal stability of the MSCs [72] and there is also no
disagreement that the immunocompromised state is predis-
posed to malignancies [81, 82], it is still hypothetical whether
the physiological stress associated with the in vivo diseased
environment, that is, uremic could also promote tumorige-
nicity in MSCs. Transplanted MSCs are believed to be
confronted with cell death within a few days after trans-
plantation due to a combination of harsh environmental
conditions, anoikis, and inflammation [83, 84]. However,
if not all MSCs die after transplantation but few of them
were able to successfully engraft, then the survivors’ expo-
sure time to uremic environment is markedly prolonged. In
the in vitro conditions, uremic toxins impaired human bone
marrow-derived mesenchymal stem cell functionality. The
harm was surprisingly not proceeded via induction of apo-
ptosis but by promoting damage to cell membranes and alter-
ing the MSCs paracrine activity [85]. A negative influence of
uremic toxins on functional characteristics of MSCs raises
concern on their possible role in promoting malignant trans-
differentiation of MSCs, which should be further explored.

7. Conclusion

Although numerous studies have shown that MSC treat-
ment ameliorated AKI, it is important to be aware that
there are many factors to consider before any conclusion
about the effectiveness or safety of MSC therapy can be
made. One important factor is the cisplatin model itself,
because cisplatin have short-term immunosuppressive
and long-term carcinogenic effects. Another important
factor is stem cell quality. We have found that only few
researchers used hMSC that met the proposed criteria
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[26]. Third factor is immune microenvironment. Many
researchers used immunodeficient animals. However, not
all nude mice or rats are the same or have the same immu-
nological state. Since only few stated the exact code of ani-
mals (according to Nomenclature http://www.informatics.
jax.org/nomen/strains.shtml), obtained results cannot be
properly interpreted and can be misleading. Since both
MSC research and cisplatin models are very complex and
their underlying mechanism possess many open questions,
it is of great importance to design experiments properly
and state all necessary data (in accordance with ARRIVE
guidelines [86] and the gold standard publication checklist
[87]) to contribute to responsible conduct of animal
research and to validate the results. Otherwise, it can hap-
pen that this strategy, while seems to work experimentally,
will fail when applied to patients.
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Cytokines play major roles in tissue destruction/repair. The present study investigates proliferative and osteogenic differentiation
potentials of gingival mesenchymal stem/progenitor cells (G-MSCs), influenced by IL-1/TNF-α inflammatory/anti-inflammatory
conditions. Human G-MSCs were isolated, characterized, and cultured in basic medium (control group, M1), in basic medium
with IL-1β, TNF-α, and IFN-γ (inflammatory group, M2) and with IL-1ra/TNF-αi added to M2 (anti-inflammatory group, M3).
MTT tests at days 1, 3, and 7 and CFU assay at day 12 were conducted. Osteogenic differentiation was analyzed by bone-specific
transcription factors (RUNX2), alkaline phosphatase (ALP), type I collagen (Col-I), osteopontin (OPN), and osteonectin (ON)
expression at days 1, 3, 7, and 14 and Alizarin red staining at day 14. At day 3, the control group showed the highest cell
numbers. At day 7, cell numbers in inflammatory and anti-inflammatory group outnumbered the control group. At day 12,
CFUs decreased in the inflammatory and anti-inflammatory groups, with altered cellular morphology. The anti-inflammatory
group demonstrated elevated bone-specific transcription factors at 14 days. After 14 days of osteogenic induction, calcified
nodules in the anti-inflammatory group were higher compared to control and inflammatory groups. For regeneration, initial
inflammatory stimuli appear essential for G-MSCs’ proliferation. With inflammatory persistence, this positive effect perishes
and is followed by a short-term stimulatory one on osteogenesis. At this stage, selective anti-inflammatory intervention could
boost G-MSCs’ differentiation.

1. Introduction

Periodontitis, a highly prevalent inflammatory disease, is
characterized by damage to the cementum, alveolar bone,
and periodontal ligament [1]. Although its pathological pro-
cess is initiated by the expression of virulence factors in the
oral microbial biofilm, its progression is primarily governed
by the host’s immune response, with a massive production
of inflammatory cytokines, including tumor necrosis factor
alpha (TNF-α), interleukin-1 beta (IL-1β), interleukin-4
(IL-4), interleukin-6 (IL-6), and interferon gamma (IFN-γ)
[2]. TNF-α and IL-1β, two of the most important and earliest

cytokines appearing during periodontal inflammation, are
thereby primarily responsible for the resultant bone resorp-
tion and periodontal destructive process [3]. Interferon
gamma (IFN-γ), whose gingival cervical fluid level is consid-
ered to be related to the severity of periodontal disease, is a
further signature inflammatory cytokine appearing during
the periodontal destructive process [4]. These inflammatory
biomolecules could regulate the periodontal cells’ survival,
behaviour, and activity, and thereby the duration, extent,
and outcome of the disease or its therapy [5]. Anti-
inflammatory cytokines conversely participate in dictating
the clinical course of periodontal pathological conditions.
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As a naturally secreted antagonist to the actions of IL-1, IL-1
receptor antagonist (IL-1ra) has been found to play a protec-
tive role in experimental periodontitis [6]. In addition, TNF-α
inhibitor (TNF-αi), a chemosynthetic competitive antibody
of TNF-α, could inhibit inflammatory bone resorption, when
systemically administrated in an animal model of experimen-
tal periodontitis [7]. However, the combined therapeutic
effect of these two pivotal anti-inflammatory cytokines on
cellular attributes, in an in vitro inflammatory environment-
mimicking periodontitis, has not been investigated, yet.

Human gingival stem/progenitor cells (G-MSCs) show a
great periodontal regenerative potential and hold hope for
future clinical applications [8–10]. During their transplanta-
tion into the periodontal tissue, G-MSCs’ attributes and
behaviour are influenced by their surrounding inflamma-
tory/anti-inflammatory microenvironment [11]. Currently,
controversies exist regarding the impact of inflammation
and the virtue of its suppression on the tissue regenerative
potential of G-MSCs [10, 12, 13]. The present study aimed
to evaluate for the first time the effect of the anti-
inflammatory cytokines IL-1ra and TNF-αi, on the prolifera-
tion and the osteogenic potential of G-MSCs cultured under
inflammatory conditions in vitro.

2. Materials and Methods

2.1.G-MSC Isolation.G-MSCswere obtained from thehealthy
gingival collars around partially impacted third molars at the
Christian-Albrechts University of Kiel, Germany. The study
was performed in accordance with Helsinki Declaration
revised in 2008 and approved by the Ethics Committee of
Christian-Albrechts University of Kiel, Germany. Cells’ iso-
lation and culture were done as formerly described [14, 15].
Briefly, gingival soft tissue collars were detached, deepithe-
lized, cut into pieces, and washed in a basic medium, consist-
ing of Eagle’s minimum essential medium alpha modification
(Sigma-Aldrich GmbH, Hamburg, Germany), with 15% fetal
calf serum (FCS, HyClone, Logan, UT, USA), 400mmol/ml
L-glutamine, 100U/ml penicillin, 100μg/ml streptomycin,
and 1% amphotericin (all from Biochrom, Berlin, Germany).
The soft tissue parts were left to adhere for 30min in dry
tilted culture flasks, before the basic medium was slowly
added to them. The flasks were incubated at 37°C with 5%
CO2 to let the cells grow and reach 80% confluence. The basic
medium was replaced three times/week.

Immunomagnetic cell sorting employing anti-STRO-1
antibody (BioLegend, San Diego, CA, USA) and anti-IgM
MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany)
were used to isolate the G-MSCs as described before [14].
The obtained G-MSCs were cultured in a basic medium.

2.2. Flow Cytometric Analysis (FACS). The second passage
G-MSCs were incubated with the primary antibodies for
CD14, CD34, CD45, CD73, CD90, CD105, CD146 (Becton
Dickinson, Heidelberg, Germany), and the corresponding
isotypes according to the manufacturers’ instruction. FACS-
Calibur E6370 and FACSComp 5.1.1 software (Becton
Dickinson) were used to evaluate the expressions.

2.3. Multilineage Differentiation

(i) Osteogenic differentiation: the econd passage G-
MSCs were seeded in six-well culture plates at a
density of 2× 104 cells/well. After cell adhesion, oste-
ogenic inductive medium (PromoCell, Heidelberg,
Germany) was added and changed three times/week.
G-MSCs cultured at the same density in a basic
medium were used as controls. After 14 days, Aliza-
rin red (Sigma-Aldrich) staining of both groups
was used to assess extracellular matrix calcification.

(ii) Adipogenic differentiation: the second passage G-
MSCs were seeded into six-well culture plates at a
concentration of 3× 105 cells/well. Following cell
adhesion, adipogenic inductive medium (Promo-
Cell) was added and changed three times/week. G-
MSCs cultured at the same density in a basic
medium were used as controls. Oil Red O staining
(Sigma-Aldrich) was used to evaluate the presence
of lipid drops in both groups after 21 days.

(iii) Chondrogenic differentiation: the second passage G-
MSCs were cultured in 1.5ml Eppendorf tubes
(Eppendorf, Hamburg, Germany) as 3D micro-
masses at a density of 3× 104cells/tube in chondro-
genic inductive medium (PromoCell). G-MSCs
cultured at the same density in a basic medium were
used as controls. The medium was changed three
times/week. After 35 days, Alcian blue and nuclear-
fast-red counterstaining (Sigma-Aldrich) of the
sectioned 3D micromasses of both groups was used
to evaluate the formation of glycosaminoglycans.

2.4. Experimental Groups. The second passage G-MSCs were
cultured in three different media. The media were renewed
three times/week:

(i) Control group (M1): basic medium

(ii) Inflammatory group (M2): inflammatory medium
consisting of a basic medium, supplemented with
the key proinflammatory cytokines observed during
periodontitis: IL-1β (1 ng/ml), TNF-α (10 ng/ml),
and IFN-γ (100 ng/ml) (PeproTech Inc, Rocky Hill,
NJ, USA) [16]

(iii) Anti-inflammatory group (M3): inflammatory
medium supplemented with the anti-inflammatory
cytokines: IL-1ra (10 ng/ml) (R&D systems, Minne-
apolis, MN, USA) and TNF-αi (10 ng/ml) (Enzo Life
Sciences GmbH, Lörrach, Germany)

2.5. Colony-Forming Unit (CFU) Assay. The second passage
G-MSCs were seeded in 10 cm diameter culture dishes at a
density of 1.5× 103 cells/dish according to the group alloca-
tion outlined above. On day 12, cell cultures were fixed with
ice-cold 100% methanol for 10min and stained with 0.1%
crystal violet for 10min. CFUs were assessed by two different
observers under the phase contrast inverted microscopy.
Aggregations of 50 or more cells were scored as one colony.
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2.6. Cell Proliferation Assays. Cell proliferation and viability
were determined using the MTT (3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyl-tetrazoliumbromide) cell proliferation
kit-I (Roche Diagnostics GmbH, Roche Applied Science,
Mannheim, Germany) as described before [17]. The second
passage G-MSCs were seeded in 24-well culture plates at a
density of 1× 104 cell/well. After adhesion (day 0), cells were
cultured according to the group allocation described above.
On days 1, 3, and 7, the media were replaced by no phenol
red serum-free medium (RPMI 1640, PAN-Biotech GmbH,
Aidenbach, Germany). 100μl of the MTT labelling reagent
(final concentration 0.5mg/ml) was added into each well
and incubated for 4 hrs (37°C, 5% CO2). 1ml of the solubi-
lization solution was added into each well and incubated
overnight (37°C, 5% CO2). The spectrophotometrical absor-
bance of the samples in each well was measured, using a
universal microplate spectrophotometer (μQuant, BioTek
Instruments GmbH, Vermont, USA) at 570nm wavelength.
Relevant cell numbers were calculated by comparing with
the standard curve. Each assay was performed in triplicate
and averaged.

2.7. Osteogenic Differentiation. To investigate the effect of
proinflammatory and anti-inflammatory cytokines on G-
MSCs’ osteogenic potential, the second passage G-MSCs
were seeded in 6-well plates at a density of 2× 104 cells/well
in a basic medium. After cell adhesion (day 0), the media
were replaced with osteogenic inductive medium according
to group allocation described above for 14 days. On day 14,
in vitro mineralization was assessed by Alizarin red staining
of representative cultures.

On days 1, 3, 7, and 14, the total RNA of cell culture was
extracted by RNeasy kit (Qiagen, Hilden, Germany) and
purified by QuantiTect Reverse Transcription Kit (Qiagen).
Reverse transcription was used to synthesize complementary
cDNA by QuantiTect Reverse Transcription Kit (Qiagen).
The expression of the bone-specific transcription factor
RUNX2, alkaline phosphatase (ALP), type I collagen (Col-I),
and osteopontin (OPN) was measured using real-time quan-
titative polymerase chain reaction (real-time PCR or qPCR)
by RealTime ready assays (Roche LightCycle® 96, Roche
Molecular Biochemicals, Indianapolis, IN, USA). The
house-keeping gene GAPDH was used as a reference to cal-
culate relative gene expression. The designed primers were
supplied by Roche (Table 1). All experiments were per-
formed in triplicate and averaged.

2.8. Statistical Analysis. Data was analyzed using the SPSS
20.0 software (IBM Corporation, NY, USA). Median and
interquartile range was calculated for quantitative vari-
ables. Differences in cell numbers and gene expression
among the three groups (n = 3/group) were examined
using nonparametric analysis methods since the data were
nonnormally distributed. The homogeneity of variances was
verified. The Kruskal-Wallis test was performed to analyze
the data with homogeneity across groups. Mood’s median
test was applied for data without homogeneity. Dunn’s test
was performed as a post hoc multiple comparisons. The sig-
nificance level was set at 0.05.

3. Results

3.1. Cell Culture and Identification. Following their out-
growth (Figure 1(a)), human G-MSC cultures presented
adherent fibroblast-like clusters (Figure 1(b)) and multiline-
age differentiation capacity into osteogenic (Figures 1(c)
and 1(d)), adipogenic (Figures 1(e) and 1(f)), and chondro-
genic (Figures 1(g) and 1(h)) directions. G-MSCs showed a
surface marker expression profile characteristic for MSCs,
including a positive expression of the mesenchymal stem/
progenitor cells’ surface markers CD73, CD90, CD105, and
CD146 and a negative expression of CD14, CD34, and
CD45 (Figure 1(i)).

3.2. G-MSC Proliferation and Colony Formation under
Inflammatory/Anti-Inflammatory Environment.MTT results
showed that cell numbers in all three groups were similar
at day 1 (p = 0 472). Cell numbers were significantly lower
in the inflammatory group (M2) and anti-inflammatory
group (M3) as compared to the control group (M1) on
day 3 (p = 0 043). At day 7, cell numbers in both groups
increased and significantly outnumbered the control group
(p = 0 027; Dunn’s test, Figure 2(a)).

After 12 days, CFUs were observed in all three groups;
however, the colony density in the inflammatory group and
the anti-inflammatory group was significantly lower and
demonstrated an altered cellular morphology (demonstrat-
ing more spindle-shaped morphology) compared to the con-
trol group (Figure 2(b)). CFUs’ numbers in the inflammatory
group (average of 43 colonies) and the anti-inflammatory
group (average of 56 colonies) were strikingly lower than
the control group (average of 360 colonies).

Table 1: Primer names and ID used for real-time PCR (supplied by Roche).

Gene Assay ID Gene symbol Accession ID

GAPDH 141,139 H. sapiens 100,071,074 NM_002046

RunX2 113,380 H. sapiens 100,109,195 ENST00000359524

ALP 103,448 H. sapiens 100,109,186 ENST00000374840

Col-I 100,861 H. sapiens 100,109,140 ENST00000225964

OPN/SPP1 101,170 H. sapiens 100,109,168 ENST00000395080

RT-PCR: reverse transcription-polymerase chain reaction; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; Runx2: runt-related transcription factor 2;
ALP: alkaline phosphatase; Col-I: type I collagen; OPN: osteopontin.
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3.3. G-MSCs’ Osteogenesis under Inflammatory/Anti-
Inflammatory Environment. The osteogenic capability of
G-MSCs under inflammatory and anti-inflammatory envi-
ronment was evaluated by their osteogenic gene expressions

on mRNA level and extracellular matrix calcification/
nodule formation.

RUNX2 showed higher expression levels in the anti-
inflammatory group at day 1, day 7, and day 14 than those
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Figure 1: Isolation and characterization of G-MSCs. (a) Microscopic appearance of outgrowing cells from free gingival margin.
(b) Microscopic appearance of G-MSCs stained with crystal violet. (c) Alizarin red staining of G-MSCs after osteogenic induction. (d) Alizarin
red staining of G-MSCs cultured in a basic medium. (e) Oil Red O staining of G-MSCs after adipogenic stimulation. (f) Oil Red O staining of
G-MSCs cultured in a basic medium. (g) Alcian blue staining of G-MSCS after chondrogenic stimulation. (h) Alcian blue staining of G-MSCs
cultured in a basic medium. (i) Flow cytometry analysis of cell surface markers of G-MSCs.
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in the inflammatory group. ALP demonstrated higher
expression levels in the anti-inflammatory group and the
inflammatory group as compared to the control group until
day 7 (p = 0 043). At day 3, ALP expression levels were signif-
icantly higher in the anti-inflammatory group than in the
inflammatory group (p = 0 043). At day 14, ALP expression
levels in the anti-inflammatory group and the inflammatory
group were higher than in the control group (p = 0 066).
The control group significantly expressed higher Col-I
compared to the inflammatory group (p = 0 034 at day 1,
p = 0 043 at day 3, p = 0 043 at day 7, and p = 0 043 at day
14) and the anti-inflammatory group (p = 0 043 at day 3
and day 7). At day 14, however, the anti-inflammatory group
showed the highest Col-I expression, with significant differ-
ences observed compared to the inflammatory group and
the control group (p = 0 043). OPN showed minimal expres-
sion level within all the tested groups. At day 7, OPN expres-
sion levels were significantly lower in the inflammatory
group and the anti-inflammatory group, compared to the
control group (p = 0 043). At day 14, the anti-inflammatory
group showed the highest expression level among the three
groups (p = 0 165; Dunn’s test, Figure 3(a)).

After 14 days of osteogenic induction, cell cultures in all
three groups were positively stained by Alizarin red. The
number of calcified nodules in the anti-inflammatory group

was higher than in the control group and in the inflammatory
group (Figure 3(b)).

4. Discussion

G-MSCs, characterized by an easy isolation and a predictable
in vitro expansion potential, are considered ideal, minimally-
invasive alternative cellular sources of adult MSCs, with
strikingly positive attributes for tissue engineering and regen-
erative approaches [10]. In the present study, G-MSCs
showed all the stem/progenitor cell characteristics in accor-
dance with the criteria defined by the International Society
for Cellular Therapy [18].

Previous studies, testing the effect of single inflammatory
cytokines on MSCs’ behaviour reported biphasic and incon-
sistent results [19–23]. The combination of multiple inflam-
matory cytokines, forming a “cytokine cocktail” for cellular
stimulation, mimics more closely the in vitro inflammatory
environment, to which MSCs may be exposed during regen-
erative approaches [16, 24]. The “cytokine cocktail” (1 ng/ml
IL-1β, 10 ng/ml TNF-α, and 100ng/ml IFN-γ) used in the
present study has previously been tested and proved to
mimic the natural inflammatory environment, with an
in vitro influences on cell proliferation, collagen synthesis,
bone mineralization, and alkaline phosphatase activity of
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Figure 2: Cell proliferation and colony-forming characteristics of G-MSCs under inflammatory environment. (a) MTT results of G-MSC
proliferation in the three groups at day 1, 3, and 7 days. Significant differences between groups are marked with an asterisk (∗p < 0 05;
Dunn’s test). (b) Crystal violet staining results for colony-forming unit (CFU) assay and microscopic appearance of G-MSCs cultured with
a basic medium (M1), inflammatory medium (M2), and anti-inflammatory treatment medium (M3) after 12 days.
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osteoblasts [25, 26] and embryonic stem cells (ESCs) [16]. In
turn to selectively antagonize the effect of the proinflamma-
tory “cytokine cocktail,” the present study used the two
anti-inflammatory cytokines, IL-1ra and TNF-αi, in combi-
nation. Currently no antagonist to IFN-γ exists. Although
this combination has been previously demonstrated to be
beneficial in the treatment of various inflammatory diseases
including rheumatoid diseases and periodontitis in vivo stud-
ies [6, 7, 27, 28], its effect on G-MSCs attributes has never
been tested. Due to the difference in the affinity of IL-1 and

its antagonist IL-1ra to their receptor [29], a tenfold IL-1ra
concentration was employed for the competitive antagonism.

During their tissue regenerative approaches, G-MSCs,
similar to all MSCs, pass through a primary cell division/
proliferation phase followed by a subsequent differentiation
stage to finally regenerate/repair the damaged tissues. Both
cell numbers and differentiation capacity of MSCs are
important to the final regenerative effect during clinical
application [30]. In the present study, the inflammatory
and anti-inflammatory crosstalk and their timed application
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Figure 3: Osteogenic differentiation results of G-MSCs under inflammatory environment. (a) The mRNA expression of osteogenic genes
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significantly influenced G-MSCs’ proliferation, colony-
forming capability, and osteogenic differentiation potential.

At the primary stage of any stem/progenitor cells’ medi-
ated tissue regeneration approach, the fundamental require-
ment remains to be the presence of a large number of viable
MSCs [31]. In contrast to previous studies, showing a dele-
terious effect of proinflammatory cytokines on cell prolifer-
ation of osteoblasts [16] and periodontal ligament stem cells
(PDLSCs) [32] or almost no effect as on ESCs [16] and bone
marrow mesenchymal stem cells (BMSCs) [33], similar to a
recent investigation [13], inflammation enhanced the G-
MSCs’ proliferation, with an observed increase in cell num-
bers at 7 days. An anti-inflammatory treatment seemed
unable to reverse this effect, as a significantly elevated cell
numbers similar to the inflammatory group continued to
be present at 7 days. Similarly, earlier investigations demon-
strated no inflammation-mediated antiproliferative effect,
with slightly increased MSCs’ numbers after 7 days’ culturing
with TNF-α, IL-1β, or IL-1ra [33]. Aside from demonstrating
clearly that G-MSCs could survive under inflammatory/anti-
inflammatory challenge, the current results further proved
that an initial short-term inflammatory stimulus, for up to
7 days, would be inductive for G-MSCs’ proliferation and
population expansion [13]. However, based on the reduced
CFUs observed at 12 days, a continued inflammatory chal-
lenge beyond 7 days could significantly reduce the G-MSCs’
proliferation/expansion potential.

Following the MSC proliferation/expansion phase, the
cell differentiation stage begins to dominate the process of
tissue regeneration [34]. In the current experiment, mRNA
expression of genetic markers, representing early-to-later
stages of osteogenesis (RUNX2, Col-I, ALP, and finally
OPN), has been characterized, to investigate the osteogenic
potential of G-MSCs under inflammatory/anti-inflammatory
conditions [35–37]. Similar to previous studies [16, 24, 33],
an inductive effect was not observed for the osteogenic capa-
bility of G-MSCs under inflammatory environment. This was
evident through the suppression mRNA expression of most
osteogenic markers including RUNX2, Col-I, and OPN and
a compromised calcified deposit formation in the inflamma-
tory group at 14 days. The observed negative effect on osteo-
genesis, especially at 14 days, could be attributed to the dose
of the “cytokine cocktail” employed [33], as well as to the
inflammatory stimulus duration. With the persistence treat-
ment with the “cytokine cocktail,” a continued inflammatory
environment could mediate intracellular signaling and pro-
duction of NF-kappa β [13, 38], as well as a subsequent
degradation of β-catenin [39], thereby interfering with the
G-MSCs’ osteogenic potential [16, 24].

Interestingly, and in clear contrast to previous investiga-
tions onBMSCs and osteoblasts [24, 32], inflammation upreg-
ulated the expression of ALP in G-MSCs, one of the earliest
markers during MSCs’ differentiation [40]. This was similar
to previous reports [33], indicating that the activity of tissue-
nonspecific alkaline phosphatase (TNAP) was significantly
higher in humanMSCs when cultured with proinflammatory
cytokines IL-1β, TNF-α, and with their receptor antagonist,
indicative of a possible ALP tissue-protective effect through
dephosphorylation and detoxification process [41]. Hence

similarly, the elevation of ALP mRNA expression under
inflammatory/anti-inflammatory environment observed in
the present study might indicate an active cellular reaction of
G-MSCs to themultiple proinflammatory/anti-inflammatory
cytokines present in their microenvironment.

On the other hand, in accordance with previous inves-
tigations [42–44], anti-inflammatory treatment reversed
the inhibitory effect of inflammation on G-MSCs and
boosted osteogenesis, as was evident by the elevated
Alizarin red-positive deposits and the upregulation of all
tested osteogenic markers observed at 14 days. The anti-
inflammatory treatment appeared to strongly boost the cellu-
lar differentiation of G-MSCs by the inductive medium into
an osteogenic lineage.

5. Conclusion

Combined, the current results qualify G-MSCs for tissue
transplantation approaches in clinically challenging inflam-
matory environmental conditions, which normally represent
the early phases of all physiological healing schemes. Fur-
thermore, the results demonstrate for the first time how the
cellular proliferation and osteogenic differentiation capacity
of G-MSCs could be affected by inflammatory/anti-inflam-
matory synchronization. It seems that an initial short-term
inflammatory phase would stimulate G-MSCs’ proliferation.
With the persistence of inflammation, this positive effect per-
ished and was followed by a negative effect on osteogenesis.
In this context, at the first stage of tissue regeneration,
short-term controlled inflammation increases could enrich
the cell numbers, a prerequisite for any tissue formation.
While at the second stage, the subsequent subsidence of
inflammation through an effective anti-inflammatory phase
is essential for osteogenic cellular differentiation/maturation.
However, further investigations are needed on the ideal
modes and time points of inflammation/anti-inflammation
agent-controlled delivery to affect cellular attributes. This
timed scheme of an initial inflammatory stimulation,
followed by a subsequent anti-inflammatory treatment, could
hold a remarkable potential in the field of G-MSC-mediated
osteogenic tissue regeneration.
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Stem cell research provides promising strategies in improving healthcare for human beings. As a noninvasively obtained and easy-
to-culture cell resource with relatively low expense, urine-derived stem cells have special advantages. They have been extensively
studied on its proliferation ability and differentiation potential and were being reprogrammed to model diseases during the last
decade. In this review, we intend to summarize the latest progress on the research of urine-derived stem cells for its broad
application mainly in regenerative medicine and disease modeling, as well as in what is challenging currently. This minireview
will highlight the potential application of urine-derived stem cells and provides possible direction of further research in the future.

1. Introduction

Stem cell research has remained to be an exploding and exciting
area possessing the potential of improving healthcare for human
beings [1, 2]. Tremendous research has been conducted on two
types of stem cells: the pluripotent stem cells (PSCs) and the
somatic stem cells. The most commonly investigated PSCs
include embryonic stem cells (ESCs) and induced pluripotent
stem cells (iPSCs). ESCs are usually derived from the inner cell
mass of early embryoswhich could be proliferated for a long term
and differentiated into cell types of all three germ layers in vitro
and in vivo [3]. Based on the research of ESCs, mammalian
somatic cells were reprogrammed to iPSCs by enforced expres-
sion of OCT3/4, SOX2, KLF4, and c-MYC [4] or an alternative
set of OCT3/4, SOX2, LIN28, and NANOG [5]. The iPSCs,
which bypass the ethical issue of ESCs resulting from destroying
early embryos, could generate patient-specific cell types of var-
ious lineages in vitro. However, some obstacles including long-
term manipulation, low reprogramming and differentiation
efficiency, and tumorigenicity have prevented iPSCs from a
broad range of clinical application. Meanwhile, the somatic stem
cells could also be propagated to a large number of differentiated
cell types, without the risk of tumor formation, thus enabling
them to be closer to the clinical application compared with PSCs.

For the somatic stem cells, bone marrow-derived stem
cells (BMSCs) and adipose-derived stem cells (ADSCs) are
investigated for a long period and have been applied in vari-
ous experimental studies and preclinical trials [6–9].
Although both BMSCs and ADSCs have multiple potential
to differentiate into various cell types, they are obtained
through invasive procedures and could bring damage to the
patients, especially to the pediatric patients and those with
abnormal hemorrhagic diseases. Therefore, within the latest
decade, urine-derived stem cells (UDSCs) are emerging as a
promising cell resource for their noninvasive obtaining pro-
cedure, potent proliferation ability, multiple application in
cell therapy, and tissue engineering [10–15] and serve as orig-
inal cells for reprogramming into disease-specific iPSCs [16].
Based on these applications, UDSCs are currently playing an
important role in adult stem cell biology.

2. Multiple Transdifferentiation of UDSCs
Applied in Cell Therapy and
Tissue Engineering

The autologous somatic stem cells have special advantages
for the future clinical application, since they usually do not
induce immune rejection. In addition, the ability to expand
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to a large amount and to be induced into various cell lineages
is also the basis for the somatic stem cells to explore their
application in cell-based therapies and regenerative medi-
cine. UDSCs could be expanded to yield a large population,
and their plasticity has also been fully confirmed through
investigation [17].

First, urine-derived cells were cultured from newborn
children and displayed limited proliferation potential [18].
Urine cells with high proliferation ability were successfully
cultured in a study of urological tissue reconstruction in
2008 [10]. In total, 55 urine samples from 15 volunteers
and 8 patients were collected and cultured. Three types of
cells with different morphologies were propagated represent-
ing fully differentiated, differentiating, and progenitor-like
cells, respectively. Only the small cell type with a spindle
appearance was named as UDSCs, as they could be consecu-
tively proliferated for up to 20 passages, reaching accumu-
lated population doubling (PD) rate of more than 60
[10, 15]. These cells most likely came from the parietal cell-
podocyte interface of the renal glomerulus and expressed
the corresponding markers [11, 12, 15]. Once isolated, the
UDSCs could be consecutively expanded in culture in vitro
and give rise to a variety of cell types via induction of
lineage-specific differentiation under appropriate experi-
mental conditions. Since its identification, up to now, UDSCs
have been induced into ectodermal, mesodermal, and endo-
dermal lineages. Ectodermal neural lineage was obtained
through culturing UDSCs in neural induction medium sup-
plemented with basic fibroblast growth factor [15, 19, 20].
Approximately 40% of the induced cells expressed several
neural markers such as nestin, S100, NF200, and GFAP, as
well as exhibiting neurogenic extensions and processes, both
in vitro and in vivo [15, 19]. Human urine cells from volun-
teers and Wilson’s disease patient could also be induced into
neural lineage through the overexpression of Ascl1, Brn2,
NeuroD, c-Myc, andMyt1l, characterized by expressing mul-
tiple neuronal markers and generating action potentials [20].
The neural lineage differentiation of UDSCs needs to be
further investigated in future research. Endodermal lineage
was obtained through culturing UDSCs in endothelial basal
medium supplemented with vascular endothelial growth
factor (VEGF). The induced cells developed a cobblestone-
like morphology and expressed urothelial-specific markers
such as uroplakin-III, uroplakin-Ia, CK7, and AE1/AE3
[15]. UDSCs have also been induced into multiple mesoder-
mal lineage including osteogenic cells [21–23] and muscle
cells [24–26]. After seeding on composite PLGA/CS scaffolds
which were incorporated with calcium silicate, UDSCs dem-
onstrated therapeutic potential in bone tissue regeneration
in vivo through activation of the Wnt/β-catenin signaling
pathway [22]. The UDSCs overexpressing VEGF could
enhance the survival of grafted cells and promote myogenic
differentiation, as well as improving the innervations, which
could help to develop cell therapeutic strategy to correct
stress urinary incontinence [26].

Tissue engineering is a promising field offering the possi-
bility of providing scaffolds in order to structurally and func-
tionally restore the altered pathological tissues. Although the
complex structure and functions of the bladder have made

this process challenging, great advancements have been
achieved in the last few years using a scaffold and various
stem cells to construct bladder and other urological tissues.
Obtaining large amount of patients’ cells is the primary issue
in constructing autologous tissues. The ideal cells should be
propagated through noninvasive manipulation and possess
high proliferation ability. As a noninvasive and easy-to-
expand cell resource, UDSCs have been applied in urological
tissue engineering including bladder tissue engineering and
urethral reconstruction [10, 15, 27–34]. The recent and pre-
vious publications have demonstrated that the autologous
UDSCs could be differentiated into urothelial cells and
smooth muscle cells. Besides, it could also be applied in ure-
thral reconstruction with the advantages of less inflammation
and fibrosis compared with the control group in urethral
defect models [10, 27–29]. UDSCs have also been applied
in bladder tissue engineering after being transdifferentiated
into bladder-associated cell types such as smooth muscle cells
and urothelial cells. Even more, they demonstrated markers
such as tight junction including ZO-1, E-cadherin, and
cingulin, which indicated that a protective ultrastructure bar-
rier has formed and could probably protect the engineered
bladder tissues from urine [15, 32]. Although there are still
tremendous issues such as vascularization and neurotization
which need to be settled before clinical application, these
efforts have provided great potential for the use of UDSCs.
In addition, more applications of UDSCs on nonurological
tissue engineering need to be explored and investigated in
the future.

3. UDSCs Served as Original Cells for
Reprogramming into Disease-Specific iPSCs

Although animal models are commonly applied to investi-
gate disease mechanisms, these in vivo research models have
a few limitations which could be potentially overcome
through ex vivo human cellular models such as iPSCs.
Modeling various human diseases “in a culture dish” is a
fundamental application of human disease-specific iPSCs
for its genetic background of the targeted disease [16, 35–37].

Two steps including derivation of iPSCs from a patient’s
somatic cells and subsequent differentiation into disease-
related cell types are important in modeling human diseases.
Typically, parental somatic cells such as fibroblast and blood
cells are harvested invasively from patients through biopsy or
blood extraction. For some special patients such as children
or those with abnormal hemorrhagic diseases, UDSCs have
special advantages as they could be obtained noninvasively
and cultured easily. Thus, UDSCs have been selected as alter-
native starting cells to generate iPSCs for both genders and all
ages [38–40].

UDSC-derived disease-specific iPSCs have already
been established in cardiac diseases [16], endocrine diseases
[41, 42], abnormal hemorrhagic diseases resulting from var-
ious causes [43–45], aneuploidy diseases such as Down
syndrome [46], neural diseases [47, 48], muscular disorders
[49, 50], fibrodysplasia ossificans progressiva [51, 52], sys-
temic lupus erythematosus [53], cryptorchidism [54], hyper-
cholesterolemia [55], paroxysmal kinesigenic dyskinesia [56],
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and so on (Table 1). After successful reprogramming and
characterization, differentiation experiments are essential,
since most of disease phenotypes are usually observed in
lineage-committed cells after in vitro differentiation rather
than being observed in the iPSCs. In vitro, stepwise-
directed differentiation is usually conducted according to
the in vivo developmental pathway of the targeted cell type
and often spans multiple weeks. Marker expression is
detected during the consecutive developmental stage of
differentiation both at mRNA level and at protein level. Even
more, functional assays such as electrophysiology are also
needed to study the pathophysiology of the targeted cells.

