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Stem cells in general are characterized by their ability to self-
renew and to differentiate towards various progeny. Great
efforts started to give hope since the first discovery of
mammalian pluripotency by Stevens and Little, 1954; the
field of stem cell research using pluripotent stem cells (PSC)
has reached a state of general interest in both science and
medicine. Following an overall fast development of in vivo
and in vitro research, stem cells are nowadays regularly
implied in developmental and pathomechanistical studies.
Their unique ability to generate all cell types of the respec-
tive organism allows for the directed differentiation of in
vitro cultured PSCs into the desired direction. Subsequently,
development and function of this differentiated progeny may
be investigated in detail. This specifically accounts for the
human system where primary materials as well as in vivo
studies are strongly limited. In addition, the groundbreaking
study describing the generation of PSCs from somatic cells by
Takahashi and Yamanaka, served as a lift for unlimited use of
individual and patient specific stem cell based investigations.
Today, these induced pluripotent stem cells (iPSCs) are
amongst others utilized to explicitly study human path-
omechanisms in a patient specific setting. Moreover, tissue
specific stem cell, for example, serving as a cellular reserve
and substitute for decayed cells and degenerated tissue, is

discussed as a useful source of human tissue and tissue
specific cells. Clearly, these adult stem cells have already been
successfully used in therapeutic approaches for decades, such
as hematopoietic stem cells in bonemarrow transplantations.

Numerous studies exploiting stem cells have already been
published describing distinct pathomechanisms in rare and
commondiseases, giving hope for future therapeutic startups.

Moreover, in the current decade, the first reports of
using PSCs in therapeutic approaches have been announced
and further upcoming clinical trials in several organ sys-
tems are approved and ready to start. Nevertheless, it is
still crucial to thoroughly understand underlying cellular
mechanisms and molecular pathways implied in develop-
mental and pathological surroundings. In that sense, recent
reports suggest that “stem cell factors” fulfill additional
functions during the stepwise phases of cell lineage commit-
ment. For instance, during germ layer formation, Oct4 and
Tbx3 promote mesodermal as well as endodermal fate and
limit neuroectoderm differentiation potential. In contrast,
Sox2 enhances neuroectoderm specification while restricting
mesoderm and endoderm lineage development. Later, these
factors are subsequently involved in tissue development.
Second, one hallmark of cancer is the ability to reactivate
genetic programs known from early development and stem
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cells. Interestingly, signalling cascades regulating early pat-
terning in the embryo such as Nodal signalling are again
overexpressed during cancer development, and “stem cell
factors” can drive dysplasia and tumorigenesis suggesting an
intimate link between embryonic cell fate decisions, stem
cells, and tumour development.

To that end we have gathered a variety of studies under
the umbrella of stem cell development and disease to provide
a basis to understand the steps from basic stem cell biology,
further going to physiological function during development
until disturbances in function leading to pathological symp-
toms.

On the basis of stem cell biology, M. Nawaz et al. summa-
rize the existing knowledge on stem cell derived extracellular
vesicles (EVs). Current knowledge includes that stem cells
continuously secrete factors into surrounding compartments
serving as autocrine as well as paracrine signal modifiers.
Moreover, abundance of EVs has been reported that mimic
the phenotypes of the cells from which they originate. They
hereby seem to play a role in the exchange of genetic informa-
tion utilizing persistent bidirectional communication. This
implies that EVs could regulate stemness, self-renewal, and
differentiation in stem cells and their subpopulations.

A poorly investigated stem cell population is the tro-
phoblast stem cell (TSC), responsible for the generation and
function of the fetal placenta. S. J. Arnold et al. thoroughly
investigated these TSCs concerning their expression profile
in vivo and in vitro. Using a remarkable set of methods and
approaches, they broadly contribute to the knowledge on
TSCs andprovide awell-defined set ofmarkers and transcrip-
tional signatures of these cells. Moreover, they investigate the
time-dependent expression of several genes involved in early
differentiation events both on mRNA and protein levels.

In the field of adult mesenchymal stem cells (MSCs),
which are still considered as a great hope for a variety of
clinical implications, K. C. Elahi et al. briefly discuss both the
facts that isolated MSCs are blend of distinct cells and MSCs
isolated from different tissues show besides some common
features some significant differences. Nevertheless, they point
to the fact that these differences could also be a benefit for
distinct approaches. For example, subsets of MSCs seem to
express distinct and unique sets of surface markers, which
might help to find a perfect subpopulation for a respective
utilization.

In the system of MSCs, S. Wang et al. provide a study
applying transcriptome analyses on Toll-like receptor 3-
activated MSCs. TLR3 activity in MSCs was reported to
have an impact on MSC function and might therefore be a
candidate to understand MSC physiology. Nevertheless, long
noncoding RNAs (lncRNAs) were thought to play a role in
this system. S. Wang et al. now give a thorough overview on
involved lncRNAs using genome-wide transcriptome arrays
which might be useful for further studies in TLR3-activated
MSCs.

In terms of MSC differentiation signals, J. Chen et al.
contribute a study describing the impact of TGFß/Smad
signaling for chondrogenic differentiation. Here they explore
the role of exogenous heparin sulfate (HS) in terms of its
underlying molecular mechanism in MSC chondrogenesis.

They applied HS both alone and in combination with TGF-ß
and thereby modified TGF-ß receptor expression and ratios,
also having an impact on Smad 2/3 activity.

In the neural system, enteric clusters of neurons are
crucial to uphold gastrointestinal movement and regulation.
Here, P. H. Neckel et al. provide new information on the tran-
scriptome of enteric neural system (ENS) progenitor cells.
They report on differentially regulated genes compared in
proliferating and differentiating ENSs involved in pathways
such as cell cycle, apoptosis, proliferation, or differentiation.

Besides the expected differences in cell cycle regulation
they also reported on marked inactivation of the canonical
Wnt-pathway after induction of differentiation.

In a second study on the enteric nervous system, K.
Nothelfer et al. further extend the knowledge about theWnt-
Fzd-pathway in the ENS. They investigated the expression
of the Wnt receptor frizzled-4 in the human ENS of small
and large intestines and found a significant abundance of
frizzled-4 in a subpopulation of enteric neuronal and glial
cells. Moreover they observe a copositivity of frizzled-4 with
neural progenitor markers nestin and p75ntr, implying a role
of frizzled-4 during the development of the ENS.

On the reverse developmental pathway describing the
reprogramming of somatic cells to induced pluripotent stem
cells, a huge number ofmechanisms and transcription factors
are involved in the turn of maturity to pluripotency. Here,
it was already reported that T-box transcription factors play
distinct roles in the pluripotency network itself as well
as during early steps of development. In this respect, M.
Klingenstein et al. provide evidence that although Tbx3 is
positively promoting iPS cell reprogramming, it still is not
crucial for the generation or persistence of iPS cells. This
information might fill a gap of knowledge concerning factors
involved in both pluripotency and in early steps of cell fate
determination, cell development, and adult function.

Signaling pathways and underlying factors represent the
crucial set to upkeep stemness in vivo and in vitro. Nev-
ertheless, during recent years it has become evident that
these factors and their balance are also involved in early
cell fate choice. In a summary on pluripotency factors, C.
Weidgang et al. summarize current knowledge about the
role of these factors not only in pluripotent conditions,
but also during early cell fate determination, namely, the
exit from pluripotency. Herein, a thorough and well-defined
overview is provided as useful germ layer-related classifier of
pluripotency factors.

Organ development occurs in a cell but also niche-
dependent manner. Herein, the developing pancreas gives a
bona fide example where pancreatic epithelial cells develop
in branching morphogenesis while receiving important sig-
naling input from the overlying mesenchyme. H. A. Russ
and colleagues complemented a transgenic mouse model to
label the pancreatic mesenchyme with subsequent proteomic
analysis. Thereby, three potentially important factors for
pancreatic development were identified, which the authors
validated in directed differentiation efforts of human embry-
onic stem cells. Taken together, analyzing the proteome of
supporting tissues in mouse models may aid to identify novel
regulators of pancreatic differentiation of human pluripotent
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stems cells and thereby improve purity of currently available
protocols.

Pancreatic development occurs in a stepwise and tightly
regulated manner, a process strongly dependent on a tran-
scription factor orchestra including Pdx1, Prrx1, or Sox9.
M. Reichert and colleagues shed light on the role of such
factors during initiation of pancreatic cancer. Herein, the
authors outline the stepwise onset of various pancreatic
cancer progenitor lesions and put the governing factors in
both a developmental and cancerous context. In that sense
they develop a model for developmental factors regulating
acinar and duct cell transformation, to date the most critical
and earliest event of pancreatic cancer onset.

Following this track, E. Hessmann and colleagues iden-
tified the Nfatc4-Sox9 axis as a critical driver of acinar cell
plasticity and pancreatic cancer initiation. Oncogenic Kras
requires secondary hits to drive premalignant lesions in
the pancreas toward carcinogenesis. Herein, developmental
pathways such as the epidermal growth factor signaling
axis are sufficient to pass this premalignant border. The
authors complemented acinar explant cultureswith immuno-
histochemical methods and chromatin immunoprecipitation
analysis to identify the fact that Nftac4 is activated by
EGFR signaling and initiates acinar to ductal metaplasia by
direct transcriptional activation of Sox9.Thereby, the authors
provide additional evidence supporting a Janus face of Sox9
during development and cancer in the pancreas.

Finally, M. Quante et al. developed a novel 3D culture
system to study cancerous and normal intestinal tissue in a
niche-dependent context. The complementation of intestinal
but also premalignant Barrett epithelium derived organoid
cultures with various matrices and cocultured cell types
enabled the group to studyniche-dependent effects in the gas-
trointestinal tract. In turn, myofibroblasts but also neurons
from the enteric nervous system boosted organoid growth
and enhanced survival. The developed platform provides
unique access to modulate and mimic cancerous growth in
vitro and at the same time to study niche-dependence in self-
renewing (cancer) stem cells.

Taken together, the current special issue provides a
unique disquisition on embryonic and somatic stem cells
in healthy but also diseased tissues and the impact of stem
cell factors and niche-effects on their differentiation and self-
renewal capacity. Again, the parallel lines between embryonic
development and cancer onset, governed by similar factors in
different contexts, become evident and disclose the impor-
tance to understand both similarities and discrepancies of
these processes.

Stefan Liebau
Paul Gadue

Kodandaramireddy Nalapareddy
Guido von Figura
Alexander Kleger
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Heparan sulfate (HS) interacts with growth factors and has been implicated in regulating chondrogenesis. However, the effect of
HS on TGF-𝛽-mediated mesenchymal stem cell (MSC) chondrogenesis and molecular mechanisms remains unknown. In this
study, we explored the effects of exogenous HS alone and in combination with TGF-𝛽3 on chondrogenic differentiation of human
MSCs and possible signal mechanisms. The results indicated that HS alone had no obvious effects on chondrogenic differentiation
of human MSCs and TGF-𝛽/Smad2/3 signal pathways. However, the combined TGF-𝛽3/HS treatment resulted in a significant
increase in GAG synthesis, cartilage matrix protein secretion, and cartilage-specific gene expression compared to cells treated with
TGF-𝛽3 alone. Furthermore, HS inhibited type III TGF-𝛽 receptors (T𝛽RIII) expression and increased TGF-𝛽3-mediated ratio of
the type II (T𝛽RII) to the type I (T𝛽RI) TGF-𝛽 receptors and phosphorylation levels of Smad2/3.The inhibitor of the TGF-𝛽/Smad
signal, SB431542, not only completely inhibited HS-stimulated TGF-𝛽3-mediated Smad2/3 phosphorylation but also completely
inhibited the effects of HS on TGF-𝛽3-induced chondrogenic differentiation. These results demonstrate exogenous HS enhances
TGF-𝛽3-induced chondrogenic differentiation of human MSCs by activating TGF-𝛽/Smad2/3 signaling.

1. Introduction

Mesenchymal stem cells (MSCs), because of their extensive
proliferative capacity and strong chondrogenic potential,
represent a promising cell source for cartilage repair [1, 2].
Effective chondrogenic induction of MSCs for the repair of
cartilage damage remains a great challenge. A lot of research
has focused on the factors and molecular mechanisms
enhancing chondrogenic potential of MSCs [3, 4]. Among
the factors, growth factors play important roles in regulating
chondrogenesis [5]. Transforming growth factor-𝛽3 (TGF-
𝛽3), a member of TGF-𝛽 superfamily, is the most extensively
used growth factor for inducing differentiation of MSCs [6].

Studies have demonstrated that TGF-𝛽3 stimulates cartilage
formation both in vitro and in vivo, producing more collagen
II and aggrecan inMSC cultures than either TGF-𝛽1 or TGF-
𝛽2 [5, 7].

TGF-𝛽 enhances the expression of chondrogenicmarkers
by activating typical TGF-𝛽/Smad signaling. TGF-𝛽 signaling
is initiated through the sequential activation of two ser-
ine/threonine kinase receptors: the type II (T𝛽RII) and the
type I (T𝛽RI) TGF-𝛽 receptors. The TGF-𝛽 ligand, binding
to T𝛽RII, phosphorylates and activates T𝛽RI to form a large
ligand-receptor complex, which then activates downstream
Smad2/3 molecule and induce TGF-𝛽-dependent transcrip-
tional programs [8]. The type III TGF-𝛽 receptor (T𝛽RIII),
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also named betaglycan, is a widely expressed heparan sul-
fate (HS) and chondroitin sulfate (CS) proteoglycan that is
believed to be a coreceptor for TGF-𝛽 [9]. T𝛽RIII modulates
TGF-𝛽 signaling by binding and presenting TGF-𝛽s ligand to
T𝛽RII [10, 11].

Recently, there is increasing evidence that extracellular
matrix (ECM), as a major component of cell niche, plays a
central role inMSCs proliferation and differentiation through
the regulation of the growth factor interactions between the
ECM and cells [12, 13]. Heparan sulfates (HSs) are highly
sulfated glycosaminoglycans (GAGs) [14, 15]. In vivo, they
covalently attach to different core proteins to form heparan
sulfate proteoglycans (HSPGs), which exist on the cell sur-
faces or in the ECM of multiple tissues, including developing
and mature cartilage [16, 17]. Studies have demonstrated
that HSPGs play key roles in cartilage development and
skeletal growth [18–20]. HS chains in HSPG interactions
with a variety of chondroregulatory molecules have been
implicated in regulating chondrogenesis through various sig-
naling pathways, including fibroblast growth factors (FGFs),
bone morphogenetic proteins (BMPs), TGF-𝛽s, Wnt, and
Hedgehog [20]. TGF-𝛽s are important chondroregulatory
factors that have been shown to interact with HS [21]. Chen
et al. reported that HSPGs might play an important role in
regulating TGF-𝛽 through the regulation of latent transform-
ing growth factor-𝛽-binding protein (LTBP1) assemblies [22].
Cell-surface HS proteoglycans have been shown to modulate
TGF-𝛽 responsiveness in epithelial cells and other cell types
[10]. However, the direct role of exogenous HS in TGF-
𝛽-mediated chondrogenesis of MSCs and corresponding
molecular mechanisms remains to be demonstrated.

We used an in vitro human MSC (hMSC) chondrogenic
differentiation model to study the role of exogenous HS in
TGF-𝛽3-induced chondrogenesis and TGF-𝛽/Smad signal-
ing. Our results suggest that exogenousHS clearly potentiates
TGF-𝛽3-induced chondrogenic differentiation of hMSCs by
modulating the expression mode of TGF-𝛽 receptors and by
activating the downstream Smad signaling pathway.

2. Materials and Methods

2.1. Cell Isolation and Culture. The Ethics Committee of the
First Affiliated Hospital of Sun Yat-sen University approved
this study, and all the subjects provided written informed
consent. The bone marrow samples are from three healthy
volunteer donors with an age range of 18 to 22 years. They
have no physical disease. hMSCswere isolated andpurified by
the following method of density gradient centrifugation [23].
Briefly, the bone marrow samples were added to Ficoll-Paque
(1.077 g/mL) (TBD, Tianjin, China) and centrifuged for
20min at 500 g. The mononuclear cells were resuspended in
low-glucose Dulbecco’s modified Eagle medium (L-DMEM)
(Gibco, Invitrogen Corporation, NY, USA) supplemented
with 10% fetal bovine serum (FBS) (Gibco, Invitrogen Cor-
poration, Uruguay) and were incubated at 37∘C under 5%
CO
2
. After 48 h, nonadherent cells were removed by changing

the medium. Cells were passaged in culture when 80–90%
confluence was reached. We used cells from passage 3 to
passage 6 in our experiments.

2.2. Chondrogenic Differentiation of hMSCs in Pellet Culture.
Human MSCs were harvested and resuspended at 2 × 107
cells/mL, according to the following procedure [24]. Cell
droplets (4× 105/20𝜇L) were divided into four groups. Group
1 (C group) was maintained in the chondrogenic control
medium consisting of high-glucose DMEM (H-DMEM),
supplemented with 50𝜇g/mL vitamin C, 100 nM dexam-
ethasone, 1mM sodium pyruvate, 40 𝜇g/mL proline, and
ITS+Universal Culture Supplement Premix (BDBiosciences,
NY, USA) (final concentrations: 6.25𝜇g/mL bovine insulin,
6.25 𝜇g/mL transferrin, 6.25𝜇g/mL selenous acid, 5.33 𝜇g/mL
linoleic acid, and 1.25mg/mL bovine serum albumin (BSA)).
Group 2 (HS group) was maintained in the control medium,
supplemented with 100 𝜇g/mL HS (Sigma-Aldrich, St. Louis,
USA). Group 3 (T group) was maintained in the control
medium, supplemented with 10 ng/mL TGF-𝛽3 (PeproTech,
RockyHill, USA). Group 4 (T +HS group) wasmaintained in
the control medium, supplemented with 100 𝜇g/mL HS and
10 ng/mL TGF-𝛽3. Cell droplets were incubated at 37∘C/5%
CO
2
. The medium was changed every 3 days, and induced

cartilage tissues were harvested on days 3, 7, 14, and 21.

2.3. Quantitative Analysis of Glycosaminoglycan (GAG). The
harvested cartilage balls were washed and then digested in
phosphate-buffered saline (PBS) solution containing 0.03%
papain, 5mMcysteine hydrochloride, and 10mMEDTA-Na2
for 16 h at 65∘C.The DNA concentration was measured using
the Hoechst 33258 binding assay. Briefly, an aliquot of the
lysate was reacted with 0.7 𝜇g/mL Hoechst 33258 solution
(Sigma-Aldrich, St. Louis, USA) for 10min and then was
measured using a SpectraMaxM5Microplate Reader (Molec-
ular Devices, Sunnyvale, CA, USA) at 340 nm for excitation
and 465 nm for emission. The 1,9-dimethylmethylene blue
(DMMB) (Sigma-Aldrich, St. Louis, USA) dye binding assay
was used for detecting GAG concentration. Similarly, an
aliquot of the lysate was reacted with DMMB solution for
10min in the absence of light, and the absorbance at 525 nm
was measured using a Varioskan Flash Multimode Reader
(Thermo Scientific, Waltham, MA, USA). GAG content was
normalized against DNA content.

2.4. Histology and Immunohistochemistry. The different
groups of chondrogenic pellets were harvested on day 7
after chondrogenic induction. The pellets were fixed in
4% paraformaldehyde for 1 day and embedded in paraffin.
Paraffin sections (4 𝜇m thick) were deparaffinized using
xylene, rehydrated through a graded series of washes in
ethanol, and finally rinsed in PBS. Sections were stained
with hematoxylin and eosin (HE) (Sigma-Aldrich, St. Louis,
USA) for cartilage structure and 0.1% Alcian blue (AB)
(Sigma-Aldrich, St. Louis, USA) for proteoglycan. For
immunohistochemistry, rehydrated sections were treated
with a pepsin solution at 37∘C for 10min, incubated with 3%
H
2
O
2
for 10min and with blocking serum for 15min, and

then were allowed to react overnight with rabbit anti-human
collagen type II polyclonal antibodies (Abzoom Biolabs,
Dallas, TX, USA), diluted at 1 : 1000 at a temperature of
4∘C. Afterwards, biotinylated goat anti-rabbit IgG (EarthOx,
SFO, USA) was applied for 30min. Sections were incubated
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Table 1: Primers used for real-time PCR.

Gene Forward primer (5 to 3) Reverse primer (5 to 3)
GAPDH 5-AGAAAAACCTGCCAAATATGATGAC-3 5-TGGGTGTCGCTGTTGAAGTC-3

Col2A1 5-GGCAATAGCAGGTTCACGTACA-3 5-CGATAACAGTCTTGCCCCACTT-3

ACAN 5-TGCATTCCACGAAGCTAACCTT-3 5-GACGCCTCGCCTTCTTGAA-3

SOX9 5-AGCGAACGCACATCAAGAC-3 5-GCTGTAGTGTGGGAGGTTGAA-3

T𝛽RI 5-ATTACCAACTGCCTTATTATGA-3 5-CATTACTCTCAAGGCTTCAC-3

T𝛽RII 5-ATGGAGGCCCAGAAAGATG-3 5-GACTGCACCGTTGTTGTCAG-3

T𝛽RIII 5-GTGTTCCCTCCAAAGTGCAAC-3 5-AGCTCGATGATGTGTACTTCCT-3

GAPDH: glyceraldehyde-3-phosphate dehydrogenase; COL2A1: collagen type II; ACAN: aggrecan; SOX9: SRY (sex determining region Y)-box 9; T𝛽RI/II/III:
recombinant human transforming growth factor-𝛽 receptor type I/II/III.

with peroxide-conjugated streptavidin working solution
and stained with 3,3-diaminobenzidine tetrahydrochloride
(DAB) (Jinshan Jinqiao, Beijing, China), and staining was
visualized using an Axio observer Z1 microscope (Zeiss,
Göttingen, Germany).