Based on these abovementioned research strategies,
UDSC-derived iPSCs and the subsequent functional experi-
ments have been applied in several disease modeling
techniques. For the hemorrhagic disease category, iPSCs
were generated successfully from 7 hemophilia A patients.
The differentiated hepatocytes from these iPSCs failed to
produce FVIII, which recapitulated the FVIII deficiency of
hemophilia A. Thus, this cell model provided an effective
way for modeling hemophilia A in vitro for further gene
and cell therapy studies [45].

For the neurological disease category, urine samples were
collected from 10 individuals with Down syndrome compris-
ing 5 females and 5 males. The iPSCs were established and
named as T21-iPSCs which were more sensitive to proteo-
toxic stress than euploid iPSCs. This study also indicated that
T21-iPSCs could be differentiated into glutamatergic
neurons which could fire action potential similar to euploid
iPSCs. T21-iPSCs could also be induced into cardiomyocytes
which exhibited spontaneous contractions and were sensitive
to the beta adrenergic agonist isoproterenol [46]. Since both
neurological disorders and congenital heart defects were the
two most common complications of Down syndrome, these
researches could probably be applied in human cell-based
high-throughput drug screening in translational preclinical
studies aimed at improving the life quality of patients with
Down syndrome. Meanwhile, UDSCs have also been applied
in the research of rare diseases. The long QT syndrome is a
genetically inherited cardiac disease that can cause poten-
tially fatal cardiac arrhythmia. Research showed that hiPSC
derived from the HERG A561P-mutated urine cells
(A561P-UhiPS CMs) can be differentiated into functional
cardiomyocytes. Compared with the control healthy UhiPS-
CMs, the A561P mutation caused a trafficking defect which
led to delayed rectifier K+ current [16]. Fibrodysplasia ossifi-
cans progressiva (FOP) is an extremely rare connective tissue
disease without effective treatment currently. It is character-
ized by progressive heterotopic ossification of soft tissues,
and the molecular mechanisms underlying the pathology of
FOP need to be investigated, as well as the identification of
new therapeutic drugs through a proper research model
[51]. The FOP-iPSC lines containing ALK2 mutation
displayed decreased differentiation efficiency into bone-
forming progenitors and reduced expression of VEGF
receptor 2 in differentiated endothelial cells. The ALK2
kinase inhibitor could also partly inhibit the increase in
mineralization of FOP-hiPSC-derived pericytes [52]. All
these achievements had enabled the FOP-iPSCs as an

alternative research model to evaluate the bioactivity of
ALK2 inhibitors and other therapeutic drug candidates.
Cryptorchidism is a common congenital birth defects, and
infertility is an important complication with no proper treat-
ment in adulthood [57]. Cryptorchidism-specific iPSCs have
been established and differentiated into VASA-positive germ
cell lineage which provided a potential model for investigat-
ing the mechanisms and treatments to infertility [54]. The
autosomal dominant hypercholesterolemia is caused by
mutated proprotein convertase subtilisin/kexin type 9
(PCSK9), which is a critical modulator of cholesterol homeo-
stasis. PCSK9-iPSC lines were successfully established from
urine cells and could be differentiated into hepatocyte-like
cells. This study also indicated that the induced hepatocyte-
like cells displayed altered PCSK9 secretion and LDL uptake,
which mimic the pathophysiology of hypercholesterolemia
and could be applied in drug screening [55]. Except for these
abovementioned disease modeling techniques with func-
tional experiments, further functional experiments need to
be conducted on other UDSC-derived iPSCs after being
induced into target cell types [41–44, 48–50, 53].

4. Current Challenges and Future Perspectives

UDSCs have been applied as a novel noninvasive cell source
possessing a broad feasibility in cell therapies and tissue
regeneration especially for urinary tissue engineering and
also serving as original cells for disease modeling through
reprogramming. However, since the biological characteristics
of UDSCs have not been fully investigated yet, further basic
research and practical animal studies are needed before they
could be applied to the clinical therapeutics.

There are still a few issues yet to be settled. The first issue
lies on the cell diversity which was displayed as line-to-line
variations on both UDSCs and reprogrammed iPSCs result-
ing mainly from genetic background. When the experimental
cells were compared with the control cells derived from
another individual with different genetic background, these
diversities could probably complicate the data interpretation
and bring other problems such as experimental reproducibil-
ity. This issue could probably be settled through setting the
experimental disease-causing mutation group and the
control group originated from the same cell resource, which
means that the experimental group is created by specific gene
mutation on the control group through targeted genome
editing technology. In such circumstance, both groups have
the same genetic background except for the targeted muta-
tion which could help to elucidate the disease-causing mech-
anism of the mutation. The second issue lies on the
establishment of a clinical-grade cell resource of both UDSCs
and reprogrammed iPSCs. This issue could probably be
settled through recent technological innovations such as
using integration-free reprogramming technology and
xeno-free culture conditions. Great efforts have been made
in making a clinical-grade cell under the guidelines of Good
Manufacturing Practice and would probably benefit the
patients in the near future. The third issue lies on the epige-
netic memories of reprogrammed iPSCs. Which type of the
original cell is chosen to reprogram usually depends on the
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Table 1: Disease-specific iPSCs derived from urine cells.

Disease Genetic etiology/mutation sites
Reprogramming

factors
Reprogramming

strategy
Major findings Refs

Type 2 long QT
syndrome

KCNH2/A561P.c7:150 648
800G>C

OSKMLN
+ SV40LT

Episomal vectors

A561P-UhiPSC lines
were established.

A561P-UhiPSCs could be
differentiated into

functional cardiomyocyte
cells.

A561P KCNH2 mutation
caused a trafficking defect of

the HERG channel.
HERG A561P mutation

increased the susceptibility
to arrhythmia.

[16]

Multiple endocrine
neoplasia type 1
syndrome

Men1/exon 9 OSK+miR-302-367
Episomal
plasmids

MEN1-iPSC lines of male
and female were established.
No functional experiments

were achieved.

[41, 42]

Novel heterozygous
PAI-1 mutation

PAI-1/exon 4 OSKM Sendai virus

PAI-1-iPSC line and the
control line were

established.
No functional experiments

were achieved.

[43, 44]

Hemophilia A FVIII/intron 22 inversion OSK+ SV40LT Episomal vectors

HA-iPSC lines were
established.

HA-iPSCs could be
differentiated into

hepatocyte-like cells in vitro.
HA-iPSC-derived
hepatocyte-like cells

displayed FVIII deficiency.

[45]

Down syndrome Trisomy 21 OSKM Episomal vectors

T21-iPSC lines were
established.

T21-iPSCs were more
sensitive to proteotoxic

stress than euploid iPSCs.
T21-iPSCs could be
differentiated into

glutamatergic neurons and
cardiomyocytes.

Neurons fromT21-iPSCs
could fire AP similar to

euploid iPSCs.

[46]

Spinal cord injury No verification/no verification OSKM Sendai virus

SCI-iPSC lines were
established.

SCI-iPSCs could be
differentiated into A2B5+

NPCs.
A2B5+ NPCs could give rise
to neurons and astrocytes

after implantation.

[47]

Attention-deficit
hyperactivity disorder

No verification/no verification OSKM Sendai virus

ADHD-iPSC lines were
established.

No functional experiments
were achieved.

[48]

Dilated
cardiomyopathy

No verification/no verification OSKM Sendai virus
DCM-iPSC lines were

established.
[49]

4 Stem Cells International



cell accessibility, reprogramming efficiency, and the expected
progression pattern of the specific disease. Several researchers
have demonstrated that iPSCs reprogrammed from different
original somatic cells includingUDSCsexhibiteddistinct tran-
scriptional and epigenetic patterns, as well as various in vitro
differentiation potentials [58, 59]. Research also indicated that
the epigenetic memory of the original cells resulted from
incomplete reprogramming and the biased in vitro differenti-
ation could influence the applications in disease modeling
and treatment [60]. This issue could probably be settled
through improving reprogramming strategies and achieving

a complete pluripotency. In addition, further research is
needed toelucidate themechanisms that regulatepluripotency
and to improve directed differentiation efficiency to produce
the mature target cell type. Upon all these abovementioned
issues, polygenic disease-specific iPSCs to recapitulate more
complex diseases are facing even greater challenges.

5. Conclusions

In conclusion, UDSCs are a novel noninvasively obtained
cell source with high proliferation ability and multiple

Table 1: Continued.

Disease Genetic etiology/mutation sites
Reprogramming

factors
Reprogramming

strategy
Major findings Refs

No functional experiments
were achieved.

Muscular dystrophy Dystrophin/exon deletion OSKM Sendai virus

MD-iPSC lines were
established.

MD-iPSCs lack the
expression of dystrophin.

[50]

Fibrodysplasia
ossificans progressiva

ALK2/R206H
OSKM/OSK+
miR-302-367

Sendai virus/
episomal vectors

FOP-iPSC lines were
established.

Differentiation efficiency
into bone-forming

progenitors was decreased.
Expression of VEGF

receptor 2 in differentiated
endothelial cells was

reduced.
Mineralization of pericytes
from FOP-hiPSCs was

increased.

[51, 52]

Systemic lupus
erythematosus

No verification/no verification OSKM Lentivirus

SLE-iPSC lines were
established.

No functional experiments
were achieved.

[53]

Cryptorchid

INSL3/c.A178>G, ZNF214/
c.A197>G, c.T383>A and

c.T754>C, ZNF215/c.T108>A,
c.A400>C, c.A780>T, and

c.C788>T

OSKM Lentivirus

Cryp-iPSC lines were
established.

Cryp-iPSCs could be
differentiated into
VASA+ germ cell.

[54]

Hypercholesterolemia PCSK9/S127R and R104C/V114A
OSKMLN
+ SV40LT

Episomal vectors

PCSK9-iPSC lines were
established.

PCSK9-iPSCs could be
differentiated into

hepatocyte-like cells.
PCSK9 secretion and LDL

uptake were altered.

[55]

Paroxysmal
kinesigenic dyskinesia

PRRT2/c.649dupC OSKM Retroviruses

PKD-iPSC lines were
established.

PKD-iPSCs could be
differentiated into

functional glutamatergic,
dopaminergic, and motor

neurons.
The expression of PRRT2
was decreased in PKD-

iPSCs.

[56]

The abbreviations represent a combination of reprogramming factors: O: OCT3/4; S: SOX2; K: KLF4; M: c-MYC; L: LIN28; N: NANOG.
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differentiation potential and were being reprogrammed to
model diseases. However, the broad and powerful applica-
tion of UDSCs is yet to achieve through further investiga-
tion, both on regenerative medicine and on disease
modeling after being reprogrammed.

Conflicts of Interest

The authors declare that they have no conflict of interests.

Acknowledgments

This study was supported by the funding from National Nat-
ural Science Foundation of China (81270742, 81370700),
Shanghai Municipal Population and Family Planning
Commission (201540389), Professional and Technical
Services Platform for Biobank of Critical Disease in Shanghai
(15DZ2292100), and Interdisciplinary Funding of Medical
and Engineering from Shanghai Jiao Tong University
(YG2016MS32).

References

[1] S. Morrison, “Advancing stem cell science and translation,”
Stem Cell Reports, vol. 6, no. 6, pp. 785-786, 2016.

[2] A. Atala, “Advancing the translation of stem cells to medicine,”
Stem Cells Translational Medicine, vol. 6, no. 1, pp. 1-2, 2017.

[3] J. A. Thomson, J. Itskovitz-Eldor, S. S. Shapiro et al., “Embry-
onic stem cell lines derived from human blastocysts,” Science,
vol. 282, no. 5391, pp. 1145–1147, 1998.

[4] K. Takahashi, K. Tanabe, M. Ohnuki et al., “Induction of plu-
ripotent stem cells from adult human fibroblasts by defined
factors,” Cell, vol. 131, no. 5, pp. 861–872, 2007.

[5] J. Yu, M. A. Vodyanik, K. Smuga-Otto et al., “Induced plurip-
otent stem cell lines derived from human somatic cells,”
Science, vol. 318, no. 5858, pp. 1917–1920, 2007.

[6] S. Liu, J. Zhou, X. Zhang et al., “Strategies to optimize adult
stem cell therapy for tissue regeneration,” International Jour-
nal of Molecular Sciences, vol. 6, p. 17, 2016.

[7] G. I. Im, “Bone marrow-derived stem/stromal cells and
adipose tissue-derived stem/stromal cells: their comparative
efficacies and synergistic effects,” Journal of Biomedical Mate-
rials Research Part A, vol. 105, no. 9, pp. 2640–2648, 2017.

[8] A. El-Badawy, S. M. Ahmed, and N. El-Badri, “Adipose-
derived stem cell-based therapies in regenerative medicine,”
Advances in Stem Cell Therapy, pp. 117–138, 2017.

[9] J. H. Arrizabalaga and M. U. Nollert, “Properties of porcine
adipose-derived stem cells and their applications in preclinical
models,” Adipocytes, vol. 6, no. 3, pp. 217–223, 2017.

[10] Y. Zhang, E. McNeill, H. Tian et al., “Urine derived cells are a
potential source for urological tissue reconstruction,” Journal
of Urology, vol. 180, no. 5, pp. 2226–2233, 2008.

[11] D. Zhang, G. Wei, P. Li, X. Zhou, and Y. Zhang, “Urine-
derived stem cells: a novel and versatile progenitor source for
cell-based therapy and regenerative medicine,” Genes &
Diseases, vol. 1, no. 1, pp. 8–17, 2014.

[12] G. Liu, C. Deng, and Y. Zhang, “Urine-derived stem cells:
biological characterization and potential clinical applications,”
Stem Cells: Current Challenges and New Directions, pp. 19–28,
2013.

[13] B. Bussolati and G. Camussi, “Therapeutic use of human renal
progenitor cells for kidney regeneration,” Nature Reviews
Nephrology, vol. 11, no. 12, pp. 695–706, 2015.

[14] F. Oliveira Arcolino, A. Tort Piella, E. Papadimitriou et al.,
“Human urine as a noninvasive source of kidney cells,” Stem
Cells International, vol. 2015, Article ID 362562, 7 pages, 2015.

[15] S. Bharadwaj, G. Liu, Y. Shi et al., “Multipotential differen-
tiation of human urine-derived stem cells: potential for
therapeutic applications in urology,” Stem Cells, vol. 31,
no. 9, pp. 1840–1856, 2013.

[16] M. Jouni, K. Si-Tayeb, Z. Es-Salah-Lamoureux et al., “Toward
personalized medicine: using cardiomyocytes differentiated
from urine-derived pluripotent stem cells to recapitulate
electrophysiological characteristics of type 2 long QT
syndrome,” Journal of the American Heart Association, vol. 4,
no. 9, article e002159, 2015.

[17] L. Shi, Y. Cui, J. Luan, X. Zhou, and J. Han, “Urine-derived
induced pluripotent stem cells as a modeling tool to study rare
human diseases,” Intractable & Rare Diseases Research, vol. 5,
no. 3, pp. 192–201, 2016.

[18] G. R. Sutherland and A. D. Bain, “Culture of cells from the
urine of newborn children,” Nature, vol. 239, no. 5369,
p. 231, 1972.

[19] J. J. Guan, X. Niu, F. X. Gong et al., “Biological characteristics
of human-urine-derived stem cells: potential for cell-based
therapy in neurology,” Tissue Engineering Part A, vol. 20,
no. 13-14, pp. 1794–1806, 2014.

[20] S. Z. Zhang, L. X. Ma, W. J. Qian, H. F. Li, and Z. F. Wang,
“Modeling neurological disease by rapid conversion of human
urine cells into functional neurons,” Stem Cells International,
vol. 2016, Article ID 2452985, 8 pages, 2016.

[21] J. Guan, J. Zhang, Z. Zhu et al., “Bone morphogenetic protein 2
gene transduction enhances the osteogenic potential of human
urine-derived stem cells,” Stem Cell Research & Therapy, vol. 6,
p. 5, 2015.

[22] J. Guan, J. Zhang, S. Guo et al., “Human urine-derived stem
cells can be induced into osteogenic lineage by silicate biocera-
mics via activation of the Wnt/β-catenin signaling pathway,”
Biomaterials, vol. 55, pp. 1–11, 2015.

[23] J. Guan, J. Zhang, H. Li et al., “Human urine derived stem cells
in combination with β-TCP can be applied for bone regenera-
tion,” PLoS One, vol. 10, no. 5, article e0125253, 2015.

[24] E. Y. Kim, P. Page, L. M. Dellefave-Castillo, E. M. McNally,
and E. J. Wyatt, “Direct reprogramming of urine-derived cells
with inducible Myod for modeling human muscle disease,”
Skeletal Muscle, vol. 6, p. 32, 2016.

[25] W. Chen, M. Xie, B. Yang et al., “Skeletal myogenic differenti-
ation of human urine-derived cells as a potential source for
skeletal muscle regeneration,” Journal of Tissue Engineering
and Regenerative Medicine, vol. 11, no. 2, pp. 334–341, 2017.

[26] G. Liu, X.Wang, X. Sun, C. Deng, A. Atala, and Y. Zhang, “The
effect of urine-derived stem cells expressing VEGF loaded in
collagen hydrogels on myogenesis and innervation following
after subcutaneous implantation in nude mice,” Biomaterials,
vol. 34, no. 34, pp. 8617–8629, 2013.

[27] S. Ramsay, C. Ringuette-Goulet, A. Langlois, and S. Bolduc,
“Clinical challenges in tissue-engineered urethral reconstruc-
tion,” Translational Andrology and Urology, vol. 5, no. 2,
pp. 267–270, 2016.

[28] Y. Liu, W. Ma, B. Liu et al., “Urethral reconstruction with
autologous urine-derived stem cells seeded in three-

6 Stem Cells International



dimensional porous small intestinal submucosa in a rabbit
model,” Stem Cell Research & Therapy, vol. 8, no. 1,
p. 63, 2017.

[29] L. R. Versteegden, P. K. de Jonge, J. IntHout et al., “Tissue
engineering of the urethra: a systematic review and meta-
analysis of preclinical and clinical studies,” European Urology,
vol. 72, no. 4, pp. 594–606, 2017.

[30] P. Gao, D. Jiang, W. Liu, H. Li, and Z. Li, “Urine-derived stem
cells, a new source of seed cells for tissue engineering,” Current
Stem Cell Research & Therapy, vol. 11, no. 7, pp. 547–553,
2016.

[31] B. Liu, F. Ding, Y. Liu, G. Xiong, T. Lin, and D. He, “Urine-
derived stem cells: a novel source for tissue engineering and
regenerative medicine,” Journal of Biomaterials and Tissue
Engineering, vol. 6, no. 8, pp. 589–601, 2016.

[32] Y. Y. Chan, S. K. Sandlin, E. A. Kurzrock, and S. L. Osborn,
“The current use of stem cells in bladder tissue regeneration
and bioengineering,” Biomedicine, vol. 5, no. 1, 2017.

[33] A. Bodin, S. Bharadwaj, S. Wu, P. Gatenholm, A. Atala, and
Y. Zhang, “Tissue-engineered conduit using urine-derived
stem cells seeded bacterial cellulose polymer in urinary recon-
struction and diversion,” Biomaterials, vol. 31, no. 34,
pp. 8889–8901, 2010.

[34] Z. Tong, C. Cao, M. Rao, and J. Lu, “Potential cell source for
cell- based therapy and tissue engineering applications:
urine-derived stem cells,” Journal of Biomaterials and Tissue
Engineering, vol. 5, no. 2, pp. 150–156, 2015.

[35] I. H. Park, N. Arora, H. Huo et al., “Disease-specific induced
pluripotent stem cells,” Cell, vol. 134, no. 5, pp. 877–886,
2008.

[36] D. L. Mack, X. Guan, A. Wagoner, S. J. Walker, and M. K.
Childers, “Disease-in-a-dish: the contribution of patient-
specific induced pluripotent stem cell technology to regenera-
tive rehabilitation,” American Journal of Physical Medicine &
Rehabilitation, vol. 93, no. 11, Supplement 3, pp. S155–S168,
2014.

[37] Y. Avior, I. Sagi, and N. Benvenisty, “Pluripotent stem cells in
disease modelling and drug discovery,” Nature Reviews Molec-
ular Cell Biology, vol. 17, no. 3, pp. 170–182, 2016.

[38] T. Zhou, C. Benda, S. Dunzinger et al., “Generation of human
induced pluripotent stem cells from urine samples,” Nature
Protocols, vol. 7, no. 12, pp. 2080–2089, 2012.

[39] T. Zhou, C. Benda, S. Duzinger et al., “Generation of induced
pluripotent stem cells from urine,” Journal of American Society
of Nephrology, vol. 22, no. 7, pp. 1221–1228, 2011.

[40] E. Mizutani, K. Torikai, S. Wakayama et al., “Generation of
cloned mice and nuclear transfer embryonic stem cell lines
from urine-derived cells,” Scientific Reports, vol. 6, article
23808, 2016.

[41] D. Guo, F. Wu, H. Liu et al., “Generation of non-integrated
induced pluripotent stem cells from a 23-year-old male with
multiple endocrine neoplasia type 1 syndrome,” Stem Cell
Research, vol. 18, pp. 70–72, 2017.

[42] D. Guo, F. Wu, H. Liu et al., “Generation of non-integrated
induced pluripotent stem cells from a 59-year-old female with
multiple endocrine neoplasia type 1 syndrome,” Stem Cell
Research, vol. 18, pp. 64–66, 2017.

[43] M. Z. Afzal, M. Gartz, E. A. Klyachko et al., “Generation of
human iPSCS from urine derived cells of patient with a novel
heterozygous PAI-1 mutation,” Stem Cell Research, vol. 18,
pp. 41–44, 2017.

[44] M. Z. Afzal, M. Gartz, E. A. Klyachko et al., “Generation of
human iPSCs from urine derived cells of a non-affected
control subject,” Stem Cell Research, vol. 18, pp. 33–36,
2017.

[45] B. Jia, S. Chen, Z. Zhao et al., “Modeling of hemophilia a using
patient-specific induced pluripotent stem cells derived from
urine cells,” Life Sciences, vol. 108, no. 1, pp. 22–29, 2014.

[46] Y. M. Lee, B. L. Zampieri, J. J. Scott-McKean, M. W. Johnson,
and A. C. S. Costa, “Generation of integration-free induced
pluripotent stem cells from urine-derived cells isolated from
individuals with Down syndrome,” Stem Cells Translational
Medicine, vol. 6, no. 6, pp. 1465–1476, 2017.

[47] Y. Liu, Y. Zheng, S. Li et al., “Human neural progenitors
derived from integration-free iPSCs for SCI therapy,” Stem
Cell Research, vol. 19, pp. 55–64, 2017.

[48] J. Sochacki, S. Devalle, M. Reis, P. Mattos, and S. Rehen,
“Generation of urine iPS cell lines from patients with
attention deficit hyperactivity disorder (ADHD) using a
non-integrative method,” Stem Cell Research, vol. 17, no. 1,
pp. 102–106, 2016.

[49] Y. H. Lin, X. M. Chen, J. W. Zhang, X. Q. He, W. J. Dai, and
M. S. Chen, “Preclinical study on induction of pluripotent
stem cells from urine of dilated cardiomyopathy patients,”
European Review for Medical and Pharmacological Sciences,
vol. 20, no. 8, pp. 1450–1457, 2016.

[50] M. Z. Afzal and J. L. Strande, “Generation of induced pluripo-
tent stem cells from muscular dystrophy patients: efficient
integration-free reprogramming of urine derived cells,”
Journal of Visualized Experiments, no. 95, article 52032, 2015.

[51] J. Cai, V. V. Orlova, X. Cai et al., “Induced pluripotent stem
cells to model human fibrodysplasia ossificans progressiva,”
Stem Cell Reports, vol. 5, no. 6, pp. 963–970, 2015.

[52] L. Hildebrand, B. Rossbach, P. Kuhnen et al., “Generation
of integration free induced pluripotent stem cells from
fibrodysplasia ossificans progressiva (FOP) patients from
urine samples,” Stem Cell Research, vol. 16, no. 1, pp. 54–58,
2016.

[53] Y. Chen, R. Luo, Y. Xu et al., “Generation of systemic lupus
erythematosus-specific induced pluripotent stem cells from
urine,” Rheumatology International, vol. 33, no. 8, pp. 2127–
2134, 2013.

[54] J. Zhou, X. Wang, S. Zhang et al., “Generation and characteri-
zation of human cryptorchid-specific induced pluripotent
stem cells from urine,” Stem Cells Development, vol. 22,
no. 5, pp. 717–725, 2013.

[55] K. Si-Tayeb, S. Idriss, B. Champon et al., “Urine-sample-
derived human induced pluripotent stem cells as a model to
studyPCSK9-mediated autosomal dominant hypercholesterol-
emia,” Disease Models & Mechanisms, vol. 9, no. 1, pp. 81–90,
2016.

[56] S. Z. Zhang, H. F. Li, L. X. Ma, W. J. Qian, Z. F. Wang, and
Z. Y. Wu, “Urine-derived induced pluripotent stem cells as a
modeling tool for paroxysmal kinesigenic dyskinesia,” Biology
Open, vol. 4, no. 12, pp. 1744–1752, 2015.

[57] P. A. Lee and C. P. Houk, “Cryptorchidism,” Current Opinion
inEndocrinology,Diabetes&Obesity, vol. 20, no. 3, pp. 210–216,
2013.

[58] J. M. Polo, S. Liu, M. E. Figueroa et al., “Cell type of origin
influences the molecular and functional properties of mouse
induced pluripotent stem cells,” Nature Biotechnology,
vol. 28, no. 8, pp. 848–855, 2010.

7Stem Cells International



[59] F. Rouhani, N. Kumasaka, M. C. de Brito, A. Bradley,
L. Vallier, and D. Gaffney, “Genetic background drives
transcriptional variation in human induced pluripotent stem
cells,” PLoS Genetics, vol. 10, no. 6, article e1004432, 2014.

[60] K. Kim, A. Doi, B. Wen et al., “Epigenetic memory in induced
pluripotent stem cells,” Nature, vol. 467, no. 7313, pp. 285–
290, 2010.

8 Stem Cells International



Research Article
Establishment of Novel Limbus-Derived, Highly Proliferative
ABCG2+/ABCB5+ Limbal Epithelial Stem Cell Cultures

Eung Kweon Kim,1,2 Ga-Hyun Lee,1 Boram Lee,1 and Yong-Sun Maeng1,3

1Department of Ophthalmology, Corneal Dystrophy Research Institute, Yonsei University College of Medicine, Seoul,
Republic of Korea
2Institute of Vision Research, Severance Biomedical Science Institute, Yonsei University College of Medicine, Seoul, Republic of Korea
3Department of Obstetrics and Gynecology, Institute of Women’s Life Medical Science, Yonsei University College of Medicine, Seoul,
Republic of Korea

Correspondence should be addressed to Yong-Sun Maeng; maengmatthew@gmail.com

Received 26 June 2017; Revised 27 September 2017; Accepted 12 October 2017; Published 5 November 2017

Academic Editor: Ming Li

Copyright © 2017 Eung Kweon Kim et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in anymedium, provided the original work is properly cited.

Homeostasis and regeneration of corneal epithelia are sustained by limbal epithelial stem cells (LESCs); thus, an LESC deficiency is
a major cause of blindness worldwide. Despite the generally promising results of cultivated LESC transplantation, it has been
limited by variations in long-term success rates, the use of xenogeneic and undefined culture components, and a scarcity of
donor tissues. In this study, we identified the culture conditions required to expand LESCs in vitro and established human
limbus-derived highly proliferative ABCG2+/ABCB5+ double-positive LESCs. These LESCs exhibited the LESC marker profile
and differentiated into corneal epithelial cells. In addition, cultured LESCs expressed high levels of the stem cell markers Sox2,
Oct4, c-Myc, and Klf4, had high telomerase activity, and had stable, normal genomes. These results suggest that our novel
cultivation protocol affects the phenotype and differentiation capacity of LESCs. From the limbus, which contains a
heterogenous cell population, we have derived highly proliferative ABCG2+/ABCB5+ double-positive cells with the ability to
differentiate into corneal epithelial cells. This study opens a new avenue for investigation of the molecular mechanism of LESC
maintenance and expansion in vitro and may impact the treatment of corneal disease, particularly corneal blindness due to an
LESC deficiency.

1. Introduction

A surgical strategy for restoring the corneal epithelial surface
in patients that lack sufficient limbal epithelial stem cells
(LESCs) is the transplantation of ex vivo expanded LESCs,
which is one of the few adult human stem cell therapies cur-
rently being used [1–4]. This therapeutic approach typically
involves harvesting a small limbal sample from the patient
or a donor followed by cell expansion to generate an epithe-
lial sheet on a transplantable carrier, such as an amniotic
membrane [5–10], fibrin gel, or temperature-responsive
polymer [11]. Although successful repopulation of the ocular
surface has been described for up to 1 year after transplanta-
tion, studies have indicated that epithelial viability is not sus-
tained for very long [12] and that donor cells do not survive
more than 9 months after transplantation [13, 14]. These

failures may have resulted from depletion of LESCs in culture
due to improper culture conditions. Most culture methods,
including explant and airlift cultures, promote the prolifera-
tion and terminal differentiation of transient amplifying cells
(TACs) rather than retaining LESCs [15]. However, long-
term restoration of the damaged ocular surface requires
the preservation of LESCs during culture and after grafting
[4, 16]. Since the pioneering work in 1975 by Rheinwald and
Green [17], studies have shown that long-term survival and
serial expansion of LESCs are possible if they are cocultured
with fibroblast feeder cells [18]. Three types of clonogenic
cells, which give rise to holoclones, meroclones, and para-
clones, were identified by clonal analysis of human keratino-
cytes cultured on feeder layers [19]. Holoclone-forming cells
have all of the hallmarks of LESCs, including the capacity to
self-renew and a high potential to proliferate, whereas
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meroclones and paraclones are generated by different stages
of TACs and have limited capacities for proliferation. This
discovery was followed by the identification of holoclone-
forming cells in the limbal epithelium and the development
of a culture system that enriches for LESCs by growing them
clonally on feeder layers before seeding them onto fibrin gels
to produce epithelial sheets [20, 21]. Consistently, keratino-
cytes cultured by this method have been used to restore
massive epidermal defects permanently and to restore the
corneal surface of patients with complete LESC deficiencies
[1, 22–24]. Nevertheless, the question of whether the trans-
planted cell sheets actually contain LESCs has not been
addressed and the widespread use of this promising cultiva-
tion technique has been hampered by the lack of a standard-
ized cultivation protocol.

In this study, we evaluated the effects of several culture
variables on the growth and retention of LESCs in culture
to develop an optimal cultivation protocol that promotes
the expansion and maintenance of LESCs for therapeutic
applications. We developed a culture method to establish
human limbus-derived, highly proliferative ABCG2+/
ABCB5+ double-positive LESC cultures. The LESCs that we
cultured by this method were confirmed to have the LESC
marker profile and exhibited the potential to differentiate
into corneal epithelial cells. Moreover, these LESCs expressed
high levels of stem cell markers, including Sox2, Oct4, c-Myc,
and Klf4 [25, 26], displayed high telomerase activity, and had
stable, normal genomes. Using the limbus, which contains a
heterogenous cell population, as a cell source and our specific
culture conditions, we were able to establish a novel and
highly proliferative ABCG2+/ABCB5+ double-positive stem
cell population with the capacity for corneal epithelial differ-
entiation. Thus, our proposed culture systemmay be essential
for the long-term clinical success and stable regeneration
of corneal epithelia to treat corneal blindness due to an
LESC deficiency.

2. Materials and Methods

2.1. Cell Culture and Establishment of ABCG2+/ABCB5+

Double-Positive LESCs. Human corneal tissues were har-
vested from healthy corneas that were deposited in an eye
bank after penetrating or lamellar keratoplasty. Donor confi-
dentiality was maintained in accordance with the Declaration
of Helsinki, and the research protocol below was approved
by the Severance Hospital IRB Committee (CR04124) of
Yonsei University.

(1) Within 4 hours after penetrating keratoplasty, fresh
corneoscleral rim tissue was placed in a 60mm cul-
ture dish containing Hank’s Balanced Salt Solution
(HBSS) and was cut into four equal segments of the
limbus (limbus portion including the small cornea
region). Any remaining iris and endothelial cells were
rubbed off with a cotton tip.

(2) Each segment was digested with 15mg/mL of dispase
II (Roche, Rotkreuz, Switzerland) in supplemented
hormonal epithelial media (SHEM; CELLnTEC

Advanced Cell Systems AG, Bern, Switzerland) with
100mM sorbitol (Sigma-Aldrich, St Louis, MO) at
4°C for 18 h to separate the stroma from the rest of
the tissue.

(3) Under a dissecting microscope, an already loose
limbal epithelial sheet was separated from the tissue
by inserting and sliding a noncutting flat stainless
steel spatula into the plane between the limbal epithe-
lium and the stroma.

(4) The isolated limbal epithelial cell (LECs) clusters were
seeded onto a 60mm plate coated with 5% Matrigel
(BD Biosciences, Bedford, MA) and 0.05mg/ml
human fibronectin (Sigma-Aldrich, St. Louis, MO)
and cultured in CnT20 medium (CELLnTEC
Advanced Cell Systems AG, Bern, Switzerland).

(5) After 3 days, the LECs were cultured in 10% fetal
bovine serum (FBS) Dulbecco’s Modified Eagle
Medium (DMEM; Invitrogen, Carlsbad, CA), and
the medium was changed every 2 days.

(6) After 8–10 days, highly proliferative cell colonies
appeared in the culture plates.

(7) Highly proliferative cell colonies were washed with
PBS two times and treated with 1mL Accutase
(Sigma-Aldrich, St. Louis, MO), prewarmed at 37°C,
and shaken evenly 5-6 times. The Accutase was then
discarded, and cells were treated again with 1mL
Accutase and shaken evenly 4-5 times. Accutase was
then discarded again, and cells were incubated for
3–5min at 37°C in an incubator. Colonies were
digested separately. Single cells were seeded onto
plates coated with a matrix of Matrigel and fibronec-
tin and cultured in DMEM containing 10% FBS. The
highly proliferative cells that attached to the new
plate were designated limbal epithelial stem cells
(LESCs).

(8) After 48 hours, The LESCs were treated with Accu-
tase and sorted by FACS analysis using ABCG2+ anti-
bodies (Abcam, Cambridge, MA) and ABCB5+

antibodies (Thermo fisher scientific, Rockford, IL).

(9) The ABCG2+/ABCB5+ double-positive cells were
seeded onto a plate coated with a matrix of Matrigel
and fibronectin and cultured in 10% FBS DMEM.
When the plate was full of cells, the cells were treated
with Accutase and seeded onto a plate coated with a
matrix of Matrigel and fibronectin and cultured in
10% FBS DMEM. Then, the ABCG2+/ABCB5+

double-positive cells were cultured using mass cul-
ture methods and were named ABCG2+/ABCB5+

double-positive LESCs.