For fluorescent immunohistochemistry staining, tissue
sections were microwaved in a 10mM citrate buffer, blocked
for 1 h with PBS containing 5% BSA, and reacted overnight
with the appropriate primary antibodies (human T𝛽RI anti-
body (Santa Cruz, Dallas, USA); human T𝛽RII antibody (RD
Systems); and human T𝛽RIII antibody (Santa Cruz, Dallas,
USA)), diluted at 1 : 50 at 4∘C. Tissue sections were incubated
then with fluorescein isothiocyanate (FITC) conjugated sec-
ondary antibodies (diluted 1 : 100) for 1 h at room tempera-
ture. Finally, sections were stained with (4,6-diamidino-2-
phenylindole) DAPI (1mg/mL), covered with glycerol, and
examined using a Zeiss LSM 710 confocal microscope (Carl
Zeiss, Heidelberg, Germany).

2.5. RNA Extraction and Real-Time PCR Analysis. Total RNA
was extracted from pellets using an RNAsimple Total RNA
Kit (Tiangen, China) and reverse transcribed into cDNA
using a PrimeScript RT Reagent Kit (Takara, Osaka, Japan)
at day 7 after chondrogenic induction. Real-time polymerase
chain reaction (PCR) was performed in triplicate using a Bio-
Rad real-time PCRDetection Systemwith iQ 5 optical system
software (Bio-Rad Laboratories, Hercules, CA, USA) and
SYBRGreen IMasterMix (Takara, Osaka, Japan). Expression
of the following genes was analyzed: aggrecan (ACAN); col-
lagen type II, alpha 1 (COL2A1); SRY (sex determining region
Y)-box 9 (SOX9); T𝛽RI; T𝛽RII; and T𝛽RIII. The level of
expression of the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene was used as an internal control. The primer
sequences are listed in Table 1. The relative expression levels
for each target genewere calculated using the 2−ΔΔCT method.

2.6. Western Blot. After 24 h of chondrogenic induction,
proteins were extracted from the pellets with radioimmuno-
precipitation assay (RIPA) lysis buffer containing protease
and phosphatase (CWBio, Beijing, China). The protein con-
centration was then measured with a bicinchoninic acid
assay using a BCA Protein Assay Kit (CWBio, Beijing, PR
China) and conserved at –80∘C. For the western blot, equal

amounts of proteins were separated by sodium dodecyl sul-
fate polyacrylamide gel electrophoresis and transferred onto
a polyvinylidene difluoride (PVDF) membrane (Millipore,
Boston, USA) at 250mM for 100 minutes using a Pow-
erPac Basic electrophoresis apparatus (Bio-Rad, Hercules,
USA). The PVDF membranes were blocked for 1 h with
5% skim milk/Tris-buffered saline containing 0.1% Tween-
20 (TBST) and then were incubated overnight at 4∘C with
the appropriate primary antibodies: rabbit anti-phospho-
Smad2 (Ser465/467)/Smad3 (Ser423/425) (Cell Signaling),
rabbit anti-Smad2/3 (Cell Signaling, Danvers, USA), and
anti-GAPDH monoclonal antibody (EarthOx, SFO, USA).
All the primary antibodies were applied at a 1 : 1000 dilution.
After the primary antibody reaction, target proteins were
detected using HRP-conjugated goat anti-rabbit IgG (diluted
1 : 10,000) for 1 h. The immune complexes were then detected
using SuperSignal West Pico Chemiluminescent Substrate
(Pierce, NY, USA) and they were visualized via the Image
Quant Las4000mini (GE Healthcare, UK). The protein levels
in the phosphorylated Smad2/3 were quantified and normal-
ized to the total Smad2/3 quantities.

2.7. Inhibition of TGF-𝛽/Smad Signaling. To assess the role
of the TGF-𝛽/Smad signaling in HS regulation of TGF-𝛽3-
induced hMSCs chondrogenic differentiation, the cells were
treated with or without SB431542 (Sigma-Aldrich, St. Louis,
USA) 2 h before stimulation by either 10 ng/mL of TGF-𝛽3
alone or 100 𝜇g/mL HS combined with 10 ng/mL TGF-𝛽3.
SB431542 is a selective inhibitor of activin receptor-like kinase
ALK5 (T𝛽RI), whereas Smad2 and Smad3 are substrates for
ALK5. SB431542 has been demonstrated as being the specific
inhibitor for TGF-𝛽/Smad pathway [25]. After 7 days of chon-
drogenic induction, the cells were collected, and phospho-
Smad2 (Ser465/467)/Smad3 (Ser423/425) antibodies were
detected by western blot. The chondrogenic differentiation
ability of hMSCs was assayed by immunohistochemistry
staining for collagen type II and by real-time PCR for
chondrogenic genes expression.

2.8. Statistical Analysis. All quantitative data were presented
as mean values ± standard errors (SE). Statistical analysis,
consisting of one-way ANOVA followed by a LSD 𝑡-test,
was performed using SPSS 16.0 statistical software (SPSS,
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Figure 1: Heparan sulfate promotes TGF-𝛽3-induced chondrogenic differentiation of hMSCs. Cells were cultured in control medium (C),
heparan sulfate (HS), TGF-𝛽3 (T), or heparan sulfate together with TGF-𝛽3 (T + HS) for 21 days (𝑛 = 4). (a) Glycosaminoglycan (GAG)
quantification at days 3, 7, 14, and 21. a



𝑃 < 0.01 versus C group, b𝑃 < 0.05 versus T group, and b
𝑃 < 0.01 versus T group. (b) Real-time PCR

analysis of cartilage-specific genes SRY (sex determining region Y)-box 9 (SOX9), aggrecan (ACAN), and collagen type II (COL2A1) at day
7. a


𝑃 < 0.01 versus C group, b𝑃 < 0.05 versus T group, and b
𝑃 < 0.01 versus T group. (c) Hematoxylin and eosin (HE) staining for cartilage

structure, Alcian blue staining for proteoglycan, and immunohistochemistry for collagen type II at day 7. Scale bar = 50 𝜇m.

Chicago, IL, USA). 𝑃 < 0.05 was chosen as the threshold of
significance.

3. Results

3.1. HS Promotes TGF-𝛽3-Induced Chondrogenic Differenti-
ation of hMSCs. HS alone did not elevate the synthesis of
GAG greatly at different time points (Figure 1(a); 𝑃 > 0.05).
Cartilage-specific gene expression (Figure 1(b); 𝑃 > 0.05)
and proteoglycan and collagen type II secretion (Figure 1(c))

were also not elevated significantly compared with that of the
untreated controls. The cells treated with TGF-𝛽3 produced
more GAG (Figure 1(a); 𝑃 < 0.01) at days 3, 7, 14, and
21 and more cartilage matrix proteins (Figure 1(c)), as well
as increased cartilage-specific gene expression (Figure 1(b);
𝑃 < 0.01), compared to the control cells. Interestingly, the
addition of TGF-𝛽3 together with HS results in significant
increases in GAG synthesis (Figure 1(a); 𝑃 < 0.01 at days
7 and 14 and 𝑃 < 0.05 at day 21), cartilage-specific gene
expression of SOX9 (𝑃 < 0.01), ACAN (𝑃 < 0.01), and
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Figure 2: Continued.
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Figure 2: HS modulates expression mode of TGF-𝛽 receptors. Cells were cultured in four different media (C, HS, T, and T + HS) for 7 days.
(𝑛 = 3) (a) mRNA expression of T𝛽RI and T𝛽RII and ratio of T𝛽RII to T𝛽RI by real-time RT-PCR. a𝑃 < 0.05 versus C group, a



𝑃 < 0.01

versus C group, and b
𝑃 < 0.05 versus T group. (b) The expressions of T𝛽RI and T𝛽RII are visualized by immunofluorescence staining using

anti-T𝛽RI (green) and anti-T𝛽RII (red) antibodies. Nuclei are counterstained using DAPI (blue). The far right panels show merged images.
Scale bar = 50 𝜇m. (c) mRNA expression of T𝛽RIII by real-time RT-PCR assay. a



𝑃 < 0.01 versus C group, b


𝑃 < 0.01 versus T group. (d)
The expressions of T𝛽RIII are visualized by immunofluorescence staining using anti-T𝛽RIII (red) antibodies. Nuclei are counterstained using
DAPI (blue). The far right panels show merged images. Scale bar = 50 𝜇m.

COL2A1 (𝑃 < 0.05) (Figure 1(b)), and cartilage matrix-
protein secretion (Figure 1(c)), as compared to the cells
treated with TGF-𝛽3 alone. These results show that HS
enhances TGF-𝛽3-induced chondrogenic differentiation of
hMSCs.

3.2. HS Modulates the Expression Mode of TGF-𝛽 Receptors.
There was no difference between the T𝛽RI mRNA levels and
the protein expression of the cells treated with HS alone or
TGF-𝛽3 alone and those of the untreated control cultures
(Figure 2(a); 𝑃 > 0.05) (Figure 2(b)). However, the com-
bination of TGF-𝛽3/HS treatment decreased T𝛽RI mRNA
levels (Figure 2(a); 𝑃 < 0.05) and T𝛽RI protein expression
(Figure 2(b)) compared to those of the other groups. The
HS treatment alone did not increase the expression of the
T𝛽RII gene (Figure 2(a); 𝑃 > 0.05) or the protein expression
(Figure 2(b)) compared to that of the untreated control

cultures. Both the TGF-𝛽3 treatment alone and the combined
TGF-𝛽3/HS treatment enhanced the mRNA levels of the
T𝛽RII gene (Figure 2(a); 𝑃 < 0.05) and T𝛽RII expression
(Figure 2(b)) compared to those of the control. There was
no obvious difference in T𝛽RII gene levels (Figure 2(a); 𝑃 >
0.05) or T𝛽RII expression (Figure 2(b)) between the TGF-
𝛽3 treatment alone and the combined TGF-𝛽3/HS treatment.
Analysis of the ratio of T𝛽RII to T𝛽RI levels revealed that the
ratio of cells treatedwas higher in the TGF-𝛽3-only treatment
and the combined TGF-𝛽3/HS treatment than in the controls
(Figure 2(a); 𝑃 < 0.05 and 𝑃 < 0.01, resp.). T𝛽RII/T𝛽RI
levels increased dramatically in the combined TGF-𝛽3/HS
treatment compared to those of the TGF-𝛽3-only treatment
(Figure 2(a); 𝑃 < 0.05). For T𝛽RIII, the HS alone or TGF-
𝛽3 alone treatment and the combination of TGF-𝛽3/HS
treatment decreased T𝛽RIII mRNA levels (Figure 2(c); 𝑃 <
0.01) and T𝛽RIII protein expression (Figure 2(d)) compared
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Figure 3: HS strengthens TGF-𝛽3-mediated Smad2/3 phosphorylation. Cells were cultured in four different media (C, HS, T, and T + HS)
and were harvested at 24 h. (a) Western blot for protein levels of P-Smad2/3, total Smad2/3, and GAPDH. (b) Quantification of protein levels
of P-Smad2/3 normalized to total levels of Smad2/3. Error bars represent the means ± SD, 𝑛 = 3. a



𝑃 < 0.01 versus C group, b𝑃 < 0.05 versus
T group.
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Figure 4: SB431542 blocks HS-activated TGF-𝛽3-mediated Smad2/3 phosphorylation. Cells were cultured in control medium supplemented
with TGF-𝛽3 (T), SB431542 treated for 2 h before treatment with TGF-𝛽3 (T + SB), TGF-𝛽3 together with HS (T + HS), or SB431542 treated
for 2 h before treatment with TGF-𝛽3 together with HS (T + HS + SB). Samples were harvested at 24 h. (a) Western blot for protein levels of
P-Smad2/3, total Smad2/3, and GAPDH. (b) Quantification of protein levels of P-Smad2/3 normalized to total levels of Smad2/3. Error bars
represent the means ± SD, 𝑛 = 3. a



𝑃 < 0.01 versus T + SB group, b


𝑃 < 0.01 versus T + HS + SB group, and c
𝑃 < 0.05 versus T group.

to those of the control. T𝛽RIII levels decreased obviously in
the combined TGF-𝛽3/HS treatment compared to those of
the HS alone or TGF-𝛽3 alone treatment (Figure 2(c); 𝑃 <
0.01) (Figure 2(d)).

3.3. HS Strengthens TGF-𝛽3-Mediated Phosphorylation of
Smad2/3. As shown in Figure 3, HS alone did not affect the
expression of phospho-Smad2/3. However, both the TGF-
𝛽3-only treatment and the combined TGF-𝛽3/HS treatment
strongly activated the phosphorylation of Smad2/3. It is
worth noting that HS further enhanced phospho-Smad2/3
activation induced by TGF-𝛽3.

3.4. SB431542 Blocks HS-Activated TGF-𝛽3-Mediated Phos-
phorylation of Smad2/3. SB431542 inhibited TGF-𝛽3-acti-
vated Smad2/3 phosphorylation and completely inhibited
HS-enhanced TGF-𝛽3-activated Smad2/3 phosphorylation
(Figure 4(a)). There was no statistical difference between the
phosphor-Smad2/3 levels of the cells treated with TGF-𝛽3 in
the presence of SB431542 (T + SB) or in those treated with
TGF-𝛽3 and HS in the presence of SB431542 (T + HS + SB)
(Figure 4(b); 𝑃 > 0.05).

3.5. SB431542 Inhibits HS-Enhanced TGF-𝛽3-Induced Chon-
drogenic Differentiation of hMSCs. The RT-PCR analysis
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Figure 5: SB431542 inhibits HS-enhanced TGF-𝛽3-induced chondrogenic differentiation of hMSCs. Cells were cultured in four different
media (T, T + HS, T + HS, and T + HS + SB) for 7 days. (a) mRNA levels of SOX9, ACAN, and COL2A1 are measured by real-time PCR.
Error bars represent the means ± SD, 𝑛 = 4. a



𝑃 < 0.01 versus T + SB group, b


𝑃 < 0.01 versus T + HS + SB group, c𝑃 < 0.05 versus T group,
and c
𝑃 < 0.01 versus T group. (b) Immunohistochemistry staining for collagen type II. 𝑛 = 3, scale bar = 50 𝜇m.

showed that the combined TGF-𝛽3/HS treatment signif-
icantly increased cartilage-specific gene (SOX9, ACAN,
and COL2A1) expression when compared to that of the
cells treated with TGF-𝛽3 alone (Figure 5(a); 𝑃 < 0.01)
(Figure 1(b); 𝑃 < 0.01). The expression of cartilage-specific
genes decreased in the T + SB and T + HS + SB groups
as compared to that of either the T or T + HS groups
(Figure 5(a); 𝑃 < 0.01). There was no statistically significant
difference in the expression levels of SOX9, ACAN, and
COL2A1 between the T + SB group and T + HS + SB group
(Figure 5(b); 𝑃 > 0.05). Immunohistochemistry for collagen
type II showed similar results, with the expression of collagen
type II that was enhanced by TGF-𝛽3 completely inhibited by
SB431542 (Figure 5(b)).

4. Discussion

HS-stimulated cartilage nodule formation and growth in
micromass cultures of chick limb budmesenchyme have been
reported [26]. However, our results showed that exogenous
HS alone did not strongly induce chondrogenesis of MSCs in
vitro (Figure 1).The discord may be due to MSCs being more
original compared to the cells derived from chick limb bud
mesenchyme.Our results also confirmed the findings of other
studies, which demonstrated that TGF-𝛽3 induced chondro-
genic differentiation of MSCs [7]. Interestingly, we found
that HS significantly enhanced TGF-𝛽3-induced chondro-
genic differentiation and cartilage-specific gene expression of
hMSCs (Figure 1). Fisher et al. reported that exogenous HS
enhances the ability of bone morphogenetic protein 2 (BMP-
2), another important member of the TGF-𝛽 superfamily, to
promote chondrogenic differentiation in micromass cultures
of limb mesenchymal cell [27]. Based on these studies,
perlecan, a HSPG in the ECM, was complexed with collagen

II to construct a biomimetic material. The resulting material
was able to bind more BMP-2 than a type II collagen
scaffold, leading to enhanced chondrogenic differentiation
[28]. Our results further demonstrate the important role of
HS in regulating the chondrogenic activity of the TGF-𝛽
superfamily. They also provide an experimental basis for HS
or HSPG as biomimetic biomaterials or drug interacting with
TGF-𝛽 for cartilage tissue engineering.

HS might regulate signaling-molecule response by mod-
ulating the interactions between growth factors with their
receptors [27]. To explore themolecularmechanismbywhich
HS enhances TGF-𝛽3-induced chondrogenic differentiation
and to determine whether HS increased TGF-𝛽 signaling,
we observed the effect of HS on TGF-𝛽3-mediated T𝛽R
(I, II, and III) expression and phosphorylation of Smad2/3.
The results showed that HS modulated the TGF-𝛽3-induced
expression of TGF-𝛽 receptors, decreased T𝛽RIII expression
(Figure 2) but increased the ratio of T𝛽RII to T𝛽RI (Figure 2),
and increased Smad2/3 phosphorylation (Figure 3). The
results indicate that exogenousHSmodulates the interactions
between TGF-𝛽3 with its receptors and activates downstream
Smad2/3 signal pathway. A previous study reported that
increasing the ratio of T𝛽RII to T𝛽RI in the TGF-𝛽 recep-
tor/ligand complex provided a positive signal to augment
TGF-𝛽-induced cellular responses [10]. It is possible that HS
increases the ratio of TGF-𝛽3 binding to T𝛽RII and T𝛽RI and
activates TGF-𝛽/Smad2/3 signaling. There are two possible
mechanisms in which exogenous HS modulates the interac-
tions between TGF-𝛽3 with its receptors. The binding of HS
to TGF-𝛽3 might directly facilitate the interaction of TGF-𝛽3
with its receptors [29]. Alternately, exogenous HS inhibited
endogenous HSPGs, T𝛽RIII (betaglycan) expression (Fig-
ures 2(c) and 2(d)). It has been reported that T𝛽RIII with
larger HSPGs negatively modulates TGF-𝛽-induced cellular
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responses by regulating the ratio of TGF-𝛽 binding to T𝛽RII
and T𝛽RI [9, 10].Thatmay explain HS-induced promotion of
TGF-𝛽3-induced chondrogenic differentiation of MSCs.

Although Smad2/3 is a primary TGF-𝛽 signaling pathway
for initiating chondrogenic differentiation, other pathways,
such as the P38 pathway, are also activated by TGF-𝛽
during chondrogenesis [30]. Our study further showed that
SB431542, a TGF-𝛽 signaling inhibitor, not only completely
inhibited HS-stimulated, TGF-𝛽3-mediated Smad2/3 phos-
phorylation (Figure 4) but also completely inhibited the
effects of HS on TGF-𝛽3-induced chondrogenic differen-
tiation (Figure 5). These results demonstrated that TGF-
𝛽/Smad2/3 signaling is an exclusive and unique pathway,
by which HS potentiates the TGF-𝛽3-induced chondrogenic
differentiation of MSCs.

5. Conclusions

This study demonstrated that exogenous HS enhanced TGF-
𝛽3-induced chondrogenic differentiation of hMSCs by facil-
itating interaction of TGF-𝛽3 with its receptors and further
activating downstream Smad2/3 signaling. These findings
provide a potential strategy for the use of HS or HSPG as
biomimetic biomaterials or drugs that cooperate with TGF-𝛽
for cartilage tissue engineering. Further research is required
to explore the roles of T𝛽RIII (betaglycan) in modulating
TGF-𝛽-induced chondrogenesis of MSCs by regulating the
interaction of TGF-𝛽3 with T𝛽RII and T𝛽RI. The corre-
sponding experiments are in progress.
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When germ-free cell cultures became a laboratory routine, hopes were high for using this novel technology for treatment of diseases
or replacement of cells in patients suffering from injury, inflammation, or cancer or even refreshing cells in the elderly. Today, more
than 50 years after the first successful bone marrow transplantation, clinical application of hematopoietic stem cells is a routine
procedure, saving the lives of many every day. However, transplanting other than hematopoietic stem and progenitor cells is still
limited to a few applications, and it mainly applies to mesenchymal stromal cells (MSCs) isolated from bone marrow. But research
progressed and different trials explore the clinical potential of humanMSCs isolated from bone marrow but also from other tissues
including adipose tissue. Recently,MSCs isolated frombonemarrow (bmMSCs)were shown to be a blend of distinct cells andMSCs
isolated from different tissues show besides some common features also some significant differences. This includes the expression
of distinct antigens on subsets of MSCs, which was utilized recently to define and separate functionally different subsets from bulk
MSCs. We therefore briefly discuss differences found in subsets of human bmMSCs and inMSCs isolated from some other sources
and touch upon how this could be utilized for cell-based therapies.