2.2. Real-Time Quantitative Reverse Transcriptase PCR
(Real-Time qRT-PCR). Total RNA was isolated from corneal
epithelial cells differentiated from ABCG2+/ABCB5+ LESCs
with TRIzol reagent (Invitrogen, Carlsbad, CA). mRNA
expression of human GAPDH, Δnp63α, ABCG2, CK3,
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CK19, Integrin α9, CK12, OCT4, SOX2, NANOG, c-MYC,
and KLF4 was measured using the Power SYBR Green
RNA-to-CT™ 1-Step kit (Applied Biosystems, Foster City,
CA, USA) and StepOnePlus™ (Applied Biosystems) accord-
ing to the manufacturer’s instructions. The PCR protocol
was 48°C for 30min, 95°C for 10min, 40 cycles of 95°C
for 15 s, and 60°C for 1min. Expression results were based
on cycle threshold (Ct) values. The differences between
the Ct values for the experimental genes and the reference
gene GAPDH were calculated and graphed as ratios of
experimental RNAs to the calibrated sample. The primers
used for gene amplification are listed in Supporting Infor-
mation Table S1 available online at https://doi.org/10.
1155/2017/7678637. Three independent experiments were
performed, and statistical analysis was carried out using
the Newman-Keuls multiple comparison test.

2.3. Immunofluorescence Staining. Cells were fixed in 3.7%
formaldehyde for 20min, permeabilized with 0.1% Triton
X-100 in phosphate buffered saline (PBS), and preincubated
in a blocking solution of PBS containing 5% normal donkey
serum and 0.05% Tween-20. Then, cells were incubated with
primary antibody for 2 h at room temperature. The primary
antibodies used included anti-human p63α antibody (Cell
Signaling, Beverly, MA), anti-human ABCG2 antibody
(Abcam, Cambridge, England), anti-human ABCB5 anti-
body (Invitrogen, Carlsbad, CA), anti-human CK19 antibody
(Abcam, Cambridge, England), anti-human CK3 antibody
(Abcam, Cambridge, England), and anti-human desmoglein
3 antibody (Novus Biologicals, Littleton, Co.). Then, cells
were labeled with a fluorescein-conjugated secondary anti-
body (Molecular Probes, Eugene, OR) and nuclei were coun-
terstained with 4′6-diamidino-2-phenylindole (DAPI).
Samples were observed with a fluorescence microscope
(Olympus, Tokyo, Japan).

2.4. Differentiation of LESCs into Corneal Epithelial Cells.
ABCG2+/ABCB5+ LESCs were seeded in a 12-well plate at
a density of 3× 104 cells per well and cultured in 10% FBS
DMEM. At 90% cell confluence, DMEM was replaced with
CnT30 medium (CELLnTEC Advanced Cell Systems AG).
Negative control cultures were maintained in 10% FBS
DMEM. Culture media was changed every 2 days for 5 days,
and then the cells were fixed in 3.7% formaldehyde and
immunostained with the appropriate antibodies.

2.5. Differentiation of LESCs into Corneal Epithelial Cells on
Transwell Filters. ABCG2+/ABCB5+ LESCs (1× 105) were
seeded onto 0.4 μm 12-well transwell filters in 10% FBS
DMEM. At 90% cell confluence, DMEM was replaced with
CnT30 medium. Negative control cultures were maintained
in 10% FBS DMEM. Cell differentiation was performed
under immersed conditions. Culture media was changed
every 2 days for 5 days, and then the cells were fixed
in 3.7% formaldehyde and immunostained with the
appropriate antibodies.

After 6 days, the transwell filters were fixed in 3.7% form-
aldehyde, embedded into paraffin, and sliced into 8 μm-thick
sections. The sections were washed in PBS, blocked in 5%

normal donkey serum and 0.1% Triton X-100, and incubated
overnight in primary antibody 2h at room temperature. The
primary antibodies included anti-human p63α (Cell Signal-
ing), anti-human ABCG2 (Abcam), anti-human ABCB5
(Invitrogen), anti-human CK3 (Abcam), and anti-human
desmoglein 3 (Novus Biologicals). Then, the sections were
labeled with a fluorescein-conjugated secondary antibody
(Molecular Probes), and nuclei were counterstained with
DAPI. Samples were observed with a fluorescence micro-
scope (Olympus, Tokyo, Japan).

2.6. Differentiation of LESCs into Corneal Epithelial Cells on
Amniotic Membranes. A total of 1× 105 LESCs were seeded
on a 60mm plate and infected with GFP+ lentivirus
(MOI= 10) for 16h. After 24h, the transduction efficiency
was evaluated based on the number of GFP-positive LESCs
scored under a fluorescence microscope. Under these condi-
tions, the transduction efficiency was 35%± 1.2%. However,
to acquire pure GFP+ LESCs, LESCs were selected with puro-
mycin (lentiviral vector containing the puromycin selection
marker). Thus, we used pure GFP+ LESCs in this experiment.
We also compared the proliferation and differentiation effi-
ciency of LESCs infected with no lentivirus, GFP-negative
lentivirus, or GFP-positive lentivirus. However, we did not
find any significant differences in proliferation or differentia-
tion of LESCs under each condition.

GFP lentivirus-infected ABCG2+/ABCB5+ LESCs
(1× 105) were seeded onto 1 cm2 human amniotic mem-
branes in 10% FBS DMEM. After 3 days, DMEM was
replaced with CnT30 medium (CELLnTEC Advanced Cell
Systems AG). Culture media was changed every 2 days for
10 days. Amniotic membranes were fixed in 3.7% formalde-
hyde and immunostained with the appropriate antibodies.

2.7. Growth Assay. For serial propagations, ABCG2+/
ABCB5+ LESCs and primary LECs were seeded at densities
of 4× 104 cells per well on 12-well plates coated with a matrix
of Matrigel and fibronectin. After 2 days, cells were confluent
and passaged to new plates at a 1 : 3 ratio, which allowed cells
to achieve confluence within 2 more days. Cells were pas-
saged every 2 days for 92 days.

2.8. Telomerase Activity Assay. Telomerase activity in LESCs
and LECs was analyzed with the TRAPEZE® Telomerase
Detection Kit (S7700-KIT; Millipore Company, Purchase,
NY) according to the manufacturer’s instructions. In brief,
a cell pellet containing 500–1000 cells was resuspended in
50 μL of 1X CHAPS lysis buffer, incubated on ice for
30min, and centrifuged. Then, 5 μL of the supernatant was
transferred into a fresh tube and incubated with 5 μL of mas-
ter mix A, which consisted of TRAP buffer (20mM Tris-HCl,
pH8.3, 1.5mM MgCl2, 63mM KCl, 0.05% (v/v) Tween 20,
1mM EDTA, and 0.01% BSA; TRAPEZE Telomerase Detec-
tion Kit), dNTPs, TS primer, and dH2O. The reaction was
incubated at 30°C for 30min, at 94°C for 1min, and then kept
on ice. Then, 10 μL of master mix C (TRAP buffer, 0.01%
BSA, ACX primer, Taq polymerase, 15% glycerol, SYBR
green, and dH2O) was added, and PCR was performed in a
thermocycler (Applied Biosystems Veriti Thermal Cycler;
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ABI) as follows: 94°C for 2min and 40 cycles of 94°C for 10 s,
50°C for 5 s, and 72°C for 10 s. The differences between the Ct
values for the LESCs and LECs were calculated and graphed.

2.9. Metaphase Chromosome Spread Assay. Cells were
arrested in metaphase by incubation in culture media with
0.05 μg/ml colcemid (final concentration) for 1 h. The cell
suspensions were then treated with 75mM KCl for 30min
at room temperature and fixed with Carnoy’s solution (3 : 1
methanol : acetic acid, v/v). To form chromosome spreads,
cell suspensions were dropped onto glass slides, air-dried,
and stained with DAPI. Images were obtained by fluores-
cence microscopy. Twenty cells were analyzed in each group.

2.10. Flow Cytometric Analysis of the Cell Cycle. For analysis
of DNA content, 1× 105 cells were harvested, washed with
PBS, resuspended in 2ml of an ice-cold 70% ethanol and
30% PBS solution, and incubated on ice for 30min. Cells
were then harvested by centrifugation and stained with
15 μg/mL propidium iodide in PBS with 0.1mg/mL RNase
A for 30min at 37°C. At least 10,000 cells were acquired
per sample. Data were collected with CellQuest™ software
and analyzed with ModFitLT.

2.11. Clonal Analysis. Clonal expansion of ABCG2+/ABCB5+

LESCs was performed by seeding a single-cell suspension at
1× 103 cells/cm2 on a plate coated with a matrix of Matrigel
and fibronectin and culturing cells in 10% FBS DMEM. Cul-
ture media was changed every 2 days, and colony formation
was monitored daily by phase contrast microscopy. Cells
were fixed in 3.7% formaldehyde and immunostained with
the appropriate antibodies 8 days after seeding.

2.12. Statistical Analysis. All of the experiments were
repeated at least three times. Data were expressed as mean
± standard error, and statistical comparisons between groups
were performed by one-way ANOVA followed by the
Tukey’s test.

3. Results

3.1. Establishment of Highly Proliferative LESC Cultures. To
obtain highly proliferative and marker-specific pure LESCs,
we cultured human-derived LECs in various conditions.
Matrigel has been used as an extracellular matrix for cultur-
ing LESCs [27], but Matrigel alone is not sufficient to culture
LESCs. Fibronectin has also been used to culture various
stem cells [28–31]. In our study, we used Matrigel, fibronec-
tin, and a mixture of Matrigel and fibronectin as extracellular
matrices for culturing LESCs. Furthermore, LESCs have been
shown to maintain their stemness in cultures without serum,
but in a medium with serum, LESCs differentiated into cor-
neal epithelial cells [32]. We cultured LECs in CnT20
medium without serum and in 10% serum DMEM. A Matri-
gel or fibronectin matrix alone did not lead to the formation
of colonies in CnT20 or in 10% serum DMEM (Supplemen-
tary Figure S1). However, highly proliferative colonies
formed when a mixture of Matrigel and fibronectin was used
as the matrix and when cultured for over 15 days in 10%
serum DMEM (Supplementary Figure S1). To reduce the

culture time and to increase the numbers of highly prolifera-
tive colonies, isolated LECs were seeded onto a plate coated
with a mixture of Matrigel and fibronectin and cultured in
CnT20 for 3 days. Then, the medium was replaced with
10% serum DMEM and changed every 2 days and cells were
cultured for 9 days. For 9 days, medium was changed every 2
days, but cells were not passaged. During the 9 days, small
colonies appeared on the plates and grew large. Among the
various colony morphologies, we observed fast-growing,
multilayered LESC-like colonies (Figure 1(a)).

ABCG2 and ABCB5 are known LESC markers [33, 34].
To increase the purity of the LESCs, we labeled them with
antibodies to ABCG2 and ABCB5 and performed FACS
analysis (Figure 1(b)). The cells isolated by FACS had the
high proliferation phenotype (Figure 1(b)), and we named
these cells ABCG2+/ABCB5+ double-positive LESCs. Our
results demonstrate that we identified the specific culture
conditions required to isolate and expand marker-specific
LESCs in vitro.

3.2. Marker Analysis of LESCs and Differentiation of
ABCG2+/ABCB5+ LESCs into Corneal Epithelial Cells. To
characterize the established ABCG2+/ABCB5+ LESCs, we
analyzed their marker expression profiles by RT-qPCR and
immunostaining. ABCG2+/ABCB5+ LESCs expressed LESC
marker CK19, p63α, ABCG2, and integrin α9 [35–37]
mRNAs when cultured in 10% serum DMEM (Figure 2(a)).
Immunostaining also showed expression of p63α, ABCG2,
and CK19 in ABCG2+/ABCB5+ LESCs (Figure 2(b)). When
ABCG2+/ABCB5+ LESCs were cultured in differentiation
media CnT20 and CnT30, expression of the stem cell
markers CK19, p63α, ABCG2, and integrin α9 decreased
(Figure 2(a)). In contrast, expression of the corneal epithelial
cell markers CK3 and CK12 increased when ABCG2+/
ABCB5+ LESCs were cultured in CnT20 and CnT30
(Figure 2(c)). These results demonstrate that ABCG2+/
ABCB5+ LESCs express LESC-specific markers and differen-
tiate into corneal epithelial cells.

3.3. Differentiation of LESCs into Corneal Epithelial Cells on
Transwell Filters and Amniotic Membranes. LESCs have the
potential to differentiate into corneal epithelial cells in vitro
and in vivo [37–39]. To confirm the potential of ABCG2+/
ABCB5+ LESCs to differentiate into corneal epithelial cells,
we seeded ABCG2+/ABCB5+ LESCs in 12-well plates and
changed the DMEM medium to CnT30 medium. When cul-
tured in 10% serum DMEM, ABCG2+/ABCB5+ LESCs
expressed the stem cell-specific markers ABCG2 and P63α,
but when cultured in CnT30, P63α expression decreased
and expression of the corneal epithelial cell marker CK3
increased (Figure 3(a)). Furthermore, we developed a new
differentiation system that mimics in vivo differentiation
conditions. The cornea consists of five layered cell in our
body, and limbal LESCs move to the cornea and differentiate
into corneal epithelial cells [39, 40]. To mimic in vivo condi-
tions, we seeded ABCG2+/ABCB5+ LESCs onto 12-well
transwell filters and cultured them in 10% serum DMEM or
CnT30 for 5 days. For 5 days, medium was changed every 2
days, but cells were not passaged. Under these conditions,
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cells displayed multilayer growth without cell death.
ABCG2+/ABCB5+ LESCs cultured on transwell filters in
10% serum DMEM displayed multilayer cell growth and
expressed the stem cell markers ABCG2 and P63α. However,
expression of stem cell markers decreased and expression of
the corneal epithelial cell marker CK3 increased ABCG2+/
ABCB5+ LESCs cultured on transwell filters in CnT30
(Figure 3(b)). To analyze the transwell-cultured ABCG2+/
ABCB5+ LESCs in detail, transwell-cultured ABCG2+/
ABCB5+ LESCs were embedded in paraffin and were stained
immunohistochemically. Immunohistochemistry showed
that the multilayered cell growth of ABCG2+/ABCB5+ LESCs
on transwell filters resembles the cornea in vivo (Figure 4(a)).
In addition, immunostaining showed that ABCG2+/ABCB5+

LESCs on transwell filters expressed the stem cell markers
ABCG2, ABCB5, and P63α when cultured in 10% serum
DMEM and expressed the corneal epithelial cell markers
CK3 and desmoglein 3 and when cultured in CnT30
(Figures 4(b) and 5). Finally, we evaluated the differentiation
potential of ABCG2+/ABCB5+ LESCs on amniotic mem-
branes. GFP lentivirus-infected LESCs were seeded onto

amniotic membranes and cultured for 10 days in CnT30,
and they differentiated into corneal epithelial cells and
expressed the corneal epithelial cell marker CK3 (Figure 6).
Collectively, our results suggest that ABCG2+/ABCB5+

LESCs can differentiate into corneal epithelial cells and that
our newly developed differentiation system can mimic
in vivo differentiation and can be used to analyze the differen-
tiation potential of LESCs.

3.4. Stem Cell Potential of LESCs. To evaluate the stem cell
potential of the ABCG2+/ABCB5+ LESCs, we analyzed the
growth of LECs and ABCG2+/ABCB5+ LESCs. LECs were
cultured for approximately 15 days and passaged 3 times.
After this time, LEC proliferation decreased and growth
stopped after 30 days and 5 passages (Figure 7(a)). In con-
trast, ABCG2+/ABCB5+ LESCs showed continuous growth
over 90 days and 50 passages (Figure 7(a)). Phase contrast
image shows the maintenance of LESCs (Figure 7(a)). Fur-
thermore, because telomerase activity is associated with cell
proliferation in cultured cells [41] and in some stem cells
[42], we examined telomerase activity in ABCG2+/ABCB5+
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Figure 1: Establishment of limbus-derived highly proliferative LESCs. (a) Cultivation of highly proliferative LESCs from limbal epithelial
cells. (b) Isolation of ABCG2+/ABCB5+ double-positive LESCs. Scale bars = 500 μm, 200 μm, and 100 μm.
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LESCs and found high telomerase activity (Figure 7(b)).
However, telomerase activity was not detected in primary
LECs (Figure 7(b)). After culturing ABCG2+/ABCB5+ LESCs
for 90 days, metaphase chromosome spread analysis was per-
formed to detect chromosome instabilities. The chromosome
spread assay has the powerful ability to analyze individual
cells for genome aberrations, including insertions, deletions,
and rearrangements involving one or more chromosomes
[43]. No genomic insertions, deletion, or rearrangements
were detected in ABCG2+/ABCB5+ LESCs; however, genetic
abnormalities were detected in SW620 colon cancer cells
(Figure 7(c)). In addition, cell cycle analysis by flow

cytometry showed an increase in the S-phase of ABCG2+/
ABCB5+ LESCs, which has also been seen in some stem
cells, but the cell cycle of LECs was found to be normal
(Figure 7(d)).

Some stem cells express core transcription factors, such
as Oct4, Sox2, Nanog, c-Myc, and Klf4 [44–46]. To assess
expression of core transcription factors in ABCG2+/ABCB5+

LESCs, we isolated mRNA from ABCG2+/ABCB5+ LESCs
cultured in different conditions and performed RT-qPCR.
ABCG2+/ABCB5+ LESCs expressed Oct4, Sox2, c-Myc,
and Klf4 mRNAs when cultured in 10% serum DMEM,
but expression of these markers decreased when the cells
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Figure 2: Marker analysis of ABCG2+/ABCB5+ LESCs. (a, c) Total mRNA was isolated from ABCG2+/ABCB5+ LESCs cultured in
10% DMEM, CnT20, or CnT30, and gene expression was assessed by RT-PCR. ∗∗p < 0 01 versus DMEM (b) ABCG2+/ABCB5+

LESCs were immunofluorescently stained with antibodies to p63α, ABCG2, and CK19. Scale bar = 50 μm. w/o Ab: without primary
antibody + secondary antibody.
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were cultured in CnT20 or CnT30 differentiation media
(Supplementary Figure S2). To further elucidate the stem
cell character of ABCG2+/ABCB5+ LESCs, we examined
the colony-forming activity of ABCG2+/ABCB5+ LESCs.
Immunostaining showed strong colony formation by
ABCG2+/ABCB5+ LESCs (Supplementary Figure S3) indi-
cating that ABCG2+/ABCB5+ LESCs have significant stem
cell activity and may be used to regenerate corneal epithelia.
Moreover, ABCG2+/ABCB5+ LESCs may be multipotent
and may be able to differentiate into other cell lineages in
addition to corneal epithelial cells.

4. Discussion

Many researchers have attempted to retain LESCs in culture,
but have been unsuccessful. Since the pioneering work in
1975 by Rheinwald and Green [17], studies have shown that
long-term survival and serial expansion of LESCs are possible
if they are cocultured with fibroblast feeder cells. Neverthe-
less, the question of whether the transplanted cell sheets
actually contain LESCs has not been addressed and the wide-
spread use of this promising cultivation technique has been
hampered by the lack of a standardized cultivation protocol.
To expand cells and generate epithelial sheets, fibrin gels,
temperature-responsive polymers, and amniotic membranes

have been used [11], but epithelial cell viability was not sus-
tained for very long [12], and no donor cells survived 9
months after transplantation [13, 14]. These failures may
have resulted from depletion of LESCs in culture due to
improper culture conditions. Rather than favoring retention
of LESCs, most culture methods promote the proliferation
and terminal differentiation of transient amplifying cells
(TACs) [15]. Long-term restoration of damaged ocular sur-
faces requires retention of a sufficient amount of LESCs dur-
ing culturing and after grafting [4, 16] to ensuring successful
regeneration of the ocular surface [47, 48].

In this study, we developed an optimal method to expand
and increase the survival and proliferation of LESCs derived
from a small limbal biopsy. Matrigel and fibronectin were
used as matrices for culturing LESCs and other stem cells
[27–31], but Matrigel or fibronectin alone is not sufficient
to culture LESCs. In this study, highly proliferative LESC
colonies formed when we used a mixture of Matrigel and
fibronectin as the extracellular matrix.

LESCs are located in the basal region of the limbus and
require a specific environment for survival and growth. To
mimic the in vivo environment, we used various extracellular
matrix components (Matrigel, collagen, gelatin, fibronectin,
fibrin, etc.) for the in vitro culture of LESCs. However, we
did not identify the optimal conditions for LESC culture.
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or CnT30 and stained with cell-specific markers. (b) ABCG2+/ABCB5+ LESCs were cultured on transwell filters in 10%DMEM or CnT30 and
stained with cell-specific markers. Scale bars = 100 μm and 200 μm.

7Stem Cells International



100 �휇m
LESC

H
&

E

(a)

ABCB5 ABCB5/DAPI

ABCG2 ABCG2/DAPI

CK3

DSG3

CK3/DAPI

DSG3/DAPIp63�훼 p63�훼/DAPI

w/o Ab/DAPI

w/o Ab/DAPI

w/o Ab/DAPI

100 �휇m 100 �휇m 100 �휇m 100 �휇m 100 �휇m

100 �휇m 100 �휇m 100 �휇m

100 �휇m 100 �휇m 100 �휇m

100 �휇m 100 �휇m

(b)

Figure 4: Differentiation of ABCG2+/ABCB5+ LESCs into corneal epithelial cells with a transwell system. (a) Sections of ABCG2+/ABCB5+

LESCs cultured on transwell filters were stained with hematoxylin and eosin. (b) ABCG2+/ABCB5+ LESCs were cultured onto transwell
filters in 10% DMEM, and transwell sections were stained with cell-specific markers. Scale bar = 100 μm. w/o Ab: without primary
antibody + secondary antibody.

CK3

DSG3

CK3/DAPI

DSG3/DAPI

ABCB5 ABCB5/DAPI

ABCG2 ABCG2/DAPI

p63�훼 p63�훼/DAPI

w/o Ab/DAPI

w/o Ab/DAPI

100 �휇m 100 �휇m 100 �휇m 100 �휇m 100 �휇m

100 �휇m 100 �휇m

100 �휇m 100 �휇m

100 �휇m 100 �휇m 100 �휇m

Figure 5: Differentiation of ABCG2+/ABCB5+ LESCs into corneal epithelial cells with a transwell system. ABCG2+/ABCB5+ LESCs were
cultured onto transwell filters in CnT30, and transwell sections were stained with cell-specific markers. Scale bar = 100 μm. w/o Ab: without
primary antibody + secondary antibody.

8 Stem Cells International



Matrigel has been used as an extracellular matrix for cultur-
ing LESCs [27]. However, Matrigel alone is not sufficient
for the culture of LESCs under our conditions. We have
had much experience in the culture of many types of stem
cells (mesenchymal stem cells, endothelial stem cells, neuro-
nal stem cells, embryonic stem cells, etc.) and have found that
fibronectin has good effects on stem cell proliferation. There-
fore, we mixed Matrigel and fibronectin, and highly prolifer-
ative LESC colonies formed when we used this mixture as the
extracellular matrix. Other combinations of extracellular
matrix components did not yield sufficient LESC culture.
These results suggested that stimulation by fibronectin may
recover the signal required for LESC growth, which could
not be obtained by Matrigel alone.

In addition, LESCs are known to maintain their stemness
in a medium without serum, but a medium with serum
induces differentiation of LESCs into corneal epithelial cells
[32]. We cultured LECs in CnT20 medium without serum
and in 10% serum DMEM without extracellular matrices
and did not observe highly proliferative cell phenotypes.
However, highly proliferative cell colonies formed when
LECs were cultured with a matrix of Matrigel and fibronectin
in 10% serum DMEM indicating that specific culture condi-
tions, including the compositions of the extracellular matrix
and the cell culture medium, are required for efficient growth
of undifferentiated LESCs. In this study, we demonstrated

that corneal LESCs can be consistently expanded in vitro
using a mixed extracellular matrix and a medium containing
serum. Meyer-Blazejewska et al. proposed an improved cul-
ture protocol in 2010 [37]. There are three major differences
between our method and the method of Meyer-Blazejewska
et al. First, we cultured the cells on a mixture of Matrigel
and fibronectin, whereas they cultured the cells on a 3T3
feeder cell layer. Second, we used CnT20 and DMEM con-
taining 10% serum, whereas they used MCDM151, Epilife,
DMEM/F12, PCT, or D-KSFM with several growth factors.
Third, we used transwell filters and amniotic membranes
for in vitro differentiation, whereas they used fibrin gel. Most
importantly, the clonal growth phenotype was very different.
Under our conditions, LESCs showed rapid growth and
multilayered colonies on the plates. However, they showed
only monolayer colonies. Collectively, these results suggested
that our method for cultivation of ABCG2+/ABCB5+ LESCs
was different from that of Meyer-Blazejewska et al. and that
our established LESCs exhibited different characteristics,
although some markers were similar.

The isolated and cultured ABCG2+/ABCB5+ LESCs
retained their viability and stemness as confirmed by the
presence of the stem cell markers CK19, p63α, ABCG2, and
integrin α9. We confirmed in vitro differentiation of LESCs
into corneal epithelial cells by the presence of the markers
CK12, CK3, and desmoglein3. These results suggest that
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Figure 6: Differentiation of ABCG2+/ABCB5+ LESCs into corneal epithelial cells on an amniotic membrane. GFP-positive ABCG2+/ABCB5+

LESCs were cultured on an amniotic membrane and were stained with antibodies to CK3. Scale bar = 200 μm.
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ABCG2+/ABCB5+ LESCs express LESC-specific markers and
can differentiate into corneal epithelial cells. Moreover, our
newly developed transwell filter differentiation system
mimics in vivo differentiation and may be used to analyze
the differentiation potential of LESCs in vivo.

The ABCG2+/ABCB5+ LESCs that we established dis-
played powerful stem cell activity, continuous growth, and
high telomerase activity without chromosome instability. In
addition, cell cycle analysis by flow cytometry showed that
the S-phase of ABCG2+/ABCB5+ LESCs increased, which
has been observed in other stem cells, but the cell cycle of
LECs remained normal. In general, fate-determined normal
cells (limbal epithelial cells, fibroblasts, endothelial cells, skin
epithelial cells, etc.) exhibited a slow cell cycle, and about 20–
30% of cells were in the S-phase, similar to LECs. However,
stem cells (mesenchymal stem cells, embryonic stem cells,
etc.) showed a rapid cell cycle and increased percentage of
cells in the S-phase (over 50% of cells were in the S-phase).

ABCG2+/ABCB5+ LESCs grew very rapidly and showed an
increase in the proportion of cells in the S-phase (over 50%
of cells were in the S-phase), similar to other stem cells.
Therefore, we suggested that ABCG2+/ABCB5+ LESCs had
stem cell characteristics.

Moreover, ABCG2+/ABCB5+ LESCs expressed the core
transcription factors Oct4, Sox2, c-Myc, and Klf4, which
are also expressed in multipotent stem cells. These data indi-
cate that the ABCG2+/ABCB5+ LESCs that we established
have powerful stem cell activity and may be used to regener-
ate corneal epithelia. Moreover, ABCG2+/ABCB5+ LESCs
may be multipotent and may be able to differentiate into
additional cell lineages.

In conclusion, our results show that with the appropri-
ate methods, including the appropriate matrix and medium,
human limbus-derived, highly proliferative ABCG2+/
ABCB5+ double-positive LESCs can be cultured. The
cultured LESCs exhibited the LESC marker profile and the
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propidium iodide staining and flow cytometry.
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ability to differentiate into corneal epithelial cells. Moreover,
the LESCs expressed high levels of the multipotent stem cell
markers Sox2, Oct4, c-Myc, and Klf4, displayed high telome-
rase activity, and were found to have a stable, normal
genome. These results suggest that our novel culture system
may be essential for long-term clinical success and stable
regeneration of corneal epithelia to treat corneal blindness
due to an LESC deficiency.

5. Conclusions

In summary, we described an improved cultivation protocol
using biopsies from the limbus, appropriate extracellular
matrices, and appropriate culture media to clonally expand
marker-specific-isolated stem cells and to subsequently
subcultivate highly proliferative cell colonies on a mixed
Matrigel and fibronectic extracellular matrix in a defined
environment to support the expansion and retention of stem
cells. Whether this culture technique enhances the therapeu-
tic potential of LESC transplantation remains to be evaluated.
Nevertheless, this culture system may represent a new start-
ing point for establishing a true stem cell-based therapy for
long-term ocular surface reconstruction. Moreover, for
extended survival of stem cells in a cultured graft, factors that
reproduce the niche environment must to be integrated into
the culture system in the future.
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The integration of stem cell technology and cell sheet engineering improved the potential use of cell sheet products in regenerative
medicine. This review will discuss the use of mesenchymal stem cells (MSCs) in cell sheet-based tissue engineering. Besides their
adhesiveness to plastic surfaces and their extensive differentiation potential in vitro, MSCs are easily accessible, expandable
in vitro with acceptable genomic stability, and few ethical issues. With all these advantages, they are extremely well suited for
cell sheet-based tissue engineering. This review will focus on the use of MSC sheets in osteogenic tissue engineering. Potential
application techniques with or without scaffolds and/or grafts will be discussed. Finally, the importance of osteogenic induction
of these MSC sheets in orthopaedic applications will be demonstrated.

1. Introduction

Tissue engineering was emerged as a scientific field in the
late 1980s and early 1990s [1–3]. It is defined as “an interdis-
ciplinary field that applies the principles of engineering and
the life sciences toward the development of biological substi-
tutes that restore, maintain, or improve tissue function” [2].
Thus, it involves in vitro construction of tissues for implan-
tation into the body to restore, maintain, or improve the
form and/or function of a particular tissue and/or organ
[4, 5]. The necessities for tissue engineering are defined as
“the appropriate levels and sequencing of regulatory signals,
the presence and numbers of responsive progenitor cells, an
appropriate extracellular matrix, carrier, or scaffold, and an
adequate blood supply” [5].

2. Tissue Engineering and Cell
Sheet Technology

During the course of research in tissue engineering field,
direct transplantation of cell suspensions as a cell therapy
technique has been considered [6]. However, as reviewed
by Shimizu et al. [6], “it is difficult to control the shape,
size, and location of the grafted cells” with this technique.
In addition, since many cells are lost soon after transplan-
tation, this technique was insufficient to restore the form
and/or function of the defected and/or damaged tissue
[6–8]. Thus, one of the main research interests of the
tissue engineering field has long been the interaction of
cells with a variety of biomaterials such as biodegradable
polymer scaffolds.
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Scaffolds are considered as structures to seed and grow
the cells on them, which also serve as carriers for these
cells in the process of in vivo implantation [3]. Emerging
fields such as genomics, proteomics, drug and/or gene
delivery systems, stem cell technologies, biomaterial sci-
ences, nanotechnology, and so forth contributed to the
knowledge of interactions between cells and biomaterials.
However, the search for an ideal biodegradable biomaterial
for cell adhesion, proliferation, and extracellular matrix
production is still continuing. Some of the main problems
to overcome in this field include “insufficient biological
activity, immunogenicity and elevated inflammatory reac-
tions, fluctuating degradation rate, and uncontrollable cell-
biomaterial interactions” [9]. Additional problems include
“low efficiency of cell attachment and heterogeneous cellular
distribution” [9].

An alternative approach to scaffold-based tissue engi-
neering has been the scaffold-free cell sheet-based tissue
engineering [7, 8]. The idea of using cultured cells to
generate tissues suitable for transplantation goes back to
the late 1970s [10]. In the 1980s, cultured autologous
human epidermal cells were grown into epithelial skin
grafts and used to restore the defects in the epidermis
in cases such as severe burns [11], giant congenital nevi
[12], and skin ulcers [13]. Studies on the reconstruction of
human epidermis with cultured cell sheets continued later
on [14, 15].

The so-called “cell sheet” technique was based on cultur-
ing cells in hyperconfluency until they form extensive cell-to-
cell interactions and produce their own extracellular matrix
by which they gain the form of a cell sheet. Kwon and
coworkers highlighted in their work the importance of
“fabrication of functional tissue constructs using sandwiched
layers of cultured cells” and reported the discovery of a
temperature-responsive culture dish enabling the rapid
detachment and harvesting of cultured cell sheets [16]. The
advantages of these temperature-responsive culture surfaces
in comparison to enzymatic harvesting of cells from culture
dishes were three folds [17, 18]: (1) cell-to-cell connections
and extracellular matrix components of cell sheets were well
preserved by this technique, (2) adhesive proteins under-
neath the cell sheets, which play a critical role as an adhesive
agent in transferring cell sheets onto other biomaterials or
other cell sheets/surfaces/tissues were also well preserved by
this technique, and (3) high cell seeding efficacy was also an
important advantage of this technique.

In this context, a fabricated single cell sheet may be
used for skin, cornea, periodontal ligament, or bladder
reconstruction [18]. Several homotypic cell sheets may be
layered on top of each other to reconstruct homogenous
3D tissues such as myocardium [18]. Finally, several hetero-
typic cell sheets may be colayered to construct laminar
structures such as liver or kidney [18]. It has been reported
that several types of expandable cells are capable of forming
transplantable sheets in culture including keratinocytes,
retinal pigment epithelial cells, corneal epithelial cells, oral
mucosal epithelial cells, urothelial cells, periodontal liga-
ment cells, aortic endothelial cells, corneal endothelial cells,
cardiac myocytes, and kidney epithelial cells [19]. In

addition, the successful clinical use of cell sheet technology
in regenerative applications for the cornea, heart, blood ves-
sels, esophagus, periodontal membrane, functional tendon,
and cartilage has been reported [20–24].

The main limitation of cell sheet-based tissue engineering
seems to be the possible necrosis inside the cell sheet due to
the lack of vascularization [20]. Current work focuses mainly
on the construction of 3D vascularized tissues and organs by
cell sheet engineering [20].

3. Mesenchymal Stem Cells and Their Use in
Cell Sheet-Based Tissue Engineering

The integration of stem cell technology and cell sheet engi-
neering improved the potential use of cell sheet products in
regenerative medicine. Stem cells are defined as cells which
have the capacity to renew themselves and to differentiate
into multilineage cells [25]. Based on their origin, stem cells
can be classified into three main groups, that is, embryonic
stem cells (ESCs), adult stem cells (also named as tissue-
specific stem cells, TSSCs), and induced pluripotent stem
cells (iPSCs) [25]. The adult stem cells first defined by
Friedenstein and coworkers isolated from mouse bone
marrow [26] were later named as mesenchymal stem cells
(MSCs), in some cases also referred as mesenchymal stromal
cells. These multipotent cells have been isolated from almost
all tissues including perivascular area [27]. According to the
International Society for Cellular Therapy, minimal criteria
to define MSCs include the following [28]: (1) these cells
adhere to plastic surfaces, (2) in terms of cell surface markers,
these cells express CD73, CD90, and CD105, and they lack
expression of CD14, CD34, CD45, and HLA-DR, and (3)
these cells have the ability to differentiate in vitro into
adipocytes, chondrocytes, and osteoblasts. Today, it has
been well demonstrated that MSCs have the differentiation
potential beyond these three cell types. Ullah et al. have
reviewed that “human MSCs have the capacity to differen-
tiate into all the three lineages, that is, ectoderm, meso-
derm, and endoderm, with various potency by employing
suitable media and growth supplements which initiate lin-
eage differentiation” [25]. Besides their adhesiveness to
plastic surfaces and their extensive differentiation potential
in vitro, MSCs are also defined as cells that are “easily
accessible, culturally expandable in vitro with exceptional
genomic stability, and few ethical issues” [25]. With all
these advantages, they are extremely well suited for cell
sheet engineering.