1. Introduction

The MSCs have been described for the first time as colony
forming fibroblasts (CFU-F), a rare population of cells resid-
ing in the bone marrow of guinea-pigs or mice [1, 2]. Other
researchers isolated MSCs from bone marrow of rabbits [3],
rats [4], pigs [5], and other species. Human bmMSCs were
described in the late nineties as well [6] and at the same time
a breakthrough study investigated the expression of typical
cell surface markers and the proliferation and differentiation
properties of human MSCs in more detail [7]. In the last
20 years, a huge number of studies investigated phenotypic
features and facts of MSCs. In July 2015, a web search yielded
more than 357 000 hits for the term “mesenchymal stem cell”

(Google Scholar; Table 1). At the same time PubMed listed
about 35 000 citations, and Web of Science listed about 134
000 publications for this term.

When the biological properties of MSCs were explored
in more detail, questions arose whether these cells met the
criterion of a true stem cell [8]. To qualify as a stem cell, these
cells must be able to self-renew, most likely by symmetric cell
division to produce two daughter cells with the same stem
cell qualities. At the same time, by asymmetric cell division
or after specific activation, stem cells must be able to generate
more mature progenitor cells or differentiated effector cells
(Figure 1). Nowadays, experts agree that MSCs may generate
upon appropriate stimulation quite different mature cells
including osteoblasts, chondrocytes, tenocytes, adipocytes,
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Table 1: Overview of studies published regarding MSCs using the
term “stem cell” or “stromal cell” in the last 20 years accessed by
a web search in July 2015 (Google Scholar). It seems that the term
“stem cell” became more popular although the “stemness” was only
shown in a more strict sense for MSCs involved in osteogenesis and
bone repair.

Search Hits Hits
Year MSC as “stem” cell MSC as “stromal” cell
1995–2000 12,000 12,100
2000–2005 41,000 21,700
2005–2010 156,000 38,200
2010–2015 148,000 33,600

smooth muscle cells, and stromal cells of the bone marrow
[9].They display differentiation capacities and therefore qual-
ify as multipotent progenitor cells (Figure 1). To qualify as
stem cells, self-renewal has to be shown as well [10].

Expansion of MSCs was shown to be limited to a few
passages of in vitro culture and the cells underwent replicative
senescence [11]. Changes in the differentiation potential of
MSCs after in vitro expansion were noted and chondrogenic
clones especially disappeared early on [12]. Therefore, avail-
able in vitro protocols for expansion of MSCs do not yield
true stem cells.MSCswere also investigated for stem cell qual-
ities in vivo. By consecutive transplantation, MSCs were able
to maintain their osteogenic progenitor potential and spon-
taneous heterotopic ossification was observed [13]. Sponta-
neous generation of cartilaginous or adipose tissue was not
observed experimentally after heterotopic implantation of
MSCs suggesting that at least bmMSCs are self-renewing
stem cells for skeletal tissue regeneration, but not stem cells
for regeneration of cartilage, fat, and other tissues [13].There-
fore, in a strict sense the term mesenchymal stem cell applies
only for osteogenesis or bone regeneration and consequently,
for general purposes, the term mesenchymal stromal cell is
preferred nowadays.

2. Sources for Mesenchymal Stromal Cells

Mesenchymal stromal cells have been described in and have
been isolated from many different adult tissues, including
bone marrow, adipose tissue, inner organs, and blood vessels
and from rather “young sources” such as amniotic fluid,
amniotic membrane, umbilical cord, or placenta [2, 14–22].
In order to be able to discriminateMSCs from fibroblasts and
other adherently growing cells, a group of experts suggested
defining bmMSCs by expression of a set of cell surface mark-
ers, a trilineage differentiation potential (osteogenic, chon-
drogenic, and adipogenic), and fibroblast-like appearance in
in vitro culture [23] (Figure 2). There is ample experimental
evidence that MSCs isolated from tissues other than bone
marrow share these features and generate upon stimulation
osteoblasts, chondrocytes, adipocytes, and other cells in vitro
as well [24–29]. However, until now, there is no experimental
evidence that MSC preparations from any source contain
progenitor cells that spontaneously generate fat or cartilage
after transplantation to ectopic sites.

Osteoblast
MSC

Self-renewal Differentiation

MSC

Chondrocyte

Adipocyte

Figure 1: Overview on self-renewal or differentiation of stem cells
in their respective stem cell niche.

In avascular tissues such as cartilage, MSC-like cells
meeting the inclusion criteria defined by the consensus con-
ference were detected as well [31–33]. Their relation to MSCs
derived from vascularized tissues, blood vessels, or serum is
a matter of debate for quite some years now [34]. Still, to our
momentary knowledge MSCs and MSC-like cells from dif-
ferent sources share characteristics including those features
used to define the adultMSCs [23].However, exploringMSCs
from different sources in more detail revealed significant
differences (see below).

In an adult organism and in sharp contrast to hematopoi-
etic stem and progenitor cells [35] or spermatogonial stem
cells [36], MSCs do not have stringent requirements for a
stem cell niche [8], but they attach well to fibronectin, colla-
gens, laminins, and other extracellular matrix proteins [37,
38]. MSCs were shown to appear upon adaptive transfer at
several sites in a healthy recipient, and only a few cells home
to bone marrow [39, 40]. Up to now, differences between
the homing of MSCs to bone marrow and MSCs detected
in other locations or trapped in the veins of the lung after
intravenous injection ofMSCs are not completely understood
[40]. Moreover, the overall efficacy of homing or grafting of
MSCs is low, but someMSCs applied by intravenous injection
are found even at sites of injury [40]. At the same time,
mobilization of MSCs occurs upon hypoxia or after injury,
indicating a correlation between the migratory capacities of
MSC and local wound repair [41]. A strong affinity of MSCs
to a defined and specialized niche would possibly hinder the
main function of these multipotent repair cells and prevent
their migration to damaged sites [42, 43].

3. Differences in the Transcriptome of
MSCs from Different Sources

Prima vista MSCs from different tissues share key charac-
teristics such as fibroblast-like appearance in vitro, trilineage
differentiation capacity, expression of certain cell surface anti-
gens (e.g., CD73, CD90, and CD105), and lack of expression
of others (e.g., CD11b, CD14, CD19, CD34, CD45, CD78, and
MHC class II; Figure 2) [23, 29, 44]. Most of the studies
investigating the expression of marker genes of MSCs have
been performed with cells after in vitro expansion and cell
culture conditions showed significant influence on the tran-
scriptome of MSCs. For instance, bmMSCs can be isolated
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Figure 2: Human mesenchymal stromal cells from bone marrow (bmMSCs) are defined by their expression of CD73, CD90, and CD105,
by lack of expression of a series of other cell surface markers such as CD11b, CD34, and CD45, and by a fibroblastoid appearance (a) and
trilineage differentiation to generate chondrocytes (b), osteoblasts (c), or adipocytes (d) (for further details see [23]).

and explored ex vivo without time-consuming procedures
and without proteolytic digestion [45]. Human bmMSCs
express ex vivo the receptor for nerve growth factor (CD271),
but its expression is lost by expansion of the cells in vitro
[30, 46]. Comparably, expression of CD34 on MSCs from
adipose tissue (atMSCs) is detected on cells ex vivo. However,
it is variable and depends on the cell culture conditions
[28]. Therefore, a comparison of the transcriptome of freshly
isolated MSCs from different sources seems biased at least to

some extent by methods employed for isolation and prepa-
ration of the cells. Furthermore, the transcriptome of MSCs
from different sources is probably influenced after expansion
at least to some degree by the cell culture conditions as well.

In early passages of in vitro expansion, MSCs from differ-
ent sources maintain some distinct features.This statement is
supported by several studies.The proliferating ability and the
gene expression of human bmMSCs and atMSCs were com-
pared [47]. The elevated proliferative capacity of atMSCs was
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bmMSC

paMSC

pmMSC

Figure 3: Comparing the total transcriptome of humanMSCs from
bone marrow (bmMSCs), from the amniotic site of human term
placenta (paMSC), and from the maternal, endometrial part of
human term placenta (pmMSC) in the second passage of in vitro
expansion. MSCs from placenta are similar, but bmMSCs are clearly
different from placenta derived MSCs.

associated with an elevated expression of transcription factor
Dickkopf (DKK) 1. The DKK family of genes encodes soluble
factors that participate in the development of mesenchymal
tissues and interact with theWnt-regulated pathway. Overall,
the transcriptome of human bmMSCs and atMSCs appeared
highly similar but several factors accounting for about 1%
of all genes investigated are expressed at significantly differ-
ent levels [47]. This highly similar gene expression profile
was taken as evidence that MSCs in all tissues might be
derived from a common mesenchymal precursor. Another
study investigated the gene expression in neonatal MSCs
isolated from umbilical cord blood (ucb-MSCs) from dif-
ferent donors with published gene-array data [48]. Again,
bmMSCs appeared highly similar to ucb-MSCs, and the
expression of five transcripts (genes) had not been reported in
MSCs before (MGC3047, MGC17528, MGC3278, FLJ12442,
and AGENCOURT 6683145) [48]. This study was extended
by exploring the transcriptome of ucb-MSCs compared to
MSCs isolated from the corresponding umbilical cord, where
MSCs are found enriched in Wharton’s jelly [49]. In this
case, from a total of 13,699 genes investigated 1,870 were
transcribed at significantly different levels representing 6% of
all annotations computed [49].

When comparing theMSCs fromamniotic sites of human
term placenta with MSCs from the maternal, endometrial
site of the placenta, differences were noted in the transcrip-
tome and more than 100 genes were expressed significantly
different (Figure 3). In these gene-array experiments human
bmMSCs served as controls, and the differences in their tran-
scriptome compared to both the placenta-derivedMSCs from
the amniotic site (paMSCs, i.e., fetal MSCs) and placenta-
derived MSCs from the endometrial site (pmMSCs, i.e.,
maternal MSCs) are obvious even to a layperson (Figure 3).
We recently confirmed that paMSCs and pmMSCs can be
separated with simple methods at a sufficient efficacy as the
lengths of the telomeres in paMSCs were significantly longer
compared to the corresponding pmMSCs after measuring
only a few samples [50]. This finding supports earlier studies
reporting on higher and extendedmitotic activity of neonatal
MSCs, a distinct differentiation potential, and extended life
span in vitro [51].

A comparison of the transcriptome of MSCs over time
during in vitro expansion revealed that at least within early

passages the transcriptome was stable and did not change
significantly between cells in their third compared to the sixth
passage of culture. At the same time, the expression of a set of
core genes was preserved in bmMSCs and all neonatal MSCs
were investigated, as were the differences found between
bmMSCs and different MSCs from neonatal tissues [52].

Others report on significant differences in the tran-
scriptome of bmMSCs compared to islet-derived precursor
cells (IdPCs) [19] which met the minimal criteria set for
bmMSCs [23]. Differences in their transcriptomes yielded
distinct patterns for factors associated with gland, muscular,
ectodermal, and nervous system development [19]. The dif-
ferences between the transcriptomes can be associated with
the differences in the origin of the cells during embryonic
development: bmMSCs are derived from limb anlagen and
IdPCs are derived from trunk anlagen. However, in this
study bmMSCs and IdPCs were expanded in slightly different
media [19].Therefore, a bias regarding cell culture conditions
cannot be excluded.

However, small differences in the transcriptome reported
between MSCs from different sources do have a noticeable
impact on the behaviour of the cells. Recently, we found a
significant difference between bmMSCs andplacenta-derived
MSCs (pMSCs) not only in the expression of the cell surface
molecule CD146 and the membrane-anchored alkaline phos-
phatase [53], but also in the expression of transcription factor
Runx2 [50], a gene associated with bone development. In
Runx2-targeted mice (Runx2−/−) endochondral ossification
is completely absent as differentiation of MSCs to osteoblasts
requires this transcription factor [54]. Therefore, differences
in ossification observed in bmMSCs compared to pMSCs not
only depend on a distinct expression of alkaline phosphatase
in bmMSCs but also correlate with significant differences
of regulatory factors in these cell types. At present, it can
be only speculated whether the differences in expression of
transcription factors influence the homing of bmMSCs versus
pMSCs, atMSCs, or other MSCs [19, 50]. Of note, differences
in expression of integrin components, for instance, between
bmMSCs and atMSCs, have been reported, and for atMSC
specific marker genes were defined [27]. Furthermore, there
is compelling evidence that MSCs isolated from different
sources but expanded under identical conditions share key
features as defined by the so-called minimal criteria [23],
but small differences in the expression of a few genes yield a
significantly different type of cells when it comes to regulation
of proliferation or differentiation of bmMSCs compared to
MSCs from other sources [50, 52, 55].Therefore, preselection
of the best source of MSCs and possibly even preselection
of subsets of MSCs may become an issue in the context of
clinical applications.

Studies exploring the total transcriptome of the cells
followed by bioinformatics and systems biology confirm that
MSCs from different sources are very closely related cells. In
this sense, the minimal criteria defined almost a decade ago
seem to not only describe these cells in a correct way but also
discriminate the MSCs from other progenitor cells including
the hematopoietic progenitor cells or endothelial progenitor
cells, found sometimes in the same niche efficiently [23].
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Figure 4: Schematic draft of the experimental strategy to define and functionally characterize subsets of human bmMSCs. MSCs were sorted
by fluorescence-activated cell sorting (FACS) (left panel). From the mononuclear cells the CD271+ subset, which is gated in R1, was further
subdivided by staining with two additional antibodies to TNAP and CD56 positive cells (gates R2 and R3, middle panel). The populations
defined by R2 or R3 were expanded in separate cultures and their proliferation and differentiation were compared (right panel) (for further
details see [30]).

4. Differences in MSC Subsets from
Bone Marrow

In routine procedures most laboratories isolate bulk MSC
populations and enrich mesenchymal stromal cells by a
combination of plastic adherence followed by expansion of
the cells in media preferring proliferation of MSCs [7]. Alter-
natively, MSCs can be isolated from bone marrow, peripheral
blood, or amniotic fluid by simple gradient centrifugation
and subsequently a given subset can be isolated using mon-
oclonal antibodies to detect specific cell surface antigens
expressed on some [30] but not on all MSCs [30, 45, 56].
For separation of such subsetsmagnetic-activated cell sorting
(MACS) or fluorescence-activated cell sorting (FACS) is used.
Accordingly, some of the proliferation- and differentiation-
competent human bmMSCs showed expression of the recep-
tor for nerve growth factor (CD271) and the tissue nonspecific
alkaline phosphatase (TNAP), previously referred to as mes-
enchymal stem cell antigen- (MSCA-) 1 [30, 45].The CD271+
subset was further subdivided using monoclonal antibodies
including anti-CD56 clone 39D5. Upon expansion of the
CD271+ TNAP+ CD56+ and the CD271+ TNAP+ CD56−
MSC subsets in individual cultures, an interesting functional
difference was observed: the CD56+ cells were proliferative
andmore chondrogenic, but less adipogenic compared to the
corresponding CD56− cells (Figure 4). This study provided
evidence that even a preselected subset of bmMSCs such as
the CD271+ mesenchymal cells can be further subdivided in
smaller fractions. It also supports the hypothesis that bmM-
SCs are ex vivo blend of cells. Accordingly, CD90+, VCAM-
1+, and CD271+ bmMSCs represent another distinct bmMSC

subset of cells [57, 58]. Other monoclonal antibodies defined
otherMSC subsets [45] and some of these antigenswere char-
acterized on MSCs in more detail recently [59]. Moreover, a
population of bmMSCs with low expression of the PDGF
receptor alpha (PDGFR𝛼) was considered as the primary
mesenchymal stromal cell [60]. Interestingly, PDGFR𝛼+,
CD51+, and nestin+ MSCs were shown to play a key role
for generating a stem cell niche for hematopoiesis [61, 62], a
feature of human bmMSCs previously associatedwith expres-
sion of CD146 [63].

However, nowadays not all MSC subsets as defined by
monoclonal antibodies ex vivo or in vitro can be associated
with functional differences, and the differences between such
subsets were defined by in vitro tests. Moreover, homing
experiments with bulk bmMSCs followed by detection of
MSCs at sites different from bone marrow in the recipient
are not definitive proof that bmMSC subsets represent cells
with distinct physiological tasks as homing of MSCs can be a
passive trapping in irrelevant tissues.

Due to technical limitations it is not well studied if com-
parable subsets of cells can be defined ex vivo in MSCs from
more niches such as adipose tissue, placenta, and perivas-
cular sites in inner organs or others. It might be that the
mesenchymal stem cell is only present in adult bone marrow
and other niches contain progenitor MSCs with a distinct
tissue specificity. Alternatively, the niche forMSCsmay be the
bone marrow harbouring or attracting stem cell-like MSCs
and distinct subsets of MSCs. Thus, after i.v. injection the
stem cell-like MSCs and distinct MSC subsets will primarily
migrate to bonemarrow of the recipient. However, albeit with
low efficacy, they also appear at other sites of a recipient.
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Inflammation and processes of tissue repair will then mod-
ulate the homing of MSCs and attract those MSC subsets
needed for local regeneration.

5. MSC Subsets and Translation in
Clinical Applications

The multipotent MSCs are an attractive cellular tool for
regenerative medicine and tissue engineering [9] and more
than 350 clinical trials involving MSCs are reported in the
web-based registry ClinicalTrials.gov. Most studies reported
focus on musculoskeletal tissues, circulation and ischemia,
gastrointestinal conditions, and the nervous system [64].
Application of MSCs in clinical trials has been considered
rather safe but some concerns remain [65, 66]. A recent
study pointed out that in less than half of all clinical cellular
trials reported to the FDA a tumorigenicity test of the
cells employed was performed [67]. Other questions arise
from the investigations performed during preclinical studies
[68]. However, nowadays there is considerable experience
with application of MSCs to treat graft-versus-host disease
(GvHD). If MSCs would have a considerable risk to generate
tumours or other adverse types of cells, one would expect
that such significant problems come to the surface especially
in patients after bone marrow transplantation and immune
suppression [69].

One important concern for the safety of patients is
of course the expansion of MSCs in vitro. Here an enor-
mous variability of protocols exists and in particular studies
utilizing cells from industrial sources rarely disclose the
exact methods employed in cell production. For preclinical
trials and more so for clinical safety and feasibility studies
standardized methods or open publication of all procedures
involved in cell production would be advantageous [64].

Applying bulk MSCs in a clinical context has technical
advantages. The preparation of cells does not involve addi-
tional steps for selection or adaptation of theMSCs andmany
cells can be produced. As outlined above, MSCs prepared
by standard procedures (attachment to plastic, preferred
outgrowth by choice of medium) contain distinct subsets
of cells. Applying, for instance, bmMSCs to treat muscular
defects may yield local ossification, sometimes called hetero-
topic ossification [13, 70]. In this context, a selection of less
osteogenic MSCs may help to avoid adverse effects. This can
be done by changing the source of MSCs, for instance, by
takingMSCs from adipose tissue or termplacenta rather than
bonemarrow to regenerate muscle tissue or vasculature or by
depleting the MSCs from the osteogenic subset. A significant
correlation between expression of alkaline phosphatase—
an enzyme needed for mineralization of bony tissue—
Runx2—the key regulator of osteogenic differentiation of
mesenchymal precursor cells—and CD146 was reported [22,
50] and using an antibody to CD146 allowed to separatemore
osteogenic from less osteogenic cells. A method to select
more adipogenic or chondrogenic MSCs has been reported
recently as well [30] (Figure 4). When used in a clinical con-
text, determination or selection ofMSC subsets by antibodies
and flow cytometry will require standards for the technology

applied [28, 37, 71], as in some cases small subsets of cells
have to be defined [45]. Cell culture conditions influence the
expression of cell surface antigens [28, 37], and even mono-
clonal antibodies yield variable results including false positive
staining depending on the exact experimental conditions
[72].

6. Conclusions

BulkMSCs have been applied to ameliorate graft-versus-host
disease or to treat autoimmune diseases for more than a
decade now. Therefore, their clinical use is considered to be
very safe. However, in this context it is important to recall that
the route of application (i.v.) used for immunosuppression
by MSCs may help to select the type of MSCs needed in
the hematopoietic niche in bone marrow or in the blood
system, because MSCs not matching the respective niches
will be either trapped somewhere else or will be discarded. In
contrast, the mechanisms contributing to the correct homing
of MSCs to bone marrow or sites of tissue regeneration or
other natural selective processes may not work well or not
work at all in cases of a local administration of the cells, for
instance, in the heart, in muscles, or in inner organs. There-
fore, as there is no natural selection process forMSCs applied
locally, a technical preselection could enrich the MSC subset
needed clinically, as local application of a blend of MSCs may
contain many unwanted cells. Some of the strategies to select
or deplete subsets ofMSCs have been discussed in this review.
Nevertheless, today our knowledge on functional differences
of MSC subsets is still not complete.
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Pluripotent stem cells are characterised by continuous self-renewal while maintaining the potential to differentiate into cells of
all three germ layers. Regulatory networks of maintaining pluripotency have been described in great detail and, similarly, there
is great knowledge on key players that regulate their differentiation. Interestingly, pluripotency has various shades with distinct
developmental potential, an observation that coined the term of a ground state of pluripotency. A precise interplay of signalling
axes regulates ground state conditions and acts in concert with a combination of key transcription factors. The balance between
these transcription factors greatly influences the integrity of the pluripotency network and latest research suggests that minute
changes in their expression can strengthen but also collapse the network. Moreover, recent studies reveal different facets of these
core factors in balancing a controlled and directed exit from pluripotency. Thereby, subsets of pluripotency-maintaining factors
have been shown to adopt new roles during lineage specification and have been globally defined towards neuroectodermal and
mesendodermal sets of embryonic stem cell genes. However, detailed underlying insights into how these transcription factors
orchestrate cell fate decisions remain largely elusive. Our group and others unravelled complex interactions in the regulation of this
controlled exit. Herein, we summarise recent findings and discuss the potential mechanisms involved.

1. Introduction

Pluripotency represents three essential features: first the
capacity of indefinite self-renewal, second the ability of
giving rise to differentiated progeny of nearly all lineages of
the mature organism, and last the generation of chimeric
embryos upon injection into the inner cell mass (ICM) of
a blastocyst [1]. The complexity of the regulatory networks,
which maintain pluripotency, has previously been described
[2]. Complex interactions between signalling axes precisely
regulate various states of pluripotency, such as the ground and
the primed state, and act in concert with a combination of key
transcription factors (TFs). Vice versa, we have gained a great
body of knowledge on key players guiding pluripotent stem
cells (PSCs) towards differentiation [3, 4]. In line, regulatory
networks both in PSCs and in the developing organism are
tightly balanced as small changes can break down the entire
pluripotency network leading to differentiation [3]. In recent

years, studies have revealed novel facets of these core factors
balancing a controlled exit of pluripotency and guiding early
steps of differentiation [5]. Herein, subsets of pluripotency-
maintaining factors have been shown to adopt new roles
during lineage specification and have been grouped into neu-
roectodermal and mesendodermal sets of embryonic stem
cell genes [5]. Accordingly, for example, Nanog, Tbx3, Klf5,
and Oct3/4 regulate the exit towards mesendoderm while
Sox2 regulates differentiation towards a neuroectodermal fate
[5]. However, detailed underlying mechanisms of how these
TFs orchestrate cell fate decisions remain largely elusive.
Aiming to close this gap of knowledge, we have recently
studied the mechanism of Tbx3 to regulate mesendodermal
fate. Briefly, we have defined novel facets of Tbx3 which
directly activates core regulators of the mesendodermal
lineage and indirectly induces differentiation via a paracrine
Nodal signalling loop [6]. Thus, our data illustrate the dual
complexity of pluripotency TFs to gate fate determination.
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In turn, the current review will at first give a brief insight
into essential signalling pathways and TFs maintaining the
self-renewal state. Secondly, we will summarise recent find-
ings of pluripotency-associated factors that have an impor-
tant impact on early lineage specification processes.

2. ESC Pluripotency and Its
Signalling Pathways

Most of the knowledge on pluripotency has been obtained
usingmouse embryonic stem cells (mESCs) as a research tool
[8–11]. In vitro pluripotency has various shadesmirroring dis-
tinct in vivo counterparts, an observation which has led to
the definition of two pluripotency states: näıve and primed
[12–14]. Herein, the early ICM of the blastocyst requires a
maturation step to obtain clonal pluripotent colonies, while
E4 and E4.5 preimplantation epiblast cells from the blastocyst
robustly give rise to näıve pluripotent cells capable of single-
cell culture [15]. To capture näıve pluripotency in vitro, cells
isolated from the ICM are cultured serum-free in the pres-
ence of leukaemia inhibitory factor (LIF) and bone morpho-
genetic protein (BMP) or under LIF/2i-culture conditions
(outlined below) [16, 17]. In contrast, cells derived from the
postimplantation epiblast are not any longer single-cell cul-
ture permissive and require distinct signalling input such as
FGF- (fibroblast growth factor-) supplementation to remain
within the pluripotent state. These cells are in vitro referred
to as epiblast stem cells (EpiSCs). They are characterised by
primed pluripotency and exhibit a slightly reduced differen-
tial potential, thus surrogating a more advanced pregastrula-
tion stage [18, 19]. A large body of knowledge has been gained
in the past years, deciphering signalling axes with an impact
on the pluripotent state. Basically, the mitogen-activated
protein kinase (MAPK) signalling pathway and glycogen syn-
thase kinase 3 (GSK3) signalling pathway negatively influence
pluripotency, while LIF/STAT3 (signal transducer and acti-
vator of transcription 3) and BMP/SMAD (mothers against
decapentaplegic) signalling are complementary beneficial [16,
17].

2.1. LIF/STAT3 Signalling. mESCs are commonly retained in
the pluripotent state by culturing them on a feeder layer com-
posed of mouse inactivated fibroblasts (MEFs) in the pres-
ence of the cytokine LIF [20–22]. LIF functions via a complex
signalling axis and finally activates core TFs, such as octamer
binding transcription factor 3/4 (Oct3/4), sex determining
region Y- (SRY-) box 2 (Sox2), and Nanog, which orchestrate
the self-renewal state [23, 24]. In vivo, their expression levels
overlap both in the ICM and in the epiblast [24], hence being
able to interact and activate pluripotency-associated genes,
while repressing lineage specific differentiation programmes.
LIF signals via three different pathways. However, its key
effect in sustaining the pluripotent state is implemented by
activating the TF STAT3 via phosphorylation [25]. STAT3,
the crucial downstream target of LIF, directly binds the distal
enhancers of Oct3/4 and Nanog [26] and further pluripo-
tency TFs [27] such as Krüppel-like factor 4 (as Klf4) [28].
Thereby it modulates their expression levels for propagation
of the murine pluripotent phenotype. In the absence of

LIF signalling, mESCs differentiate to the mesodermal and
endodermal lineage [29]. Therefore, LIF limits mESC dif-
ferentiation towards mesendoderm in favour of maintaining
the pluripotent state in a closely regulated balance with BMP
signalling [16]. Despite its essential role in self-renewal in vivo
and in vitro, LIF also participates in regulating a differentia-
tion programme driven by the extracellular-signal-regulated
kinase (ERK). The ERK signalling cascade promotes early
differentiation in vitro and in vivo [30, 31]. Thus, LIF seems
to modulate stem cell fate between self-renewal and lineage
specification by regulating expression levels of STAT3 and
ERK [32]. In summary, LIF represents a critical component
inmaintaining the self-renewal state inmESC culture by acti-
vating pluripotency-associatedTFs.Of note, LIF-dependence
can be overcome at least temporarily by chemical inhibition
of MAPK and GSK3 signalling (“2i”) but still remains bene-
ficial, an observation establishing LIF-2i as the gold standard
of serum-free mESC culture (Figure 1) [15, 33, 34].

2.2. BMP Signalling. In a serum-free cell culture LIF is solely
not able to maintain mESC pluripotency [16]. BMP4 is a
secreted signalling molecule belonging to the transforming
growth factor beta (TGF𝛽) family and represents an attested
ectoderm-antagonist [16, 35, 36]. BMP4 (and BMP2) success-
fully replaces serum requirements resulting in propagation
of pluripotency and inhibition of multilineage differentiation
in the presence of LIF. In the absence of LIF, BMP promotes
mesodermal differentiation [37] at the expense of the neural
lineage [38] (Figure 1). Further, the BMP pathway also has
the potential to promote differentiation of mESCs into the
trophoblast lineage via caudal type homeobox 2 (Cdx2)when
cultured under defined conditions [39].

In the preimplantation embryo, BMP4 becomes induced
in the ICM of the early blastocyst while its expression peaks
in the epiblast of the E4.5 blastocyst and decreases afterwards.
This decrease of BMP signalling in the postimplantation
epiblast coincides with the upregulation of Nodal/Activin
signalling and subsequent target gene expression such as
Lefty1 and Lefty2 pointing at opposing roles of Nodal and
BMP signals at various developmental stages [15, 40–42].This
in vivo observation matches the requirement of low-dose
Nodal/Activin signalling to maintain the primed state of plu-
ripotency [43]. The opposing effects of Nodal and BMP sig-
nalling are obviously relevant not only for lineage commit-
ment but also for fine tuning BMP signalling in the näıve state
involving an intracellular mechanism via SMAD7 to modu-
late SMAD1/SMAD5 levels [4, 40, 44]. In summary, LIF is
dependent on BMP signalling in a serum-free mESC culture,
while both signalling axes are strongly dependent on a precise
dosage regulation as any imbalance between both pathways
drives exit from pluripotency to various fates. In the absence
of LIF, BMP signalling directs mESCs towards the mesendo-
derm and trophoblast lineage [45, 46].

2.3. Small Molecules Capture Ground State Pluripotency. Pre-
viously, the Smith Laboratory identified two small molecules,
PD0325901 (PD03) and CHIR99021 (CHIR), which can sub-
stitute for LIF and BMP under defined culture conditions to
facilitate ground state pluripotency in mESC (2i conditions)
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Figure 1: Signalling pathways regulating pluripotency in mESCs. A schematic representation of the main extrinsic pathways (LIF, BMP,
and WNT) regulating pluripotency in mESCs. Upon LIF binding to its receptor, Gp130 phosphorylates JAK, which in turn phosphorylates
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endodermal and mesodermal differentiation. LIF further inhibits GSK3 via PI3K. GSK3 stabilises the self-renewal state by reducing the
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[17]. PD03 inhibits MEK, a downstream target of FGF sig-
nalling, important for trophectodermal lineage differentia-
tion in early embryos [47]. Further, mESC pluripotency
and particularly viability is promoted by increased WNT
(wingless-type MMTV integration site family) signalling via
CHIR, a specific GSK3 inhibitor [17, 48]. Nuclear expression
level of 𝛽-catenin, the core effector of WNT signalling [49],
is regulated by a multiprotein destruction complex [50].

Herein, GSK3 inhibition stabilises the self-renewal state by
diminishing ubiquitin dependent degradation of 𝛽-catenin
and repressing Tcf3, a known transcriptional repressor of tar-
get genes [34]. Tcf3 cooccupies and represses Oct3/4, Sox2,
Nanog, and estrogen-related receptor 𝛽 (Esrrb) [51–54], sug-
gesting its role as a crucial regulator of the transcriptional
control of pluripotency in mESCs. Regarding WNT sig-
nalling and its impact on mESC pluripotency, 𝛽-catenin
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interacts with Oct3/4 [34, 55] and Sox2 [56, 57] and is
activated by Nanog via Dickkopf-related protein 1 (Dkk1)
repression [58] to reinforce the self-renewal state. Despite its
role in maintaining pluripotency, canonical WNT/𝛽-catenin
signalling participates in body axis patterning, primitive
streak and extraembryonic lineage formation, and meso-
derm specification through Brachyury [59–63]. In summary,
inhibition of MAPK and GSK3 signalling together with
LIF-supplementation under serum-free culture conditions is
capable of capturing naı̈ve pluripotency robustly from var-
ious preimplantation stages and can preserve ground state
conditions with erased lineage fates [15, 33].

3. Lineage Specific Classification of
Pluripotency Transcription Factors

Despite acting during mESC self-renewal, pluripotency-
associated factors also connect the transition from pluripo-
tency towards lineage specification [4, 5]. The pluripotent
state ismaintained by a unique network of directly interacting
TFs (including Oct3/4, Sox2, Nanog, Tbx3, and Klf4/5).
These TFs either inhibit target gene expression levels required
for lineage differentiation or sustain the expression of one
another [64–66]. However, upon differentiation, controlled
mesendodermal and neuroectodermal commitment requires
the reorganisation of the circuit to allow onset of lineage
specific programmes. Herein, extracellular clues, such as
WNT, BMP, and TGF𝛽, further impact and regulate cell
fate choice [67]. Interestingly, certain pluripotency factors
are not simply downregulated but instead their expression
is either sustained or even upregulated for a short time
window during pluripotency exit [4, 5]. This does not occur
randomly but instead is lineage and factor specific: Basically,
we can distinguish three groups: mesendoderm-class genes
(e.g., Kf4/5, Nanog, Oct3/4, and Tbx3), neuroectoderm-class
genes (e.g., Sox2), and extraembryonic-class genes (e.g., spalt-
like transcription factor 4 (Sall4)) [5]. Mechanistically, TFs
bind asymmetrically in regulatory regions on the one hand
promoting the respective lineage but on the other hand
repressing the other, thus ensuring tightly regulated cell
fate choices. In the following sections, we aim to discuss
pluripotency factors, which have recently been shown to have
such a dual function, namely, pluripotency and early cell fate
choice [68].

However, before continuingwewant to briefly summarise
the earliest embryonic cell fate decisions for better compre-
hension (Figure 2). The zygote represents the earliest stage of
the early mammalian embryo. From here, the cells undergo
several series of cleavage divisions producing the morula
[69]. Subsequently, the first cell decision occurs during the
transition from morula to blastocyst by differentiating into
two distinct lineages. The outer cell layer of the blastocyst
forms the trophectoderm, whereas the inner cells develop
to the ICM [70]. The trophectoderm proliferates further
into the extraembryonic ectoderm and trophoblast, later
giving rise to the placenta. Prior to implantation the ICM
undergoes the second cell fate decision by differentiating
into either the epiblast (later forming the primitive ecto-
derm and subsequently giving rise to the three germ layers

among others) or the primitive endoderm [69].The primitive
endoderm cells form both visceral and parietal endoderm
and finally give rise to the yolk sac [71]. Prior to mouse
gastrulation, the initially symmetrical embryo is prepatterned
by regional distinctions in gene expression profiles and levels
of signalling pathways along the embryonic axes [4]. The
formation of the primitive streak as the first obvious sign of
germ layer formation is driven by gradients of growth factor
signalling such as Nodal and canonical WNT at the posterior
pole of the embryo, accompanied by the expression of early
differentiation marker genes [4, 40]. The regulatory events
that define the timing and site of gastrulation initiation still
remain rather unclear.The formation of a transient precursor
cell population located in the region of the anterior primitive
streak reflects one of the earliest events during gastrulation.
Definitive endoderm and anterior mesoderm derivatives,
including cardiovascular and head mesenchyme progenitors,
originate from these precursors. Notably, this cell population,
referred to as mesendoderm, is marked by the expression
of marker genes such as Eomesodermin (Eomes), Forkhead-
Box-Protein A2 (Foxa2), Chordin (Chrd), Goosecoid (Gsc),
and LIM-homeobox 1 (Lhx1) [72].

3.1. Mesendodermal-Class Genes

3.1.1. Octamer Binding Transcription Factor 3/4 (Oct3/4): Indis-
pensable for Lineage and Pluripotency. Oct3/4 has gained
much attention as the key regulator of mESC pluripotency in
vitro and in vivo [73]. Oct3/4 belongs to the POU family
and, as a master regulator of pluripotency, it functions in a
complex, consisting of Nanog, Oct3/4, and Sox2 [74]. Hereby,
it crucially balances gene expression levels of the pluripotency
circuitry [75]. STAT3 is able to directly bind and regulate
Oct3/4 to maintain self-renewal [26]. Also, both have been
shown to activate similar target genes [3]. Previous work
describes Oct3/4 as a gatekeeper both for maintaining self-
renewal and also in modulating stem cell fate choice in a
dose-dependent manner [76]. In this respect, the Chambers
Laboratory demonstrated that low Oct3/4 levels, as seen
in heterozygous mESCs, were sufficient to maintain mESC
pluripotency [77]. This was especially due to elevated pro-
moter binding of Oct3/4 to pluripotency-associated factors
(e.g., Esrrb, Klf4, Nanog, and Tbx3) and increased WNT
signalling and LIF sensitivity. In contrast, elevated Oct3/4
levels destabilised the pluripotency network resulting in
FGF-dependent differentiation [77]. In this sense, alternate
partners of Oct3/4 can define the switch between pluripo-
tency and lineage commitment: while in the pluripotent
state Oct3/4 sustains Sox2 expression, the switch to activate
Sox17 instead marks a critical event during mesendodermal
differentiation.This process is triggered not only by a change
in target gene expression but in a noncell autonomous man-
ner by the secretion of paracrine factors further favouring
mesendodermal differentiation [78, 79]. Moreover, Hogan et
al. analysed the impact of Oct3/4 on regulating mESC dif-
ferentiation based on previous knowledge that mESCs differ-
entiation is the result of an interplay between transcriptional
regulation and chromatin organisation [80, 81]. In this regard,
exit from pluripotency was facilitated through intermittent
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Figure 2: Pluripotency factor expression during early embryonic development. Pluripotency factors are expressed throughout the
pluripotency state and subsequently govern early lineage decisions in mouse. (a) The early blastocyst consists of the ICM and the outer
trophectoderm. Pluripotency factors are expressed in the ICM, however, interacting with trophectodermal genes for proper lineage
development. (b)At the late blastocyst stage, the ICMsegregates into the epiblast, notably exhibiting slightly different gene expression patterns,
and into the extraembryonic endoderm, later giving rise to yolk sac. Further, the trophectoderm has formed the extraembryonic ectoderm
lineage which will generate the placenta. (c) After implantation, the primitive ectoderm, which has origins in the epiblast, forms the four
embryo-derived stem cell lineages (ectoderm, mesoderm, endoderm, and germ lineage). Notably, pluripotency factors guide early embryonic
decision according to their expression profile, respectively. ICM: inner cell mass.

homologous pairing of the Oct3/4 allele. This was mediated
by a locus initially described as the Oct/Sox-binding element
within the Oct3/4 promoter region. Besides, Oct3/4 is also
known to undergo alternative promoter binding at the stage
when loss of pluripotency occurs towards differentiation [82].

In the embryo, Oct3/4 maintains the ICM and guides
proper trophectoderm segregation upon differentiation. As
Cdx2 expression promotes the trophectoderm lineage [83],
it is not surprising that Oct3/4 was identified as a negative
regulator of Cdx2 [84]. The Oct3/4-Cdx2 complex (possibly
together with Sall4 as mentioned below) specifies lineage
formation in the early embryos by reciprocal inhibition in
vivo and in vitro [85] (Figure 2). In vivo, Oct3/4 guides
mesendodermal differentiation and further suppresses neu-
roectodermal gene expression programmes [5, 86]. Preceding
mouse development, Oct3/4 is expressed in the primitive

endoderm [87] (Figure 2). Conditional deletion of Oct3/4 in
vitro promotesmESCs to commit towards the trophectoderm
lineage via Cdx2 and Eomes [3, 73, 84, 88]. Oct3/4-deficient
mouse embryos develop to the blastocyst stage but fail to form
a consistent pluripotent ICM resulting in embryonic lethality
due to differentiation into the extraembryonic trophoblast
lineage [73].Thus, the acquisition of ICM identity is supposed
to be dependent on Oct3/4 functions [84]. Indeed, a recent
study revealed a transient ICM formation in Oct3/4-deficient
embryos, due to elevated Nanog expression levels [89].
Moreover, these embryos were lacking a functional primitive
endoderm; however, this was rescued by stage specific sup-
plementation of FGF4 [89]. This study was able to reveal a
critical role of Oct3/4 facilitating early lineage decisions in
ICM cells towards either epiblast or primitive endoderm by
attenuating Nanog expression levels and further promoting
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primitive endoderm formation in an FGF-dependentmanner
[89]. However, due to its importance in governing lineage
decisions in the early blastocyst, it is not possible to date to
isolate mESCs from Oct3/4-deficient embryos [73].

Taken together, Oct3/4 belongs to key pluripotency TFs,
which maintains mESC pluripotency. Its tightly regulated
expression levels drive proper mESC differentiation towards
mesoderm and primitive endoderm [3] by repressing the
neuroectodermal lineage fate [90]. Molecularly, this gate-
keeper function is exerted by alternate partnering and
changes in cobound factors to orchestra cell fate choice by
alternating target gene binding.

3.1.2. T-Box Transcription Factor 3 (Tbx3): Bystander in Plu-
ripotency or Just Cell Fate Regulator? Several studies have
highlighted Tbx3 to function during mESC self-renewal [2–
4, 65]. Briefly, the PI3K-AKT signalling pathway stimulates
Tbx3 resulting in upregulated key pluripotency factor expres-
sion levels (Oct3/4, Nanog, and Sox2). To balance accurate
pluripotency levels, Tbx3 expression is antagonised by the
MAPK pathway [2]. It is also able to drive the expression of
key pluripotency markers by direct promoter binding through
Nanog [65]. In addition, Tbx3 acts as a downstream activator
of WNT signalling [91]. WNT sustains the pluripotent state
together with LIF, although, in the absence of LIF, WNT
promotes cell differentiation towards primitive endoderm via
Tbx3 [91, 92]. Hence, Tbx3 has beenwidely believed to belong
to the inner core of the pluripotency circuitry, with loss of
Tbx3 leading to differentiation. In marked contrast, we have
recently identified fluctuating Tbx3 levels in mESCs: “Tbx3-
low” cells resemble the gastrulating epiblast in vivo but retain
the capacity to switch back to a Tbx3-high state. Moreover,
we could show that Tbx3 is dispensable for the induction
and maintenance of naı̈ve pluripotency. Taken together, we
delineate novel facets of Tbx3 action in pluripotency and
show an involvement of Tbx3 in the transition from the
näıve embryonic state to the prepatterned epiblast-like state.
These purely mESC-derived data are further fostered by the
observation of in vivo heterogeneity of Tbx3 in the ICM
(Russell, Liebau, Kleger, unpublished data).