The sources of MSCs include (but are not limited to)
bone marrow, bone tissue, adipose tissue, amniotic fluid,
amniotic membrane, dental tissues, endometrium, limb
bud, menstrual blood, peripheral blood, placenta and fetal
membranes, salivary gland, skin and foreskin, subamniotic
umbilical cord lining membrane, synovial fluid, and
Wharton’s jelly [25].

In terms of long-term culturing of MSCs, it has been
demonstrated that culture time and passage number
inversely correlate with their differentiation potential. Bonab
et al. have cultured human bone marrow-derived MSCs for a
mean long-term culture period of 118 days and passaged
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these cells up to 10 passages [29]. They reported that the
average number of population doubling and the mean
telomere length decreased with increasing passage number.
In addition, these cells started losing their differentiation
potential after 6th passage. They concluded that MSCs
utilized in regenerative clinical applications should be har-
vested at earlier passages with shorter in vitro differentiation
protocols. Taken into consideration that cell sheets of tissue-
derived MSCs can be constructed in an average in vitro
culture time of 2-3 weeks using MSCs at 2nd passage
[30, 31], it is almost safe to consider that human MSCs
can be cultured to form cell sheets in specific media with-
out any abnormalities. The study by See et al. [32], which
investigated the effects of the hyperconfluent culture con-
ditions on the multipotentiality of bone marrow-derived
MSCs, supports this idea. They have shown that these cell
sheets remained viable, they were rich with type I collagen,
and they retained their multipotentiality. In addition, there
have been studies to improve the formation and also the
stemness of stem cell sheets in the literature. Wei et al.
reported that Vitamin C treatment promotes in vitro
mesenchymal stem cell sheet formation and tissue regenera-
tion by elevating telomerase activity [33]. Jiang et al. reported
that methods for cell sheet harvesting include temperature-,
electricity-, magnetism-, and pH change-induced methods
and suggested a new strategy to obtain MSC sheets using
light-induced cell sheet technology [34]. Using this tech-
nology, intact MSC sheets were detached from TiO2
nanodot-coated quartz substrate after UV365 illumination.
Chuah et al. reported that different combinatorial substra-
tum properties, that is, stiffness, roughness, and wettabil-
ity, on which the MSCs were cultured, were able to
influence MSC behavior such as adhesion, spreading, and
proliferation during cell sheet formation [35]. Their study
concluded that collagen formation within the cell sheet
was enhanced on substrates with lower stiffness, whereas,
higher hydrophobicity and roughness further assisted the
induced chondrogenesis and osteogenesis, respectively.
Zhao et al. demonstrated that low oxygen tension and syn-
thetic nanogratings improve the uniformity and stemness
of human MSC sheets [36, 37]. In addition to all these appli-
cations, the use of oscillatory fluid shear stresses generated by
a simple rocking platform has shown to increase collagen
secretion of cultured MSCs and apparent collagen organiza-
tion in their extracellular matrix [38].

Within the last two decades, cell sheets of MSCs have
been used in tissue engineering/tissue regeneration of several
types of tissues and/or organs including (but are not limited
to) the cornea [39], skin [40, 41], cartilage [42, 43], meniscus
[44], bone [31, 45–53], tendons [53], cardiac tissue [54–62],
periodontal tissue [63, 64], nasal epithelium [65], tooth [66],
and blood vessel [67]. Cell sheets of MSCs have also been
used in conditions such as wound healing [41], oral ulcers
[68], digestive fistula [69], and spinal cord defects [70, 71].
It has also been demonstrated that MSC sheets can induce
angiogenesis in ischemic and/or wound tissues [41, 72].
For our purposes, this review will focus on the tissue engi-
neering/tissue regeneration/tissue repair of osteogenic tissue
with MSC sheets.

4. Mesenchymal StemCells and Their Use in Cell
Sheet-Based Osteogenic Tissue Engineering

Fractures with large bone defects and/or nonunion are devas-
tating clinical problems in orthopaedics and traumatology.
The overall risk of nonunion per fracture was reported as
1.9%; however, for certain fractures, that is, tibial and clavic-
ular fractures, in specific age groups, that is, in young and
middle-aged adults, this risk was reported as 9% [73]. Open
fractures and fractures with large segmental bone defects
increase the ratio of nonunion seen in orthopaedics [74].
Large segmental bone defects often occur also after osteo-
genic tumor removal.

Several techniques have been suggested to accelerate bone
healing process including electrical stimulation, mechanic
stimulation, and the use of ultrasound [74, 75]. Autologous,
allogenic, or synthetic bone grafts are known as the biological
accelerators of the bone healing process [76]. Autologous
bone marrow and/or applications of factors such as bone
morphogenetic proteins (BMPs) have been used to enhance
bone healing [76]. Autologous bone grafts are generally taken
from iliac crest and/or tibia. However, harvesting big
amounts of graft tissue from donor site causes morbidity
such as chronic pain and infection [77, 78]. As an alternative
approach, fresh frozen allogenic bone grafts can also be used;
however, they increase the risk of transmission of viral
diseases and/or induction of immunological reactions in
recipients [79, 80]. MSC sheet-based tissue engineering
might be a promising field of research for regenerative
medicine in terms of overcoming these disadvantages by
cell-based therapies.

5. The Use of MSC Sheets in Combination with
Scaffolds and/or Bone Grafts

Pioneer studies that used MSC sheets in the regeneration
of osteogenic tissue considered using these cell sheets like
an engineered periosteum tissue around cryopreserved
allogenic grafts lacking viable cells [53]. Ouyang et al.
assembled MSC sheets onto the demineralized bone grafts
by a wrapping technique [53]. They reported that “the
assembled structure was cultured for 3 weeks. The macro-
morphology, histology, and immunohistochemistry of the
grafts were evaluated. It was found that MSCs were able
to form coherent cellular sheets within 3 weeks. When
assembled with demineralized bone matrix, MSC sheets
were similar to in situ periosteum and were able to differ-
entiate into the osteochondral lineage.”

Chen et al. investigated the feasibility of bone tissue
engineering using a hybrid of MSC sheets and poly (DL-
lactic-co-glycolic acid) (PLGA) meshes [52]. They obtained
osteogenic sheets of porcine MSCs, which were wrapped
onto PLGA meshes resulting in tube-like constructs. These
constructs were cultured for 8 weeks in vitro and then
implanted to subcutaneous areas of nude rats. They
reported that “dense mineralized tissue was formed in sub-
cutaneous sites and the 8-week plants shared similar
micro-CT characteristics with native bone. The neotissue
demonstrated histological markers for both bone and
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cartilage, indicating that the bone formation pathway in
constructs was akin to endochondral ossification, with the
residues of PLGA having an effect on the neotissue organiza-
tion and formation”. A similar study by Gao et al., who used
bone marrow stromal cell sheets assembled with tubular
coral scaffolds for long bone regeneration in a mouse model,
supported these findings [51]. In addition, when a similar
wrapping technique was applied with MSC sheets to
structural allografts for segmental bone regeneration, it was
possible to repopulate the bone allografts with MSCs and
obtain a viable bone construct [46, 50, 81].

There are ongoing investigations to obtain the best results
in bone regeneration with MSC sheets. Some of the biomate-
rials and/or biological agents reported to be combined with
MSC sheets to enhance osteogenesis include coral particles
[47], ceramics [48], surface-modified titanium and zirco-
nia [82], simvastatin [83], β-tricalcium phosphate [84],
coumarin-like derivative osthole [85], CD34+ peripheral
blood cells [86], a complex of polyethylenimine-alginate
nanocomposites plus BMP2 gene [87], nonviral oligonucleo-
tide antimiR-138 delivery to MSC sheets [88], platelet-rich
fibrin [89, 90], vitamin C [91], poly(dimethylsiloxane) sur-
face silanization [92], stromal cell-derived factor-1 [93],
microRNA-21-loaded chitosan/hyaluronic acid nanopar-
ticles [94], hydroxyapatite particles [90, 95], and Notch
activation by Jagged1 in MSC sheet cultures [96].

6. Scaffold or Graft-Free Use of MSC Sheets in
Bone Regeneration

There have also been studies that utilized MSC sheets
without any scaffolds or grafts in bone fracture repair and/or
bone regeneration [9, 30, 31, 48, 49, 97].

One of the first studies that investigated the osteogenic
differentiation of cultured MSC sheets to obtain bone tissue
was reported by Akahane et al. [30]. They fabricated rat
bone marrow-derived MSC sheets induced towards the oste-
ogenic differentiation by culture medium supplemented with
dexamethasone, L-ascorbic acid phosphate (vitamin C), and
β-glycerophosphate. After harvesting these sheets, they indi-
vidually rolled them to obtain tube-like structures and trans-
planted them into subcutaneous sites on rat thighs without a
scaffold to assess whether the sheet could survive and form
bone tissue. They reported that X-ray photographs revealed
ectopic calcification in the thighs at 6 weeks after sheet
transplantation, and histological investigation of dissected
sheets after 6 weeks in vivo revealed bone formation. They
concluded that “MSCs can be cultured as sheet structures,
and the resulting sheets represent osteogenic implants that
can be used for hard tissue reconstruction” [30]. Later on,
the same group engineered “osteogenic MSC sheets trans-
planted via injection through a needle and that bone forma-
tion results in the injected areas” [49]. These findings were
confirmed by studies of Ma et al., who also performed the
mechanical testing of the obtained 3D bone tissue, and
reported that “the engineered bone exhibited enhanced
compressive strength” [9].

The functional use of these osteogenic MSC sheets
described previously [30] in a rat nonunion model was

reported by Nakamura et al. [31]. They investigated the
effects of cell sheets on the healing process after transplanting
them onto fractured femurs without a scaffold, that is, they
wrapped the sheets around the fracture site. They reported
that “X-ray photographs and histological sections showed
callus formation around the fracture site in the cell sheet-
transplanted group (sheet group). Bone union was obtained
in the sheet group at 8 weeks. By contrast, the control group
(without sheet transplantation) showed nonunion of the
femur” [31]. Thus, they concluded that “cell sheet transplan-
tation can contribute to hard tissue reconstruction in cases
involving nonunion, bone defects, and osteonecrosis” [31].

Another functional study utilizing injectable osteogenic
MSC sheet fragments in a rabbit distraction osteogenesis
model was reported by Ma et al. [97]. In this study, after
mandibular osteotomy, osteogenic MSC sheet fragments
were injected into the distraction areas and new bone for-
mation was evaluated in time. They reported that “injection
of bone marrow stromal cell sheet fragments promotes
bone formation in distraction osteogenesis and indicates a
promising approach to shorten the treatment period of
osteodistraction” [97].

7. Demonstration of the Importance of In Vitro
Osteogenic Induction of MSC Sheets in Bone
Regeneration Applications

As discussed so far in this review, the search to improve
the composition of the MSC sheets used in applications
for bone regeneration has not been concluded yet. In this
context, more than one parameter has been taken into
consideration such as in vitro culture period, the composi-
tion of the culture medium, effectiveness of the cell sheet
with or without scaffolds/grafts, and also the size of the
transplantable sheet in terms of handling the larger structural
bone defects.

It has beenwell accepted that “The standard procedure for
the osteogenic differentiation of multipotent stem cells is
treatment of a confluent monolayer with a cocktail of dexa-
methasone, ascorbic acid, and β-glycerophosphate” [98].
Thus, it has been reported that these MSC sheets are con-
structed with early passages of MSCs seeded at 1–5× 104
cells/cm2 onto 10 cm culture dishes and cultured under osteo-
genic conditions with media consisting of the basic medium
(MEM/DMEM with 10–15% fetal bovine serum, 100U/ml
penicillin, 100μg/ml streptomycin, and 2mM L-glutamine)
supplemented with 50μM L-ascorbic acid, 10mM β-glyc-
erophosphate, and 100 nM dexamethasone for 2-3 weeks
[9, 30, 31]. The individual mechanisms of effects of the
components of this triple osteogenic cocktail have also been
described [98]. In this context, Langenbach and Handschel
[98] have reported that “Dexamethasone induces Runx2
expression by FHL2/β-catenin-mediated transcriptional acti-
vation and that dexamethasone enhances Runx2 activity by
upregulation of TAZ and MKP1. Ascorbic acid leads to the
increased secretion of collagen type I (Col1), which in turn
leads to increased Col1/α2β1 integrin-mediated intracellular
signaling. The phosphate from β-glycerophosphate serves as
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a source for the phosphate in hydroxylapatite and in addition
influences intracellular signaling molecules.”

Based on this knowledge, a preliminary study by our
group investigated the effects of these osteogenic supple-
ments in different combinations within the culture medium
on the structure of the MSC sheets. The procedures used in
this study were approved by the Ethical Review Committee
of the Pamukkale University, School of Medicine, Denizli,
Turkey. Our group had experience with human [99, 100],
chicken [101], and rat [102] trabecular bone-derived MSCs.
Thus, stocks from the previously isolated and characterized
trabecular bone-derived rat MSCs [102] were used in this

study. Cell sheets from these MSCs were constructed under
the conditions described earlier [9, 30, 31].

It has been observed that MSC sheets cultured with
basic medium supplemented with only 50μM L-ascorbic
acid exhibited routinely a thicker and larger-surface cell
sheet (Figures 1(a) and 1(c)) in comparison to those cul-
tured with basic medium supplemented with all three
components of the standard osteogenic cocktail described
earlier (Figures 1(b) and 1(d)). MSC sheets maintained in
osteogenesis-stimulating medium supplemented with the tri-
ple cocktail for 21 days stained positive with Alizarin Red S
(Figure 2(b)), and they exhibited increased levels of collagen

(a) (b)

(c) (d)

(e) (f)

Figure 1: The gross and microscopic appearances of MSC sheets. MSC sheet induced with ascorbic acid before (a) and after (c) detachment
from the culture dish. MSC sheet induced with standard osteogenic cocktail before (b) and after (d) detachment from the culture dish.
Shrinkage in both groups of cell sheets was observed after complete detachment from the culture dish. The surface area of MSC sheet
induced with ascorbic acid was larger than that of MSC sheet in the osteogenic group. In addition, as seen in histological examination,
MSC sheet induced with ascorbic acid was thicker (e) than the MSC sheet in the osteogenic group (f). Scale bar = 2 cm for (a, b, c, d), scale
bar = 100μm for (e, f).
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Table 1: Primers for reverse transcription polymerase chain reaction (RT-PCR) analysis of gene expression.

Gene GeneBank Acc. number Primer sequence (5′-3′)

GAPDH NM_017008.3
F GGGCTCTCTGCTCCTCCCTGT

R CATGGGGGCATCAGCGGAAGG

Collagen type I, alpha 2 NM_053356.1
F AGCAGGTCCCCGAGGCAGAG

R GCAGGACCCGTTTGTCCGGG

Osteopontin AB001382.1
F TTGCCTGTTCGGCCTTGCCT

R ACGCTGGGCAACTGGGATGA

Alkaline phosphatase NM_013059.1
F CGGGTGAACCACGCCACTCC

R GGCCAGCAGTTCAGTGCGGT

Osteocalcin M25490.1
F TCCTGGGGTTTGGCTCCTGCT

R GGCGAAGGCCTGGAAGGGGA

F: forward primer; R: reverse primer.

(a) (b)

(c)

21
GAPDH

Col1a2

ALP

OC

OP

3

(d)

Figure 2: Analyses of the MSC sheets on the basis of Alizarin Red S staining and reverse transcription polymerase chain reaction (RT-PCR).
Mineralization of MSC sheets was analyzed on the basis of Alizarin Red S staining in all groups. Osteogenic gene expression profiles in all
groups of MSC sheets were analyzed on the basis of RT-PCR. MSC sheets maintained in osteogenesis-stimulating medium supplemented
with the triple cocktail for 21 days stained positive with Alizarin Red S (b) and they exhibited increased levels of collagen type I (Col1a2),
osteocalcin (OC), osteopontin (OP), and alkaline phosphatase (ALP) mRNA (d) in comparison to MSC sheets maintained in basal
medium supplemented with only ascorbic acid (a, d). MSC sheets maintained in basal medium supplemented with only ascorbic acid
showed slight osteogenic differentiation (a, d) when compared to the MSC sheets maintained in basal medium without any
supplementation (c, d); however, this differentiation was not as strong as seen in the triple cocktail supplemented group (b, d). Sequences
and sources of the primers used for the gene expression analyses were given in Table 1. (d) Lane 1: MSC sheets maintained in basal
medium supplemented with only ascorbic acid; lane 2: MSC sheets maintained in osteogenesis-stimulating medium; lane 3: MSC sheets
maintained in basal medium without any supplementation; GAPDH: glyceraldehyde 3-phosphate dehydrogenase (housekeeping gene used
as loading control in this experiment). Scale bar = 200 μm for (a, b, c).
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type I (Col1a2), osteocalcin (OC), osteopontin (OP), and
alkaline phosphatase (ALP) mRNA (Figure 2(d)) in compari-
son toMSC sheetsmaintained in basalmedium supplemented
with only ascorbic acid (Figures 2(a) and 2(d)). These findings
were in agreement with data from the literature [98].
MSC sheets maintained in basal medium supplemented with
only ascorbic acid showed slight osteogenic differentiation
(Figures 2(a) and 2(d)) when compared to the MSC sheets
maintained in basal medium without any supplementation
(Figures 2(c) and 2(d)); however, this differentiation was
not as strong as seen in triple cocktail supplemented group
(Figures 2(b) and 2(d)). Sequences and sources of the primers
used for the gene expression analyses were given in Table 1.
To be able to limit the unnecessary use of laboratory animals,
MSC sheets maintained in basal medium supplemented with
only ascorbic acid were considered as the control group for
the rest of the experiments.

Since transplantable sheet size may matter in terms of
repair of larger segmental bone defects, we tested the
effectiveness of these two different types of MSC sheets
in a rat femur fracture model described earlier [31]. As a

modification to this model, to be able to follow the fracture
healing process in time in all groups tested, we did not create
a nonunion, instead, only created a 1mm segmental bone
defect by transverse osteotomy on the femurs in this study
(Figure 3(a)). Loose internal fixation of the segmental bone
defect was provided by a 21-gauge needle inserted into the
intramedullary femoral shaft as described previously [31].
MSC sheets were wrapped around the fracture sites individ-
ually (Figures 3(b) and 3(c)), and incisions on hind limbs
were sutured. The groups studied included (1) the osteotomy
group without any sheets (sham group, n = 6), (2) the
osteotomy group with MSC sheets induced with ascorbic
acid only (control-sheet group, n = 6), and (3) the osteot-
omy group withMSC sheets induced with osteogenic cocktail
(osteogenic-sheet group, n = 6). Unprotected weight bearing
was allowed immediately after operation. Postoperative
control radiographs were taken after intramedullary fixation
of fractures (Figure 3(d)).

The biology of bone fracture healing has been described
elsewhere as “It involves an acute inflammatory response
including the production and release of several important

(a) (b)

Figure 4: The gross (a) and microscopic (b) appearances of osteotomy site in the osteogenic-sheet group at the end of the second week. Callus
formation was observed in the osteogenic-sheet group at the osteotomy site at the end of the second week (a). In microscopic examination, the
osteogenic-sheet group exhibited a mainly cartilaginous (arrows) but also at some locations bony elements (arrow heads) containing callus
formation at the end of the second week (b). Scale bar = 1mm for (b).

(a) (b)

(c) (d)

Figure 3: Application of MSC sheets onto the osteotomy sites in a rat fracture model. A 1mm segmental bone defect was created by
transverse osteotomy on rat femurs in this study (a). MSC sheets were wrapped around the fracture sites individually (b, c), and incisions
on hind limbs were sutured. Postoperative control radiographs were taken after intramedullary fixation of fractures (d).
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molecules, and the recruitment of mesenchymal stem cells in
order to generate a primary cartilaginous callus. This primary
callus later undergoes revascularization and calcification, and
is finally remodeled to fully restore a normal bone structure.”
[103]. Thus, the histological stages to follow in our experiment

can be summarized as inflammation followed by a primary
cartilaginous callus formation (soft callus stage), bony callus
formation (hard callus stage), and bone remodeling at the
fracture site. During the follow-up of the operated rats, radio-
graphs were taken every 2 weeks and 2 rats were sacrificed at

(a) (b) (c)

(d) (e) (f)

Figure 5: The gross (a, b, c) and microscopic (d, e, f) appearances of osteotomy sites in all three groups at the end of the fourth week. At the
end of the fourth week, both sham (a and d) and control-sheet groups (b and e) exhibited bony callus at the fracture site with a slightly
accelerated healing profile in the control group, that is, the callus size was smaller (e versus d) suggesting remodeling towards the healing
process. However, in both sham and control-sheet groups, fracture ends were still apart from each other (a, b). In the osteogenic-sheet
group (c, f), on the other hand, fracture site was already filled with bone tissue and fracture site entered to the bone remodeling stage.
Scale bar = 1mm for (a, b, c).
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each time point to examine the operated femurs in terms of
gross and microscopic appearance.

Results showed that the osteogenic group exhibited a
mainly cartilaginous but also at some locations bony
elements encompassing callus formation at the end of the
second week (Figures 4(a) and 4(b)). This finding suggested
that the primary cartilaginous callus was formed even earlier
in this group, and the examined callus at the end of the
second week reached already to a transition stage from carti-
laginous to bony callus. Callus formation in other two groups
was observed at later stages. At the end of the fourth week,
both sham (Figures 5(a) and 5(d)) and control groups
(Figures 5(b) and 5(e)) exhibited bony callus at the fracture
site with a slightly accelerated healing profile in the control
group, that is, the callus size was smaller (Figures 5(e) versus
5(d)) suggesting remodeling towards the healing process.
However, in both sham and control groups, fracture ends
were still apart from each other (Figures 5(a) and 5(b)). In
the osteogenic group, on the other hand, fracture site was
already filled with bone tissue and the fracture site entered
to the bone remodeling stage (Figures 5(c) and 5(f)). Radio-
graphs taken at the second and fourth weeks supported these
findings (Figure 6).

These preliminary findings indicate the importance of
osteogenic induction process of these MSC sheets in vitro.
Further studies are necessary to elucidate the best protocol
for this induction process.

8. Conclusion

Taken this information together, tissue-derived MSC sheets
can be used either in combination with various scaffolds/
grafts or in scaffold/graft-free applications to shorten the
treatment period in orthopaedics and traumatology cases
involving nonunion, bone defects, osteonecrosis, and so
forth. The in vitro osteogenic induction of these cell sheets
is a necessary step accelerating the healing process described
in bone tissue. The search for the best osteogenic induction
combination and/or the application technique will hopefully
continue for the years to come.
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Mesenchymal stem cells (MSCs) were isolated and characterized from postpartum bovine endometrium of animals with subclinical
(n = 5) and clinical endometritis (n = 3) and healthy puerperal females (n = 5). Cells isolated displayed mean morphological
features of MSCs and underwent osteogenic, chondrogenic, and adipogenic differentiation after induction (healthy and
subclinical). Cells from cows with clinical endometritis did not undergo adipogenic differentiation. All cells expressed mRNAs
for selected MSC markers. Endometrial MSCs were challenged in vitro with PGE2 at concentrations of 0, 1, 3, and 10 μM, and
their global transcriptomic profile was studied. Overall, 1127 genes were differentially expressed between unchallenged cells and
cells treated with PGE2 at all concentrations (763 up- and 364 downregulated, fold change > 2, and P < 0 05). The pathways
affected the most by the PGE2 challenge were immune response, angiogenesis, and cell proliferation. In conclusion, we
demonstrated that healthy puerperal bovine endometrium contains MSCs and that endometritis modifies and limits some
functional characteristics of these cells, such as their ability to proceed to adipogenic differentiation. Also, PGE2, an
inflammatory mediator of endometritis, modifies the transcriptomic profile of endometrial MSCs. A similar situation may occur
during inflammation associated with endometritis, therefore affecting the main properties of endometrial MSCs.

1. Introduction

During the female reproductive lifespan, the bovine endo-
metrium periodically undergoes morphological and func-
tional modifications [1]. These are coupled with variations
in the gene expression pattern involved in endometrial
remodeling, the regulation of angiogenesis, regulation of
invasive growth, cell adhesion, and embryo feeding [2].
The high and continuous cell regeneration of the endome-
trium has been ascribed to the presence of resident progen-
itor/stem cells in the uterus, which maintain the cellular
production and quickly restore the necessary tissue homeo-
stasis to support a gestation [3]. It is suggested that these
cells may also facilitate endometrium regeneration that
takes place immediately after parturition [4]. Postpartum

is one of the main periods of renovation, repair, and endo-
metrial regeneration, leading to quick uterine involution
from day 8 to day 43 postpartum in cattle [5]. This involu-
tion may be affected by the exposition of the uterus to mul-
tiple bacterial pathogens that are frequently observed in the
postpartum period and can generate significant damage to
endometrial tissue [6].

Pathogenic bacteria affect 90 to 100% of dairy cows
after parturition. They are relatively eliminated rapidly in
most cases (around 70%); however, a persistent inflamma-
tory response occurs in the remaining 30% [7, 8]. Endome-
tritis is the inflammation of the endometrium and is
classified as subclinical and clinical, frequently causing
infertility due to damage to the tissue and disruption of
ovarian cyclic activity [9].
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Postpartum inflammation of the uterus involves an
immune and inflammatory local response encompassing
a number of molecules; the inappropriate balance between
pro and anti-inflammatory cytokines determines the conti-
nuity, duration, and onset of the inflammatory disease [7].
Prostaglandin E2 (PGE2) plays a critical role in various
aspects of the inflammatory response by regulating the
production of various interleukins (ILs) and tumor necro-
sis factor alpha (TNF-α), provoking potent immunosup-
pressive properties that contribute to the resolution of
acute inflammation, tissue regeneration, and the return
to homeostasis [10]. Endometrial cells from cows with
clinical endometritis have been found to secrete signifi-
cantly higher levels of PGE2 in comparison to healthy
endometrial and subclinical endometritis groups; in cows
with subclinical endometritis, the said levels were much
higher in the group diagnosed with >18% of polymorph
nuclear cells (PMNs) than the group with >5% of PMN
[11]. It is suggested that PGE2 concentrations in the uter-
ine fluid are related to the endometritis degree and uterine
endotoxin concentrations, which induce and activate the
specific production of this molecule via COX2 [12]. Simi-
lar to many other mediators of cellular responses, PGE2 is
multifunctional and may play a role in improving homing,
survival, and proliferation of mesenchymal stem cells
(MSCs) [13].

MSCs are present in the endometrium of several species
including humans, mice, pigs, and ruminants [14–18].
Our group was able to isolate and characterize these cells
in cattle endometrium for the first time throughout all
the stages of the estrus cycle in healthy bovine endome-
trium [19, 20]. Taking into consideration the crucial role
of PGE2 in endometritis-mediated inflammation as well
as in MSC rescue as described earlier and the presence
of MSCs in the endometrium of healthy cows, we postu-
lated the hypothesis that pathological inflammation of the
uterus as in endometritis affects the presence and func-
tionality of such endometrial MSCs. This study aimed
to investigate the presence of MSCs in the puerperal
bovine endometrium, in both healthy cows and those
with subclinical and clinical endometritis, as well as to
evaluate their essential intrinsic biological attributes. We
hypothesize that PGE2 may play a pivotal role in the
activation and recruitment of putative MSC in the endo-
metrium of these cows and/or in healthy cows. To assess
this, we first studied and characterized putative MSCs in
puerperal endometrium of healthy and endometritis-ill cows.
In the second set of experiments, bovine endometrial MSCs
previously isolated and established in the laboratory were
challenged with different PGE2 concentrations. Subse-
quently, their transcriptomic changes were studied in an
attempt to dissect the actual role of PGE2 in endometrial
MSC biology in a cow animal model.

2. Materials and Methods

All the experimental procedures involving animal handling
and/or sampling were approved by the Bioethics Committee
of the Universidad de Concepción, Chile, under the approval

number CE-6-2010 and were conducted according to the
regulations for animal well-being of the Faculty of Veterinary
Sciences of the same university.

2.1. Experiment 1: Isolation and Characterization of Putative
MSCs in Postpartum Bovine Endometrium. All unspecified
reagents were obtained from Sigma-Aldrich (St. Louis,
MO, USA).

2.1.1. Uterine Samples. Endometrial biopsies were collected
between 20 to 60 days postpartum from Holstein cows in a
productive herd and in postpartum healthy endometritis
(PPHE, n = 5), with subclinical (PPSE, n = 5) and clinical
(PPCE, n = 3) endometritis. Cows were aged between 3 and
6 years. Sample classification was based on a veterinary
clinical examination of the endometrium and cytological
analysis determining the percentage of PMN, following the
criteria of LeBlanc et al. [21] and Sheldon et al. [22].

2.1.2. Cell Isolation. Tissue samples were digested with
sterile 1mg/ml collagenase type I in phosphate-buffered
saline (PBS) solution for 2 h at 37°C and were centrifuged at
550 g for 10min. Cells were seeded at 0.5× 105 cells/ml den-
sity in standard medium of DMEM-F12 with 10% fetal calf
serum (FCS) supplemented with 1% antibiotic-antimycotic
(AAM) solution, 1mM sodium pyruvate, and 2mM L-
glutamine and were cultured in 5% CO2, 39°C, and
100% humidity. To separate the epithelial cells from the
stromal cells, the supernatant was removed approximately
18 hr after the first seeding and reseeded in the same
way. The medium was changed every 2-3 days until cells
reached confluence.

2.1.3. Colony Formation. The cells were seeded in 60mm
plates at 30 cells/cm2 density in the same environmental
and medium conditions as in the primary cell culture, chang-
ing the medium every 15 days. The experiments were per-
formed in triplicate for all the cell lines. The plates were
microscopically examined to make sure that each colony
originated from a single cell. After 1 month, colonies were
fixed with 2% paraformaldehyde (PFA) and stained with
Giemsa to allow for clone visualization. Colonies containing
more than 20 cells were counted. To evaluate the ability of
cells to form colonies or clonal efficiency (CE), the following
formula was used: (number of clonal cells/number of inocu-
lated cells)× 100% [3]. Colonies were stained with alkaline
phosphatase (AP) according to protocol (Vector® Red sub-
strate; Vector Laboratories, Burlingame, CA, USA) with a
positive AP staining, characterized by a red coloration and
observed with digital inverted microscope fluorescence
EVOS FL (Life Technologies, Carlsbad, CA, USA).

2.1.4. Cell Proliferation. Cells were seeded in triplicate in
60mm plates at 2000 cells/cm2 density and cultured
under the same environmental and medium conditions as
in the primary cell culture. Cell doubling time (CDT) was cal-
culated using the following formulas: CD= ln (Nf/Ni)/ln 2,
with Nf being the final and Ni the initial number of cells
and DT=CT/CD, where DT is the CDT and CD is the cell
doubling number, with CT being the cell culture time [23].
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2.1.5. In Vitro Differentiation into Mesodermal Derivatives.
Cells in passage 3 were seeded at 4× 104 cells/per well in
six-well dishes in triplicate until they reached 90% confluence
and then changed to differentiation media (DM). Differenti-
ation media were based on DMEM low glucose with 10%
FCS and supplemented to induce differentiation into chon-
drogenic lineage (CL), with 100 nM dexamethasone (Dex),
35μg/ml vitamin C, 1x insulin selenium transferrin (ITS),
and osteogenic linage (OL) with 50.9μM Dex, 10mM β-
glycerophosphate, 0.1mM vitamin C, and adipogenic
linage (AL) with 1μM Dex, 22μg/ml 1x ITS, 0.25mM 3-
isobutyl-1methylxanthine (3-IBM), and 100mM indometa-
cin. Control time-mated cells were cultured in DMEM low
glucose + 10% FCS, without inducers for exactly the same
time periods as the experimental groups. In all cases,
media were changed every 3 days. At days 0, 7, and 14,
cells were fixed with 2% PFA and stained with Alcian blue
for CL, alizarin red for OL, and Oil Red for AL to detect
the expression of glycosaminoglycan, calcium deposition, or
lipid vacuoles, respectively.

2.1.6. Quantitative Real-Time Polymerase Chain Reaction
(RT-qPCR). At the time points mentioned above, the total
RNAwas extracted from the cells using Tri-reagent extraction
according to the manufacturer’s instructions. The quantity of
RNA was measured using an Epoch Spectrophotometer
System (Biotek, Bad Friedrichshall, Germany). The cDNA
was transcribed from 200μg of the total RNA according to
the manufacturer’s instruction of a commercial M-MLV
Reverse Transcriptase (RT) (Invitrogen). Gene expression
analysis was performed by real-time PCR by means of the
standard curve method using SYBR Green on an MX3000P
real-time PCR device (Agilent, Santa Clara, CA, USA). In
all qPCRs, beta-actin (ACTB) was used as an internal control.

Only PCR experiments with an efficiency within the
range of 90–110% and with a correlation coefficient of at least
0.97 were used for gene expression analysis. Samples were
run in triplicates. qPCR was performed with the primer
sequences displayed in Table 1.

2.1.7. Data Analysis. Statistical analysis of quantitative
real-time PCRs, clonogenic, and proliferation assays was
conducted using a nonparametric test (Kruskal Wallis),
and the data was expressed as mean± error. All statistical
analyses were tested for α = 0 05.

2.2. Experiment 2: Gene Expression in Bovine Endometrial
Putative MSCs Challenged with PGE2. All reagents otherwise
expressed were fromThermo Fisher, Santiago de Chile, Chile.

2.2.1. Cell Lines. Primary culture of putative MSCs from
healthy cycling cows in late luteal phase was used (LLP1
and LLP4; [19]). Cells were seeded at 40000/cm2 in 12-well
culture dishes and maintained and cultured in standard
medium and under the same conditions as in the first exper-
iment. Cells were allowed to reach 90% confluency and were
further used in priming experiments.

2.2.2. Priming with PGE2. The medium was removed from
the wells, the cells were washed three times in warm PBS,

and 2ml of media containing three different concentrations
of PGE2 was added per well in triplicate. The PGE2 (Cayman
Chemical, Ann Arbor, Michigan, USA) was diluted in DMSO
(pH6.8 to avoid PGE2 degradation), and the final concentra-
tions were 1, 3, and 10μM. As negative controls, cells from
the same origin were used in triplicate under the same culture
conditions but not primed with PGE2. After 28 hours, the
supernatant was collected and frozen at −80°C for future
use, and the cells were scrapped and subjected to RNA
extraction for further processing.