However, Tbx3 also fulfills a lineage specifying role, thus
being classified as amesendodermal-class gene [5] (Figure 3).
We showed that Tbx3 is dynamically expressed during
specification of the mesendoderm lineages in differentiating
mESCs in vitro and in developing mouse and Xenopus
embryos in vivo [4]. Nodal patterns the preimplantation
embryo by interacting with the epiblast and the extraembry-
onic tissues [93]. Tbx3 overexpression promotes mesendo-
dermal specification by activating crucial lineage specifying
factors and by enhancing paracrine Nodal/SMAD2 signal-
ling. Also, Tbx3 expression has also been detected in the vis-
ceral endoderm lineage. Therefore we suggest that Tbx3 may
promote mesodermal lineage formation by activating Nodal
via visceral endodermal cells expressing Tbx3 (Figure 2).
Tbx3 is highly enriched in definitive endoderm progenitor
cells [94] and it is involved in endoderm patterning together
with chromatin-modifying enzymes [95]. The underlying
mechanism includes spatial reorganisation of chromatin,
leading to sensitisation for definitive endoderm promoting
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Figure 3: Spatial classifications of pluripotency factors. Upon exit
of pluripotency core pluripotency factors get committed to distinct
lineages and arising tissues, thus playing a crucial role in directing
early lineage decisions in mouse. This image illustrates their spatial
classification in the early embryo: neuroectoderm is mainly pro-
moted by Gbx2 and Sox2 and mesendoderm especially by Esrrb,
Nanog, Oct3/4, and Tbx3. Further, the extraembryonic tissue is
induced by Cdx2, Rex1, Esrrb, Sall4, Oct3/4, and Tbx3. Cdx2: caudal
type homeobox 2, Esrrb: estrogen-related receptor 𝛽, Gbx2: gas-
trulation brain homeobox 2, Tbx3: T-box transcription factor 3,
Oct3/4: octamer binding transcription factor 3/4, Rex1: Zfp42, Sall4:
Sal-like 4, and Sox2: SRY- (sex determining region Y-) box 2.

signals by enabling the histone demethylase Jmjd3 to tran-
siently bind the two T-box factors: Tbx3 and Eomes.

In summary, Tbx3 is embedded in the core pluripotency
networks to sustain stemness but also strongly directs early
embryonic development by either transcriptional activation
of differentiating gene programmes or modification of chro-
matin structures.

3.1.3. Krüppel-Like Family (Klf): The Transcriptional Lineage
Inhibitors. Klfs (Klf2, Klf4, and Klf5) are conserved zinc-
finger-containing TFs implicated in various biological pro-
cesses, such as proliferation, differentiation, and development
[96]. In the early embryo they are already expressed in the
ICM [97] (Figure 2). Klfs are indispensable for self-renewal
by forming a tightly regulated molecular circuitry [64, 98].
Klf4 and Klf5 especially transcriptionally regulate expres-
sion of Nanog [98], a known inhibitor of differentiation dur-
ing pluripotency [99, 100]. However, Klf2 is mainly regu-
lated by Oct3/4, whereas Klf4 is regulated by LIF/STAT3 and
additionally by Oct3/4. Klf5 is solely activated by LIF/STAT3
leading to ground state mESC pluripotency [101]. Previous
reports suggest that LIF/STAT3 regulateNanog and indirectly
the core regulatory complex consisting of Nanog, Oct3/4, and
Sox2 through activation of Klf4, Klf5, and Sall4 [29]. Despite
their close relationship Klf4 and Klf5, they often exert oppo-
site effects in regulating gene transcription and cellular pro-
liferation in vitro and in vivo [102]. Klf4 is a negative regulator
ofmESC proliferation, whereas Klf5 acts as an activator. Also,
Klf5 and Klf4 abrogate the mutual promoter effects [103]. In
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summary, the propagation of the LIF/STAT3 reinforced self-
renewal state by Nanog is mediated by members of the Klf
family. Their overexpression reinforces the pluripotent state
in the absence of LIF [64, 104, 105], whereas their inactivation
inmESCs induces spontaneous differentiation [29].However,
due to structural and functional overlaps, Klfs are able to
compensate for each other. This was noticable as a triple
knockdown abolished Nanog promoter activity and led to
differentiation of mESCs [98], whereas single knockdowns
did not exhibit a specific phenotype [98, 106].

However, Klfs do not just ensure the self-renewal state
but are also critical components in regulating lineage spec-
ification in the early embryo. Recent work showed that
Klf4 negatively regulates the visceral lineage (especially via
GATA-binding factors 4 and 6 (GATA 4/6)) and definitive
endoderm (especially via Sox17), whereas Klf5 primarily
suppresses mesodermal differentiation (T,Mixl1 (mix paired-
like homeobox 1)) (Figure 2) [107].Thus, mESC pluripotency
is ensured by additive inhibitory effects of Klf4 and Klf5.
When we look at previous findings, Klf levels drop rapidly
upon onset of lineage specification, resulting in a diminished
lineage inhibition and subsequently in endodermal and
mesodermal lineage formation [29].Thus,mESCs are primed
upon the drop of Klfs expression levels and prepared for early
lineage differentiation. In vivo, Klf4-null mice survive early
developmental stages but die shortly after birth due to tissue
abnormalities within the smooth and cardiac muscle and
basal membrane formation problems which primarily is due
to a defective GATA4 regulation [108, 109]. A lacking gastru-
lation phenotype in Klf4-deficient mouse embryos suggests
compensatory mechanisms by the Klf family. In contrast,
Klf5-deficient embryos fail to develop further than the blasto-
cyst stage due to reduced Oct3/4 andNanog expression levels
[64, 110]. Taken together, Klfs exert a great impact in sus-
taining the self-renewal state by either interacting with core
pluripotency activating genes or inhibiting differentiation.
However, the inhibition of endodermal structures primarily
by Klf4 and mesodermal structures by its counterpart Klf5
does not just safeguard the self-renewal state but balances
accurate differentiation onset in the early mouse embryo and
in differentiating PSCs (Figure 2).

3.1.4. Nanog: Various Facets during Differentiation and Self-
Renewal. Nanog, the homeodomain TF, acts together with
Oct3/4 and Sox2 to maintain the pluripotency network
through theOct/Sox-motif [74, 98, 111, 112]. Nanog is also able
to sustain self-renewal independently from the LIF/STAT3
pathway [113], albeit at a reduced self-renewal capacity [74].
Most robust self-renewal state is promoted under continuous
Nanog overexpression and LIF stimulation [114]. However,
while Nanog has previously been shown to be dispensable
for mESC culture, it mainly functions in stabilising the
pluripotency network [115]. Previous studies hypothesised
that a switch from monoallelic Nanog expression, in a
LIF/serum setting, to a biallelic manner in 2i conditions
results in higher expression levels. Of note, this hypothesis
was disproved by recent results illustrating a steady biallelic
expression of Nanog [116, 117]. Despite direct transcriptional
regulation of pluripotency target genes, Nanog sustains the

self-renewal state by inhibiting several differential processes
in mESCs. First, a population of early mesoderm-specified
progenitors was identified, normally present in mESCs and
promoted by the BMPpathway.These primedmESCs express
pluripotency-associated TFs such as Oct3/4 and Rex1 but are
actually specified to the mesodermal fate. In the presence of
LIF, Nanog is able to respecify mesoderm-specified progeni-
tors back to pluripotentmESCs [118]. A secondmechanism of
blocking the progression of mesoderm is a direct inhibition
of SMAD1 via STAT3 activation in a LIF-containing setting
[119], which has also been demonstrated for Oct3/4 [120],
suggesting their cooperative function to sustain self-renewal.

Similarly, Nanog functions as an important determinant
during cell fate decisions at the blastocyst stage in vivo [121].
Here, it is downregulated by Cdx2 in the trophectoderm
[85], whereas it is highly expressed in the ICM [122, 123].
The early ICM of the blastocyst gives rise to the epiblast
and primitive endoderm progenitors as a first sign of lineage
choice occurring in the ICM. In the unrestricted, early
ICM of the blastocyst, Nanog expression is dependent on
transcriptional binding of Oct3/4, Sox2, and Esrrb [112, 124],
while, in the later derived epiblast, Nanog promoter binding
changes now being dependent on Activin A signalling via
SMAD2 [123, 125, 126]. We know that Nanog is essential for
both epiblast and primitive endoderm formation (Figure 2).
GATA6 is crucial in the primitive endoderm lineage in vivo
and in vitro [113, 127–129] and is transcriptionally repressed
by Nanog in epiblast-engaged cells [130]. However, recent
studies showed primitive endoderm to require epiblast cells
for proper differentiation, whereby Nanog signals through
FGF/ERK signalling (FGF4) resulting in upregulated GATA4
and Sox17 expression levels [121]. This observation has been
recently fostered by live-time imaging data using a Nanog-
reporter system in vivo, where Nanog expression marks
an irreversible commitment between the epiblast and the
primitive endodermal lineage, while rarely unidirectional
conversions from primitive endoderm to epiblast occur [131].

Elegant studies from the Vallier Laboratory combined
PSCs and developing mouse embryos to uncover the tran-
scriptional network around Nanog during pluripotency and
lineage commitment [132]. Herein, SMAD2/3 controls the
self-renewal state by interactingwith core TFs, such asOct3/4
and Nanog. Notably, endodermal differential programmes
were also shown to be downstream of SMAD2/3, demon-
strating an opposing function of SMAD2/3. As SMAD2/3
and Nanog are involved in both processes, SMAD2/3 may
be guided by distinct genes like Nanog to achieve tissue
specific functions [133]. Further, during primitive streak
formation initial pluripotent differentiation inhibitors rapidly
decline beginning with Sox2. This enables Nanog to form
complexes with SMAD2/3, which promote Eomes expres-
sion levels. Eomes further diminishes pluripotent signals
thereby ensuring sufficient Nanog expression. Subsequently,
Nanog expression levels decline making room for SMAD2/3
and Eomes thereby directing primitive streak cells towards
endodermal fate and coincidently inhibiting mesoderm for-
mation [134]. This observation receives further support
from another recent study showing that Nanog cooperates
with Activin/SMAD in recruiting histone modifiers such



8 Stem Cells International

as Dpy30, a subunit of the COMPASS methyltransferase
complex, thus regulating differentiation-linked genes [132].

In line with these data, Nanog has been classified as a
mesendodermal-class gene, like Oct3/4 and Tbx3 [5] (Fig-
ure 3). All these genes reveal overlapping gene expression
levels and lineage specifying patterns, albeit we are still lack-
ing evidence demonstrating their mutual relationship during
early lineage decisions [5, 74]. Inconsistent data has been
published regarding the Nanog-lacking phenotype. Initially,
Nanog deficiency was reported to result in a failure of epiblast
formation and, concomitantly, mESCs lost their pluripotent
fate and differentiated into trophectoderm [113]. However,
this phenotype was not clearly replicable in recent studies
[130]. Instead, Nanog-deficient embryos reveal upregulated
GATA6 expression levels and fewGATA4-positive cells [130].
Therefore, Nanog mutant ICMs do not undergo apoptosis
suggesting a stabilising role of GATA6 in this regard [130]. In
summary, Nanog shows multiple facets in regulating mESC
pluripotency or by specifying lineage formation in the early
mouse embryo.

3.2. Neuroectoderm-Class Genes

3.2.1. Sex Determining Region Y- (SRY-) Box 2 (Sox2): The
Neuroectodermal Embryonic StemCell Gene. Anothermaster
regulator of mESC pluripotency is Sox2, a member of the
HMG (high-mobility group) box proteins. Sox2 maintains
stemness by directly interacting with Oct3/4 in a reciprocal
fashion. Both share the ability to bind to a unique pro-
moter region, the Oct/Sox-motif [135].This highly conserved
Oct/Sox-element is critical for transcriptional regulation of
pluripotency and located on different genes in undiffer-
entiated mESCs, such as Oct3/4, Sox2, and Nanog [112].
The proper modulation of these target genes preserves the
self-renewal state [88]. Notably, Niwas group showed that
Sox2 was dispensable for activating the Oct/Sox-element
[88]. Instead, Sox2 is important in activating pluripotency-
associated genes, which in turn regulate Oct3/4 resulting in
stable Oct3/4 expression levels. Both activate FGF4 expres-
sion in the ICM and epiblast [136] and in turn FGF4 controls
ICMmaintenance and subsequently interacts with Cdx2 and
Eomes while promoting trophectodermmaturation [85, 137].

During early lineage decisions, Sox2 is broadly expressed
in the ICM and the trophectoderm and later even in the
epiblast and in the primitive endoderm [138, 139] (Figure 2).
Interestingly, Sox2 knockout studies indicated stable or even
low Oct3/4 and Nanog expression levels and at the same
time surprisingly low trophectoderm gene (Eomes, FGF4)
expression levels [139], resulting in embryonic lethality due to
defective epiblast development during the peri-implantation
stage. Stable Nanog and Oct3/4 levels seem unusual, as Sox2
is a central member of the pluripotency-maintaining protein
complex. Nevertheless, this effect could be explained by
autoregulatory functions, which Sox2 has in common with
Oct3/4, Nanog, Sall4, and Klfs [98]. In vitro, upon reduction
of Sox2 levels, mESCs differentiate towards trophectoderm
indicating its impact in sustaining the pluripotent state.Thus,
trophectoderm differentiation could result from a secondary
loss ofOct3/4 levels due to Sox2 reduction [88].Heterozygous

Sox2 knockout mutations in mouse show severe alterations
in brain and neural cells [140], thus gaining insight into
the promoted germ layer. Sox2 induces neuroectodermal
gene expression [5] by specifically repressing Oct3/4, which
vice versa participates in cell fate choice by promoting the
mesendodermal lineage [86] (Figure 2). In summary, Sox2 is
embedded in the pluripotency network by interacting with
key pluripotent genes. However, upon onset of differentia-
tion, Sox2 promotes neuroectodermal lineage allocation by
transcriptional repression of Oct3/4 (Figure 3).

3.2.2. Gastrulation Brain Homeobox 2 (Gbx2): Another Ecto-
dermal Player? The TF Gbx2 is a direct downstream target
of LIF/STAT3. Its overexpression is able to substitute for LIF
in mESCs and to maintain self-renewal in a STAT3 deprived
mESC culture [141]. Notably, Gbx2 is able to push primed
EpiSCs back into the pluripotent state [141]. Nonetheless,
its impact on pluripotency just seems to have a supporting
character, as shown by in vitro knockdown studies, where the
pluripotent state was not fully impaired [141]. This is in line
with in vivo studies, which do not showmorphological abnor-
malities in the blastocyst [141]. In the mouse embryo, Gbx2
is expressed in the ICM and, together with Rex1 (Zfp42),
diminishes during primitive ectoderm formation [142] (Fig-
ure 2). Notably, at gastrulation stage, Gbx2 is present in all
three germ layers [143] but subsequently gets upregulated in
the neural ectoderm and underlying mesoderm and finally is
limited to the CNS (central nervous system) [144] (Figure 2).
In line, Gbx2 knockoutmice show abnormalities in hindbrain
development, neural crest patterning, and cardiovascular and
craniofacial defects and die soon after birth [143, 145].

Taken together, although Gbx2 lies downstream of
LIF/STAT3, it seems to be dispensable for mESC culture and
ICM integrity. However, during early developmental steps,
Gbx2 is committed to the ectodermal lineage fate (Figure 3)
[146].

3.3. Extraembryonic-Class Genes

3.3.1. Spalt-Like Transcription Factor 4 (Sall4). The transcrip-
tional network in preimplantation embryos was recently
extended by the spalt-like gene family member Sall4. Sall4
directly interacts with Nanog and cooccupies several gene
sites, including their own promoters, forming autoregula-
tory loops. Together, they are suggested to function as a
Sall4/Nanog-complex maintaining pluripotency by recipro-
cal regulation. The physical relationship was suggested to be
similar to the Oct3/4-Sox2 interaction encountered on many
loci in mESCs [147]. Besides, in the ICM and the epiblast,
Sall4 expression occurs simultaneously to Oct3/4 and Sox2
expression [148], revealing another contribution to the tran-
scriptional network. This was confirmed by verifying Sall4
occupation on the Oct/Sox-element in vitro and in vivo [149]
and by gene profiling analyses illustrating Sall4 cooccupying
the same target genes as Sox2 inmESCs [149]. Independently,
Sall4 can modulate Oct3/4 expression levels, the master TF
of pluripotency, and vice versa, indicating its critical role in
maintaining stemness [150]. In summary, Sall4 contributes
to the transcriptional network by direct interaction with
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the key players, Nanog, Oct3/4, and Sox2, to maintain the
self-renewal state. Moreover, Sall4 can also be recruited to
the promoters of Klf2 and Klf5, although its role contribut-
ing to mESC pluripotency through the Klf family requires
further studying. Another possible mechanism supporting
Sall4 mediated pluripotency could be the recruitment of the
strong transcriptional repressor complexNuRD (nucleosome
remodelling and deacetylase) [151]. Both Sall4 and NuRD
are expressed in mESCs and are involved in maintaining
stemness. As Sall4 associates with the NuRD complex, both
genes could act together in sustaining pluripotency. But due
to lacking evidence this hypothesis remains an assumption.

At the blastocyst stage, Sall4 regulates the ICM devel-
opment to the two blastocyst-derived stem cell lineages:
epiblast and extraembryonic endoderm (Figure 2). GATA6
is important in defining the extraembryonic endoderm,
although GATA6 mutants exhibit lineage specific defects,
a short time after blastocyst formation. Thus, GATA6 does
not seem to be a core component for primitive endoderm
initiation but rather for its maturation [152]. In this regard,
studies exhibited Sall4 to regulate extraembryonic endoderm
genes, such as GATA4, GATA6, Sox7, and Sox17 [153]. So it
can be concluded that Sall4 contributes to the transcriptional
network maintaining mESC pluripotency mediated by direct
interaction with crucial TFs [154]. In line with this, it is
not surprising that Sall4 overexpression leads to primitive
endoderm differentiation [154] and further may support
Oct3/4 in this matter [87]. Also, similar to Oct3/4, Sall4
knockdown mESCs are becoming alkaline phosphatase (AP)
negative and tend to differentiate towards the trophoblast
lineage [148, 154]. It is feasible that Sall4 cooperates with
Oct3/4 to suppress trophectoderm lineage allocation [155].
Sall4-null mice are lethal during peri-implantation [156, 157],
whereas heterozygousmice exhibit anorectal tract abnormal-
ities, heart defects, skeletal defects, and anencephaly [157].

Taken together, Sall4 is broadly connected within the
pluripotency network and has a major role in driving early
lineage decisions especially towards the extraembryonic lin-
eage (Figure 3).

3.3.2. Estrogen-Related Receptor 𝛽 (Esrrb). The estrogen-
related receptor beta (Esrrb), amember of the nuclear orphan
receptor family, is a core pluripotency member of sustaining
näıve pluripotency and is deeply embedded in the self-
renewal network interacting with several pivotal TFs [158]. It
transcriptionally interacts withNanog in a reciprocalmanner
[51] and apart from overlapping target gene profiles. Esrrb
is able to substitute for Nanog in mESCs [159]. Further,
Esrrb binds promoters of the master pluripotency factor
Oct3/4 [160] and other TFs such as Klf2 [161] and Rex1
[160]. It acts independently of LIF/STAT3 [51]. Despite its
expression levels being directly modulated by the transcrip-
tional repressor Tcf3, Esrrb mediates self-renewal effects
upon GSK3 inhibition and is also able to stabilise 𝛽-catenin
levels. Thus, in the presence of a MEK inhibitor, for example,
by the smallmolecule PD03, Esrrb overexpression can replace
GSK3 inhibitionmaintaining self-renewal inmESCs [51, 159].
Indeed, mESCs depleted from Esrrb and cultured in the
absence of LIF undergo morphological changes, reduction of

AP activity resulting in spontaneous differentiation [51, 162].
In vivo, Esrrb deletion leads to embryonic lethality during
midgestation due to placenta defects [163]. This is in line
with previous studies, which indicated the presence of Esrrb
in the trophoblast lineage [164]. Surprisingly these embryos
survive throughout gastrulation exhibiting no defects in the
ICM and epiblast [163]. Thus, we presume that Esrrb can be
compensated by other factors in this complex transcriptional
network maintaining pluripotency.

Regarding its expression profile in the ICM and tropho-
blast (Figure 2) and the fact that Esrrb enhances Cdx2 expres-
sion levels, it is also fair to assume that Esrrb acts as an impor-
tant factor in regulating lineage decisions in the early blas-
tocyst. As we know, overexpressed pluripotency factors pro-
mote differentiation. This was also shown for Esrrb, as over-
expressedmESCs are prone to differentiate towards the endo-
dermal lineage [165, 166]. Further investigations are necessary
to clarify molecular mechanisms to date, but regarding its
attested role in trophoblast specification we classified Esrrb
to be an extraembryonic-class gene (Figure 3).

3.3.3. Rex1 (Zfp42). Several studies have successfully used
all-trans retinoic acid (RA) to induce mESC differentiation
[167]. The stem cell marker Rex1 reduces RA-induced differ-
entiation thereby sustaining the self-renewal state [168–170].
During mESC pluripotency, Rex1 activity is up- or down-
regulated by Oct3/4 depending on its expression levels [171].
Also Sox2, another key pluripotency factor, is able to transac-
tivate Rex1 via Nanog [169]. Nonetheless, Rex1 is dispensable
for mESC pluripotency [172].

Endogenously, Rex1 is expressed in the ICM and in
trophoblast lineages [173] (Figure 2). Notably, unlike Oct3/4,
Rex1 is not present in all cells of the ICM. A previous study
illustrated two different subpopulations: both were positive
for Oct3/4 but only one of them was Rex1-positive [174].
Notably, they were able to convert into each other upon
LIF stimulation. The group double positive (Rex1+/Oct3/4+)
developed into primitive ectoderm and participated in
chimera formation, whereas the other group, Rex1−/Oct3/4+,
induced somatic differentiation, indicating the existence of
primed subcultures in ICM which are guided by Rex1 to
develop into either epiblast cells or primitive endoderm [174].

Overexpression of Rex1 in mESCs surprisingly results in
impaired self-renewal [175] and in vivo delayed development
through early cleavage divisions [176]. However, homozygous
Rex1 knockout in mESCs causes spontaneous differentiation
into all three primary germ layers [168, 170, 177], indicating
that Rex1 can at least reduce RA associated differentiation. To
date, there is neither a noticeable phenotype regarding Rex1-
deficient mESCs nor mice. In vivo experiments displayed
Rex1-deficient mice to be fertile and viable but their offspring
die at late gestation [172]. All in all, as the pluripotency factor
Rex1 seems to drive lineage segregation at the early blastocyst
stage especially towards the extraembryonic lineage, we
decided to position it in this section (Figure 3).

3.4. Epigenetic Modulations

Methyl-Binding Domain Protein 3 (Mbd3). Epigenetically, tran-
scriptional sustainment of mESC pluripotency is modulated



10 Stem Cells International

by chromatin remodelling including histone modifications
and DNA methylation. Pluripotency is maintained by a bal-
ance between LIF/STAT3 activation and a repression through
NuRD [178]. NuRD mediated silencing in mESCs plays a
critical role in early lineage commitment into all three germ
layers [179]. Mbd3 is the key subunit of the NuRD repressor
complex network [180]. A recent publication demonstrated
Mbd3 to be dispensable for maintaining mESC pluripotency.
Also, its expression seems to diminish upon fertilisation,
therefore being absent during the early preimplantation
period, and is upregulated towards the late morula/blastocyst
stage [181]. However, according to previous work, Mbd3
exhibits a critical role repressing the trophectoderm lineage in
order to ensure mESC propagation and subsequently proper
differentiation of the epiblast [182]. Additionally, NuRD
mediated mESC self-renewal was shown to function through
epigenetic modulation of the WNT pathway [183].

As epigenetic modifications occur during ICM and pri-
mary germ layer formation, it is not surprising that Mbd3
deletion in mice leads to early embryonic lethality [184], thus
being indispensable for early embryonic development.

4. Conclusion

Näıve pluripotency implies the ability of unlimited self-
renewal and regeneration. Its complex regulatory circuity
has been studied extensively. Key players such as Oct3/4,
Nanog, and Sox2 are complemented by many TFs forming
a tightly regulated network that sustains the self-renewal
state by inhibiting genes required for differentiation. Upon
withdrawal of stemness-inducing signals, pluripotency factor
expression levels decline, giving differentiation factors the
opportunity to induce lineage allocation. These cell fate
decisions are essential for developmental processes into the
primary germ layers.

Interestingly, several members of these pluripotency-
associated factors have been identified to exert dual functions
during early embryogenesis, by also governing the transition
of pluripotency towards early lineage commitment. Here, TFs
initially maintaining pluripotency by activating self-renewal
gene programmes undergo a molecular switch resulting in
enhanced expression levels of differentiation inducing genes.
In this regard, the TFs were classified into mesendoderm-,
neuroectoderm-, and extraembryonic-class genes (Figure 3).
Notably, mesendoderm-class genes inhibit neuroectoderm
and vice versa to promote the appropriate lineage. Although
both the pluripotency circuitry and early lineage commit-
ment mechanisms have been studied in great detail, there is
still a broad gap of knowledge regarding the distinct regu-
latory complexes governing these events. By understanding
the interplay of factors and signalling pathways involved in
the early embryonic development, basic as well as clinical
science would be able to profit broadly in terms of develop-
mental steps and pathomechanistical events. Summarising,
TFs interact in network in a spatial and temporal manner to
exit pluripotency and establish different lineages in the early
embryo.
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[81] M. R. Hübner, M. A. Eckersley-Maslin, and D. L. Spector,
“Chromatin organization and transcriptional regulation,” Cur-
rent Opinion in Genetics & Development, vol. 23, no. 2, pp. 89–
95, 2013.

[82] Z.Wei, Y. Yang, P. Zhang et al., “Klf4 interacts directly withOct4
and Sox2 to promote reprogramming,” StemCells, vol. 27, no. 12,
pp. 2969–2978, 2009.

[83] K. Deb,M. Sivaguru, H. Y. Yong, and R.M. Roberts, “Cdx2 gene
expression and trophectoderm lineage specification in mouse
embryos,” Science, vol. 311, no. 5763, pp. 992–996, 2006.

[84] H. Niwa, Y. Toyooka, D. Shimosato et al., “Interaction between
Oct3/4 and Cdx2 determines trophectoderm differentiation,”
Cell, vol. 123, no. 5, pp. 917–929, 2005.

[85] D. Strumpf, C.-A. Mao, Y. Yamanaka et al., “Cdx2 is required
for correct cell fate specification and differentiation of trophec-
toderm in the mouse blastocyst,” Development, vol. 132, no. 9,
pp. 2093–2102, 2005.

[86] Y. Li, W. Yu, A. J. Cooney, R. J. Schwartz, and Y. Liu, “Brief
report: Oct4 and canonical Wnt signaling regulate the cardiac
lineage factor Mesp1 through a Tcf/Lef-Oct4 composite ele-
ment,” Stem Cells, vol. 31, no. 6, pp. 1213–1217, 2013.

[87] T. Frum, M. Halbisen, C. Wang, H. Amiri, P. Robson, and A.
Ralston, “Oct4 Cell-autonomously promotes primitive endo-
derm development in the mouse blastocyst,” Developmental
Cell, vol. 25, no. 6, pp. 610–622, 2013.

[88] S.Masui, Y. Nakatake, Y. Toyooka et al., “Pluripotency governed
by Sox2 via regulation of Oct3/4 expression in mouse embry-
onic stem cells,” Nature Cell Biology, vol. 9, no. 6, pp. 625–635,
2007.
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The Wnt signalling pathway plays a crucial role in the development of the nervous system. This signalling cascade is initiated
upon binding of the secreted Wnt ligand to a member of the family of frizzled receptors. In the present study, we analysed the
presence of frizzled-4 in the enteric nervous system of human infants. Frizzled-4 could be identified by immunohistochemistry in
a subpopulation of enteric neuronal and glial cells in the small and large intestine. Detection of frizzled-4 in the tunica muscularis
by RT-PCR confirmed this receptor’s expression on the mRNA level. Interestingly, we observed distinct cell populations that co-
expressed frizzled-4 with the intermediate filament protein nestin and the neurotrophin receptor p75NTR, which have been reported
to be expressed in neural progenitor cells. Flow cytometry analysis revealed that 60%of p75NTR positive cells of the tunicamuscularis
were positive for frizzled-4. Additionally, in pathological samples of Hirschsprung’s disease, the expression of this Wnt receptor
correlated with the number of myenteric ganglion cells and decreased from normoganglionic to aganglionic areas of large intestine.
The expression pattern of frizzled-4 indicates that this Wnt receptor could be involved in postnatal development and/or function
of the enteric nervous system.

1. Introduction

Neurons and glial cells of the peripheral nervous system
derive from neural crest stem cells (NCSCs) [1]. Following
a distinct and well defined spatiotemporal pattern, NCSCs
migrate out of the neural tube into embryonic tissue, includ-
ing the developing gut. They enter the primitive foregut by
embryonic day (E) 9.5 in mice and migrate in a rostral-to-
caudal direction in order to colonize the entire gut by E14.5
[2, 3]. In humans migration of enteric neural crest cells takes
place between gestational week 4 and gestational week 7 [4].
During their journey along the gut a proportion of cells
continues to proliferate, while others begin to differentiate
[5] into neurons and glial cells in order to generate a
complex neural network that coordinates bowel motility and

is involved in regulation of its secretory activity, blood flow,
and modulation of the immune system [6, 7]. Impairment
of ENS development leads to incomplete colonization of the
gut byNCSCs, resulting in peristaltic dysregulation, intestinal
obstruction, and enterocolitis as observed in Hirschsprung’s
disease (HSCR) [8–10]. Much effort has been put into
research investigating the genetic regulation of neural crest
development and its derivatives during the last decades.
This resulted in the identification of several major pathways
regulating NCSC induction, migration, differentiation, and
interconnection of developing neurons and glial cells [3, 11].
Wnt signalling has been reported to play a central role in these
developmental processes in many model organisms. In con-
cert with members of the bone morphogenic protein (BMP)
family and fibroblast growth factors, Wnts regulate neural
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crest induction and specification. In addition, migration of
neural crest cells is dependent on theWnt signalling pathway
[12, 13].

TheWnt signalling cascade is initiated by binding of Wnt
to members of the frizzled transmembrane receptor family
and results in activation of pathways like the 𝛽-catenin-
dependent pathway or the planar cell polarity- (PCP-)
dependent pathway, both of which have been shown to be
involved in early neural crest development. Recently, the
PCP pathway has been demonstrated to be additionally
involved in regulating neural interconnection during ENS
development [14]. However, while the importance of Wnt-
frizzled interaction is well established for early neural crest
development, its role in regulating postnatal neural crest
derivatives is largely unknown.

Interestingly, there is evidence that neurogenesis con-
tinues in postnatal mice in vivo upon stimulation with
serotonin or following injury [15–17]. A subpopulation of
cells of the postnatal ENS has been attributed with stem cell
like properties, although this niche is not well characterized
yet. Nestin, the low-affinity nerve growth factor receptor
p75NTR, and CD49b (alpha2-integrin) have been suggested to
represent markers for this population of enteric neural stem
and progenitor cells [18].

Of the frizzled receptor family members, frizzled-4 has
previously been shown to be of particular interest with
respect to its role in the regulation of stem cell maintenance,
neuroprotection, and cell migration in the CNS [19–21]. In
the present study, we examined the expression of this Wnt
receptor in the enteric nervous system of infants by immuno-
histochemistry, RT-PCR, and flow cytometry analysis. In
order to characterize the frizzled-4 positive cell population
we performed colabelling experiments with various neural
markers that are expressed in neural and putative progenitor
cells of the ENS.

2. Materials and Methods

2.1. Human Gut Samples. Human gut samples from small
and large intestine were obtained from infant male and
female patients at the age of 4 weeks to 10 months, who
underwent surgical enterostoma removal after treatment
for necrotizing enterocolitis or anorectal malformations. In
addition, tissue was collected from Hirschsprung’s disease
patients, who underwent a transanal endorectal pull-through
procedure (Table 1). All samples were collected according
to the guidelines and after approval of the Local Ethical
Committee at the University of Tübingen and with the
consent of the patient’s parents.

2.2. Immunohistochemistry. Immunohistochemistry was
performed on 14 𝜇m thick cryosections. Tissue slides were
fixed in 4% (w/v) paraformaldehyde in phosphate-buffered
saline (PBS, pH 7.4) for 20min at room temperature and
subsequently rinsed three times in PBS. Slides, which
were stained with the ABC-detection system (Vector
Labs, Peterborough, UK), were additionally pretreated in
3% (v/v) hydrogen peroxide PBS solution for 10min to

Table 1: Human gut samples.

Sample
number Gender Patient age Tissue Pathology

1 Male 5 months Colon Normoganglionic
2 Female 2 months Ileum Normoganglionic
3 Female 5 months Sigma Normoganglionic
4 Male 2 months Ileum Normoganglionic
5 Male 10 months Colon Normoganglionic
6 Female 3 months Sigma Normoganglionic
7 Male 6 months Sigma Normoganglionic
8 Female 4 months Ileocaecal Normoganglionic
9 Male 7 months Colon Normoganglionic
10 Male 4 weeks Colon Hirschsprung
11 Male 6 weeks Colon Hirschsprung
12 Male 7 months Colon Hirschsprung

block endogenous peroxidases. After incubation with serum
containing blocking buffer (PBS containing 0.1% (w/v)
BSA, 4% (v/v) goat serum, and 0.3% (v/v) Triton X-100) for
30min, sections were incubated with primary antibodies
diluted in PBS, 0.1% (w/v) BSA, and 0.1% (v/v) Triton X-100
overnight at 4∘C. Primary antibodies and concentrations
are listed in Table 2. Following three washes with PBS,
the sections were incubated with secondary antibodies for
30min at room temperature in the same buffer. Detection
was performed with either fluorochrome-conjugated
secondary antibodies (1 : 400, goat anti-rabbit IgG-Cy3
(Dianova, Hamburg, Germany); goat anti-mouse IgG-
Cy3 (Dianova, Hamburg, Germany); goat anti-mouse
IgG-Alexa 488 (Life Technologies, Darmstadt, Germany))
or biotinylated secondary antibodies (1 : 400, swine anti-
rabbit IgG-biotin and rabbit anti-mouse IgG-biotin (Dako,
Hamburg, Germany)) when using the ABC-detection
system. Incubation of the AB reagent was performed
according to the manufacturer and visualization of the ABC
system was carried out with 3-3diaminobenzidine (DAB,
Sigma, Taufkirchen, Germany) and hydrogen peroxide
solution. For fluorescence detection, the sections and cells
were washed three times in PBS and additionally stained
with DAPI (4-6-diamidino-2-phenylindole, 0.2𝜇g/mL) PBS
solution for 10min. Stained sections were dried, embedded
in Kaiser’s gelatin (Merck, Darmstadt, Germany), and
photographed on an inverted microscope (Axiovert, Zeiss,
Jena, Germany).

2.3. RNA Isolation and RT-PCR. Human gut samples were
mechanically dissected with the visual aid of a stereomi-
croscope. After disposure of residual fat and mesenteric
tissue, the tunica muscularis was peeled off the submu-
cosal and mucosal layers and thoroughly minced. Total
RNA was isolated from human tunica muscularis using
the RNeasy Mini Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions. Possible contaminating
genomic DNA was removed by treatment with DNase I (Life
Technologies, Darmstadt, Germany). Reverse transcriptase
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Table 2: Primary antibodies used for cell analysis.

Primary antibodies Species Dilution Manufacturer
𝛼-smooth muscle actin Rabbit 1 : 100 Spring Bioscience, Pleasanton, USA
c-kit Rabbit 1 : 500 Dako, Hamburg, Germany
Fzd4 (clone CH3A4)∗ Mouse Undiluted In-house (HJB)
Fzd4 PE (clone CH3A4)∗ Mouse 1 : 50 Biolegend, San Diego, USA
GFAP Rabbit 1 : 400 Dako, Hamburg, Germany
Nestin Rabbit 1 : 1000 Abcam, Cambridge, UK
p75NTR Rabbit 1 : 500 Promega, Madison, USA
p75NTR APC Rabbit 1 : 50 Miltenyi, Bergisch Gladbach, Germany
Peripherin Rabbit 1 : 200 Merck Millipore, Darmstadt, Germany
∗Monoclonal mouse anti-human antibody CH3A4 against frizzled-4 was raised by immunization with the retinoblastoma cell line WERI-RB-1 and specificity
for frizzled-4 was verified by the selective recognition of HEK-293 cells transfected with human frizzled-4.Thismolecule was clustered to CD344 at the HCDM
workshop in Quebec, Canada (http://www.hcdm.org/).

PCR (RT-PCR) reaction containing oligo-(dT)
23

anchored
mRNA primers (Sigma-Aldrich, Taufkirchen, Germany),
Superscript II Reverse Transcriptase enzyme, and RNase Out
was performed according to the supplier’s protocol (Life
Technologies, Darmstadt, Germany).

To amplify the frizzled-4 receptor and the housekeeping
gene GAPDH, the following primer pairs (Sigma-Aldrich,
Taufkirchen, Germany) were used.

Frizzled-4 (product size: 605 bp):

5-CTCGGCTACAACGTGACCAAGAT-3,
5-AATATGATGGGGCGCTCAGGGTA-3;

GAPDH (product size: 452 bp):

5-ACCACAGTCCATGCCATCAC-3,
5-TCCACCACCCTGTTGCTGTA-3.

The PCR reaction mixture was incubated at 95∘C for
5min, followed by 35 cycles of 95∘C for 30 s, annealing
temperatures (𝑇An) for 40 s and 72∘C for 40 s, and a final
cycle with a prolonged elongation time of 10min at 72∘C.
The primer-specific annealing temperatures were as follows:
𝑇An (frizzled-4) = 58∘C and𝑇An (GAPDH) = 60∘C. Amplified
PCR products were analyzed by electrophoresis on a 1% (w/v)
agarose gel (Roth, Karlsruhe, Germany) in 1x TBE buffer
(Tris base, boric acid, and EDTA) at 100V. The products
were visualized with ethidium bromide (2 𝜇g/mL) on U.V.
light. The size of each PCR product was estimated by using a
100 bp DNA ladder standard (Life Technologies, Darmstadt,
Germany). The RT step was omitted as a control for pos-
sible contamination of DNase-treated samples with residual
genomic DNA (negative control).

2.4. Flow Cytometry. Cells used for flow cytometry analy-
sis were obtained from human tissue by digestion of the
tunica muscularis with 750U/mL Collagenase XI (Sigma,
Taufkirchen, Germany) and 0.5%w/v Dispase II (Roche,
Mannheim, Germany) in HBSS with Ca2+/Mg2+. The diges-
tion was carried out for a maximum of 1 h at 37∘C, in order
to avoid digestion of surface epitopes. Tissue residues were
discarded and the supernatant was centrifuged for 7min at

210 g, washed twice with HBSS, and filtered through a 40𝜇m
cell strainer.The resulting cell pellet was resuspended in 20𝜇L
blocking buffer (polyglobin (Talecris Biotherapeutics, Frank-
furt am Main, Germany) diluted 1 : 10 in DPBS/0.5% BSA
(0.5% (w/v) BSA in Dulbecco’s PBS without Ca2+/Mg2+))
and incubated on ice for 10min. Subsequently, cells were
diluted with DPBS/0.5% (w/v) BSA to a concentration of
2 × 105 cells per 50 𝜇L and antibodies were added for
15min on ice. P75NTR was detected with rabbit anti-p75NTR-
APC (CD271, Miltenyi, Bergisch Gladbach, Germany, 1 : 50).
Staining of frizzled-4 was achieved either by incubation with
a mouse anti-frizzled-4 antibody (25𝜇L/104 cells, undiluted
hybridoma supernatant) followed by a rabbit anti-mouse
IgG-FITC secondary antibody (Dako, Hamburg, Germany,
1 : 15) or by using a mouse anti-frizzled-4 PE-conjugated
antibody (Biolegend, San Diego, USA, 1 : 50). All stainings
were compared according to isotype controls (rabbit IgG-
APC (Miltenyi, Bergisch Gladbach, Germany, 1 : 50), mouse
IgG (Biozol, Eching, Germany, 1 : 1000), and mouse IgG-PE
(Biolegend, San Diego, USA, 1 : 50)), and no differences in
the amount and intensity of frizzled-4 staining were observed
between the two different staining procedures. Following
incubation with the antibodies, cells were washed with
DPBS/0.5% (v/v) BSA and centrifuged for 7min and 210 g at
4∘C.The resulting pellet was resuspended in DPBS/0.5%BSA
and acquired on a FACSCanto II system (BD Bioscience,
Heidelberg, Germany). Data was analysed using FlowJo
software.