2.2.3. RNA Extraction and Synthesis of Complementary RNA.
The total RNA was isolated and quantified as previously
described (experiment 1). The RNA integrity number (RIN)
was determined using TapeStation 2200 system (Agilent
Technologies©, Santa Clara, CA, USA). Only samples with
RIN> 8.5 were selected for analysis. The RNA Spike-In kit
(Agilent Technologies©, Santa Clara, CA, USA) was used as
external control. Spike A Mix with cyanine-3 was used to
label the samples (primed and nonprimed cells), and Spike
B Mix with cyanine-5 was used to label a reference (bovine
fibroblast RNA). The Agilent Low Input Quick Amp Label-
ing kit (Agilent Technologies©, Santa Clara, CA, USA) was
used to generate complementary RNA (cRNA) with a sample
input of 100ng total RNA. The cRNAs were then purified
using EZNA Total RNA kit I according to the manufacturer’s
instructions and quantified using Epoch Spectrophotometer
System (Biotek©, Bad Friedrichshall, Germany). For cRNA,
pools of the three replicates of each three doses and of the
nonprimed cells were used.

2.2.4. Hybridization, Washing, and Scanning of Microarrays.
The bovine (V2) gene expression microarray 4× 44 (Agilent
Technologies, USA) was used for differential gene expression
analysis. Hybridization mixtures were prepared using the Hi-
RPM Gene Expression Hybridization kit (Agilent Technolo-
gies, USA). According to Agilent protocol, for a 4× 44K
microarray, 825 ng of each cRNAs was used. The Cy-3 and
Cy-5–labeled cRNA samples were mixed, hybridized, and
added to the microarray slide. The slide chamber was assem-
bled and placed in a rotisserie hybridization oven and rotated
at 10 rpm in 65°C for 17 hours. The array slides were washed
using Gene Expression Wash Buffer Kit. After being washed,
the slides were scanned using Agilent’s SureScan Microarray
Scanner at settings recommended for the 4× 44K array
format. Images obtained after scanning were analyzed using
Agilent Feature Extraction software v.10.5.1.1.

2.2.5. Microarray Data Analysis. Data obtained were ana-
lyzed using GeneSpring 12.5 extraction software (Agilent
Technologies, USA) in order to determine which genes
were differentially expressed between the experimental
groups in relation to the control nonprimed cells. Genes
were determined to be differentially expressed if there was a
greater than 2-fold change in upregulation or downregula-
tion. Statistical analysis was carried out using an unpaired
t-test, and a fold change with a cut-off value greater than 2
with a P value 0.05 was considered to indicate a statistically
significant difference.
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2.2.6. Gene Ontology (GO) and Interaction Network of
Differentially Expressed Gene Analysis. Gene ontology and
pathway analysis were performed using Panther software
11.1 (University of Southern California, USA). Both analyses
were performed based on the differentially expressed gene
list with fold change greater than 2.0. For GO analysis, a
corrected cut-off P value of 0.58 was used (minimal value
to detect GO terms). Pathway analysis was based on Wiki-
Pathways database. The Panther software is able to detect
potential connections between the selected genes and to

classify them according to P values and the number of
matched entities per pathway. From the total and the
number of significantly differentially expressed genes with
a fold change greater than or equal to 2.0, the gene interac-
tion network was created with the GeneMania Prediction
Server [24].

2.2.7. qRT-PCR Analysis for Microarray Validation. To vali-
date microarray data, the expression profile of the selected
genes was analyzed using qRT-PCR. To do this, 13 genes

Table 1: Details of primers used for qRT-PCR analysis of selected genes used in the PCR experiments.

Gene name Primer sequences Annealing T (°C) GenBank accession number

OCT4
F: 5′-GGAGAGCATGTTCCTGCAGTGC 3′
R: 5′-ACACTCGGACCACGTCCTTCTC 3′ 58°C NM_174580

NANOG
F: 5′-TTCCCTCCTCCATGGATCTG 3′
R: 5′-ATTTGCTGGAGACTGAGGTA 3′ 58°C NM_001025344

SOX2
F: 5′-CGAGTGGAAACTTTTGTCCG 3′
R: 5′-GGTATTTATAATCCGGGTGTT 3′ 55°C NM_001105463

CD44
F: 5′-GACTGTACATCGGTCACGGACC 3′
R: 5′-GGTATAACGGGTGCCATCACGG 3′ 58°C S63418.1

CD117
F: 5′-TCCAAAACTCATCTGTCTCACC 3′
R: 5′-CCCACATCGTTATAAGCCCTG 3′ 58°C AF263827.1

ACTB
F: 5′-GGCCAACCGTGAGAAGATGACC 3′
R: 5′-GAGGCATACAGGGACAGCACAG 3′ 58°C BT030480.1

UQCRB
F: 5′-CCTTTATAATGACAGAGTGTTTCGC 3′
R: 5′-ACGGTTCAAGGTAGGATTTATCC 3′ 62°C NM_001034797

ADA
F: 5′-GAGGAGCTACAGAACATCATCG 3′
R: 5′-AATCCTTTTGACAGCCTCCC 3′ 62°C NM_173887

F3
F: 5′-GAGTCCAGAAAGTCCCATCAAG 3′
R: 5′-TGATCACCAGCATCACTGTG 3′ 62°C NM_173878

BPGM
F: 5′-GTATTGCGTGGTAAAACCGTTC 3′
R: 5′-CCCCAGTAGGAAGAGTAATGTTG 3′ 62°C NM_001035402

CFB
F: 5′-GGGTGCTATTGTGTCTGAGTAC 3′
R: 5′-CTTTTACCTCCCACTCCTTCC 3′ 62°C NM_001040526

SLC35A5
F: 5′-CTCAAGTCGCATCCTACTGG 3′
R: 5′-GACACAAGCGCACAGAAAAC 3′ 62°C NM_001076025

SCRN1
F: 5′-ATCATGAACCTGAGAGCAAGG 3′
R: 5′-AGGTCTGCTTATCACAATGGC 3′ 62°C NM_001110803

IGFBP3
F: 5′-CGCTACAAGGTTGACTACGAG 3′
R: 5′-GTTCAGCGTGTCTTCCATTTC 3′ 62°C NM_174556

LOC781494
F: 5′-AAGATTCTGGAGAGTGCTGTG 3′
R: 5′-GACGAAGCAGATGGAGTACAC 3′ 62°C NM_001101279

TFPI2
F: 5′-ACGTGTATGGACTTCTGTGC 3′

R: 5′-CCACACCCAGTATAGTTGAAGG 3′ 58°C NM_182788

BAX2
F: 5′-AGGGTTTCATCCAGGATCGAGC 3′
R: 5′-TCATCTCCGATGCGCTTCAGAC 3′ 58°C NM_001191220.1

COX2
F: 5′-GTCCCGTCCAGGCTTATATTAC 3′
R: 5′-GGACTAACTCAAGGACAATGGG 3′ 62°C DQ347624.1

IL-1
F: 5′-AAGGAGAATGTGGTGATGGTG 3′
R: 5′-TGTAATGTGCTGATCTGGGC 3′ 62°C NM_174092
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were selected, ten differentially expressed between both
groups (four upregulated [UQCRB, ADA, F3, and BPGM],
six downregulated [CFB, SLC35A5, SCRN1, IGFBP3,
LOC781494, and TFPI2]), and three equally expressed
(BAX2, COX2, and IL-1). The purified RNAs were treated
with 1U of RNAse-free DNase I for genomic DNA diges-
tion (Invitrogen, Carlsbead, CA, USA) in a 10μl reaction
for 30 minutes at 37°C. The enzyme was heat inactivated
(65°C for 10min) in the presence of 25mM EDTA
(1μl). The mRNA was converted to complementary DNA
and kept frozen at 20°C until use in PCR experiments.
Gene expression analysis was performed by qRT-PCR
using the ΔΔCt method. For qRT-PCR, samples were
loaded as duplicates (technical replicates). The primers
used and PCR conditions for each gene are added in
Table 1. In all qRT-PCRs, B-actin was used as a house-
keeping gene.

2.2.8. Statistical Analysis of qRT-PCR. This was performed
using a Wilcoxon nonparametric test. Microarray validation
and correlation with qRT-PCR were conducted employing
Pearson’s correlation test, with the log2 of the ratio of means.
In all cases, significant differences were considered if P values
were less than 0.05. InfoStat (Buenos Aires, Argentina)
software was used.

3. Results

3.1. Experiment 1: Isolation and Characterization of Putative
MSCs in Postpartum Bovine Endometrium

3.1.1. Ability to Form Colonies and to Proliferate. All
isolated cells showed fibroblast-like morphology and
adherence to plastic and, when seeded at low confluence,
proliferated and produced colonies with a positive AP
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(b)
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(c)
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Figure 1: Representative images of the morphology and in vitro colony formation of the primary cell cultures derived from bovine
endometrial tissue of a healthy animal (a, d, g) with subclinical endometritis (b, e, h) or clinical endometritis (c, f, i). (a, b, c) Normal
fibroblast-like appearance at 40x. (d, e, f) Giemsa stain at 40x. (g, h, i) Alkaline phosphatase activity in a colony at 100x.
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staining (Figure 1). The number of colonies was significantly
higher in HPPE cells than in CPPE (5.42± 0.7 versus
0.83± 0.8 clones per dish, resp.), as well as cloning efficiency
(CE of 0.64± 0.1% versus 0.08± 0.1). Meanwhile, the average
cell doubling time (CDT) was significantly lower in HPPE
than in CPPE, with a value of 30± 0.4 hours versus
41.97± 1.4 (Table 2). The HPPE cells filled the culture dishes
in 5 to 7 days, whereas those SPPE or CPPE achieved full
confluency at 8 to 10 days and 10 to 12, respectively.

3.1.2. Multilineage In Vitro Differentiation. Cells were
responsive to differentiation stimuli upon induction to chon-
drogenic, osteogenic, and adipogenic lineages. Visually, the
intensity of staining at fixed time points (day 7 or 14 of
induction) was similar among the cell lines and we did not
attempt to quantify the staining. However, adipogenic stain-
ing with Oil Red was detected only in healthy cows or in cows
with subclinical endometritis. No staining was observed in
noninduced stained controls (Figure 2).

3.1.3. Expression of Gene and Protein Markers. Tissue
biopsies and cells isolated from the bovine endometrium
and cultured in vitro expressed OCT4, SOX2, CD44, and
c-KIT but not NANOG. OCT4 and SOX2 were expressed
higher in tissues or in cells from healthy animals, and in
general, the expression of all genes was stronger in tissues
than in cells cultures derived from the said tissues
(Figure 3). The presence of pluripotency markers OCT4
and SOX2 was confirmed in tissue by western blot, in
most tissue samples for all pathological conditions of bovine
endometrium (Figure 4).

3.2. Experiment 2: Gene Expression in Bovine Endometrial
Putative MSCs Challenged with PGE2

3.2.1. Differential Transcriptomic Analysis of Gene Expression.
Using Agilent’s bovine 4× 44K chip, we found a total of
17,114 hits in the microarray. Of these, 1127 were differen-
tially expressed between the control group (PGE2 concentra-
tion= 0), and the rest of the doses used were considered
together at a P value of 0.05 and 2x fold change. As a general
trend, there were more genes downregulated (763 and 529 at
P < 0 05 and P < 0 01, resp.) than upregulated (364 and 86,
resp.). The FDR was of 0.05%. Due to the smaller differences
in the number of deregulated genes when the comparison was
made among different doses (data not shown), further
detailed analysis was performed only among nonprimed cells
(dose 0) and primed cells (doses 1, 2, and 3). As a result, the
top 40 most deregulated genes were selected (Table 3) and
subjected to bioinformatic analysis for gene ontology and
network interactions. In the cat whisker plot assay, the two
cell lines and the three different doses were considered.
Apparently, there is no effect of the cell line on the results
of the plot (Figure 5).

3.2.2. Gene Ontology and Network Interactions. When the
GO analysis was performed, the most affected biological pro-
cesses were cellular component organization or biogenesis
and cellular and metabolic processes. Among other repre-
sented processes found were biological regulation, develop-
ment, growth, and immune system. The most represented
molecular functions were binding, catalytic, receptor,
transport, and structural molecule activity. The pathways
represented with more hits among the upregulated genes
were angiogenesis, B- and T-cell activation, blood coagula-
tion, endothelin signaling, gonadotropin-releasing hormone
receptor, heterotrimeric G-protein receptor, inflammation
mediated by chemokine and cytokine signaling, and PDGF
and Wnt signaling. For the downregulated genes, the path-
ways with the most hits were angiogenesis, cadherin signal-
ing, gonadotropin-releasing hormone receptor, Huntington
disease, inflammation mediated by chemokine and cyto-
kine signaling, integrin signaling, and Wnt and TGF-beta
signaling (Figure 6).

GeneMania Prediction Server was used to determine
the potential interactions among the top 40 most differen-
tially expressed genes. From all the genes analyzed, only
two (LOC781494 and SNHG3) were unrecognized by the
program and 38 of 40 queried genes were connected.
The predominant interaction was coexpression (70.5%)
(Figure 7). For a more detailed mining analysis, we
divided the global network into three fractions: (1) centrally
and (2) peripherally located genes (n = 10 and n = 24, resp.)
and (3) genes neither centrally nor peripherally located
but with strong interactions between them (n = 4), aiming
to examine the actual role of a given deregulated gene in
its network of interactions. In the first fraction of centrally
located genes, the network of interactions is wider and
stronger, thus indicating a pivotal role of these genes in
the complex response to PGE2 challenge. Five genes were
upregulated and five were downregulated in this category.

Table 2: Clonal efficiency (CE) and cell doubling time (CDT) of
fibroblast-like colony formation of cell derived from primary
cultures in vitro of postpartum healthy endometrium (PPHE) with
subclinical (PPSE) and clinical endometritis (PPCE). Different
superscript letters in the same column indicate statistically
significant differences. P value < 0.05. Each experiment was
repeated three times for each cell line.

Cell line Number of colonies CE (%) CDT (hrs)

PPHE1 6.3 0.75 29.8

PPHE2 4.7 0.56 28.4

PPHE3 5.7 0.67 31.2

PPHE4 4.5 0.52 28.9

PPHE5 5.9 0.71 31.7

PPHE (x ± S.D.) 5.42± 0.7a 0.64± 0.1a 30± 0.4a

PPSE1 4 0.48 33.9

PPSE2 4.3 0.52 35.2

PPSE3 3.7 0.45 34.2

PPSE4 3.9 0.55 34.9

PPSEl5 4.4 0.44 35.5

PPSE (x ± S.D.) 4.06± 0.3ab 0.49± 0.1ab 34.74± 0.7ab

PPCE1 1.5 0.16 42

PPCE2 1 0.08 40.6

PPCE3 0 0 43.3

PPCE (x ± S.D.) 0.83± 0.8b 0.08± 0.1b 41.97± 1.4b
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There are two major pathways appeared to be affected in
this group of interacting genes; one is the upregulation
of the COX7 superfamily and its related pathways such
as the AMPK enzyme complex pathway and respiratory
electron transport, ATP synthesis by chemiosmosis cou-
pling, and heat production by uncoupling proteins; GO

annotations related to this gene include electron carrier
activity and cytochrome c oxidase activity; another is the
downregulation of the insulin-like growth factor binding
protein and its related pathways which include myometrial
relaxation and contraction pathways and development of
IGF-1 receptor signaling; GO annotations related to this
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Figure 2: Representative images from the in vitro differentiation to chondrogenic (2, 4, 6, 8, 10, and 12), osteogenic (14, 16, 18, 20, 22, and 24),
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gene include fibronectin binding and insulin-like growth
factor I binding.

In order to validate the microarray findings, a qPCR was
performed on 13 selected genes, and there was an absolute
coincidence between the microarray and qPCR data, with
an average value of R = 0 89 (Figure 8).

4. Discussion

During the partum and immediately after it, there is a
high risk for the uterus to be infected by pathogens,

mainly bacteria; these infections can impinge upon appro-
priate uterine involution and repopulation and upon return
to cyclicity [25]. It has been postulated that such repopula-
tion is mediated by resident or migrating MSCs [3]. In this
study, we successfully isolated and characterized cells with
characteristics of MSCs from the endometrium of cows dur-
ing the postpartum of healthy cows, as well as from cows with
subclinical and clinical endometritis. The cells used in this
work cannot strictly be called pure MSCs. There are no spe-
cific MSC markers that allow identification of pure MSC; in
fact, most likely, they are heterogeneous and nonclonal
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cultures of mesenchymal stromal cells which contain a
subpopulation of stem cells with different multipotential
properties, committed progenitors, and differentiated cells
[26]. Nevertheless, the unique properties of the cells of
this research, including their multilineage differentiation
potential, are their ready availability and their extensive
capacity for in vitro expansion indicating indeed the
presence of MSCs among the mixed population used.

As mentioned above, there are no clear markers of adult
stem cells. Only in humans, the minimal criteria for such
markers have been set, but not for other species includ-
ing the bovine [27]. However, the surface phenotype, in
conjunction with other functional criteria, best identifies
MSC. These criteria, however, apply only to human
MSC. For other species, particularly for farm animals,
expression of surface antigens is not universally well

Table 3: Top 40 differentially expressed genes (DEGs) between doses 0 and doses 1, 2, and 3 of PGE2 in MSC cells isolated from late luteal
phase of estrus cycle in cattle.

Gene symbol GenBank accesion Gene name Fold change Regulation

LOC781494 A_73_P048499 Bos taurus myeloid-associated differentiation marker-like −11.00 Down

ZNF484 A_73_P086786 Bos taurus zinc finger protein 484 −10.96 Down

CFB A_73_118840 Bos taurus complement factor B −9.73 Down

SPG20 A_73_P077131 Bos taurus spastic paraplegia 20 (Troyer syndrome) −9.69 Down

IGFBP3 A_73_120953 Bos taurus insulin-like growth factor binding protein 3 −9.53 Down

SLC35A5 A_73_P482423 Bos taurus solute carrier family 35, member A5 −9.31 Down

SLC39A10 A_73_P094756 Bos taurus solute carrier family 39 −9.13 Down

SCRN1 A_73_P043336 Bos taurus secernin 1 −8.61 Down

AGMO A_73_113510 Bos taurus alkylglycerol monooxygenase −8.54 Down

CTSL1 A_73_113548 Bos taurus cathepsin L1 −8.47 Down

ZNF639 A_73_P107146 Bos taurus zinc finger protein 639 −8.37 Down

CACNA2D1 A_73_P421251 Bos taurus calcium channel, voltage-dependent, alpha 2/delta subunit 1 −7.60 Down

GGPS1 A_73_P424671 Bos taurus geranylgeranyl diphosphate synthase 1 −7.58 Down

FIG4 A_73_P257991 Bos taurus FIG4 homolog −6.76 Down

MAPKBP1 A_73_P383151 Bos taurus mitogen-activated protein kinase binding protein 1 −6.49 Down

GKAP1 A_73_P417031 Bos taurus G kinase anchoring protein 1 −6.40 Down

RFX7 A_73_110155 Bos taurus regulatory factor X, 7 −6.40 Down

PPP2R2A A_73_P086641 Bos taurus protein phosphatase 2, regulatory subunit B, alpha −6.27 Down

BBS7 A_73_P087146 Bos taurus Bardet-Biedl syndrome 7 −6.07 Down

ZER1 A_73_P083316 Bos taurus zer-1 homolog (C, elegans) −5.97 Down

COX7C A_73_P064916 Bos taurus cytochrome c oxidase subunit VIIc 4.59 Up

FABP3 A_73_P378211 Bos taurus fatty acid binding protein 3 4.60 Up

MTHFD2 A_73_115733 Bos taurus methylenetetrahydrofolate dehydrogenase 4.62 Up

COX7A2 A_73_P087911 Bos taurus cytochrome c oxidase subunit VIIa polypeptide 2 4.64 Up

EIF2B3 A_73_P257151 Bos taurus eukaryotic translation initiation factor 2B, subunit 3 4.67 Up

F3 A_73_109579 Bos taurus coagulation factor III 4.90 Up

BAG2 A_73_P275196 Bos taurus BCL2-associated athanogene 2 4.91 Up

ADA A_73_102071 Bos taurus adenosine deaminase 5.02 Up

SNHG3 A_73_120992 Bos taurus small nucleolar RNA host gene 3 5.09 Up

UQCRB A_73_P494163 Bos taurus ubiquinol-cytochrome c reductase binding protein 5.17 Up

SCD A_73_106141 Bos taurus stearoyl-CoA desaturase (delta-9-desaturase) 5.17 Up

PFDN1 A_73_103325 Bos taurus prefoldin subunit 1 5.48 Up

SLC6A2 A_73_P066991 Bos taurus noradrenaline transporter 5.63 Up

BPGM A_73_P047401 Bos taurus 2,3-bisphosphoglycerate mutase 5.63 Up

GPBAR1 A_73_105396 Bos taurus G protein-coupled bile acid receptor 1 5.71 Up

ISCA2 A_73_P040806 Bos taurus iron-sulfur cluster assembly 2 homologs 5.76 Up

CSRP2 A_73_118163 Bos taurus cysteine and glycine-rich protein 2 5.91 Up

COX7C A_73_P080311 Bos taurus cytochrome c oxidase subunit VIIc 6.74 Up

PTHLH A_73_P038881 Bos taurus parathyroid hormone-like hormone 6.83 Up

SELV A_73_P067596 Bos taurus selenoprotein V 7.63 Up
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characterized and the recommended markers may not apply
to nonhuman systems.

Previously, our group has reported similar cells in cyclic
cows [19, 20]; therefore, it was not unexpected to identify
equivalent cell populations in puerperal healthy endome-
trium. To a similar extent, cells displaying the same proper-
ties were identified in this study in cows with subclinical
endometritis, and CE and CDT were not different from
healthy cows. All the primary cell cultures derived here dis-
played a fibroblast-like morphology with plastic adherence.
Moreover, when the cells were seeded at low density, all the
primary cultures yielded colonies; nonetheless, the cloning
efficiency was higher in cells isolated from healthy cows, as
was the cell doubling time. In clinically ill cows, the situation
was different; clonogenic efficiency of 0.08± 0.1% and CDT
of 41.97± 1.4 hours were found. Similar low values of
clonogenic efficiency (0.02%) have been reported in human
endometrial stromal cells [28, 29]. Additionally, in porcine
endometrial MSCs, values of up to 0.035% have been
recorded [16]. Although there was a low clonogenic effi-
ciency of cells derived from cows with clinical endometritis,
it was demonstrated that all cells were able to form colonies
during bovine postpartum. This finding supports the idea
of the existence of putative niches of MSCs present in the
endometrium [3]. In addition, a longer doubling time than
what was observed in this study has been described for
human basal decidua stem cells with a value of 2.21± 0.21
days [30].

It seems that endometritis forces cells to grow slower and
to have a lower cloning efficiency; all of these may be indica-
tive of a reduced cell viability or senescence. Although not
included in the results section, we found that cells coming
from endometritis-ill animals in general, particularly from
clinical endometritis, tended to detach from the culture ves-
sels and were harder to culture in vitro. This may be related
to inflammation, since no contamination with bacteria,
fungi, or yeast was ever found in these or the other cells.
Inflammation modifies the physical properties of cell mem-
branes causing severe tissue damage and/or cellular necrosis,
thus affecting the tissue’s own regenerative capacity during
postpartum [31]. It is believed that inflammation can affect
progenitor stem cells directly in the total number of cell divi-
sions and cause more premature aging, evidencing slower
growth and affecting the outcome of cell differentiation [32].

We further detected that upon induction to trilineage dif-
ferentiation, only the isolated endometrial cells from cows
with clinical endometritis did not differentiate to adipogenic
lineage. The adipogenic differentiation in the endometrial
cells of healthy cows cycling has been reported previously
in our and other research groups [18–20, 33]. The cells of
the healthy endometrium and subclinical endometritis
during postpartum endometrium have typical functional
characteristics described for MSCs, such as fibroblast-like
morphology with plastic adherence, high proliferative capac-
ity, clone formation, and the ability to differentiate into chon-
drogenic, osteogenic, and adipogenic lineages in vitro [34].
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Figure 5: Volcano plot showing the distribution of differentially expressed genes in PGE2+ cells as a function of the selected P value. Left
panel P < 0 05, right panel P < 0 01 (a). Details of differential response of endometrial MSCs to the challenge with PGE2 (b). Cat whiskers
plot representing the distribution of normalized intensity values among the two cell lines (LLPh1 and LLPh3) and the four doses (0, 1, 3,
and 10 μM of PGE2) used. The amplitude of the intensity values is wider for PGE2-treated cells when compared to control (two right
columns). Upper or lower extreme red boxes represent the biggest and smallest values of the data set. Lower extreme, the lowest or
smallest value in a set of data. Blue boxes represent the median distribution of intensity values (c).
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Figure 6: Gene ontology analysis of the main biological processes and molecular functions represented by the upregulated genes in 0 versus
all doses of PGE2 (a, c) and downregulated genes in 0 versus all doses of PGE2 (b, d), respectively.
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This does not seem to be the case for cells derived from cows
with clinical endometritis. This probably reflects a more
differentiated status of cells or alternatively, that different
and more committed progenitor cells are present. A similar
phenomenon was found for endometrial cells of healthy
cycling cows during the early luteal phase [19]. The presence
of several subsets of stem cells with more mature progeny in
the tissue limits the capacity of cellular self-renewal and alters
the differentiation potential [35, 36]. It is presented in the
literature that infection and inflammation can inhibit the
regeneration of traumatized endometrium by effector mole-
cules, which generate damage on resident cells responsible
for tissue repair and regeneration [37].

It cannot be excluded that cells obtained from animals
with endometritis in our study entered into senescence or
at least displayed some features of senescent cells, although
we did not study these markers in our research. Propagation

of primary cells in vitro is often hampered by senescence
in experimental models; this seems to be the case for
MSCs as well. In rat MSCs, senescence correlated well
with downregulation of genes involved in stem cell mainte-
nance and DNA damage repair genes, as well with a decrease
in differentiation potential, particularly the adipogenic
potential [38]. In these experiments, senescent cells markedly
upregulated genes involved in remodeling of extracellular
matrix or in mediating local inflammation. Others, using
MSCs from Rett syndrome patient showed precocious signs
of senescence in comparison with the MSCs of healthy-
patient control groups [39]. Authors also detected the down-
regulation of several stemness genes such as OCT4 and
NANOG, concurrent with upregulation of lineage-specific
genes, such as those involved in osteogenesis.

There are no defined gene markers for endometrial MSCs
in cattle or species other than humans [27]. In this study, we

Coexpression 
Pathway 
Colocalization 

Genetic interactions 
Predicted 
Physical interactions 

Networks

Figure 7: Readout of GeneMania Prediction Server showing gene interaction networks for the top 38 most differentially expressed genes. Of
the top 40 differentially expressed genes, only LOC781494 and SNHG3 gene symbols were not recognized by the software. The colors of
connections suggest the type of interaction as listed in the legend. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.) Englobed in red are centrally located (more interacting genes) and a set of four genes
peripherally located, but with a strong interaction.
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detected the expression of two surface markers of MSCs,
CD44, and CD117. While the former might be present in
contaminating mature fibroblast populations [40], the latter
has not been reported in such cells. In the bovine, CD117 is
expressed in both myometrial and endometrial epithelial
and stromal cell cultures; this is indicative of an ancestral
bone marrow precursor, which probably migrates to the
uterus throughout the animal’s life and occurs regardless of
its age or ovarian hormonal status [33]. We previously iden-
tified this gene also expressed in cattle endometrial MSCs
regardless of the stage of the estrus cycle, and we propose it
as a surface marker of cattle endometrial MSCs [19, 20].
CD44 has been detected in the endometrial MSCs of some
farm animal species such as porcine, ovine, and bovine
[16, 17, 19, 41] and in mares (Cabezas et al., unpublished).

Nuclear pluripotency markers OCT4 and SOX2, but not
NANOG, were also found at both gene and protein in sam-
ples, which is coincident with our previous findings in cattle
[19, 20] and the finding of others in the uterus of healthy and
diseased women [42–44], as well as in the uterus of cows [16]
and in cultured stromal cells of porcine endometrium [45].
The expression of stemness markers decreased in cultured
cells in comparison to their presence in the uterine biopsies.
It is suggested that adhesion to plastic and in vitro culture
generates a loss of characteristics and cell markers, and this
has been observed in adipose-derived adherent stromal cells
[46] and in cattle endometrial cells derived from follicular
phase of the estrus cycle [20]. The presence of pluripotency
markers together with differentiation markers may indicate
that endometrial stem cells might come from residual fetal
stem cells bonded in various organs [47] or point to the

existence of several stem cell populations in the bovine endo-
metrium, which vary in their functional properties according
to the inflammatory state of bovine endometrium during the
postpartum period.

Information regarding the link between intrinsic inflam-
matory and regenerative pathways in endometritis is scarce.
We propose that inflammation during endometritis triggers
PGE2 secretion and that cellular changes in the endometrial
tissue in response to endometritis involve PGE2-mediated
activation of resident stromal progenitor/stem cells. We did
not attempt to quantify local uterine PGE2 secretion, since it
has been proven troublesome and inaccurate [11, 48] and
blood determination of PGE2 does not necessarily reflect the
actual endometrial levels. Previously, we showed that endo-
metrial MSCs at the late luteal phase do respond to PGE2
administration creating an autocrine-paracrine-positive feed-
back leading to more PGE2 secretion (unpublished data). The
rationale to using a priming approach as described here was to
minimize the bias of distinct PGE2 expression levels that can
exist in cells derived from cattle with endometritis; thus, we
decided to use a cell model which had been previously tested
in the laboratory, with two main attributes: (1) cells do not
secrete basal levels of PGE2 and (2) they are responsive to it
upon challenge. We found 1127 genes that were differentially
expressed between dose 0 and the rest of the doses of PGE2,
and we found subtle differences when doses of PGE2 were
compared among their selves.

The analysis of gene interaction networks showed that
there was an upregulation of the COX7 family. This may
imply a shift in the production of prostaglandins as end
products of the arachidonic acid pathway which is involved
in COX2 synthesis and ultimately in PGE2 release and action.
It is vastly supported by the literature that PGE2 upregulates
its own secretion via COX2 and related pathways [49]; there-
fore, it is tempting to propose that challenging cells with
PGE2 lead to a positive feedback regulation of its precursor.
The downregulation of the IGFBP pathway and consequently
of the IGF-1 receptor signaling may be correlated with the
slow proliferating phenotype of the endometrial cells under
endometritis conditions. It is possible that the collaborative
action between these two pathways leads to an overexpres-
sion of PGE2 and to the slowing down of cell growth. This sit-
uation may occur in the environment of the uterus under
endometritis where high levels of PGE2 are present. Finally,
we found a very robust interaction between a precise set of
four genes located peripherally in the gene interaction net-
wok map, but keeping a strong, precise interaction among
them. Three of these genes are of the complement factor
family (CF family genes B, D, and H) and the PPARD
(peroxisome proliferator-activated receptor delta). The
former genes are involved in immune response, induced
complement pathway, and Staphylococcus aureus infection.
Downregulation in these genes underlies complement factor
D deficiency, which is associated with recurrent bacterial
meningitis infections in human patients [50]. The latter gene
is involved in Wnt signaling pathway (WikiPathways).

Activation of the PGE2 pathway in the endometriummay
lead to a shift in the proportion of normal stem cells that can
be potentially identified and isolated. It has been reported
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that PGE2 during the follicular phase stimulates the growth
of endometrial cells through the Wnt/β-catenin pathway,
which in the case of porcine endometrium governs the cycli-
cal cell regeneration process [51].

The GO data shown above are informative and describe
general processes or functions, but a detailed look was taken
at particular pathways affected in the deregulated genes. In
that sense, the pathways represented with the most hits
among the upregulated genes were angiogenesis, B- and T-
cell activation, blood coagulation, endothelin signaling,
gonadotropin-releasing hormone receptor, heterotrimeric
G-protein receptor, inflammation mediated by chemokine
and cytokine signaling, and PDGF and Wnt signaling. For
the downregulated genes, the pathways with more hits were
angiogenesis, cadherin signaling, gonadotropin-releasing
hormone receptor, Huntington’s disease, inflammation
mediated by chemokine and cytokine signaling, integrin
signaling, Wnt β-catenin, and TGF-β signaling.

In summary, we were able to demonstrate that challeng-
ing endometrial MSCs with PGE2 lead to a massive rear-
rangement of the cell transcriptome profile, which to the
best of our knowledge has not been previously reported in
the literature. The most remarkable genes and pathways that
are affected are related to immune response, angiogenesis,
and cell proliferation. The addition of PGE2 to endometrial
cells seemed to downregulate the cell immune response. This
is in agreement with our findings for adipose-derived horse
MSCs (unpublished). No data were available in the literature
as compared with our findings of downregulation of immune
response in the endometrium. This however makes sense,
since MSCs are shown in the literature and our own unpub-
lished research to be immunoprivileged upon stimulation
with proinflammatory licensing molecules such as INF
gamma [52].

In our experiments, the addition of PGE2 to endometrial
cells leads to a downregulation of Wnt-β-catenin and TGF-β
signaling, which was unexpected. Bayne et al. [53] demon-
strated that PGE2 regulates germ cell function in vivo during
ovarian development in humans, acting upon mediators such
as activin A and others to affect the expression of pluripo-
tency markers in the first trimester fetal human ovaries,
which includes E2 and E4 receptor and VASA and DAZL
genes, but not OCT4. Goessling et al. [54] using in vitro
and in vivo mouse (and zebra fish) models unequivocally
showed that PGE2 interacts with the Wnt pathway by direct
phosphorylation of β-catenin and served as a master regula-
tor of stem cell recruitment and organ regeneration in verte-
brates. The Wnt/β-catenin pathway stimulated by PGE2 is
the same canonical stem cell recruitment path used by HSC
cells and embryonic stem cells [54]. Most likely, brief expo-
sure to PGE2 locally induces tissue regeneration via local
stem cell recruitment or from migrating hematopoietic stem
cells, while prolonged exposition could potentially lead to
chronic inflammation such as persistent endometriosis.
Although the studies mentioned above did not target stem
cell regeneration of the uterine endometrium, it is tempting
to speculate that a similar process might operate in post-
menstrual endometrial repopulation in women and in cyclic
regeneration of the endometrium in ruminants or in PGE2-

mediated endometritis. Our findings associated with these
two pathways in the in vitro model used are in concordance
with the observed limited availability and functionality of
putative MSC isolated from cows with subclinical or clinical
endometritis in our research.

As discussed above, we cannot rule out the possibility
that our cells entered into senescence. It is sufficiently dem-
onstrated in the literature that PGE2 may trigger the onset
of senescence. Exposure in vitro and in vivo to PGE2may lead
to phenotypes of senescence [55, 56]. When CD8+ T cells
were exposed to PGE2, the cells displayed markers of senes-
cence such as loss of CD28 expression, reduced telomerase
activity linked to telomere shortening, and overexpression
of p16, COX2, and intracellular cAMP [55]. These data sug-
gest that increased PGE2 may contribute to the development
of senescence of immune cells. Likewise, it is described that
PGE2 acted in an autocrine loop through EP receptors induc-
ing high COX2 levels and senescence in human fibroblasts
via an independent ROS and a dependent PGE2/EP intra-
crine pathway [56].