3. Results

In the present study, we analysed the expression of the Wnt
receptor frizzled-4 in the enteric nervous system of human
infants aged between 4 weeks and 10 months. First, immuno-
histochemical staining processes for frizzled-4 glycoprotein
were performed on cryostat sections from small and large
intestine. Positive cells could be observed in all layers of the
gut wall (Figures 1, 2, and 3). RT-PCR analysis of mRNA
isolated from the tunica muscularis confirmed the presence
of frizzled-4 receptormRNA (Figure 4). To further character-
ize the positive cell population, coimmunostaining processes



4 Stem Cells International

Nestin Nestin Fzd4

Fzd4

TM
TS

M

TM
TS

M

TM
TS

M

Fzd4

Fzd4

(a1) (a2) (a3)

(b1) (b2) (b3)

(c1) (c2) (c3)

Fzd4p75NTRp75NTR

Fzd4p75NTRp75NTR

Figure 1: The Wnt receptor frizzled-4 is expressed in neural cells in all layers of the gut wall. Immunohistochemical analysis for frizzled-4
(Fzd4), p75NTR, and nestin expression on cryostat sections of human colon (sample number 1). ((a1)–(a3)) Overview of combined p75NTR

(green) and Fzd4 (red) immunostaining; p75NTR (a1); Fzd4 (a2); merge (a3); DAPI (blue); tunica muscularis (TM); tela submucosa (TSM);
scale bar: 200 𝜇m. ((b1)–(b3)) Higher magnification of combined p75NTR (green) and Fzd4 (red) immunostaining of myenteric ganglia;
p75NTR (b1); Fzd4 (b2); merge (b3); DAPI (blue); scale bar: 50 𝜇m. ((c1)–(c3)) Combined nestin (green) and Fzd4 (red) immunostaining of
myenteric ganglia; nestin (c1); Fzd4 (c2); merge (c3); DAPI (blue); scale bar: 50𝜇m.

of frizzled-4 with peripherin and GFAP were performed. As
shown in Figures 2 and 7 this Wnt receptor is expressed
at various intensities in subpopulations of enteric neurons
and glial cells (Figures 2 and 7). Frizzled-4 immunopositive
neural extensions were observed in the tunica muscularis,
tela submucosa, and the lamina propria mucosae (Figures
1, 2, and 3). Notably, the base of the epithelial crypts was
also surrounded by frizzled-4 positive neural extensions
(Figure 3). Moreover, the Wnt receptor was costained in

cell populations expressing the intermediate filament nestin
and the neurotrophin receptor p75NTR (Figures 1, 2, and
7). Interestingly, the amount of p75NTR positive cells that
coexpressed frizzled-4 per ganglia was highly variable, even
in the same gut area. Frizzled-4 was not found in smooth
muscle cells of tunica muscularis, tunica mucosa, or the wall
of blood vessels and was also absent in interstitial cells of
Cajal, which were stained with c-kit (Figure 2).
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Figure 2: Frizzled-4 is detected in a subpopulation of neural cells. Immunofluorescence for frizzled-4 (Fzd4), p75NTR, nestin, peripherin,
GFAP, and c-kit on cryostat sections of human ileum (sample number 2). ((a1)–(a3)) Combined p75NTR (green) and Fzd4 (red)
immunostaining of myenteric ganglia; p75NTR (a1); Fzd4 (a2); merge (a3); DAPI (blue). ((b1)–(b3)) Combined nestin (green) and Fzd4 (red)
immunostaining of myenteric ganglia; nestin (b1); Fzd4 (b2); merge (b3); DAPI (blue). ((c1)–(c3)) Combined peripherin (green) and Fzd4
(red) immunostaining of myenteric ganglia; peripherin (c1); Fzd4 (c2); merge (c3); DAPI (blue). (d1–d3) Combined GFAP (green) and Fzd4
(red) immunostaining of myenteric ganglia; GFAP (d1); Fzd4 (d2); merge (d3); DAPI (blue). ((e1)–(e3)) Combined c-kit (green) and Fzd4
(red) immunostaining of myenteric ganglia; c-kit (e1); Fzd4 (e2); merge (e3); DAPI (blue); scale bar (a–e): 100 𝜇m.
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Figure 3: Epithelial crypts of the mucosa are surrounded by frizzled-4 positive neural extensions. Immunofluorescence of frizzled-4 (Fzd4)
on cryostat sections of human ileum; (sample number 2). ((a1)–(a3)) Sagittal section. Combined Fzd4 (red) and DAPI (blue) fluorescence
staining (a1); combined Fzd4 fluorescence (red) and brightfield view (a2); merge (a3). The broken lines mark the border between epithelial
cells of the crypt base and the lamina propria mucosae.The white arrowheads indicate the borders of the lamina muscularis mucosae (LMM)
to the lamina propria mucosae and the tela submucosa (TSM); scale bar: 50 𝜇m. ((b1)–(b3)) Horizontal section of the crypt region. Combined
Fzd4 (red) and DAPI (blue) fluorescence staining (b1); combined Fzd4 (red) fluorescence and brightfield view (b2); merge (b3). The broken
lines mark the border between epithelial cells of some crypts and the lamina propria mucosae; scale bar (a, b): 50 𝜇m.
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step served as negative control.



Stem Cells International 7

C
ou

nt
s

0

20

40

60

80

100

p75NTR-APC
0 10

2
10

3
10

4
10

5

(a)
C

ou
nt

s

0

20

40

60

80

100

0 10
2

10
3

10
4

10
5

Fzd4-FITC

(b)

0

10
2

10
3

10
4

10
5

0 10
2

10
3

10
4

10
5

Fzd4-FITC

p7
5-

A
PC

(6.5%)
(17.3%)

(0.3%)

Fzd4+

Fzd4+

Fzd4−
p75NTR+

p75NTR+

p75NTR−

(c)

0

20

40

60

80

100

N
um

be
r o

f c
ell

s (
%

) 

Fzd4− p75NTR+ Fzd4+ Fzd4+

p75NTR− p75NTR+

(d)

Figure 5: A distinct frizzled-4 positive cell population is observed by flow cytometry. Flow cytometry analysis of p75NTR and frizzled-4 (Fzd4)
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Fzd4-FITC costained cells. Numbers indicate the percentage of stained cells in each gate. (d) Quantification of the percentages of unstained,
p75NTR Fzd4 positive, and p75NTR/Fzd4 costained cells from six independent experiments. Data are expressed as mean percentage ± SD of
the total cell number.

In summary, we have shown by immunohistochemistry
that frizzled-4 is expressed in a subpopulation of enteric
nervous system cells, which are positive for peripherin, GFAP,
and p75NTR.

In order to quantify the frizzled-4 positive cell pop-
ulation, enzymatically digested and immunolabeled cells
isolated from tunica muscularis were stained with frizzled-4

antibody and analysed by flow cytometry (Figure 5). Using
this approach, a distinct cell population could be detected
in six independent experiments: 12.3%± 5.9% (mean ±
SD) of the analysed cells stained positive for frizzled-4
in comparison to 19.7%± 9.2% (mean ± SD) of cells that
were positive for the neurotrophin receptor p75NTR. Indeed,
colabelling experiments demonstrated that 60.0%± 16.2%
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Figure 6: Overview of immunostained section sliced from “Swiss-rolled” tissue of Hirschsprung’s disease. Cryostat section from large
intestine diagnosed with Hirschsprung’s disease (sample number 10) was immunostained for peripherin; scale bar: 5mm. The center of the
“Swiss-rolled” tissue marks the distal end of resected intestinal segment. In the microscopic view at the upper left corner normoganglionic,
hypoglanglionic, and aganglionic areas are marked by an unbroken, broken, and dotted line, respectively.

(mean ± SD) of p75NTR positive cells expressed the Wnt
receptor, whereas almost all cells found positive for frizzled-4
also expressed p75NTR (93.3%± 8.9% (mean ± SD)). Hence,
we could identify a double-positive subpopulation of p75NTR+

frizzled-4+ cells, which is clearly distinguishable from the
frizzled-4 negative population.

Next, we investigated the Wnt receptor expression pat-
tern in gut samples of three patients presenting with
Hirschsprung’s disease. In Figure 6, a representative overview
of a peripherin stained cryosection is shown, which was
sliced from a “Swiss rolled” tissue of Hirschsprung’s disease
(Figure 6). In these sections, the size and number of ganglia
typically decreased from oral to anal. The rudimentary
expression of peripherin in the myenteric plexus at the
anal (aganglionic) end represents peripherin expression in
myenteric nerve fibers [22]. Immunohistochemical analysis
of frizzled-4 in comparison to nestin, p75NTR, peripherin,
and GFAP revealed that, in line with the other markers, the
expression of frizzled-4 declined from normoganglionic to
aganglionic areas of the large intestine (Figures 7 and 8).

4. Discussion

Wnt signalling plays an important role in the development
of the peripheral nervous system. It induces and specifies the
neural crest and is involved in processes regulating neural

crest cell migration and formation of neuronal interconnec-
tions in the developing gut [12–14].

Among the ten identified frizzled-Wnt receptors, only
frizzled-4 is able to strongly bind Norrin. Norrin is known
to regulate vascular development of the inner ear and retina
[23] but has also been attributed to mediate neuroprotective
effects to retinal ganglion cells [20]. In humans it is associated
with Norrie disease, a genetic disorder that primarily affects
the eye and leads to blindness and to progressive hearing
loss in a proportion of patients. Although no gastrointestinal
symptoms were described in affected humans, the Norrin-
frizzled-4 interaction is suspected to play an important role in
colonic mucosa regeneration and colonic tumorigenesis [24].

In addition, frizzled-4 knockout mice suffer from
esophageal dysfunction, apart from progressive cerebellar
and auditory degeneration [25]. While the authors ascribed
changes in esophageal motility rather to muscular malde-
velopment and described the lower gastrointestinal ENS to
be unaffected in frizzled-4 knockout mice, subtle changes
in ENS architecture and the impact on the function of the
gut beyond the stomach were not investigated in detail. The
fact that the knockout of frizzled genes can lead to profound
neurogenic abnormalities of gastrointestinal tract motility,
while ENS architecture appears to be almost normal, has
been impressively demonstrated by Sasselli et al. [14]. In
these experiments, the loss of frizzled-3 led to developmental
deficits in the ENS network and resulted in a gastrointestinal
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Figure 7:The expression of frizzled-4 inHirschsprung’s disease decreases frombeing oral to anal. Immunohistochemical analysis for frizzled-
4 (Fzd4) in comparison to p75NTR, nestin, and peripherin on cryostat sections from large intestine diagnosed with Hirschsprung’s disease
(sample number 10). Microscopic brightfield views were taken from normoganglionic, hypoganglionic, and aganglionic areas, respectively;
scale bar: 200 𝜇m.

dysmotility.While the importance ofWnt signalling in neural
crest and ENS development is well established, the role of this
pathway in the postnatal ENS is largely unknown. Recently,
preliminary data indicate an anti-inflammatory activity of
Wnt signalling in the postnatal enteric nervous system of rats
[26].

In our study, we analyzed the expression pattern of
frizzled-4 in normal infant human gut tissue, as well as tissue

collected from patients suffering from Hirschsprung’s dis-
ease. Immunohistochemical analysis revealed that frizzled-4
is expressed in neural cells within the gastrointestinal tract.
Subpopulations of peripherin expressing neurons and GFAP
positive glial cells were stained with various intensities. In
contrast, frizzled-4 was expressed neither in enteric smooth
muscle nor in interstitial cells of Cajal. Interestingly, frizzled-
4 expression was also observed in cell populations that
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Figure 8: Coimmunostaining processes reveal the parallel decrease of frizzled-4 with other neural markers in Hirschsprung’s disease.
Immunofluorescence for frizzled-4 (Fzd4, red) in combination with p75NTR, nestin, peripherin, and GFAP (green) on cryostat sections from
large intestine diagnosed with Hirschsprung’s disease (sample number 10); cell nuclei were visualized with DAPI (blue). Fluorescence views
were taken from normoganglionic, hypoglanglionic, and aganglionic area, respectively; scale bar: 100 𝜇m.

stained positive for the intermediate filament nestin and the
cell surface antigen p75NTR. Together with CD49b, these pro-
teins have been proposed to be expressed in ENS progenitor
or stem cells [18]. Indeed, some evidence supports that neu-
rogenesis also takes place in the postnatal gut. Regeneration

of the ENS has been demonstrated to take place in mice
in vivo upon 5-HT stimulation or following injury of the
gut [15–17]. In addition, the ability to isolate and propagate
cells of the postnatal ENS of rodents and men indicates
the persistence of progenitor or stem cell like neural cell
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types in the postnatal intestine [27–30]. In this context, the
identification of suitable markers for isolation of these neural
progenitor cells is of crucial importance for the development
of cell based therapies. Intriguingly, our flow cytometry
experiments showed that >93% of frizzled-4 expressing cells
were also positive for p75NTR, whereas frizzled-4 positive cells
represent only about 60% of the p75NTR cell pool. Thus, the
frizzled-4 antibody recognizes a subpopulation of p75NTR

positive cells and might represent an interesting marker
for the isolation and characterization of these distinct cell
populations. However, further experiments will be necessary
to investigate and compare the cell biological properties of
Fzd4+/p75NTR+ and Fzd4−/p75NTR+ cells.

Interestingly, our immunohistological findings demon-
strate that the epithelial crypts are surrounded by frizzled-
4 positive neural extension. The intestinal crypt harbors the
epithelial stem compartment that is strongly regulated by the
Wnt signalling pathway [31].The close localization of ENS cell
extensions to this compartment indicates that the epithelial
stem cell nichemight influence the enteric nervous system by
secreted Wnt pathway agonists such as Wnt3a or R-spondin.

Diagnostic procedures use specific antibodies to iden-
tify diseases such as Hirschsprung’s disease. However, the
identification of enteric ganglion cells can be challenging
in human tissue, especially if immature ganglion cells are
present in newborns, where these cells can be easily con-
fused with endothelial cells and cells of mesenchymal or
immunological origin [32]. In addition, in primary diag-
nostic suction biopsies specimens usually only include the
submucosal plexus and are often of small size, making a
precise diagnosis difficult. Therefore, immunohistochemical
analysis, using several antibodies targeted at various neuronal
and glial antigens, has been proposed to increase sensitivity
and specificity of the diagnostic procedure. In this study, we
evaluated the frizzled-4 expression pattern in comparison
to other cell markers in the various segments of the colon
of patients suffering from Hirschsprung’s disease. Immuno-
histochemistry was performed for p75NTR, nestin, GFAP,
peripherin, and frizzled-4 in the normally ganglionated gut,
the transition zone, and the aganglionic segment of the colon.
In the examined tissues, the number of frizzled-4 positive
cells declined from normoganglionic to aganglionic areas of
large intestine, in accordance with the other neural markers.
Whether frizzled-4 might be useful as a putative diagnostic
marker for the diagnosis of Hirschsprung’s disease has to be
investigated in a larger cohort of patients.

5. Conclusion

In the present study, we analysed the expression of the
Wnt receptor frizzled-4 in the enteric nervous system of
human small and large intestine. Frizzled-4 was identified in
a distinct subpopulation of enteric neurons and glia as well
as nestin and p75NTR positive cells in all layers of gut wall.
In pathological human samples of Hirschsprung’s disease the
expression of this Wnt receptor decreased from normogan-
glionic to aganglionic areas of large intestine. The expression
pattern of frizzled-4 indicates that theWnt signalling pathway

might be involved in the postnatal development and/or
function of the enteric nervous system. Additional studies
are necessary to characterize the frizzled-4 positive cell
population in more detail and to elucidate the biological role
of this Wnt receptor in the postnatal human enteric system.
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The gastrointestinal epithelium is characterized by a high turnover of cells and intestinal stem cells predominantly reside at the
bottom of crypts and their progeny serve to maintain normal intestinal homeostasis. Accumulating evidence demonstrates the
pivotal role of a niche surrounding intestinal stem cells in crypts, which consists of cellular and soluble components and creates an
environment constantly influencing the fate of stem cells. Here we describe different 3D culture systems to culture gastrointestinal
epithelium that should enable us to study the stem cell niche in vitro in the future: organoid culture and multilayered systems such
as organotypic cell culture and culture of intestinal tissue fragments ex vivo. These methods mimic the in vivo situation in vitro by
creating 3D culture conditions that reflect the physiological situation of intestinal crypts. Modifications of the composition of the
culture media as well as coculturing epithelial organoids with previously described cellular components such as myofibroblasts,
collagen, and neurons show the impact of the methods applied to investigate niche interactions in vitro. We further present a novel
method to isolate labeled nerves from the enteric nervous system using Dclk1-CreGFP mice.

1. Introduction

Adult tissue stem cells are necessary for tissue homeostasis
and regeneration after injury, but under certain conditions
they may undergo malignant transformation and give rise
to cancer. This hypothesis has been widely studied in vivo
but in vitro methods to analyze the underlying factors and
the interaction of the epithelium and stroma are missing. A
common and distinct feature of most adult stem cells is their
localization [1], as they reside within a specific and protected
anatomical location called stem cell niche. Such a niche is
composed of cellular components surrounding stem cells,
extracellular matrix (ECM), and soluble factors. It is thought

that the primary function of this stem cell niche is stem
cell retention with controlled symmetric and asymmetric
divisions. Anchorage of stem cells ismediated by their contact
with the ECM and relies on adherens junctions [2, 3]. The
cellular part of the niche contains stromal cells such as the
osteoblastic cells in bone marrow, Sertoli cells in germ line
stem cell niche, or pericryptal fibroblasts in the intestine [1, 4].
As the gastrointestinal epithelium is prone to inflammation
and carcinogenesis, it is important to decipher regulatory
mechanisms of the intestinal stem cell niche not only in
physiology, but also during inflammation and carcinogenesis.

The intestine is an organ with a high epithelial cell
turnover comprising a self-renewal every two to seven days
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in the context of normal tissue homeostasis [5], making
it a perfect model to study the impact of the niche on
proliferation and differentiation of stem cells. This plasticity
originates from the presence of multipotent intestinal stem
cells (ISC), which reside in crypts or gastrointestinal glands
[5]. Lgr5-positive (and Prom1-/Sox9-positive) rapid cycling
stem cells reside at the crypt base, hence also called crypt
base columnar cells (CBC), and the four cell lineages of the
intestinal crypt were shown to be derived from these stem
cells [6]. Surrounded by endothelial cells (vascular and lym-
phatic endothelium), pericytes, cells of the immune system,
fibroblasts, and neurons, ISCs are constantly modulated by
the release of cytokines, chemokines, growth factors, and
neurotransmitters and may thereby be modified towards a
carcinogenic fate [7, 8]. The maintenance and proliferation
of stem cells is highly dependent on modulations of sig-
naling pathways such as Wnt, Notch, BMP, or Hedgehog
[8]. Recently, Paneth cells were shown to be an important
component of the intestinal stem cell niche [9]; however
depletion of this cell type in mouse did not alter significantly
the crypt phenotype [10]. That would suggest that niche
factors are provided by stromal cells.

A great majority of in vitro studies in biomedical research
are dominated by the application of two dimensional (2D) cell
culturemodels. However, the latter poorly reflect cellular het-
erogeneity and cellular behavior of tissues in vivo. Moreover,
2D cell culture does not allow studying the communication
between different cell types or ECM-cell interaction. In the
biomedical research there is growing interest for the applica-
tion of three-dimensional (3D) cell culture systems. Recently,
the 3D culture of mouse intestinal crypts has been developed,
which is known as minigut culture or organoid culture [11].
The crypt culture recapitulates the cellular diversity of the
intestinal epithelium. Furthermore, in the intestinal organoid
culture crypt and villus domains can be identified, thus
resembling proliferating and differentiated compartments in
the intestine in vivo. As it is possible to add stromal cells to
the organoid culture, it is a promising physiologically relevant
model to study the niche factors ex vivo. Here we propose
to study the niche factors utilizing nerves and fibroblasts as
niche cells for intestinal and cardia crypt organoids in vitro.

2. Methods

2.1. Animals. Animal experiments were approved by the local
committee of animal welfare. For SI crypt isolation tissue
from C57BL/6 mice (Jackson laboratories) was used. For
the isolation of intestinal myofibroblasts wild type C57BL/6J
mice at the age of 4 weeks–2 years were used. Dclk1-CreGFP
mice were crossed to Rosa26-mTomato/mGFP (R26-TGFP)
reporter strains as previously described [12]. Mice employed
for neuronal coculture were aged between 7 and 10 days
and transgenic ubiquitously expressing the protein Dclk1Cre
in Dclk1-positive cells and their lineages, combined with
the reporter protein-complex Tomfl/flGFP. To obtain Barrett
organoid cardia cells, tissues from pL2-IL-1b mice at the
age of one year were isolated. The pL2-IL-1beta mice carry
the EBV-L2-IL-1𝛽 transgene, overexpressing the human IL-
1beta in the esophageal and squamous forestomach mucosa.

The mice show esophagitis which progresses to metaplasia
and dysplasia at an older age (∼12 months) [13]. Additionally,
for cardia and intestinal crypt culture Lgr5-CreTMG mice
with an inducible Cre and stable GFP expression in Lgr5-
positive cells at the age of 60 and 32 weeks respectively, were
employed [6].