In the microarray data of our research, we were not able
to identify differential regulation of key senescence markers,
including CD28, p16, telomerase, and others discussed
above. Of interest, a Rho GTPase-activating protein 27
(ARHGAP27) was downregulated and p27, a marker of
senescent cell expression, was not detected. We believe that
at least in our experimental conditions, we found that expo-
sure of putative MSCs in vitro to PGE2 did not induce senes-
cence, although chronical exposure in vivo during
endometritis to PGE2-induced senescence in the cells derived
from endometrium was not addressed here and cannot be
ruled out.

5. Conclusion

We confirmed the presence of progenitor MSCs in bovine
endometrium during the postpartum period. The pathologi-
cal inflammation of the endometrium modifies and limits
some functional characteristics of the MSCs. This becomes
more evident in clinical endometritis than in subclinical, sug-
gesting the presence of a more differentiated progeny of cells.
It is possible that tissue damage generated by inflammation
may directly affect the cellular niche and/or promote cell
proliferation, in order to restore tissue homeostasis. The
exposure in vitro of MSCs to a mediator of inflammation
such as PGE2 modifies their transcriptomic profile, covering
mainly biological processes such as cellular component orga-
nization or biogenesis and cellular and metabolic processes,
such as biological regulation, development, growth, and
immune system. Thus, PGE2 may have a potential role in
the fate of stem cell activation, migration, homing processes
during pathological, uterine inflammation such as in endo-
metritis, and also in the healthy puerperal endometrium.
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Spontaneous cytosolic calcium transients and oscillations have been reported in various tissues of nonhuman and human origin but
not in human midbrain-derived stem cells. Using confocal microfluorimetry, we studied spontaneous calcium transients and
calcium-regulating mechanisms in a human ventral mesencephalic stem cell line undergoing proliferation and neuronal
differentiation. Spontaneous calcium transients were detected in a large fraction of both proliferating (>50%) and differentiating
(>55%) cells. We provide evidence for the existence of intracellular calcium stores that respond to muscarinic activation of the
cells, having sensitivity for ryanodine and thapsigargin possibly reflecting IP3 receptor activity and the presence of ryanodine
receptors and calcium ATPase pumps. The observed calcium transient activity potentially supports the existence of a sodium-
calcium antiporter and the existence of calcium influx induced by depletion of calcium stores. We conclude that the cells have
developed the most important mechanisms governing cytosolic calcium homeostasis. This is the first comparative report of
spontaneous calcium transients in proliferating and differentiating human midbrain-derived stem cells that provides evidence
for the mechanisms that are likely to be involved. We propose that the observed spontaneous calcium transients may contribute
to mechanisms involved in cell proliferation, phenotypic differentiation, and general cell maturation.

1. Introduction

Calcium is a versatile intracellular messenger controlling a
wide range of cellular processes [1–3] including cell prolif-
eration, cell differentiation, and general gene transcription
[4–7]. Calcium signals are considered to be involved in fer-
tilization of most species [8–11] as well as in the subsequent
embryonic development [12–18].

Spontaneous calcium transients and oscillations have
been reported in a number of tissues of nonhuman origin
[19]. More recently, spontaneous calcium oscillations have

been observed in early postnatal cerebellar Purkinje neurons
[20], embryonic mouse cortical brain slices [21], mouse
spinal cord neurons [22], slice cultures of the spinal cord
and dorsal root ganglia prepared from mouse embryos [23],
and undifferentiated cells and neural progenitor cells derived
from a mouse bone marrow [24]. There have also been
reports on spontaneous calcium oscillations in human mes-
enchymal stem cells [25–27], human embryonic stem cell-
derived neurons [28], and human cardiac progenitor cells
[29]. It appeared that calcium supply to cytosol was derived
from intracellular calcium stores by IP3-dependent release
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and influx of calcium through store-operated channels.
Removal of calcium was dependent on plasma membrane
calcium pump activity and Na+-Ca2+ exchange [25–27].

It has been reported that the mechanisms that regu-
late spontaneous calcium oscillations in stem cells may
change during their transition from proliferation to differ-
entiation and maturation [27, 30–33]. However, no
reports describe changes in calcium regulation specifically
in human midbrain-derived stem cells during their devel-
opment to neurons.

The present investigation was initially performed in
order to study spontaneous calcium signaling in human
midbrain-derived stem cells undergoing neuronal differen-
tiation [34–37]. Since we observed spontaneous calcium
transients in a large fraction of the differentiating cells, it
was of interest to further explore the development of
calcium-regulating mechanisms by comparing the mecha-
nisms in differentiating cells with mechanisms operating
in proliferating cells.

Using a confocal imaging technique, we here provide
evidence for the existence of intracellular calcium stores that
respond to muscarinic activation, having sensitivity to rya-
nodine and thapsigargin possibly reflecting IP3 receptor
activity and the presence of ryanodine receptors and calcium
ATPase pumps. The observed calcium transient activity may
support the existence of a sodium-calcium antiporter and
the existence of calcium influx induced by depletion of
calcium stores.

We conclude that identical calcium-regulating mecha-
nisms operate during the proliferation and neuronal differen-
tiation of human midbrain-derived stem cells.

2. Materials and Methods

2.1. Ethics Statement. Human tissues were donated for
research after written informed consent of women seeking
abortion was provided. Tissue procurement was performed
in accordance with the Declaration of Helsinki and in agree-
ment with the ethical guidelines of the Network of European
CNS Transplantation and Restoration (NECTAR). Approval
to use these tissues for research was granted by the Lund
University Hospital Ethical Committee, and their use was
in compliance with Spanish law 35/1988 on Assisted Repro-
duction. Ethics statements about the human fetal origin of
the cells used in the present study can be found in the original
report describing the cell line [37].

2.2. Culturing and Passaging of Human Midbrain-Derived
Stem Cells. Cell isolation, genetic modifications, and general
characterizations are described elsewhere [34–37]. Briefly,
cells were isolated from the ventral mesencephalon of a
10-week-old human fetus. Immortalization was carried out
by infection with a retroviral vector coding for v-myc.
Derivatives of the resulting cell line (hVM1 cells) were
used for stable retroviral overexpression of Bcl-XL, essen-
tially as described by Liste et al. [38]. After infection, the
cells were selected by GFP-based fluorescent-activated cell
sorting, resulting in the cell line hVMbcl-xL [34–36] used
in the present study.

Cells at passage 20 were plated onto poly-L-lysine- (PLL;
Sigma-Aldrich, St. Louis, MO, USA) coated T75 culture
flasks containing a 15ml HNSC100 culture medium
(DMEM/F12 with Glutamax (Gibco, Rockville, MD, USA),
0.6% (w/v) D-glucose (Sigma-Aldrich), 0.5% (v/v) 1M Hepes
(Gibco), 0.5% (w/v) AlbuMAX-I (Gibco), 1% (v/v) N2 sup-
plement (Gibco), 1% (v/v) NEAA (Sigma-Aldrich), and 1%
Pen/Strep (Gibco)) supplemented with 20 ng/ml recombi-
nant human epidermal growth factor (EGF, R&D Systems)
and 20ng/ml recombinant human basic fibroblast growth
factor (bFGF, R&D Systems). Cells were propagated at 36°C
in a controlled atmosphere of 5% CO2 and 95% humidified
air. The medium was changed every third day, and cells pas-
saged at 80% confluence. For passaging, adherent cells were
washed with phosphate buffered saline (PBS) without cal-
cium and magnesium, before detachment by trypsin-EDTA
(Gibco) diluted 1 : 10 in PBS for 3–5min at 36°C. Trypsinized
cells were resuspended, centrifuged for 5min at 4°C (130g),
and plated in new flasks.

2.3. Neuronal Differentiation Protocol. Stem cells were dif-
ferentiated into neurons (>90%) using the CK4 protocol
[34, 35]. In brief, cells were plated in PLL-coated 24-well
culture trays (Nunc) at a density of 5000 cells/cm2 in a
HNSC100 medium with sequential addition of 50 ng/ml
recombinant fibroblast growth factor 8 (R&D Systems),
25 μM forskolin (Sigma-Aldrich), 5 ng/ml recombinant glial
cell line-derived neurotrophic factor (Promega, Madison,
WI, USA), and 25ng/ml recombinant sonic hedgehog
(R&D Systems). Cells for fluorescence staining were grown
on 14mm PLL-coated glass coverslips. Cells were differenti-
ated for 10 days at 36°C in controlled atmosphere of 5%
CO2 and 95% humidified air, with half of the medium being
changed every third day.

2.4. Cell Fixation and Immunocytochemistry. Cells were fixed
in 4% paraformaldehyde in 0.15M PBS, pH7.4 for 20min
and then rinsed for 3× 15min in 0.05M Tris buffered saline
(TBS, pH7.4)/0.1% Triton X-100 (Sigma-Aldrich). Cultures
were then preincubated for 30min in TBS/10% donkey
(Millipore) or sheep serum (Sigma-Aldrich) before incuba-
tion with one of the following primary antibodies in TBS/
10% donkey or sheep serum for 24 h at 4°C: beta-tubulin III
(β-tub III, monoclonal mouse; Sigma-Aldrich) 1 : 2000;
tyrosine hydroxylase (TH, polyclonal rabbit; Chemicon)
1 : 1200; γ-aminobutyric acid (GABA, polyclonal anti-
rabbit; Sigma-Aldrich) 1 : 500; microtubule-associated pro-
tein 2ab (Map2, monoclonal anti-mouse; Sigma-Aldrich)
1 : 2000; glial fibrillary acidic protein (GFAP, polyclonal
anti-rabbit; DAKO, Carpenteria, CA, USA) 1 : 5000; double-
cortin (DCX, polyclonal guinea anti-pig; Chemicon) 1 : 400;
human nuclei (HN, monoclonal anti-mouse; Chemicon)
1 : 500; nestin (anti-human; AbD Serotec) 1 : 2000; and Ki67
(polyclonal anti-rabbit; Neomarkers Inc.) 1 : 500. Control
stainings were performed by excluding primary antibodies
or using IgG rabbit (DAKO) 1 : 20,000 and IgG1 mouse
(DAKO) 1 : 200.

Cultures were rinsed for 3× 15min in TBS/0.1% Triton-
X-100 and then incubated for 1 h with one of the following
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biotinylated secondary antibodies in TBS/10% donkey or
sheep serum: anti-guinea pig Ig (Jackson ImmunoReseach)
1 : 200, anti-rabbit Ig 1 : 200 or anti-mouse Ig 1 : 200
(Amersham). Cells were rinsed for 3× 15min in TBS/0.1%
Triton X-100 and incubated for 60min with horseradish
peroxidase- (HRP-) conjugated streptavidin (DAKO) diluted
1 : 200 in TBS/10% donkey or sheep serum. Cultures were
then rinsed for 3× 15min in TBS before visualization
with 3.3′-diaminobenzidine (50mg 3.3′-diaminobenzidine
(Sigma-Aldrich) and 33 μl H2O2 per 100ml TBS for 5–
10min). After rinsing for 15min in TBS and briefly in distilled
water, cultures were coverslipped in Aquatex (VWR).

Immunofluorescence staining of proliferating cell cul-
tures was also performed. In brief, cultures were rinsed for
3× 15min in TBS/0.1% Triton X-100 and then preincubated
for 30min in TBS/5% goat serum (Chemicon) and then incu-
bated for 24h at 4°C with the following primary antibodies
diluted in TBS/5% goat serum: HN (monoclonal anti-
mouse; Chemicon) 1 : 500; nestin (polyclonal anti-rabbit;
Abcam) 1 : 1000; and β-tub III (monoclonal anti-mouse;
Sigma-Aldrich) 1 : 2000; Ki67 (polyclonal anti-rabbit; Neo-
markers Inc.) 1 : 500. Subsequently, cells were washed for
3× 15min in TBS/0.1% Triton X-100 and incubated with
Alexa Flour®555-conjugated mouse IgG and Alexa®488 anti-
rabbit IgG for two hours. Plates were washed for 2× 15min
inTBS and 1× 15min in TBS added 4′-6-diamidino-2-pheny-
lindole (DAPI; Sigma-Aldrich) for general staining of cell
nuclei. After a brief wash in distilled water, cells on cover-
slips were mounted with ProLong Gold (Molecular Probes,
Grand Island, NY, USA) onto glass slides. Confocal pictures
were taken using FluoView FV1000MPE -Multiphoton Laser
Scanning Microscope (Olympus, Hamburg, Germany).

2.5. Measurements of Intracellular Calcium. Monolayers of
stem cells proliferated for 2 days or differentiated for 10 days
on PLL-coated glass coverslips were loaded with 5 μM Fura-
2/AM (acetoxymethyl ester of fura-2; Molecular Probes) or
Fluo-4-AM (see below) for 30min at room temperature in
the dark. Extracellular dye was removed by repeated dilution
of the sample in Krebs-Ringer solution. Then, the cells were
incubated in a buffered salt solution appropriate for the
experiments, that is, containing various concentrations of
calcium or calcium free with or without EGTA added. For
some experiments, addition of 2 μM thapsigargin (Molecular
Probes) to the calcium-free loading solution was used in
order to deplete intracellular calcium stores.

The intracellular Ca2+ concentration was monitored
using confocal microscopy (inverted epifluorescence micro-
scope; Zeiss Axiovert 35) and a Ca2+ image system (TILL
Photonics GmbH). Fura-2 was excited at 360nm and
380nm. Emission was measured at 510nm through a long
pass filter. Images were collected at a frame rate of 0.33Hz.
TILLVision software (TILL Photonics GmbH) was used to
generate ratio images and to analyze individual cell fluores-
cence intensity by use of region of interest (ROI). Intracellu-
lar calcium ([Ca2+]i) is expressed as a ratio of fluorescence
emission caused by excitation at 360 nm and 380nm (excita-
tion ratio 360/380 (F360/F380)). The performance of the image
system was tested by external calibration using a calibration

kit (Molecular Probes) (free Ca2+ concentration from 0μM
to 39μM). The average isosbestic point was 363nm, and we
found an almost linear relation between [Ca2+] and the fluo-
rescence intensity (excitation ratio 360/380) from 17nM to
1.35μM of [Ca2+]. Fura-2-loaded cells were used to visualize
the spontaneous transients in differentiated stem cells. Intra-
cellular calcium in proliferating stem cells was measured
using Fluo-4-loaded cells. Fluorescence measurements were
performed using a FluoView FV1000MPE multiphoton laser
scanning microscope (Olympus). Fluo-4 was excited at
488 nm. Emission was measured at 510 nm through a long
pass filter. Images were collected at a rate of 0.45Hz.

2.6. Chemicals. Fura-2-AM, Fluo-4-AM, thapsigargin, and
Ryanodine Calibration kit were supplied by Molecular
Probes. All other chemicals were purchased from Sigma-
Aldrich and Merck.

Krebs-Ringer solution (in mM): NaCl, 139; KCl, 5;
MgCl2, 1.2; CaCl2, 2; glucose, 10; HEPES, 10 pH was adjusted
to 7.4 byNaOH.N-methyl-D-glucosamine (NMDG) replaced
sodium in sodium-free solutions.

2.7. Data Analysis and Statistics. Data are reported as mean
and SEM. Student’s t-test was used for statistical compari-
sons of unpaired groups. A p value lower than 0.05 was
considered statistically significant.

3. Results

3.1. General Immunocytochemical Characterization of
Proliferating Stem Cells and Differentiating Derivatives. To
study spontaneous calcium transients in human neurons,
we used a well-characterized human ventral mesencephalic
stem cell line [34, 35, 37]. Prior to analysis of calcium
transients, cells were differentiated for 10 days in vitro
according to our neuronal differentiation protocol (CK4
protocol) in which fibroblast growth factor 8 (50 ng/ml),
forskolin (25 μM), glial cell line-derived neurotrophic
factor (5 ng/ml), and sonic hedgehog (25ng/ml) are added
in a sequential manner [34, 35].

For initial general cytological characterization and qual-
ity control, cells were either propagated in the presence of
epidermal growth factor (EGF, 20 ng/ml) and basic fibroblast
growth factor (bFGF, 20 ng/ml) for 4 days or differentiated
for 10 days as described above. Cells were then immuno-
stained for markers of dividing cells, neural progenitor cells,
newly generated neurons, mature neurons, astroglial cells,
and specific neuronal subtypes (Figure 1).

To investigate the proliferative capacity in propagating
cultures, cells were immunostained for Ki67. At day 4 of
propagation, almost all cells were in different phases of cell
division (Figure 1(a)), and they expressed the intermediate
filament nestin (Figure 1(b)), which is a general marker of
neural precursor cells. In propagating cultures, only few cells
had started to differentiate into neurons as shown by the
presence of very few β-tubulin III- (β-tub III-) positive cells,
a marker of newly generated neurons (Figure 1(c)).

In 10-day-old differentiating cultures, several cells were
found to express doublecortin (DCX) (Figure 1(d)), a

3Stem Cells International



microtubule-associated protein expressed in migrating and
developing neurons that is downregulated in fully differenti-
ated cells. Numerous β-tub III-positive neurons (Figure 1(e))
and microtubule-associated protein 2- (MAP2-) positive
mature neurons were found in all differentiating cultures
(Figure 1(f)). In contrast, only few cells stained positive for
the astroglial marker glial fibrillary acidic protein (GFAP)
(Figure 1(g)). Cells were also immunostained for markers
of more specific neuronal subtypes. Numerous cells were
found to express tyrosine hydroxylase (TH), a marker of
catecholaminergic neurons (Figure 1(i)), whereas only few
cells expressed a marker of GABAergic neurons (GABA)
(Figure 1(h)).

Taken together, all stem cell cultures were viable and
displayed a healthy appearance, and after differentiation,
they were highly rich in neuronal cells (>90% of total cells).

3.2. Differentiating Midbrain-Derived Stem Cells

3.2.1. Calcium Supply to Spontaneous Calcium Transients in
Cytosol of Differentiating Neurons. Spontaneous calcium
transients were observed in 51% of the differentiating cells

(Figures 2(a), 2(b), and 2(d); Supplemental Figure 1, video
available online at https://doi.org/10.1155/2017/9605432).
Removal of extracellular calcium as well as depletion of the
intracellular calcium stores significantly reduced the fraction
of cell with spontaneous calcium transients (p < 0 05). Deple-
tion of the intracellular calcium stores was performed by
exposure of the cells to 2 μM thapsigargin in a calcium-free
medium for 30min before the experiments. The fraction of
cells with spontaneous calcium transients was also signifi-
cantly reduced by addition of 2 μM thapsigargin to the cells
even in the presence of extracellular calcium (p < 0 05). In
contrast, incubation of the cells in the presence of 10 μM
ryanodine that binds to the ryanodine receptor in the endo-
plasmic reticulum [39, 40], significantly increased (p < 0 05)
the fraction of cells with calcium transients. There were no
calcium transients in store-depleted cells when incubated in
a calcium-free medium (three independent control experi-
ments, not shown).

The number of calcium transients during 20min incuba-
tion in each differentiating cell was calculated (Figure 2(c)). A
calcium transient was defined as a peak of 0.05 fluorescence
units or more over baseline. We observed 3.38 (mean value)

HN/Ki67

(a)

HN/Nestin

(b)

�훽-tub III/DAPI

(c)

DCX

(d)

�훽-tub III

(e)

Map2

(f)

GFAP

(g)

GABA

(h)

TH

(i)

Figure 1: Immunocytochemical characterization of proliferating (a, b, c) and differentiating humanmidbrain-derived stem cells (d, e, f, g, h, i).
Immunofluorescence staining of cultures propagated for 4 days by exposure to epidermal growth factor and basic fibroblast growth factor
was performed. Almost all cells expressed Ki67, a marker of dividing cells (a). Moreover, a large proportion of the cells expressed the
intermediate filament protein nestin, a marker of neural progenitor cells (b). Only very few cells had spontaneously differentiated into
β-tubulin III- (β-tub III-) positive neurons (c). Cells were differentiated for 10 days by exposure to fibroblast growth factor 8 for three
days followed by exposure to forskolin, sonic hedgehog, and glial cell line-derived neurotrophic factor for seven days and
immunostained for neuronal and astroglial markers. At this time point, some cells expressed the early marker of migrating neuronal cell
doublecortin (DCX) (d), whereas extensive staining for another early neuronal marker, β-tub III (e), and a mature neuronal marker,
microtubule-associated protein 2ab (Map2) (f), was seen. A large proportion of cells expressed tyrosine hydroxylase (TH), a marker of
catecholaminergic neurons (i), whereas only few cells were found to express γ-aminobutyric acid (GABA), a marker for GABAergic
neurons (h). Very few cells were found to express glial fibrillary acidic protein (GFAP), a marker of astroglial cells (g). Scale bars = 50 μm.
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transients in the fraction of cells showing spontaneous cal-
cium transients and intact calcium stores, when the cells were
incubated in a calcium-containing medium. The number of
transients per cell was significantly reduced if the cells were
incubated in a calcium-free medium (1.88 transients per cell)
as well as if the cellular calcium stores were depleted by
preincubation of the cells with 2 μM thapsigargin, even

when calcium was present during the incubation period
(1.98 transients per cell) (p < 0 05). When 2 μM thapsigar-
gin was added to the cells, even in presence of extracellu-
lar calcium, the number of transients per cell was also
reduced (2.43 transients per cell) (p < 0 05). However, by
incubation of the cells with 10 μM ryanodine, the number
of transients per cell (3.04 transients) was similar to the
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Figure 2: Spontaneous calcium transients in cytosol of differentiating stem cells are dependent on intracellular and extracellular calcium
supply. Fura-2-loaded cells were measured for 20min at room temperature. The pattern of calcium transients from five representative
cells is shown (a). The fraction of cells with calcium transients (cytosolic calcium increase followed by decrease) was calculated in each
experiment (b), as was the number of transients per cell (c). The cells were incubated in the presence or absence of extracellular calcium as
indicated on the figure. Pretreatment with thapsigargin in the absence of calcium was used to deplete the intracellular calcium stores
(third bars in the two histograms). Ryanodine was used to study the role of ryanodine receptors. The mean values and SEM from 6–15
independent experiments (b) and 40–378 cells (c) are shown. ∗ indicate significant difference from the control value. Consecutive
recordings (still images) of Fluo-4-loaded cells with a 60 sec interval ((d); corresponding video available, see Supplemental Figure 1).
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value observed for cells with intact calcium stores when
incubated in a calcium-containing medium.

3.2.2. Pattern of Cytosolic Calcium Transients in
Differentiating Neurons.While the appearance of the sponta-
neous transients (Figure 2(a)) varied a lot in frequency and
peak size in cells with intact calcium stores and exposed to
extracellular calcium, only a few narrow peaks appeared reg-
ularly when extracellular calcium was omitted. The appear-
ance of small but broad peaks was the result of calcium
depletion. The resting level of cytosolic calcium between the
peaks was not changed in these cells. In contrast, baseline cal-
cium decreased gradually with time in thapsigargin-treated
cells and increased gradually in ryanodine-treated cells. The
transients tended to appear at the end of the observation
period in thapsigargin-treated cells. In ryanodine-treated
cells, there were many transients of various sizes.

3.2.3. Effect of Thapsigargin on Cytosolic Calcium in
Differentiating Neurons and Effect of Calcium Addition on
Thapsigargin-Primed Cells. Exposure of the differentiating
cells to 2 μM thapsigargin induced a transient increase of
cytosolic calcium in all the cells assessed in the five indepen-
dent experiments (Figure 3(a)). The cells were incubated in
calcium-free Krebs-Ringer solution containing 10 μM EGTA
to assure that no extracellular calcium would contribute to
changes in cytosolic calcium.

The initial ratio had a mean value of 0.69 and was
increased to a maximum mean value of 0.77 1-2min after
addition of thapsigargin. Then, it gradually decreased to a
steady state level of a mean value of 0.65 during the following
5-6min.

Figure 3(b) shows the effect of extracellular calcium on
thapsigargin-primed differentiating neurons. There was a

gradual decrease of the ratio from mean 0.67 to mean 0.63
during the initial incubation of the differentiating cells with
thapsigargin in the absence of extracellular calcium. While
the cells were incubated with thapsigargin, addition of
calcium caused an immediate increase of the ratio to mean
0.73 within 2min. The increased calcium was either
unchanged or moderately elevated during the last 8–11min
of incubation (Figure 3(b)).

3.2.4. Calcium-Induced Increase of Cytosolic Calcium in
Differentiating Neurons Incubated in the Absence or
Presence of Sodium. The differentiating cells were dye loaded
in a calcium-containing solution. The extracellular dye was
removed by repeated washing of the cells. They were then
incubated for 10min in a calcium-free medium in the
absence or presence of sodium (Figure 4(a)). Addition of
calcium caused a time-dependent, continuous increase of
cytosolic calcium in cells incubated in sodium-free solution.
In contrast, following an initial calcium increase, the
cytosolic calcium concentration seemed to level off in
cells incubated in the presence of sodium.

AUC (area under the curve) of the time-dependent
changes in fluorescence intensity (excitation ratio 360nm/
380 nm) was significantly larger during calcium stimulation
(12min) when sodium was omitted from the incubation
solution (Figure 4(b)) (p < 0 05). The fraction of cells with
increased cytosolic calcium was calculated in each experi-
ment (Figure 4(c)). Increased calcium in response to
addition of calcium was observed in 86% and 70% of cells
in the absence (A) or presence (B) of sodium, respectively
(p < 0 05). In contrast, the spontaneous calcium increase in
cytosol was not influenced by sodium (C, D). However,
omission of sodium greatly enhanced the cytosolic calcium
concentration expressed as AUC during the spontaneous
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Figure 3: Effects of thapsigargin on cytosolic calcium (a) and calcium addition to store-depleted differentiating stem cells (b). Cells were
incubated in a calcium-free medium with 10 μM EGTA and then 2 μM thapsigargin was added (arrow). The cells were dye loaded in
Krebs-Ringer solution (containing 2mM calcium). The results from five independent experiments are shown, each represents the mean
value from 29 to 65 cells, all of which with a calcium transient in response to thapsigargin (a). The cells were dye loaded in the presence of
calcium and thapsigargin (2 μM). The dye was removed and the cells were primed with 2 μM thapsigargin for 12min in calcium-free
solution. Then 2mM calcium was added, and the incubation lasted for 8–11min. The results from four independent experiments are
shown, each representing the mean value obtained from analysis of 23 to 39 cells, all of which displayed calcium transients in response to
the addition of calcium (b).
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increase of cytosolic calcium (column C in Figure 4(d))
when compared to spontaneous calcium transients in cells
incubated in sodium containing Krebs-Ringer solution
(p < 0 0001) (column D in Figure 4(d)).

3.2.5. Effect of Carbachol on Differentiating Neurons. Expres-
sion of genes encoding the cholinergic muscarinic receptors
(CHRM1–5) was confirmed using gene expression microar-
rays (data not shown).

Carbachol is a stable muscarinic agonist used to study the
response of the differentiating stem cells to muscarinic Ach
receptor activation [41]. There was an almost linear relation
between the log dose of carbachol and the fraction of cells
with calcium transients in each experiment (Supplemental
Figure 2A). The cells were exposed to carbachol for 15min.
Omission of extracellular calcium had no effect on the cellu-
lar response. However, the response was inhibited by piren-
zepin (10 μM), a muscarinic M1 receptor antagonist [40].
In order to quantify the intracellular calcium increase, we

calculated AUC by use of GraphPad Prism 4 software. The
baseline for the calculation was estimated by use of Origin
7.5. The AUC is expressed in arbitrary units as fluorescence
intensity per 15min. Supplemental Figure 2B shows a dose-
response curve of the effect of carbachol on the mean value
of AUC per cell of all the active cells. 10 μM and 100 μM car-
bachol caused a large increase of AUC, which was counter-
acted by 10 μM pirenzepine. In calcium-free solution, there
was almost no effect of carbachol.

3.3. Proliferating Midbrain-Derived Human Stem Cells.With
the aim to investigate spontaneous calcium transients and
calcium-regulating mechanisms, our analyses were extended
to include proliferating stem cells. As mentioned in the
general immunocytochemical characterization and shown
in Figures 1 and 5, the immature stem cells expressed the
proliferation marker Ki67 and the precursor cell marker nes-
tin. Only few cells (less than 0.1%) displayed spontaneous
differentiation and expressed β-tub III.
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Figure 4: Calcium-induced increase of cytosolic Ca2+ in differentiating cells incubated in the absence or presence of Na+. After dye loading in
the presence of Ca2+, cytosolic Ca2+ was monitored in cells incubated in a calcium-free medium with or without Na+ and then 2mMCa2+ was
added (arrow) (a). The area under the curve (AUC) of the effect of Ca2+ addition is shown (b). The fraction of cells that respond to the
addition of 2mM Ca2+ with increased cytosolic Ca2+ is shown (c). The cells were incubated in the absence and presence of Na+ and then
exposed to 2mM Ca2+ ((c), columns A, B). Columns C and D show the fraction of cells with spontaneous Ca2+ increase in the absence
and presence of Na+. AUC of the spontaneous Ca2+ increase is shown in columns C and D in Figure 4(d). GraphPad Prism4 was used to
calculate AUC, expressed as fluorescence intensity (excitation ratio 360 nm/380 nm) per cell per 12min (b) and 20min (d), respectively.
Mean value and SEM from 7 and 9 independent experiments (Figure 4(a)). Mean values and SEM from 296 cells and 270 cells incubated
in the absence or presence of sodium, respectively (Figure 4(b)). Mean values and SEM from 7–14 experiments (Figure 4(c)) and 226 cells
and 384 cells in Figure 4(d) (columns C and D, resp.). Column D in Figure 4(c) represents the data shown in Figure 2.
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3.3.1. Effect of Thapsigargin and Calcium on Proliferating
Stem Cells Incubated in a Calcium-Free Medium. Exposure
of the cells to 2 μM thapsigargin in a calcium-free medium
induced a transient increase of cytosolic calcium in more
than 2/3 of the cells in two independent experiments
(Supplemental Figure 3). The cells were incubated in a
calcium-free Krebs-Ringer solution containing 10 μM EGTA
to assure that no extracellular calcium would contribute to
changes in cytosolic calcium.

Stem cells were also primed with 2 μM thapsigargin for
30min in a calcium-free Krebs-Ringer solution. Addition of
2mM calcium (without thapsigargin) induced a calcium
transient in seven independent experiments containing
332 cells that all responded with a calcium transient to the
addition of calcium (Supplemental Figure 4). These experi-
ments are thus similar to the experiments illustrated in
Figure 3(a).

When the cells were loaded in the presence of calcium
and incubated in a calcium-free medium with the addition
of thapsigargin followed by the addition of calcium, two cal-
cium transients were observed (Figure 6).

3.3.2. Spontaneous Calcium Transients in Proliferating Stem
Cells. Representative calcium traces from cells were kept
under six different experimental conditions (traces from five
cells in each group) (Figure 7(a)). Spontaneous calcium tran-
sients were observed in 57% of cells incubated in Krebs-
Ringer solution with 2mM calcium (Figure 7(b); control
sample; 1st bar). Omission of calcium in the incubation
medium (Figure 7(b); 2nd bar) caused a significant decrease
of the fraction of cells with calcium transients to 28%
(p < 0 001). Depletion of intracellular calcium by loading of
cells with Fluo-4 in the presence of 2 μM thapsigargin in a
calcium-free medium followed by incubation in a calcium-
free medium further decreased the fraction of cells with
calcium transients to 7% (p < 0 05, compared to samples in
calcium-free solution) (Figure 7(b); 3rd bar).

Addition of 10 μM carbachol to the incubation medium
increased the fraction of cells with calcium transients to
54%, and this was counteracted by adding 10 μMpirenzepine
to the incubation medium (p < 0 05; 4th versus 5th bar)
(Figure 7(b)).

Incubation of cells in a sodium-free salt solution with
calcium (Figure 7(b); 6th bar) significantly increased the frac-
tion of cells with calcium transients to 81% (p < 0 001, com-
pared to control value). Sodium was replaced by NMDG in
order to maintain physiological osmolality.

3.3.3. Pattern of Cytosolic Calcium Transients in Proliferating
Stem Cells. The appearance of the traces of control samples,
samples from cells in a calcium-free medium as well as
calcium-depleted cells, was similar to the trace observed with
differentiated cells. Carbacholine-stimulated cells showed
broad calcium transients, and the baseline calcium level
gradually increased during the incubation in a sodium-
free medium.

4. Discussion

4.1. Differentiating Human Midbrain-Derived Stem Cells.
Calcium signaling has essential roles in the development of
the nervous system from neural induction to the prolifera-
tion, migration, and differentiation of neural cells [42-44].

We have observed spontaneous elevations of intracellular
calcium concentrations (calcium transients) in human
midbrain-derived stem cells undergoing neuronal differenti-
ation (see Supplemental Figure 1 (video) and Figure 2). The
calcium transients varied in rate and shape. The basal cal-
cium level seemed to change according to the use of pump
and calcium channel-active drugs used for the experiments
(thapsigargin and ryanodine, resp.). The source of calcium
for the calcium transients might be the extracellular calcium
which enters the cytosol through calcium channels or

EGF/bFGF

HN Ki67 Nestin DCX �훽-tub III

FGF8

Figure 5: Immunocytochemical characterization of proliferating human midbrain-derived stem cells. Immunostaining of cells during, (1)
standard propagation (upper panel) in a medium with epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF) and (2)
after removal of EGF/bFGF and one-day exposure to fibroblast growth factor 8 (FGF8) (lower panel), which represents the initial step of
the induced neuronal differentiation (sequential addition of various factors, see Materials and Methods for details). To visualize all cells,
cultures were immunostained using an antibody against human nuclei (HN). Almost all cells in both experimental groups expressed Ki67,
a marker of dividing cells. Moreover, a very large proportion of the cells expressed the intermediate filament protein nestin, a marker of
neural progenitor cells. Only very few cells had spontaneously differentiated into β-tubulin III- (β-tub III-) positive or doublecortin-
(DCX-) positive immature neurons in the EGF/bFGF group, whereas some β-tub III-positive and DCX-positive neuronal cells were seen
after short-term FGF8 treatment. Scale bar = 20 μm.

8 Stem Cells International



intracellular calcium stores releasing calcium by opening
IP3- or ryanodine-sensitive channels.

4.1.1. Calcium Source to Spontaneous Calcium Transients in
Differentiating Neurons. Removal of extracellular calcium
greatly reduced the fraction of cells in each experiment with
calcium transients demonstrating that the opening of plasma
membrane calcium channels contributes to the calcium tran-
sients. Similar results were previously reported for human
embryonic stem cell-derived neurons [28]. The number of
transients per active cell decreased in the absence of external
calcium but the remaining activity may indicate that calcium
is also released from intracellular stores. This is in contrast to
a previous report [28]. However, there was a change in the
shape of the transients from narrow peaks in a calcium-free
medium to broad and long-lasting calcium increases in
calcium-depleted cells. This must be due to influx of calcium
through yet uncharacterized calcium channels. Addition of
thapsigargin decreased the transient activity, and the basal
level of cytosolic calcium decreased gradually with time
supporting the view that gradual store depletion invalidates
the fine-tuning of the resting calcium concentration in
the cytosol.

4.1.2. Effect of Thapsigargin on Differentiating Neurons.
Thapsigargin specifically inhibits the endoplasmic calcium
ATPase activity thus inhibiting the uptake of calcium into
the endoplasmic reticulum [42]. Thapsigargin (1 μM) has
been shown to induce a substantial depletion of intracellular
Ca2+ stores in a HeLa cell derivative [43]. In order to examine
if differentiating human neural stem cells contain intracellu-
lar stores of calcium supplied with calcium pumps, cells were
incubated with 2 μM thapsigargin. The observed transient

increase of cytosolic calcium (Figure 3(a)) seemed to indicate
an inhibition of a thapsigargin-sensitive pump normally
counteracting calcium leak from intracellular stores. Increase
of cytosolic calcium caused by influx of extracellular calcium
was not a likely explanation since the cells were incubated in
calcium-free solution with 10 μM EGTA.

4.1.3. Store-Regulated Calcium Influx in Differentiating
Neurons. The concept of receptor-operated calcium entry
was introduced more than 30 years ago [44]. It appeared to
be a calcium-activated calcium release channel [45, 46].
Recently, a likely sensor for the luminal calcium concen-
tration in the endoplasmic reticulum has been identified
[47–49], and a second protein, Orai1 or CRACM, was
identified as a modulator of CRAC (Ca2+ release-activated
Ca2+ channels) or possibly the CRAC itself [50, 51]. We
observed a rather fast cytosolic calcium increase by addition
of calcium to differentiating stem cells primed with thapsi-
gargin in a calcium-free medium, which is considered to
empty the intracellular calcium stores. This is likely to reflect
an opening of store-operated calcium channels in the cells,
which are considered an important mechanism of calcium
entry into the cytosol [52]. However, we cannot exclude the
possibility that the increased cytosolic calcium may result
from opening of voltage-gated calcium channels. Recently,
exposure of a neural stem cell line (hVM1) for 60mM potas-
sium after 12 days of differentiation was shown to increase
intracellular calcium in 9.5% of the cells, indicative of the
development of excitability and calcium channels in the
plasma membrane of these cells [53].

4.1.4. Effect of Ryanodine on Differentiating Neurons.
Ryanodine binds to CRAC in the sarcoplasmic reticulum of
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Figure 6: Effect of thapsigargin and calcium on proliferating stem cells incubated in a calcium-free medium. The cells were dye loaded and
washed in a calcium-containing medium and then incubated in a calcium-free medium with 10 μM EGTA. Thapsigargin (2 μM, final
concentration) was added after initiation of the incubation. After incubation for 300 sec, 2mM calcium (final concentration) was added to
the cells. The results from one of three independent experiments are shown (a). Abscissa: time of incubation (sec). Ordinate: intracellular
calcium content. The fluorescence intensity was normalized to the level of the fluorescence intensity of untreated cells (100%). Mean
values and SEM from 31 cells. All the cells responded to the addition of thapsigargin and calcium. Peak values from all three experiments,
after addition of thapsigargin (open column) and calcium (closed column) can be seen (b). Mean values and SEM from 31–64 cells. Taken
together, 149 cells were studied in three independent experiments, and 98% of the cells responded to the addition of both thapsigargin
and calcium.
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cardiac and skeletal muscles as well as to the endoplasmic
reticulum of various tissues [54, 55]. These organelles consti-
tute a major intracellular store of calcium in mammalian
cells. Micromolar concentrations of ryanodine binds to a
high-affinity site on the channels [56, 57] and locks the
channel in a subconductance state with an open probability
of unity [58–60]. Our observation of an increased number
of calcium transients upon ryanodine treatment is in
accordance with previous observations in rat chromaffin cells
[61]. The time-dependent and gradual increase of cytosolic

calcium in the presence of ryanodine may be explained
by the development of the subconductance state of a
ryanodine-sensitive calcium channel allowing the release of
calcium to the cytosol. It may be speculated that the signifi-
cant increase of the fraction of cells with calcium transients
may be due to calcium-activated gating of channels in the
plasma membrane or in the endoplasmic reticulum.

4.1.5. Na+/Ca2+ Exchanger in Differentiating Neurons.Main-
tenance of low-cytosolic calcium concentrations requires
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Figure 7: The fraction of proliferating cells with calcium transients during 15min of incubation. Representative calcium traces from cells kept
under six different experimental conditions (trace from five cells in each group) (a). The cells were loaded with 5 μM Fluo-4. Calcium was
present during the loading and the incubation procedures as indicated on the figure. Thapsigargin was used for depletion of calcium
stores. Thapsigargin was present during the loading procedure. Carbachol and pirenzepin were present during the incubation. Sodium-
free solution was used only for the incubation. Mean values and SEM, 6–14 independent experiments (b).
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effective transport mechanisms for removal of calcium
into the intracellular stores and across the plasma mem-
brane to the extracellular medium. The plasma membrane
Ca2+-ATPase (PMCA) pumps, and Na+/Ca2+ exchangers
extrude Ca2+ to the outside, whereas the endoplasmic reticu-
lum ATPase (SERCA) pumps sequester Ca2+ to the intracel-
lular stores [2]. The turnover rate of the Na+/Ca2+ exchangers
is considerable higher than that of the Ca2+-ATPase (PMCA)
pumps while the affinity for Ca2+ is lower [62] indicating that
Na+/Ca2+ exchanger activity is important for the regulation
of cytosolic Ca2+. Our observation of a time-dependent
increase of cytosolic calcium in cells incubated in the absence
of sodium may indicate a reduction of Ca2+ extrusion capac-
ity and loss of homeostasis. The cells were incubated in a Ca2
+-free solution for 10min before the addition of calcium to
the medium. This may contribute to lowering of the intracel-
lular calcium stores and thus activation of the store-regulated
calcium channels that allow influx of calcium upon the addi-
tion of calcium. Control experiments performed in the pres-
ence of sodium demonstrate that the effect of the calcium-
free exposure was an increase of cytosolic calcium but to a
lesser extent than that observed in a sodium-free medium.
In accord, the AUC of the cells in a sodium-free medium
was significantly larger than AUC from cells incubated in
presence of sodium. We conclude that the plasma membrane
of these cells contains an exchange mechanism for Na+ and
Ca2+. It may be speculated that the increase of the fraction
of cells with calcium transients in sodium-free solution
results from opening of store-regulated calcium channels.

4.1.6. Calcium Transients Induced by Carbacholine in
Differentiating Neurons. Activation of muscarinic receptors
M1, M3, and M5 is coupled to intracellular synthesis of inosi-
tol triphosphate (IP3), which open calcium channels in the
endoplasmic reticulum and allowing efflux of calcium into
the cytosol [63, 64]. We used the stable muscarinic agonist
carbachol to study if the differentiating neurons responded
to muscarinic activation [41] and then if the activation was
transduced to intracellular release of calcium to the cytosol.
The dose-dependent increase of the fraction of cells that
respond to carbachol stimulation may indicate muscarinic
receptor activation. This was supported by the observed inhi-
bition by pirenzepine, which is considered a muscarinic M1
receptor antagonist [41]. In accord, quantifying the calcium
transients (AUC) demonstrates both the dose-dependence
increase of the response to carbachol and the inhibition by
pirenzepine. It may thus be reasoned that carbachol activates
an M1 muscarinic receptor in the PM of differentiating
neural stem cells. Control experiments in Ca2+-free solution
support the idea that the increased cytosolic Ca2+ is due to
IP3-sensitive channels in the endoplasmic reticulum allowing
efflux of Ca2+ into the cytosol. Furthermore, while the
calcium-free solution did not influence the fraction of cells
with calcium transients, it influences the quantitative param-
eter (AUC) of the cytosolic calcium increase. A possible
explanation could be that coordinated calcium supply
from intracellular stores and the extracellular medium is
a requirement for large and long-term increase of cyto-
solic calcium.

4.1.7. Possible Roles of Spontaneous Calcium Transients in
Differentiating Neurons. We have previously investigated
the effect of intracellular calcium transients on gene expres-
sion [65], which in immature cells might be a prerequisite
for cell differentiation. Dolmetsch et al. [5] reported that
intracellular calcium oscillations in T-lymphocytes increase
both the efficacy and the information content of calcium sig-
nals that lead to gene expression and cell differentiation.
Moreover, recent reports show that spontaneous Ca oscilla-
tions in human immature dendritic cells are linked to trans-
location of transcription factor NFAT (nuclear factor of
activated T-cells) into the nucleus [66] and that endogenous
calcium spike activity in Xenopus tropicalis regulates genetic
pathways involved in neuronal development of transmitter
specification [67]. We suggest that the spontaneous calcium
transients that we have observed in our human midbrain-
derived stem cells may contribute to mechanisms involved
in their differentiation.

4.1.8. Summary of Calcium Regulation in Differentiating
Neurons. We have provided evidence for activity of intracel-
lular calcium stores with sensitivity for thapsigargin and
ryanodine, indicating the presence of endoplasmic reticulum
ATPase (SERCA) pumps and ryanodine receptors. Further-
more, it is likely that our cells contain muscarinic M1 recep-
tors in the plasma membrane that might initiate IP3 synthesis
and thus activate IP3 receptors on the endoplasmic reticu-
lum. Extrusion of calcium across the plasma membrane
seems to occur by sodium-calcium exchange and influx of
calcium by store-activated calcium channels. The spontane-
ous calcium transients are supplied by calcium from either
the intracellular stores or the extracellular medium. Available
calcium supply influences the pattern of activity. The quan-
titative largest calcium increase (AUC) seemed to require a
coordinated calcium supply from both sources. Although it
seems that these cells have developed the mechanisms neces-
sary for control of calcium spiking as also reported for
human mesenchymal stem cells, further experiments are
necessary to evaluate the interplay between the mechanisms
that lead to cytosolic calcium increase and decrease, respec-
tively, as well as to elucidate a possible role of voltage-
activated or receptor-activated calcium channels in the
plasma membrane.

4.2. Proliferating Human Midbrain-Derived Stem Cells

4.2.1. Evidence for Calcium Stores and Store-Regulated Ion
Channels in the Plasma Membrane of Proliferating Stem
Cells. Thapsigargin is known to block a calcium ATPase,
which supplies energy to reuptake calcium to intracellular
stores of calcium. The observed calcium transients in a major
fraction of the cells (Supplemental Figure 3) support the view
that the proliferating stem cells do contain intracellular cal-
cium stores. The effect of thapsigargin may be explained by
a disturbing effect of thapsigargin on the balance between
release and reuptake of calcium into the stores resulting in
depletion of the stores for calcium. Depletion of calcium
stores is known to activate store-regulated calcium channels
in the plasma membrane. When the cells were primed with

11Stem Cells International



thapsigargin in a calcium-free medium, the subsequent
incubation with calcium (Supplemental Figure 4) induced a
calcium transient which is likely to be the result of opening
of calcium channels in the plasma membrane in response
to the depletion of the intracellular stores. This view is sup-
ported by the results shown in Figure 6 that thapsigargin
releases calcium from the stores and this causes an influx
of calcium.

4.2.2. Calcium Supply to Spontaneous Calcium Transients in
Proliferating Stem Cells. We report spontaneous calcium
transients in proliferating neural stem cells (Figures 7(a)
and 7(b)). More than 55% of the cells displayed spontaneous
transients during the observation period. The cells were
loaded with Fluo-4 in the presence of calcium in order to
avoid depletion of intracellular calcium. Then, the cells were
incubated in the presence of calcium. Omission of extracellu-
lar calcium caused a significant decrease of the fraction of
cells with calcium transients to about half the value of the
control sample. This may indicate that extracellular calcium
contributes to the intracellular calcium transients. However,
in the absence of external supply of calcium, there is still a
substantial fraction of cells with calcium transients, which
is almost abolished when the cells were pretreated with
thapsigargin in a calcium-free medium. This treatment is
likely to empty intracellular calcium stores, suggesting that
these could be the calcium supplier for the spontaneous cal-
cium transients.

We conclude that there are spontaneous calcium tran-
sients in neural stem cells during proliferation and that
the calcium supply for the transients is mediated via both
intracellular stores and calcium influx from the extracellu-
lar medium.

4.2.3. Calcium Transients in Proliferating Cells Induced by
Carbachol. If the cells contain intracellular calcium stores, it
is likely that they may respond to activation of plasma mem-
brane receptors that produce inositol triphosphate. We have
stimulated the cells with the acetylcholine analogue carba-
chol in a calcium-free medium and observed an increase of
the fraction of cells with calcium transients compared to cells
incubated in a calcium-free medium (p < 0 01). This effect
was counteracted by pirenzepine, which is a selective inhibi-
tor of M1 acetylcholine receptors. These observations support
the view that proliferating neural stem cells contain intracel-
lular calcium stores and a muscarinic M1 receptor in the
plasma membrane. It is likely that carbachol activation
induces synthesis of inositol triphosphate that releases
calcium from the intracellular stores.

4.2.4. Existence of a Na+/Ca2+ Exchanger in Proliferating
Stem Cells. The decrease of intracellular calcium following
the peak value of the transients induced by thapsigargin
(Supplemental Figure 3) could be due to removal of cytosolic
calcium through efflux across the plasma membrane since
reuptake to intracellular calcium stores is unlikely in the
presence of thapsigargin. The mechanism of extrusion could
be an exchange of intracellular calcium for extracellular
sodium. We have incubated stem cells in the absence of

sodium since in a sodium-free medium, the extrusion of
calcium is abolished. This induced a significant increase of
the fraction of cells with calcium transients compared to
the control value (p < 0 001) as well as of the baseline calcium
content. Thus, our observation supports the view that
proliferating neural stem cells have developed a Na+/Ca2+

antiporter in the plasma membrane.

5. Conclusion

This is the first comparative report of spontaneous calcium
transients in proliferating and differentiating human
midbrain-derived stem cells that provides evidence for
mechanisms that are likely to be involved. We propose that
the observed spontaneous calcium transients may influence
signaling pathways involved in stem cell proliferation,
phenotypic differentiation, and maturation.
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Type two innate immune system is anti-inflammatory andmay play an important role as the means whereby “browning” is induced
in subcutaneous adipocytes. It was shown that IL-4 may influence the fate of adipose cell precursors by promoting differentiation
towards more thermogenic adipocytes in mice. Here, we investigated the influence of IL-4 and IL-4 receptor, a type two immune
cytokine pathway, on the metabolic activity and thermogenic potential of human adipocytes differentiated from adipose-derived
mesenchymal stem cells (ADMSCs) obtained from subcutaneous samples of healthy women undergoing abdominoplasty.
Western blot analysis, qPCR, and biochemical analyses were performed 10 days after ADMSC differentiation into mature
adipocytes was induced. IL-4 receptor was expressed in both precursor and differentiated adipocytes, and IL-4 treatment
increased phosphorylation Y641 of signal transducer and activator of transcription 6 (STAT6) in both cell types. IL-4 treatment
also increased expression of thermogenic proteins PGC-1α, UCP-1, and CITED1. In addition, IL-4 increased the secretion of
adiponectin, leptin, and FGF21 and promoted lipolysis in differentiated adipocytes. In conclusion, IL-4 may directly modulate
differentiation of human adipocytes towards a beige phenotype acting through IL-4 receptors on both adipose precursors and
differentiated human adipocytes, metabolic effect that must be considered in some antiallergic drugs.

1. Introduction

Obesity is associated with a state of mild inflammation, which
can contribute to insulin resistance and type 2 diabetes melli-
tus [1]. This mild inflammatory condition is characterized by
changes in themacrophage population in adipose tissue [2, 3].
An increase in proinflammatory type-1 macrophages (M1),
which promotes insulin resistance, is evident in the adi-
pose tissue of obese people, who also demonstrate reduced
numbers of type-2 macrophages (M2), which are insulin
sensitizing [4, 5].

Several studies have emphasized the role of interleukins
(ILs) in the physiology of adipose cells: ILs increase lipolysis
and modify body fat distribution and production of extracel-
lular matrix by adipose tissue [6–8]. However, it was sug-
gested that the interaction between adipose cells and the
immune system is more complex than previously thought
[9]. Some studies have shown that the activation of group 2
innate lymphoid cells (ILC2s) may modify the function of

adipose tissue and systemic glucose homeostasis. It was
observed that after IL-33 stimulation, eosinophils and ILC2s
produce IL-4 and IL-13 [10–13], which are ILs that may pro-
mote the differentiation of adipose precursors into “brown
like” adipocytes [14]. Additionally, IL-33 can influence the
production of met-enkephalin by ILC2s, which can induce
the process of “browning” in differentiated adipose cells
[10]. Additionally, M2 macrophages that are activated by
IL-4 can be mobilized in the subcutaneous adipose tissue,
secreting catecholamines that activate brown adipocytes
and induce the differentiation of beige adipocytes [14, 15].
We previously observed an elevation of thermogenic gene
expression induced by cold that was increased by IL-4 in
human adipocytes [16].

Despite the observed effect of IL-4 on the differentiation
of beige adipocytes from precursor cells, the effects of IL-4
on differentiated adipocytes and its influence on the process
of browning have yet to be investigated. Previous studies
showed reduced IL-4 receptor (IL-4R) expression in
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differentiated adipose cells. However, these studies were
primarily performed in 3 T3-L1 cells and mouse adipose
tissue [11, 17]. Therefore, the functional roles of IL-4 and
its receptor remain to be determined in human differentiated
adipocytes. On the other hand, it recently was observed that
the adaptive thermogenesis is not commonly associated to a
chronic treatment with IL-4 in mice. Fischer et al. reported
opposite results with respect to the previous assessment of
relevant amounts of catecholamine synthesis by IL-4 alterna-
tively activated macrophages, which involved a role of IL-4 in
adaptive thermogenesis and brown/beige adipocyte metabo-
lism [18]. The regular signaling pathway of IL-4 is initiated
by binding of ligand to type I receptors (IL-4Rα/γ-chain)
and type II receptors (IL-4Rα/IL-13Rα1) [19]. The binding
of IL-4 to IL-4R induces receptor dimerization, which acti-
vates an intracellular signaling pathway [20] that involves
the activation of the transcription factor signal transducer
and activator of transcription 6 (STAT6) and insulin receptor
substrate 2 [21, 22].

To add to the limited knowledge regarding the influence
of IL-4 on the browning process in humans, we studied the
phenotypic characteristics of differentiated adipocytes from

healthy women undergoing lipectomy. We observed that
IL-4 treatment induced phenotypic characteristics typical of
beige adipocytes in differentiated white adipocytes. Addition-
ally, we found that both precursor cells and differentiated
adipocytes express IL-4R, and IL-4 induces an increase in
phosphorylation of STAT6. This implies that IL-4 may have
a direct effect on differentiated adipocytes through IL-4R,
resulting in “browning.”

2. Materials and Methods

Subcutaneous fat samples were obtained from eight healthy
women aged 20–40 years, who were undergoing abdomino-
plasty. They had body mass indexes (BMIs) of 23–25 kg/m2

and had received no drug treatment during the 3 months
prior to sampling and did not show any signs of disease.
In addition, their lipid profiles and glucose levels were
within the normal range. They received detailed information
regarding the purpose of the study and gave informed
consent. The project was approved by the ethics committee
of the University of La Sabana.
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Figure 1: Expression of IL-4Rα and pSTAT-6 in precursor and mature adipocytes. Precursor cells (SVF) were obtained from human
subcutaneous adipose tissue, induced to proliferate, and then differentiated into mature adipocytes (MA), when they were treated with
BSA alone (vehicle) or IL-4. (a) IL-4R mRNA expression was quantified by qPCR using GAPDH as a reference gene. Data represent
mean± SD. ∗∗p < 0 01. (b) IL-4R and phosphorylated STAT-6 (pSTAT-6) protein were measured using Western blot. (c) Relative band
intensity was determined by densitometry. Statistical analyses were performed using ANOVA. Data represent mean± SD. #p < 0 05
between precursors (SVF) and differentiated adipocytes (MA) after 6 h of BSA or IL-4 treatment. ##p < 0 001 between precursors (SVF)
and differentiated adipocytes (MA) before and after 6 h of IL-4 treatment. Data were normalized to GAPDH as reference gene/protein.
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2.1. Cell Culture and Differentiation. Precursor cells were iso-
lated from 30 g abdominal subcutaneous adipose tissue
obtained during surgery. Adipose samples were washed with
phosphate-buffered saline (PBS), and all visible fibrous mate-
rial and blood vessels were removed. Subsequently, samples
were digested with 250U/mL type I collagenase, 20mg/mL
bovine serum albumin (BSA), and 60μg/mL gentamicin in
PBS for 90min at 37°C. After digestion, the samples were
centrifuged at 200×g for 10min, and the pellet was resus-
pended in an erythrocyte lysis solution containing 154mM
ammonium chloride, 5.7mM monobasic potassium phos-
phate, and 0.1mM EDTA pH7.3 for 10min. This mixture
was filtered through a nylon mesh (pore size: 150μm),
followed by centrifugation at 200×g for 10min. The cell pel-
let was then resuspended in proliferation media containing
Dulbecco’s Modified Eagle Medium (DMEM)/F12, 10% v/v
fetal bovine serum, and 50μg/mL gentamicin and seeded at
a density of 10,000 cells/cm2.

After 24 h, the cellswerewashed and induced to proliferate
by addition of PM4 media (DMEM/F12 containing 2.5%
fetal bovine serum, 1 ng/mL basic fibroblast growth factor,
10 ng/mL epidermal growth factor, and 8.7μM insulin).
When cells had reached 100% confluency, human precursor
cells were differentiated into adipocytes by addition of
DMEM/F12 medium containing 66 nmol L−1 insulin, 1 nmol
L−1 triiodo-L-thyronine, 10μg/mL transferrin, 0.5mmol L−1

isobutyl-methylxanthine, 100 nmol L−1 dexamethasone,
and 1μmol L−1 rosiglitazone (a peroxisome proliferator-
activated receptor γ (PPARγ) agonist) for 72h. Subse-
quently, the medium was replaced with preadipocyte basal
medium containing the same concentrations of insulin,
triiodo-L-thyronine, and transferrin for 10 days, with
changes every 3 days. The effect of IL-4 on mature adipo-
cytes was evaluated by treatment with 10ng/mL of IL-4

(PeproTech, Rocky Hill, NJ, USA) in 0.1%w/v BSA for 6 h.
As a negative control, mature adipocytes were treated with
100 ng/mL IL6 (Cell Signaling Technology, Danvers, MA,
USA) in 0.1%w/v BSA for 6 h.

2.2. Adipocyte Cold Induction. In previous studies, performed
by our group, primary human adipose cells were evaluated
and observed that a reduction on temperature from 37°C to
30°C during a period may resemble a cold induction with
an increase of thermogenic proteins, UCP-1 and PGC-1α.

Adipocyte precursor cells were induced to differentiate by
culturing in 6-well plates for 10 days at 37°C in basal differen-
tiation medium. Cells were washed with PBS, basal medium
was added, and then cells were incubated at 30°C in
5% CO2 and in the presence or absence of 10 ng/mL IL-4
for 6 h. Cells were then lysed for analysis for protein expres-
sion. Control cells were cultured under the same conditions
at 37°C [16].

2.3. qPCR. Total RNA was isolated from both human adipo-
cyte precursor cells and differentiated adipocytes. RNA
extraction was performed using a High Pure RNA Isolation
Kit (Roche Diagnostics, Mannheim, Germany) in accor-
dance with the manufacturer’s instructions. Then, 500 ng
RNA was used to generate cDNA using a Transcriptor First
Strand cDNA Synthesis Kit (Roche Diagnostics, Mannheim,
Germany). The following primers were used for gene
expression detection, following the recommended protocol
for use with the FastStart Essential DNA Green Master
Mix (Roche Diagnostics, Mannheim, Germany): IL-4R Fw:
5′ GTGCTATGTCAGCATCACCAAGA 3′, Rev: 5′ CCC
CTGAGCATCCTGGATTAT 3′ and uncoupling protein 1
(UCP-1) Fw: 5′GTGTGCCCAACTGTGCAATG 3′, Rev: 5′
CCAGGATCCAAGTCGCAAGA 3′. Quantitative analyses
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Figure 2: pSTAT-6 is induced by IL-4 treatment of mature adipocytes. Precursor cells were obtained, proliferated, and induced to
differentiate into mature adipocytes, followed by treatment with BSA alone (vehicle), IL-4, 10 ng/mL; IL-6, 100 ng/mL, or IL-4, 10 ng/mL
and IL-6, 100 ng/mL. (a) Phosphorylated STAT-6 (pSTAT-6) protein was measured using Western blot. (b) Phosphorylated STAT-6
(pSTAT-6) protein expression was measured by Western blotting. Relative band intensity was determined by densitometry. Statistical
analyses were performed using ANOVA. Data represent mean± SD. ∗∗p < 0 01 between mature adipocytes treated with IL-4 and IL-4 + IL-6.
∗∗∗p < 0 001 between mature adipocytes (MA) treated with IL-4 or IL-6.
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of mRNA expression levels were normalized to expression
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
primer sequences: Fw 5′ ACCCACTCCTCCACCTTTGAC
3′ and Rev 5′ TGTTGCTGTAGCCAAATTCGTT 3′ using
the ΔΔCt method.

2.4. Western Blot Analysis. Adipocytes differentiated
from subcutaneous adipose tissue were lysed in radioimmu-
noprecipitation assay (RIPA) buffer (Abcam, Cambridge,
MA,USA; ab156034) containing 1μg protease inhibitor cock-
tail (Roche Diagnostics, Mannheim, Germany). Total protein
content of each lysate was then quantified using the Bradford
method, and the lysates were diluted to a final working
concentration of 50μg/mL protein. Lysates were denatured
at 95°C and subjected to polyacrylamide gel electrophoresis.
Products were then electrotransferred to polyvinylidene
difluoride membranes pretreated with 100% methanol for
2min. Blocking was performed in PBS-T (1x PBS containing
0.1%Tween 20) containing 5%w/v skimmed milk powder.

Membranes were then incubated with antibodies target-
ing proteins involved in thermogenesis: rabbit anti-PGC-1α

(1 : 1000, Abcam ab54481), rabbit anti-UCP-1 (1 : 1000,
Abcam ab155117), rabbit anti-IL-4R (1 : 1000, Abcam
ab131058), rabbit anti-STAT6 phosphorylated (phospho
Y641) (1 : 1000, Abcam ab54461), and mouse anti-cAMP
response element-binding protein/p300-interacting transac-
tivator 1 (CITED1; Abcam ab87978). Secondary antibodies
against rabbit IgG, conjugated to horseradish peroxidase
(IgG-HRP) for PGC-1α, IL-4R, and pSTAT6 (1 : 5000)
and UCP1 (1 : 3000), were used. Mouse IgG-HRP was used
as the secondary antibody following anti-CITED1 applica-
tion (1 : 2000).

Expression levels of adipokines were measured using rab-
bit anti-fatty acid-binding protein 4 (FABP4; 1 : 3000, Abcam
92,501), anti-adiponectin (1 : 3000, Abcam ab92501), fibro-
blast growth factor 21 (FGF21; 1 : 1000, Abcam ab171941),
and leptin (Abcam ab16227), with rabbit IgG-HRP (1 : 5000)
being used as a secondary antibody. Detection was performed
by chemiluminescence using the Luminata Crescendo Kit
(Millipore, Billerica, MA, USA). Images were captured and
analyzed using myECL Imager, a blot and gel documentation
instrument (Catalog number 62236, Thermo Scientific,
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Figure 3: Effect of IL-4 on the expression of thermogenic genes. Precursor cells were obtained, proliferated, and induced to differentiate into
mature adipocytes and then treated with BSA alone (vehicle) or IL-4. (a) UCP-1 mRNA expression was measured by qPCR. (b) Protein
expression of PGC-1α, UCP-1, and CITED1 was measured by Western blotting. (c) Relative band intensities for each were determined by
densitometry. Statistical analyses were performed using ANOVA. Data represent mean± SD and were normalized to GAPDH as reference
gene/protein. ∗p < 0 05 between precursors (SVF) and mature adipocytes (MA) after 6 h of IL-4 treatment, ∗∗p < 0 01 relative RNA
expression between mature adipocytes treated with vehicle or IL-4, and #p < 0 05 between mature adipocytes treated with IL-4 or vehicle.
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Waltham, MA, USA). Quantitative densitometric analysis
was performed using My Image Analysis software for three
independent experiments.

2.5. Lipolysis Assay. Precursors and differentiated adipocytes
were washed and incubated in assay buffer in the presence of
BSA as a carrier or were treated with 10ng/mL IL-4. As a pos-
itive control, cells were treated with 1μM isoproterenol. Glyc-
erol content of the supernatantwasmeasuredusing aCultured
Human Adipocyte Lipolysis Assay Kit (Zen-Bio, Research
Triangle Park, NC, USA) following the manufacturer’s
instructions, with spectrophotometric detection at 540nm.

2.6. Statistical Analysis. Data were evaluated using one-way
ANOVA, data represent means± SD of three independent
experiments from the samples of 8 patients which proteins
were analyzed by Western blot. The differences between
means were performed through Student’s t-test. Differences
were considered statistically significant when p < 0 05.

3. Results

3.1. IL-4 Activates the IL-4R Signaling Pathway in Precursors
and Differentiated Adipocytes. This study builds on previous

experiments in which mouse adipocyte precursors treated
with IL-4 demonstrated a beige phenotype, following activa-
tion of the IL-4R/STAT-6 pathway. By contrast, differentiated
adipocytes were thought to undergo “browning” because of
the activation of a different pathway, because they do not
express IL-4R [11, 14]. Adipose-derived mesenchymal stem
cells (ADMSCs) from human subcutaneous fat were induced
to differentiate for 10 days. The expression of IL-4R was mea-
sured in adipocyte precursors (stromal vascular fraction
(SVF)) and adipocytes were induced to differentiate using a
differentiation cocktail (mature adipocytes), before and after
treatment with IL-4.

As shown in Figure 1(a), both precursor and mature
adipocytes expressed IL-4R mRNA and IL-4 treatment
significantly increased the expression of IL-4R in both
types of cells. Previous studies showed that IL-4 can
induce browning in precursor adipocytes through IL-4R
[11]. However, IL-4R was shown not to be expressed by
adipocytes derived from murine precursor cells. We aimed
to evaluate the role of IL-4R in differentiated adipocytes
from human subcutaneous adipose tissue; therefore,
protein levels of IL-4R and pSTAT-6 were determined.
IL-4R protein was expressed in both precursors and
differentiated adipocytes, and pSTAT-6 was increased
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Figure 4: IL-4 treatment increases expression of mitochondrial proteins. Precursors (SVF) were obtained and differentiated as described in
Materials and Methods. Cells were treated with BSA alone (vehicle) or IL-4 and incubated at 31°C for 6 h, then lysed. (a) IL-4R, UCP-1, and
TFAM protein expression were measured by Western blotting. (b) Relative band intensity of each was determined by densitometry.
Statistical analyses were performed using ANOVA. Data represent mean± SD and were normalized to expression of the reference
protein GAPDH. ∗p < 0 05 between precursors (SVF) and mature adipocytes (MA). #p < 0 05 between mature adipocytes (MA) treated
with IL-4 or vehicle.
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by the administration of IL-4 to both cell types (Figures 1(b)
and 1(c)).

3.2. pSTAT-6 Is Induced by IL-4 in Mature Adipocytes. To
establish whether the IL-4 signaling pathway is activated fol-
lowing IL-4 treatment of mature adipocytes, we assayed
pSTAT-6. Mature adipocytes were treated with IL-4, IL-6,
or IL-4 and IL-6. As expected, pSTAT-6 was detected in
adipocytes treated with IL-4, while IL-6 treatment did not
induce pSTAT-6 (Figures 2(a) and 2(b)).

3.3. Effect of IL-4 on Thermogenic Protein Expression. To
determine whether treatment with IL-4 in mature adipocytes
could induce browning, precursor cells and mature adipo-
cytes were stimulated with 10 ng/mL IL-4 for 6 h. UCP-1
mRNA was shown to be induced in the presence of IL-4
(Figure 3(a)), and, as shown in Figures 3(b) and 3(c), protein
expression levels of PGC-1α and CITED1 were increased by
2.3- and nearly 2-fold, respectively.

3.4. IL-4 Increases Mitochondrial Protein Activity. To inves-
tigate the effect of IL-4 on mitochondrial activity, mature
adipocytes were treated with IL-4 and incubated at 31°C
for 6 h. The incubation to 31°C resembles a reduction of
temperature and remark the effect on UCP1. Cell lysates
were then prepared, and protein expression of UCP1 and
TFAM was measured by Western blotting. IL-4 enhanced

the hypothermia-induced increases in mitochondrial protein
expression (Figures 4(a) and 4(b)), implying a browning
effect of IL-4 in mature adipocytes.

3.5. Effect of IL-4 on the Expression of Adipokines in
Differentiated Adipocytes. A major challenge in evaluating
the induction of browning is the characterization of its effect
on the production of adipokines. To assess whether IL-4
treatment of mature adipocytes was capable of inducing
proteins involved in lipid and glucose metabolism, the
expression of adipokines that influence relevant pathways
was assessed. IL-4 increased the expression of adiponectin,
leptin, and FGF21 in mature adipocytes compared with cells
treated with BSA alone (Figures 5(a) and 5(b)). Expression of
FABP4 confirmed that the cells were mature adipocytes.

3.6. IL-4 Enhances Hypothermia-Induced Activation of
Thermogenesis. Adiponectin is an adipokine known for its
protective effect against cardiometabolic diseases and diabe-
tes mellitus. Exposure to cold in humans and mice induces
the production of adiponectin, in part through activation of
the IL-4 pathway. To evaluate whether the IL-4 treatment
might increase hypothermia-induced adiponectin expres-
sion, adipocytes were exposed to low temperature (31°C)
and treated with 10 ng/mL IL-4. This resulted in increased
expression of adiponectin and PGC-1α in adipocytes,
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Figure 5: Effect of IL-4 on adipocytokine expression by adipocytes. Precursor cells were obtained, proliferated, and induced to differentiate
into mature adipocytes, then treated with BSA alone (vehicle) or IL-4. (a) Adiponectin, FGF21, leptin, and FAB4 protein expression were
measured by Western blotting. (b) Relative band intensity of each was determined by densitometry. Statistical analyses were performed
using ANOVA. Data represent mean± SD and were normalized to the reference protein GAPDH. ∗p < 0 05 between precursors (SVF) and
mature adipocytes (MA). #p < 0 05 between mature adipocytes (MA) treated with IL-4 and vehicle.
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compared to cells exposed to the same conditions of temper-
ature but treated with vehicle (Figures 6(a) and 6(b)).

3.7. Lipolytic Effect of IL-4. Our results imply that IL-4 may
modulate the phenotype of mature adipocytes by promot-
ing browning and inducing expression of adipokines
involved in lipid and carbohydrate metabolism. Therefore,
we were prompted to evaluate whether IL-4 could modulate
lipid mobilization in the mature adipocyte. To this end, we
examined the effect of IL-4 on lipolysis in mature adipo-
cytes and showed that IL-4 treatment for 6 h increased
lipolysis (Figure 7).

4. Discussion

This work highlights the role of IL-4 receptor (IL-4R) in
promoting browning of mature human adipocytes. These
adipocyte cells were differentiated from ADMSCs that had
been obtained during abdominoplasty in women with nor-
mal BMI. IL-4 treatment of the differentiated cells resulted
in increased expression levels of pSTAT-6, PGC-1α, UCP-1,
and CITED1. These findings suggest that IL-4 could be
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Materials andMethods. Cells were treated with BSA alone (vehicle) or IL-4 and incubated at 37°C or 31°C for 6 h. (a) PGC-1α and adiponectin
protein expression were determined by Western blotting of cell lysates. (b). Relative band intensity of each was determined by densitometry.
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Figure 7: Lipolytic effect of IL-4. Precursor cells were obtained and
differentiated as described in Materials and Methods, then treated
with BSA alone (vehicle), IL-4, or isoproterenol for 6 or 24 h. The
culture media was recovered, and the glycerol concentration was
determined. Statistical analyses were performed using ANOVA.
Data represent mean± SD. ∗p < 0 05 between mature adipocytes
treated with vehicle or IL-4.
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exerting a direct browning effect on adipocytes by binding to
IL-4Rα receptors. Although some studies have considered
the role of IL-4 and its receptor in adipocyte browning, these
were mainly of adipocyte precursors [11, 23], which prefer-
entially differentiated into beige adipocytes in the presence
of IL-4.

Previously, Qiu and colleagues suggested that IL-4 pro-
duced by eosinophils stimulated catecholamine production
by M2 macrophages, which induced a change in adipocyte
phenotype towards that of beige adipocytes [14]. Other
studies showed that ILC2s do not require IL-4 to induce
browning; instead, they may induce this effect by increased
met-enkephalin production after stimulation with IL-33
[10]. Recently, it was observed that during the winter season
the browning process increases, an event mediated by IL-4
and mast cells [24]. The present work showed that IL-4R in
humans and pSTAT-6 are expressed in differentiated
adipocytes and that IL-4 treatment increases expression of
PGC-1α, UCP-1, and CITED1.

In addition, IL-4 treatment increases expression levels of
adipokines in adipocytes, including those of adiponectin and
FGF21 [25, 26], in which the effects are metabolically benefi-
cial. This finding is relevant because, in addition to increasing
thermogenesis in adult adipocytes, IL-4 may have an addi-
tional favorable effect on carbohydrate metabolism. Both
adiponectin and FGF21 may improve glucose uptake by
peripheral tissues and insulin sensitivity [27, 28].

The effect of IL-4 on the expression of proteins implicated
in thermogenesis in mature adipocytes was accompanied by

an increase in lipolysis shown by increased glycerol release
into the medium (Figure 5). A further interesting observation
was the increased expression levels of UCP-1, TFAM,
PGC-1α, and adiponectin when the cells were subjected to
low temperature, as shown in Figures 4 and 6. The response
of the cells to cold stress and the mechanism for acclimatiza-
tion to environmental cold are mediated in part by type 2
immune cells (ILC2s, eosinophils, and activated macro-
phages) that produce interleukins (IL-4, IL-13, and IL-33)
[11]. It was previously demonstrated that cold can enable
the induction of a beige phenotype in cultured adipocytes,
which is mediated by IL-4, among other factors [16, 29].
Our observations in the present work showed that further
increase in the thermogenic proteins observed with tempera-
ture reduction exhibits additional mechanisms than the only
effect of IL-4 and IL-4R. Other factors that may contribute to
the outcome of temperature reduction on the increase in
thermogenic proteins in the adipocytes can be the activation
of adrenergic receptors and methionine-enkephalin [30–32].
However, more research is required to address this question.
Given that previous studies that observed reductions in IL-4R
expression were performed in mouse and rat adipocyte cell
lines, we believe that this study is novel in demonstrating
the involvement of IL-4 and its receptor in the browning of
mature adipocytes derived from human ADMSCs. It will be
important to analyze the metabolic behavior of patients
who are treated with specific blockers of IL-4R in therapies
for atopic diseases. These data imply that targeting IL-4R to
encourage increased energy expenditure by adipocytes may
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be of use in the treatment of obesity. A schematic role of ILs
in the browning process is shown in Figure 8.
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Y-box protein-1 (YB-1) is a highly conserved transcription factor that is involved in multiple biological processes via transcriptional
regulation of several genes, including p53, cyclin D1, and EGFR. YB-1 has been reported to be overexpressed in injured livers. This
study aims to explore the functions of YB-1 in hepatic progenitor cells (HPCs). Herein, chromatin immunoprecipitation
sequencing (ChIP-sequencing) and RNA-sequencing assays identified that YB-1 participated in the biological adhesion
process and ECM-receptor interactions in HPCs. Further study demonstrated that YB-1 modulated the expression of
extracellular matrix components in HPCs. ChIP-sequencing assays established that PDGFR-β was a target gene of YB-1,
and luciferase reporter assays confirmed that YB-1 negatively regulated PDGFR-β promoter activity in HPCs. In addition,
PDGFR-β can regulate the expression of collagen I through ERK/p90RSK signalling, and disruption of the signalling
pathway with a PDGFR-β inhibitor or ERK1/2 inhibitor abolished the regulatory effect of PDGFR-β on collagen I
expression in HPCs. Conclusively, YB-1 can modulate the expression of collagen I in HPCs via direct binding to the
PDGFR-β promoter, negatively regulating its expression. In addition, the ERK/p90RSK axis serves as the downstream
signalling pathway of PDGFR-β.

1. Introduction

YB-1 belongs to a family of DNA- and RNA-binding factors,
also named cold shock proteins, which are highly conserved
during evolution and have been shown to function as regula-
tors of gene transcription and translation. A wide range of
nucleic acid structures are reported to be specifically bound
to YB-1, most of which harbour an inverted CCAAT-box
(ATTGG) as the core binding site. YB-1 was first recognized
as a protein that binds to the promoter of the major
histocompatibility complex II gene HLA-DRα and that
negatively regulates the expression of this gene [1]. Later, a
large number of studies regarding the functions of YB-1 were
conducted, and they demonstrated multiple effects of YB-1
on cell proliferation, migration, and transformation. YB-1
directly interacts with p53, and YB-1 knockdown upregulates

endogenous p53 and induces various tumour cell lines to
undergo apoptosis [2, 3]. Meanwhile, YB-1 has been found
to bind to a number of genes, including cyclin D1, epithermal
growth factor receptor (EGFR), and mitogen-activated pro-
tein kinase-interacting kinase 1 (MNK1), and then modulate
the transcription of these genes and the proliferation rate of
related tumour cells [4–6]. Furthermore, YB-1 also partici-
pates in the production of the extracellular matrix (ECM)
and in the scarring process. In human embryonic kidney cells
and dermal fibroblasts, YB-1 exerted a repressive effect on the
collagen α1 (I) (COL1A1) and matrix metalloproteinase-2
(MMP-2) gene promoters [7, 8].

YB-1 has been reported to be involved in liver devel-
opment and liver diseases. Grant and his colleagues found
that YB-1 was relatively abundant in the liver at day 7 of
embryogenesis and decreased steadily throughout chicken
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embryogenesis. In addition, they found that YB-1 mRNA
in rat livers was elevated approximately 10- and 6-fold
24 and 48h after administration of carbon tetrachloride,
respectively, which was accompanied by DNA synthesis
and cell proliferation [9]. Gunasekaran et al. reported that
most hepatocellular carcinoma tissues expressed YB-1 and
showed a relatively higher expression compared to normal
livers [10]. In addition, in vitro experiments demonstrated
that YB-1 was a potent inducer of Smad7 expression in
activated hepatic stellate cells (HSCs) and myofibroblastic
mesangial cells, which could be used to antagonize TGF-
β in chronic stages of fibroproliferative diseases in the liver
[11]. In an inflamed liver, YB-1 suppressed the synthesis
of collagen and modulated fibrogenesis [12].

Based on the above studies, we speculate that YB-1 may
play certain roles in liver regeneration and fibrogenesis. In
the present study, we attempted to determine the effects of
YB-1 on hepatic progenitor cells, as well as the possible
molecular mechanism. The results would help booster our
understanding of liver repair and fibrogenesis.

2. Materials and Methods

2.1. Animals. C57BL/6J mice (4 weeks old) were purchased
from the Sino-British Sippr/BK Laboratory and housed in
the Animal Experimental Center of Shanghai First People’s
Hospital (Shanghai, China) under specific pathogen-free
conditions. The Chancellor’s Animal Research Committee
approved all the animal studies and confirmed that the
experiments involving animals adhered to the guidelines
set forth by the Shanghai Jiao Tong University School of
Medicine (Shanghai, China).

2.2. Isolation of HPCs and Cell Culture. Four-week-old, male,
wild-type C57BL/6J mice were fed a 50% choline-deficient
diet (Trophic, Nantong, China) plus 0.15% ethionine
solution in drinking water (CDE diet). After 3 weeks on the
diet, mice were anaesthetised by intraperitoneal Nembutal
injection (1.5% Pelltobarbitaium Natricum, Sigma-Aldrich;
0.1ml/20 g body weight). HPCs were then isolated using a
modified two-step perfusion protocol as previously described
[13]. The cells were seeded in 90mm culture dishes and cul-
tured in complete William’s E medium supplemented with
10% FBS, 2mM glutamine, 100U/ml antibiotics, 20 ng/ml
epidermal growth factor (EGF, Peprotech), 30 ng/ml human
insulin-like growth factor II (IGF-II, GroPep), and 10μg/ml
insulin (Gibco). A week later, clones were selected by local
trypsinization in clonal rings, and cells were resuspended
in complete William’s E medium. After culturing for 3
generations, purified HPCs were obtained and used for
the following experiments.

For most experiments, HPCs were cultured in complete
medium. In the indicated experiments, to detect the capacity

of HPCs to secrete PDGF-β, FBS-free William’s E medium
was used. To analyse PDGFR-β signalling, the PDGFR-β
inhibitor DMPQ (Abcam, Cambridge, UK) and ERK inhibi-
tor FR180204 (Selleck, Houston, USA) were added to
the medium.

2.3. Construction of YB-1 shRNA Lentiviruses and RNA
Interference. The lentiviral vector LV-3 (GenePharma,
Shanghai, China) containing a GFP reporter was used to
express shRNA targeting the sequence of YB-1 (#1: 5′-GA
GAGCAAGGTAGACCAGTGA-3′ and #2: 5′-GTCAAAT
GGTTCAATGTAAGG-3′) and scramble control (5′-TTCT
CCGAACGTGTCACGT-3′). Briefly, LV-3-shYB-1 plasmids
were transfected into HEK 293T cells with packaging
vectors. The supernatant containing infective lentiviruses
was collected 72 h posttransfection, and the lentiviruses were
concentrated by ultracentrifugation for 2 h at 100,000×g and
resuspended in PBS. HPCs were seeded in a 24-well plate
well and infected with lentiviruses in the presence of
5μg/mL of polybrene. YB-1-knockdown cells were screened
with 2μg/mL puromycin for 15 days postinfection.

2.4. Chromatin Immunoprecipitation Assays. Preparation of
chromatin and chromatin immunoprecipitation (ChIP)
assays were performed using a ChIP assay kit (Upstate, NY,
USA) according to the kit protocol. Chromatin equal to
2× 106 cellswas used for each immunoprecipitation.Chroma-
tin immunoprecipitations were performed using HPC chro-
matin with normal rabbit IgG (negative control), anti-RNA
polymerase II (positive control), and anti-YB-1 antibody
(Abcam, ab76149). Precleared chromatin was immunose-
lected, processed, and subjected to PCR amplification with
platinum Taq polymerase (Invitrogen, Carlsbad, CA) using
sequence-specific PCR primers to amplify the region of the
PDGFR-β promoter containing the YB-1 binding site. For
positive control, primers specific for the GAPDH promoter
containing the RNA polymerase II binding site were applied.
Detailed information regarding the primers is listed in
Table 1. Reaction products were subjected to Tris/agar
gel electrophoresis. Gels were stained for 5min in 1μg/
ml ethidium bromide (BioRad, Hercules, CA) and visual-
ized using a ChemiScope 2850 imaging system (CLiNX,
Shanghai, China).

For chromatin immunoprecipitation sequencing (ChIP
sequencing) assays, 1× 107 cells were used for each immuno-
precipitation. ChIP sequencing was performed using an
Illumina HiSeq2500 platform. Subsequent peak calling and
motif analysis were conducted using HOMER, a software
suite for ChIP-seq analysis.

2.5. Plasmid Construct, Transient Transfection, and Dual-
Luciferase Assay. The pGL4-PDGFR-β-luciferase promoter
reporter construct contained a PDGFR-β promoter sequence

Table 1: Primer sequences for ChIP-PCR analysis.

Primer Forward sequence Reverse sequence Product

PDGFR-β CCAACTCAGGTGGCCTCTTA TCACTGAACATCTGCCCTGT 82 bp

GAPDH TGAGCTAGGACTGGTAAG GTCCGTATTTATAGGAACCC 166 bp
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spanning base pairs −1322 to +173 from the transcription
start site ligated upstream of the luciferase gene in the
pGL4 vector (Promega, Fitchburg, USA).

YB-1 knockdown or scramble control HPCs were
cotransfected with the pGL4-PDGFR-β constructs and
pRL-CMV Renilla luciferase control reporter constructs
using Lipofectamine 3000 reagent (Invitrogen, Carlsbad,
CA) according to the manufacturer’s protocol. Following
48 h of incubation, the cells were rinsed twice with PBS,
and dual-luciferase assays were performed according to the
manufacturer’s protocol (Promega). Transcriptional activi-
ties of reporter constructs were normalized against those of
cotransfected pRL-CMV Renilla luciferase control reporter
vectors (Promega, Fitchburg, USA).

2.6. Western Blotting Analysis. Whole-cell lysates were
prepared from culture cells. Medium supernatant protein
was obtained by ultracentrifugation using Amicon Ultra-15
10K centrifugal filter devices (Millipore, MA, USA). Cellular
or supernatant protein (20μg per well) was loaded into 10%
acrylamide gels, and then, electrophoresed proteins were
transferred to PVDF membranes, and membranes were
blocked for 30min in TBST containing 5% BSA. Primary
antibodies were incubated for 12h at 4°C and washed three
times with TBST, followed by 2h of incubation with specific
IgG-HRP used at 1 in 6000 dilution in 1% BSA-TBST. After
washing, bands were detected with an ECL system.

2.7. RNA Extraction, RT-PCR, and RNA Sequencing. Total
RNA was isolated using TRIzol reagent (Invitrogen). Reverse
transcription was performed using PrimeScript™ RT Master
Mix (Takara, Dalian, China). All primer sets for PCR are
listed in Table 2. PCR was performed using SYBR® Premix
Ex Taq™ (Takara, Dalian, China) under the following
conditions: 1 cycle at 95°C for 2min, 35 cycles at 95°C for
15 sec and at 59°C for 34 sec, and 1min at 72°C. The relative
mRNA expression levels were normalized against those of
the GAPDH gene in the same RNA preparation.

For RNA sequencing, RNA isolation was performed
using Qiagen RNEasy Mini Kit (Qiagen, Hilden, Germany)
according to the protocol provided by the manufacturer,
and RNA sequencing was performed using an Illumina
HiSeq2500 platform.

2.8. Immunofluorescence Staining and Confocal Microscopy.
The liver tissue was fixed in formalin and embedded in
paraffin. Then, 4μm specimens were prepared. After antigen
retrieval with Tris-EDTA (pH 9.0) for 10min at 95°C, the
specimens were blocked with 5% bovine serum albumin
(BSA) for 30min at room temperature. The primary antibod-
ies were applied overnight at 4°C in 1% BSA. Information
regarding the primary antibodies is listed in Table 3. The
secondary, fluorescently labelled antibodies were applied for
1 h at room temperature. Sections were counterstained with
4′,6-diamidino-2-phenylindole (DAPI). Fluorescence images
were acquired with a Leica TCS microscope.

For cell labelling, cells were cultured on 0.2% poly-L-
lysine-coated glass coverslips. After fixation in 4% parafor-
maldehyde for 20min at room temperature, cells were
permeabilized in PBS containing 0.1% Triton-100 and 5%
BSA and incubated with specific primary antibodies over-
night at 4°C. Then, the cells were stained with specific,

Table 2: Primer sequences for RT-PCR analyses of gene expression.

Target Forward primer Reverse primer

YB-1 CAACAGGAATGACACCAAGG TCAACAACATCAAACTCCACAG

PDGF-β CAAGTGTGAGACAGTAGTG ATGGGTGTGCTTAAACTTT

PDGFR-β CAAAGGTGCTGGAGATGTTG CAGTTGTTGCTGTCCGTGTT

Col1a1 CAAGAAGACATCCCTGAAG GCAGATACAGATCAAGCATA

Col4a1 AGAGGAGGTGTATAGATAGC GGAAGTCAGTCATTCAGTC

Laminin CTTGGAACTGTTGGTAAGATA ATCCTAATGAGCGGTTA

MMP13 GTGTGGAGTTATGATGATGT ACTCTCACAATGCGATTAC

TIMP-1 ATCAACGAGACCACCTTA CATATCCACAGAGGCTTTC

GAPDH ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCTGTA

Table 3: Antibodies used in Western blot (WB) analysis and
immunofluorescence (IF).

Antibody Dilution Supplier Product ID

YB-1
1 : 10,000 (WB),
1 : 1000 (IF)

Abcam ab76149

p-YB-1 (ser102) 1 : 2000 (WB) CST 2900

AFP 1 : 500 (IF) Abcam ab46799

Albumin 1 : 500 (IF) Bethyl A90-134A

CK19 1 : 500 (IF) Abnova MAB12076

CD133 1 : 100 (IF) eBioscience 14-1331-80

CD90/Thy1 1 : 500 (IF) Novus NB100-65543

α-SMA 1 : 500 (IF) Abcam ab7817

Collagen I
1 : 1000 (WB),
1 : 200(IF)

Abcam 6308

PDGF-β 1 : 2000 (WB) Abcam ab178409

PDGFR-β 1 : 2000 (WB) Abcam ab32570

p-Stat3 1 : 1000 (WB) CST 9145

ERK1/2 1 : 1000 (WB) CST 4695

p90 RSK (ser380) 1 : 1000 (WB) CST 9341

PI3K p85 1 : 1000 (WB) R&D MAB2998

GAPDH 1 : 10,000 (WB) Abcam ab8245
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fluorescently labelled secondary antibodies for 1 h at room
temperature. After staining with DAPI and washes, confocal
laser scanning microscopy and double immunofluorescence
assays were performed using a Leica TCS microscope.

2.9. Gene Ontology (GO) Analysis. GO analysis was per-
formed to analyse the main function of the DEGs according
to gene ontology which is the key functional classification
of NCBI. Fisher’s exact test and χ2 test were used to classify
the GO category, and the false discovery rate (FDR) was
calculated to correct the P value; the smaller the FDR, the
smaller the error was in judging the P value. The significant
GO terms were defined with a P value of 0.05 and an
FDR < 0 05.

2.10. Pathway Analysis. Pathway analysis was used to
determine the significant pathways of the DEGs according
to KEGG. Similarly, we used Fisher’s exact test and χ2

test to select the significant pathways, and the threshold
of significance was defined by P value and FDR. The sig-
nificant pathways were identified with a P value < 0.05
and an FDR < 0 05.

2.11. Statistical Analysis. The data represent the mean± SE.
Statistical significance was assessed using one-way ANOVA
and t-tests, and analysis was facilitated by the GraphPad
InStat software program version 3.0.

3. Results

3.1. Defining the YB-1Cistrome inHPCs.To clarify the biolog-
ical functions of YB-1, we analysed the genome-wide binding
sites of YB-1 in HPCs using chromatin immunoprecipitation
coupled with high-throughput deep sequencing (ChIP
sequencing). The resulting cistrome identified 8524 binding
sites. The majority of binding sites were localized to distant
intergenic and intronic regions, 3609 (62%) and 1821
(31.5%), respectively. The rest bind to the exon (202, 3.4%)
and promoter regions (192, 3.1%), as shown in Figure 1(a)
and Supplementary Table 1 available online at https://doi.
org/10.1155/2017/6193106. Gene ontology (GO) analysis of
these annotated genes revealed that the most common func-
tions for YB-1 target genes were regulation of signalling and
regulation of response to stimulus. In addition, these target
genes participate in cell adhesion (Figure 1(b)). Pathway
analysis based on KEGG indicated that YB-1 target genes
involve a variety of extremely important pathways, including
metabolic pathways, theMAPK signalling pathway, cell adhe-
sion molecules, the wnt signalling pathway, focal adhesions,
and the hedgehog signalling pathway (Figure 1(c)).

3.2. Genome-Wide Expression Profiling of HPCs after YB-1
Knockdown. To further determine the effects of YB-1 in
HPCs, RNA sequencing was performed to screen the differ-
entially expressed genes (DEGs) between YB-1 knockdown
HPCs and the scramble control using the following criteria:
log2-fold change> 0.585 or log2-fold change<−0.585, and
P value < 0.05. Overall, we detected 691 DEGs between
YB-1 knockdown HPCs and the scramble control, as
shown in Supplementary Table 2. Among these, 395 genes

were upregulated in the YB-1 knockdown HPCs and 296
genes were downregulated (Figure 2(a)). Additionally, we
performed GO analysis and pathway analysis of the DEGs.
Specifically, DEGs were associated with multiple GO
terms, including anatomical structure morphogenesis, ana-
tomical structure development, cell proliferation, and cell
adhesion (Figure 2(b)). Pathway analysis revealed that the
DEGs were involved in focal adhesions, the TGF-beta sig-
nalling pathway, ECM-receptor interaction, cell adhesion
molecules, the hedgehog signalling pathway, and the wnt
signalling pathway (Figure 2(c)). In addition, we found that
a number of DEGs involved in ECM-receptor interaction
processes were upregulated, as listed in Table 4.

3.3. YB-1 Modulates Synthesis of the Extracellular Matrix
(ECM) in HPCs. Because ECM components, including colla-
gens and laminin, are the major participants in cell adhesion,
we examined if HPCs express the components involved in
metabolism of the ECM. Surprisingly, we found that HPCs
expressed collagen I, collagen IV, and laminin as well as the
related metabolic enzymes (Figure 3(a)). Moreover, YB-1
knockdown with a lentiviral vector elevated the expression of
collagen I, collagen IV, and laminin. In addition, YB-1 knock-
down suppressed matrix metalloproteinase 13 (MMP13) and
promoted the expression of tissue inhibitor ofmetalloprotease
1 (TIMP-1) at the mRNA level (Figure 3(a)). Western blot
assays also demonstrated that knockdown of YB-1 was
accompanied by decreased expression of the active phos-
phorylated YB-1 structure and overexpression of collagen
I (Figure 3(b)). Immunofluorescence staining revealed
that dispersed CK-19-positive HPCs produced collagen I
(Figure 3(c)). These findings suggest that HPCs have the
capacity to produce ECM and that YB-1 can negatively
modulate this process.

3.4. YB-1 Negatively Regulates PDGFR-β Transcriptionally.
To investigate the detailed mechanism by which YB-1 regu-
lates the expression of ECM components, ChIP sequencing
and RNA sequencing were introduced to identify the poten-
tial target of YB-1. The ChIP-sequencing approach suggested
that YB-1 directly bound to the promoter region of PDGFR-β
ranging from the site 61044456 to 61044670 on chromatin
18, −640 bp from the transcription start site, and ChIP-PCR
confirmed that the PCR product is of the expected size, as
shown in Figures 4(a) and 4(b). In addition, RNA sequencing
showed that PDGFR-β mRNA was elevated in the YB-1
knockdown HPCs compared to the scramble HPCs (see
Supplementary Table 2). In addition, a variety of studies in
the literature have reported that PDGFR-β is upregulated in
injured livers and contributes to liver cirrhosis [14, 15].
Therefore, we chose to pursue PDGFR-β as a candidate to
reveal the molecular mechanism by which YB-1 regulates
ECM homeostasis. Next, luciferase reporter assays were used
to determine whether YB-1 affected transcription of the
PDGFR-β promoter. Reporter constructs containing the
PDGFR-β promoter spanning the site −1322 to +173 cloned
upstream of the luciferase gene were transiently transfected
into the scramble HPCs and YB-1 knockdown HPCs. The
data suggested that YB-1 knockdown promoted PDGFR-β
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promoter activity (Figure 4(c)). We also demonstrated that
YB-1 silencing increased the expression of PDGFR-β and
its ligand PDGF-β both in the cytoplasm and the culture
medium (Figures 4(d) and 4(e)).

3.5. YB-1 Affects Collagen I Expression via PDGFR-β/ERK/
p90RSK Signalling. Because YB-1 negatively regulates both
collagen I and PDGFR-β, we sought to investigate whether
PDGFR-β could modulate the expression of collagen I. In
this study, the PDGFR-β inhibitor DMPQ was utilized to
block the PDGFR-β signalling pathway. Surprisingly, the
effect of YB-1 knockdown on the production of collagen I
was abolished by the PDGFR-β inhibitor in a dose-
dependent manner (Figure 5(a)). Meanwhile, we detected
the key components of PDGFR-β-related signalling pathways
that may participate in the expression of collagen I in HPCs.

Western blotting assays showed that phosphorylated ERK1/2
but not phosphorylated PI3K or Stat3 mediated PDGFR-β-
induced collagen I production (Figure 5(b)). Further studies
demonstrated that phosphorylation of p90 RSK at Ser380
synchronized with the amount of phosphorylated ERK1/2
and collagen I (Figure 5(c)).

4. Discussion

YB-1 has been reported to be elevated in HCC tissues and in
regenerating liver after injury [9, 10]. In this study, ChIP
sequencing and RNA sequencing provided clues that YB-1
participated in the biological adhesion process and ECM-
receptor interaction in HPCs. Therefore, we detected the
ligand components, including collagen and laminin, involved
in the biological process. Surprisingly, we found that HPCs
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Figure 1: The YB-1 cistrome in hepatic progenitor cells. (a) Pie chart illustrating genomic locations of YB-1 binding sites in hepatic
progenitor cells. Promoter regions, ±2 kb from the TSS. (b) Gene ontology (GO) analysis of genes annotated with YB-1 binding sites.
(c) Pathway analysis of genes annotated with YB-1 binding sites.
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produced collagen and laminin. Moreover, silencing YB-1
promoted the expression of collagen I and laminin. ChIP
sequencing and RNA sequencing identified PDGFR-β as

a candidate target of YB-1, and the result was confirmed
by ChIP-PCR, which indicated that YB-1 was able to
directly bind to the PDGFR-β promoter. In addition,

Table 4: Transcripts upregulated in ECM-receptor interaction.

Gene name Gene Fold change YB-1 KD-RPKM Scramble-RPKM

Collagen, type III, alpha 1 Col3a1 4.58 1.89125 0.412824

Collagen, type V, alpha 2 Col5a2 3.40 4.68447 1.37872

Thrombospondin 2 Thbs2 2.15 0.414252 0.193934

Reelin Reln 1.89 0.916106 0.48511

Thrombospondin 1 Thbs1 1.79 93.503 52.3547

Collagen, type I, alpha 2 Col1a2 1.78 5.134 2.87674

Collagen, type IV, alpha 2 Col4a2 1.69 119.857 70.8253

Collagen, type IV, alpha 1 Col4a1 1.63 202.428 123.942

Integrin beta 6 Itgb6 1.61 6.48106 4.03229
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Figure 2: Differentially expressed genes (DEGs) of HPCs with YB-1 knockdown. (a) Overview of DEGs of HPCs with YB-1 knockdown.
Log2-fold change> 0.585 or Log2-fold change<−0.585, and P value < 0.05. (b) Gene ontology (GO) analysis of DEGs. (c) Pathways
enrichment analysis of DEGs based on KEGG.
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luciferase reporter assays demonstrated that YB-1 nega-
tively modulated PDGFR-β promoter activity. Because
PDGFR-β plays an extremely important role in liver fibro-
genesis, we investigated its role in collagen expression in
HPCs. We found that PDGF-β and PDGFR-β showed a
similar trend with collagen I, and a PDGFR-β inhibitor
and ERK1/2 inhibitor blunted collagen I expression after
YB-1 knockdown.

Liver fibrosis is a wound-healing response accompanied
by excessive deposition of extracellular matrix, which
develops to cirrhosis if the damage persists. During the past
decades, HSCs have been regarded as the major offenders
contributing to liver fibrosis [12, 16]. In addition, other
fibrogenic cells are reported to be involved, such as portal
fibroblasts [17], fibrocytes [18], bone-marrow-derived cells
[19], and cells derived from epithelial mesenchymal transi-
tion [20]. Moreover, HPCs express ECM-related genes [21].

Van Hul and colleagues reported that HPCs are embedded
in ECM at all times, demonstrating that HPCs have the
potential to synthesize ECM and cause hepatic fibrosis [22].
In this article, we provide more persuasive evidence to
support the notion that HPCs also yield ECM, and this evi-
dence is beneficial for completely uncover the mechanism of
fibrogenesis. Due to the ability to differentiate into mature
hepatocytes and cholangiocytes [23], HPCs are regarded as
a reservoir to compensate for damaged hepatocytes or
cholangiocytes, especially under perpetual injury conditions
[24, 25]. When mice were fed a 50% choline-deficient, 0.15%
ethionine-supplemented diet for 2 weeks, abundant HPCs,
representing approximately 28% of the total liver cells,
appeared around the periportal region of the liver. Based
on these data, we proposed a new model in which HPCs
contribute to liver fibrogenesis because of their vigorous
proliferation rate and capacity to synthesize ECM.
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Figure 3: YB-1 regulates the synthesis of ECM proteins. (a) YB-1 knockdown promoted the mRNA expression of Col1a1, Col4a1, laminin,
and TIMP-1, but suppressed the expression of MMP13. (b) Western blot assays provided evidence that YB-1 knockdown enhanced collagen I
expression in HPCs. (c) CDE-injured mouse liver sections were stained with CK-19 and collagen I, and the results showed that collagen I can
be expressed by a number of single dispersed CK-19-positive cells, which represented a subpopulation of HPCs.
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YB-1 was originally identified as a transcription factor
that regulates the expression of numerous genes, including
p53, MDR1, EGFR, cyclin A, and cyclin D1. The biological
activities in which YB-1 participates range from cell prolifer-
ation, differentiation and malignant cell transformation to
cell adhesion. Merterns et al. reported that YB-1 directly

bound to the promoter of the collagen α1. (I) gene and sup-
pressed its promoter activity in human fibroblasts. Higashi
and coworkers reported that YB-1 counter-repressed TGF-
β-stimulated collagen α2 (I) transcription by interfering with
Smad3 bound upstream of p300 in human dermal fibroblasts
[26]. In addition, YB-1 was described to bind to the Smad7
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Figure 4: YB-1 directly binds to the PDGFR-β promoter and negatively regulates its expression. (a) ChIP-sequencing assays detected that
YB-1 directly bound to a region of the PDGFR-β promoter spanning from the site 61044456 to 61044670 on chromatin 18. (b) ChIP-PCR
confirmed that PDGFR-β is one of the YB-1 target genes. Chromatin immunoprecipitations were performed using HPC chromatin with
normal rabbit IgG, anti-RNA polymerase II, and anti-YB-1 antibodies. Purified DNA was then analysed with PCR using primers specific
for YB-1 binding sites on the PDGFR-β promoter or primers for the GAPDH promoter as the positive control. The size of the PCR
product for the PDGFR-β promoter and the GAPDH promoter was 82 and 166 bp, respectively. The PCR product was observed in the
input, positive, and anti-YB-1 ChIPs (lanes 2, 4, and 5) but not in the no DNA and IgG ChIPs (lanes 1 and 3). (c) YB-1 negatively
modulates PDGFR-β promoter activity in HPCs. HPCs were transfected with a scramble lentivirus or YB-1 knockdown lentivirus;
PDGFR-β promoter-luciferase constructs and Renilla luciferase constructs were cotransfected into HPCs. Cells were harvested 48 h after
the second transfection, and luciferase activity was measured. The results are an average of three independent transfections. (d) YB-1
knockdown enhanced PDGFR-β mRNA expression. In addition, PDGF-β expression was elevated in HPCs with YB-1 silenced.
(e) Western blotting revealed that YB-1 knockdown negatively regulated PDGFR-β and PDGF-β expression. Compared with the culture
supernatant from HPCs transfected with the scrambled lentivirus, the YB-1 knockdown groups showed higher levels of PDGF-β protein.
∗P < 0 01, compared with the scramble control.
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promoter and induce the expression of Smad7 in rat HSCs,
further inhibiting collagen expression [11]. These data sug-
gest that YB-1 plays an inhibitory role in collagen expression,
indicating that it may contribute to the fibrogenesis process.
Thus, we sought to explore the effect of YB-1 on hepatic
fibrogenesis in which activated HSCs play a predominant
role. Herein, we identified that YB-1 knockdown with
shYB-1 lentivirus vector promoted collagen I expression in
HPCs through upregulation of PDGFR-β, which is different
from the above mechanisms in which YB-1 modulates
collagen I expression. In this study, collagen I was found to
not be a target gene of YB-1 using ChIP sequencing (see
Supplementary Table 1), which excludes the possibility that
YB-1 binds to collagen I and regulates its expression.

For the first time, we identified PDGFR-β as a target gene
of YB-1. To our knowledge, PDGF receptor signal transduc-
tion plays important roles in the embryo development,
angiogenesis, and fibrotic diseases as well as in tumour devel-
opment and migration [16, 27]. Elevated PDGF expression in
cells expressing PDGFR has been demonstrated following
both acute and chronic liver damage in experimental and
human diseases. During liver fibrogenesis, PDGF-β has been
recognized as the most potent mitogen for HSCs. In addition,
PDGF-β is identified as a profibrogenic stimulus of HSCs
using a transgenic mouse model [14]. However, our data
demonstrate that the PDGF signalling network is involved in
collagen synthesis inHPCs. To date, few articles have reported
that PDGF signalling pathways are involved in the biological
functions of HPCs. Only Lau et al. reported that the PDGFR-
β inhibitor AG1296 suppressed the viability of a tumourigenic
hepatic progenitor cell line (PIL2), which arises from p53
knockout in HPCs. In the present study, we show that HPCs
express both PDGF-β and PDGFR-β, indicating that there
may be an autocrine regulatory loop that modulates collagen
synthesis in HPCs [28]. In addition, a serum-free culture sys-
tem confirmed that HPCs secreted PDGF-β, and a PDGFR-β
inhibitor inhibited the collagen production by HPCs. Further
study demonstrated that ERK/p90RSK signalling mediates
PDGFR-β-induced collagen expression in HPCs.

In conclusion, this study presents a novel mechanism
in which YB-1 negatively modulates the expression of
ECM in HPCs by negatively regulating the transcription
of PDGFR-β. Disruption of the PDGFR-β/ERK/p90RSK
signalling pathway represses the collagen expression in
HPCs. The findings will help to uncover the mechanism
of liver fibrogenesis, and interference with the regulatory
axis may provide a new approach for treatment of liver
fibrosis and cirrhosis.
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