2.2. Intestinal Organoid Culture (Intestinal Crypts). The small
intestine (SI) of mice was taken out and washed in PBS
(Life Technologies), removing all fat and adjacent tissue. It
was opened longitudinally and washed in PBS to remove all
remaining food residues. The SI tissue was cut into ca. 3–
5 cm long parts, which were stored in a petri dish containing
cold PBS + 10% fetal bovine serum (FBS) (Life Technologies),
referred to later as PBS/FBS.The intestine parts were flattened
on a petri dish and the villi were scraped off using a cover
glass. This step was repeated on the inside and outside of
the SI parts. These SI parts were cut with a scalpel into 2–
4mm pieces and transferred into 20mL PBS/FBS in a 50mL
falcon tube.The tissue samples were allowed to sediment and
the supernatant was removed. Additional 10mL of PBS/FBS
was added to wash the tissue and the supernatant was
removed.These steps were repeated until the supernatant was
clear (approx. 5 times). The remaining tissue was digested
in PBS + EDTA (2mM) for 15min at 4∘C on a shaker.
After digestion the supernatant was removed. The tissue
was resuspended in 10mL PBS/FBS and filtered through a
70 𝜇m cell strainer (BD Biosciences) into a new 50mL falcon
tube. This step was repeated several times (∼4 times). To
pellet the crypts they were centrifuged for 8min, 800 rpm at
4∘C.The supernatant was removed as completely as possible,
150–200𝜇L Matrigel was added to the pellet avoiding air
bubbles. 50𝜇L Matrigel was plated in every well of a pre-
warmed 24-well plate. In every well 0.5mL of crypt culture
medium (CM) was added, which is composed of advanced
DMEM/F12 (Life Technologies), supplemented with serum-
free B27 (1 : 50, Life Technologies), N2 (1 : 100, Life Tech-
nologies), N-acetylcysteine (50mM, Sigma), recombinant
murine epithelial growth factor (EGF 50 ng/mL, Peprotech),
Noggin (100 ng/mL, Peprotech), R-Spondin (1𝜇g/mL, Pepro-
tech), Glutamax-I Supplement (1 : 100, Life Technologies),
Penicillin/Streptomycin (500 𝜇g/mL, Life Technologies), and
HEPES (10 𝜇M, Life Technologies) (see Table 1). The cultures
were incubated in a humidified incubator at 37∘C and 5%
CO2.

After 1 day, growth of the isolated crypts can be mon-
itored. After 2-3 days SI crypts start budding, resembling
the crypt-villus structure in the intestine. The medium was
changed every second day. Approximately every week the
crypts can be split 1 : 2 to 1 : 4, depending on the number and
size of the crypts. To passage the organoids, the medium was
replaced by 0.5mL ice-cold medium (CM without growth
factors, also described as complete medium), pipetted up and
down a few times to disrupt the Matrigel, and put in a new
15mL falcon. Disrupted crypts should no longer be visible by
eye. They were pelleted at 800 rpm for 5min at 4∘C and the
appropriate amount of Matrigel was added to the pellet. The
Matrigel drops are plated again into a 24-well plate and the
crypt culture medium was added.



Stem Cells International 3

Table 1: Composition of standard media applied in the described methods.

Culture conditions Composition

Crypt medium (CM) Advanced DMEM/F12 + HEPES + Pen/Strep + Glutamax + growth supplements (B27, N2) + ENR
(EGF, R-Spondin, and Noggin) + N-acetylcysteine

Cardia medium (CaM) Wnt-conditioned advanced DMEM/F12 + HEPES + Pen/Strep + Glutamax + growth supplements
(B27, N2) + ENR (EGF, R-Spondin, and Noggin) + N-acetylcysteine

2.3. Isolation of Intestinal Myofibroblasts. Intestinal myofi-
broblasts were isolated using the explant technique. The
murine small intestine was harvested and cut into 2-3mm
fragments. The tissue fragments were washed in a cold
washing solution that was composed of Hanks’ Balanced
Salt Solution (HBSS) (Life Technologies), 1% Penicillin/
Streptomycin (Life Technologies), and 50𝜇g/mL Gentamicin
(Life Technologies) and incubated in 1mM Dithiothreitol
(DTT) for 15min at room temperature. Afterwards, the tissue
fragments were incubated in 1mM EDTA for 30min at
37∘C with occasional stirring. After washing with HBSS,
incubation with 1mM EDTA was repeated. Then the tissue
fragments were washed and incubated with 1mg/mL collage-
nase type I (Sigma) for 30min at 37∘C. After washing with
a solution containing HBSS, 10% FBS (Life Technologies),
and 1% Penicillin/Streptomycin, the tissue fragments were
plated and cultured in a medium containing RPMI1640
(Life Technologies), 10% FBS, 1% Penicillin/ Streptomycin,
and 100 𝜇g/mL Normocin (Invivogen). The myofibroblasts
migrate out of the tissue fragments and adhere to the culture
plate.

2.4. Crypt-Fibroblast Coculture in Organotypic Cell Culture
System (OTC). Myofibroblasts and crypts were isolated as
stated above from 6-week–8-month-old mice (𝑛 = 3 for
the 2-day cultures and 𝑛 = 4 for the 7-day cultures),
expanded, and then used for the experiment. Acellular and
cellular matrix were prepared as previously published [14],
with minor modifications. 900𝜇L of acellular matrix was
pipetted on a transwell (24mm transwell with 3.0𝜇m pore
polycarbonate membrane insert, Corning), which was placed
into a 6-well transwell carrier (Organogenesis). After the
solidification, 450𝜇L of cellular matrix containing intestinal
myofibroblasts was poured. After the stabilization of the
matrix, 450 𝜇L of cellular matrix containing intestinal crypts
was poured on the top. Per well 7.5mL medium containing
RPMI1640 (Life Technologies), 10% FBS (Life Technolo-
gies), 1% Penicillin/Streptomycin (Life Technologies), and
330 ng/mL R-Spondin (Peprotech) were added. At day 0 cells
were seeded. R-Spondin was added to the medium only at
day 0. At days 2 and 7 the culture was fixed in formalin,
dehydrated, and embedded in paraffin. On the cut paraffin
slides H&E, Ki-67 (Abcam), and 𝛼-SMA (Abcam) staining
were performed. Total number of crypts was quantified on
slides that were stained for H&E. Disintegrated crypts were
counted as nonviable. Survival was defined as percentage of
viable crypts.

2.5. Tissue Culture Ex Vivo. Small intestine was harvested
from 5-week-old mice, cut into small pieces, embedded

in a matrix, and cultured. The method was performed as
previously published [15], with exception of the composition
of the acellular bottom layer and cell-containing layer, which
were prepared according to the protocol for organotypic
cell culture [14]. The culture was performed in a transwell
(24mm transwell with 3.0 𝜇mpore polycarbonatemembrane
insert, Corning) thatwas placed into a 6-well transwell carrier
(Organogenesis). The culture medium was composed of
Ham’s F12 (Life Technologies), 20% FBS (Life Technologies),
and 50 𝜇g/mL Gentamicin (Life Technologies) and it was
exchanged after one week. 1mL of medium was added per
well. After two weeks, the culture was fixed in formalin and
embedded in paraffin and PAS staining was performed.

2.6. Influence of the Extracellular Matrix on Phenotype of
Intestinal Organoids. Small intestinal crypts from three wild
type 7-week–17-month-oldmicewere isolated and cultured in
Matrigel as described above. For the experiment, crypts were
seeded either in Matrigel or in a cellular matrix, which was
prepared as previously published [14] with the exception of
FBS, which was not added. The crypts were mixed with the
cellular matrix and 50 𝜇L of matrix was seeded per well in
a 24-well plate. Crypts were seeded at day 0 and the culture
medium was the same as previously published [16]. Analysis
and fixation in formalin were performed at day 2. Sections
were stained for Ki-67 (Abcam).

2.7. Cardia Organoid Culture. The harvested stomach was
opened along the large curvature and flushed with cold PBS +
10% FBS to remove food residues. To isolate the tissue of the
squamocolumnar junction (SCJ), the opened stomach was
put flat on a hard surface inside out; the tissue of interest
was dissected, washed in PBS, chopped into small pieces, and
transferred into 20mLPBS buffer substitutedwith EDTA and
ethylene glycol tetraacetic acid (EGTA, final concentration
2mM). To detach the individual tissue layers, the harvested
tissue was incubated for 45min on a shaker at 4∘C. Following
incubation the supernatant was removed and 10mL PBS with
10% FBS was added. Analogous to the isolation of intestinal
crypts, further disruption of the tissue was accomplished
using the shearing forces of pipetting. The fragments were
passed through a 70𝜇m cell strainer (BD Biosciences). The
cell suspension was spun down at 600 rpm for 5min. The
pellet was resuspended in Matrigel and seeded onto a pre-
heated 24-well plate with drops of 50 𝜇LMatrigel in eachwell.
For long-term cultures, the organoids were cultured in Wnt-
conditioned intestinal crypt culture medium (0.5mL per
well), which was added freshly every second day. Wnt-CM
(later referred to as cardia medium, CaM) was derived from
L-Wnt3a cell line (ATCC) that was cultured in the medium
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composed of advanced DMEM/F12 (Life Technologies),
HEPES (10 𝜇M, Life Technologies), Penicillin/Streptomycin
(500𝜇g/mL, Life Technologies), and Glutamax-I Supplement
(1 : 100, Life Technologies). Cardia organoids typically need
Wnt3a for growth and long-term survival as an additional
growth factor [17]. For efficient expansion of the organoids,
they have to be passaged after 7 and 10 days in culture with
the same procedure as intestinal organoids.The cultures were
fixed in formalin at day 10, dehydrated, and embedded in
paraffin. After cutting paraffin slides, hematoxylin and eosin
(H&E), periodic acid–Schiff (PAS), Ki-67 (Abcam), and 𝛼-
SMA (Abcam) staining were performed.

2.8. Isolation of Neuronal Tissue and Coculture. Neuronal
tissue is derived from the myenteric plexus by removing the
seromuscular layer of the prepared small intestine (adapted
from [18, 19]). During the isolation process, isolated tissue
was kept on ice in minimum essential medium (MEM,
Life Technologies). The obtained tissue was digested for ca.
45–80min at 37∘C in HBSS containing collagenase type II
(1 𝜇g/𝜇L, Worthington). Using a microscope, the digestion
process was carefully monitored for its progress. After the
first incubation period, insufficiently digested plexi were
separated and digested for another 15min. The obtained
small fragments were then carefully disrupted using injection
syringes (Sterican 23G × 1 1/4 or 20G × 1 1/2). To stop
the digestion process HBSS supplemented with 10% FBS
was added. The cell suspension was centrifuged (600 rpm,
5min) and, after another washing step with HBSS/FBS,
resuspended in advanced DMEM/F12 (Life Technologies).
For growth and differentiation of neurons, cells were plated
in Matrigel together with cardia organoids and cultured
in neurobasal complete medium (NBM), which is com-
posed of neurobasal medium (Life Technologies), nerve
growth factor (NGF, 1 : 1000, Life Technologies), serum-
free B27 (1 : 50, Life Technologies), N2 (1 : 100, Life Tech-
nologies), N-acetylcysteine (50mM, Sigma), recombinant
murine epithelial growth factor (EGF 50 ng/mL, Peprotech),
Noggin (100 ng/mL, Peprotech), R-Spondin (1𝜇g/mL, Pepro-
tech), Glutamax-I Supplement (1 : 100, Life Technologies),
Penicillin/Streptomycin (500 𝜇g/mL, Life Technologies), and
HEPES (10 𝜇M, Life Technologies). Medium was changed
every other day. Cocultures were incubated in a humidified
incubator at 37∘C and 5% CO2.

2.9. Calcium Imaging. Ca2+-imaging allows visualizing alter-
ations of intracellular [Ca2+]i visible by using fluorescent dyes
that change the intensity of their fluorescence depending
on the [Ca2+]i. Although the direct contribution of Ca2+
to the neuronal membrane potential is limited, it has been
shown that membrane potential events are closely linked
to changes in [Ca2+]i [20, 21]. Therefore the Ca2+ indicator
Fluo-4 AM (Invitrogen) was used to detect activation of
the neurons in the cocultures. The cells were incubated in
10 𝜇M Fluo-4 AM for 20 minutes, followed by a 20min
wash out. During the Ca2+-imaging experiments cells were
continuously perfused with Krebs solution [22] at 37∘C,
which was constantly fumigated with carbogen (95% oxygen

and 5% CO2). To ensure a neuronal staining that was stable
for several hours we added 1.25mM probenecid (Sigma) to
the Krebs solution used for the experiments. Probenecid
is an inhibitor of organic anion transporters eliminating
dyes and indicators from the cytoplasm [23]. The changes
in fluorescence were determined using a digital camera
(AxioCam Hsm, Zeiss) and the Zeiss Axio Vision software
in combination with an inverted microscope (Axio Observer
A1, Zeiss). The frame rate of the recording was 2Hz, which
is sufficient to reveal neuronal activation. For viability testing
we applied 100 𝜇M nicotine (Sigma) via pressure application
(PDES-2L, npi electronic GmbH, Tamm, Germany) through
a pulled glass pipette (tip diameter ca. 5𝜇m). Nicotine acts
as an agonist at the nicotinergic acetylcholine receptor and
therefore is suitable as a viability test for cultured enteric
neurons [24]. To quantify the changes in fluorescence upon
nicotinic activation of acetylcholine receptors, we assigned
the resting light intensity (RLI) in the regions of interest.

2.10. Reverse Transcription Polymerase Chain Reaction (RT-
PCR). RNA was isolated using the RNeasy Mini Kit (Qia-
gen). Residual genomicDNAwas eliminated byDNase diges-
tion on the column (Qiagen). cDNA was generated by the
Reverse Transcription Kit (Promega). The primers applied
were 𝛼-SMA (fw 5 CGCTGTCAGGAACCCTGAGA 3, rv
5 ATGAGGTAGTCGGTGAGATC 3),𝛽-actin (fw 5 CCC-
TGAACCCTAAGGCCAACC 3, rv 5 ACCCCGTCTCCG-
GAGTCCATC 3), E-cadherin (fw 5 ACCACTGCCCTCG-
TAATCGAA 3, rv 5 CGTCCTGCCAATCCTGATGAA 3),
Lgr5 (fw 5 GACGCTGGGTTATTTCAAGTTCAA 3, rv
5 CAGCCAGCTACCAAATAGGTGCTC 3), villin 1 (fw 5
GACGTTTTCACTGCCAATACCA 3, rv 5 CCCAAGGC-
CCTAGTGAAGTCTT 3), and vimentin (fw 5 AACACC-
CGCACCAAC 3, rv 5 TCCGGTACTCGTTTGACT 3).

2.11. Organoid/Enteroid Evaluation and Statistical Analysis.
Proliferation and growth of organoids can be evaluated in
vitro in several ways; we here applied the determination of
the diameter and the circumference of the organoids per
passage and compared the means on a timeline. The cardia
organoids were measured at day 7 and day 10 using Axio
Vision software (Zeiss) and ImageJ. Evaluation of the growth
of intestinal crypts in organotypic cell culture system was
based on the analysis of H&E staining: diameter of crypts
after 2 and 7 days of culture was measured. The statistical
analysis was performed using GraphPad Prism. Comparing
of two groups was performed using an unpaired two-tailed
𝑡-test. A standard deviation of 𝑃 < 0.05 was statistical
significant.

3. Results

3.1. 3DCell Culture Systems to Study the Stem Cell Niche in the
Gastrointestinal Tract. In order to analyze the stem cell niche
in vitro we analyzed three different in vitro culture systems
to ideally mimic the in vivo situation and still be able to
understand the impact of the different cellular and acellular
factors.
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The tissue culture ex vivo system is based on embedding
whole tissue fragments in a matrix. Here we modulated
a previously published tissue culture ex vivo system [15],
utilizing an additional acellular layer and a cell-containing
layer that were prepared according to the protocol for the
originally published OTC system [14] (Figure 1(a)). The
culture was performed in transwells as described above.
Firstly an acellular layer was poured, which mimics the
basement membrane. Then a cellular layer containing tissue
fragments was poured. The medium was added only to
the outer dish, which created an air-liquid interface and
leads to better oxygenation of the culture. Of note, addition
of R-Spondin (which is crucial for organoid culture) was
not necessary; however we observed increased efficiency of
growing epithelium after the addition of R-Spondin (not
shown), similarly as it was previously reported [15]. Although
this type of culture preserves a native stromal niche (indicated
by arrowhead, Figure 1(a)) and can be analyzed after formalin
fixation and paraffin embedding by immunohistochemistry,
it does not represent a direct tool to analyze epithelial-stromal
interaction in vitro without the use of genetically modified
mouse models and certainly not for human material.

In contrast to the tissue culture ex vivo both OTC and
organoid culture enable combining and therefore analyzing
distinct cell types. In the OTC system epithelial and stromal
cells are embedded in separate matrix layers. Since multi-
layer and multicellular OTC systems [14] seem to provide
gradients of nutrients (feeding from the bottom) and they
seem to mimic the structure of an organ much better
than organoid cultures, we tested the suitability of OTC
as a novel model to study the intestinal stem cell niche
with murine intestinal crypts isolated from B6 WT mice.
We cultured intestinal crypts in a multilayer OTC system
(Figure 1(b)) similarly to the tissue culture ex vivo; the culture
was performed in a transwell. Firstly, the acellular layer was
poured; then a cellular layer with intestinal myofibroblasts
was added. On the top, another cellular layer containing
crypts was placed. Medium was added only to the outer
dish (feeding from the bottom) thus enabling an air-liquid
interface with crypts occasionally being directed to the open
surface.

In contrast, in the enteroid/organoid culture cells are
embedded in Matrigel and cultured in a “Matrigel drop”
(Figure 1(c)). Culture medium contains growth factors such
as R-Spondin, EGF, and Noggin, which are necessary to
maintain growth and structure of the crypts. It has been
defined that crypts from the intestine should be named
enteroids as soon they form a budding “minigut” and only
the combination of these cells with other cell types allows
the term organoids. The combination of other cell types such
as fibroblasts and nerves with the enteroid system mimics
a specific in vivo situation and can be called organoid [25].
Although the organoid culture represents a physiologically
relevant cell culture system and it has been shown that small
intestinal crypts in an organoid culture system contain a
crypt and villus domain [11], it has limitations. The organoid
culture system does, for example, not recapitulate the gradi-
ent of nutrients, which is present along crypt-villus axis in
vivo.

3.2. Characterization of Small Intestinal Organoids and Small
Intestinal Myofibroblasts. In order to characterize small
intestinal organoids, the culture was fixed in formalin,
embedded in paraffin, and stained. H&E staining showed
that an intestinal organoid is composed of a monolayer
of polarized columnar epithelial cells (Figure 2(a), left).
Moreover small intestinal organoids contain lumen and are
characterized by the presence of buds. PAS staining revealed
presence ofmucus producing cells and the secretion ofmucus
into the lumen (Figure 2(a), middle). Besides differentiated
zones characterized, for example, by the presence of mucus
producing cells, in small intestinal organoids proliferative
zones can be distinguished as can be seen fromKi-67 staining
(Figure 2(a), right). Cells with proliferative activity seemed
not to be randomly distributed, but rather accumulated in
areas where buds grew (Figure 2(a), right). Moreover, small
intestinal organoids expressed Lgr5, a marker of intestinal
stem cells (Figure 2(b)), and we demonstrate Lgr5-positive
cells isolated from an Lgr5 CreTM mouse in which all LgR5
expressing cells also have GFP expression in the intestinal
organoids (Figure 2(b)). Myofibroblasts isolated from small
intestine and cultured in vitro were elongated and spindle-
like (Figure 2(c)). To confirm the lineage identity of small
intestinal organoids and small intestinal myofibroblasts, RT-
PCR for the epithelial cell markers E-cadherin and villin
as well as mesenchymal cell markers such as 𝛼-SMA and
vimentin was performed.The data revealed that small intesti-
nal organoids were positive for E-cadherin and villin and
negative for 𝛼-SMA and vimentin, thus confirming their
epithelial lineage identity (Figure 2(d)). Small intestinal
myofibroblasts expressed 𝛼-SMA and vimentin and were
negative for epithelial cell markers, thus confirming their
stromal cell identity (Figure 2(d)).

3.3. Fibroblasts Improve Organoid Culture Survival. To study
the role of fibroblasts as a niche factor for ISCs, small
intestinal crypts were cultured together with intestinal myofi-
broblasts in an OTC system (Figure 1(b)) and compared to
the cryptmonoculture. For themonoculture, the samematrix
was used but with the only change that the myofibroblasts
were not added to the cellular layer. After 7 days of the
cultivation we observed increased macroscopic visibility of
the coculture when compared to the monoculture (Fig-
ure 3(a)). Both crypt OTC monoculture and crypt OTC
coculture contained mucus producing cells and proliferating
cells as demonstrated byPAS andKi-67 staining (Figure 3(b)).
Proliferating cells were not homogenously distributed, but
proliferating compartments could be distinguished especially
in the coculture. 𝛼-SMA staining confirmed the presence of
underlying spindle-shape myofibroblasts in the crypt OTC
coculture (Figure 3(b), with adjacent magnification). To
check whether the myofibroblasts influence crypt growth
over the time, the diameter of crypts at day 2 and day 7
was measured from cultures that were fixed in formalin,
embedded in paraffin, and stained for H&E. Although we
did not detect significant changes in crypt size between
monoculture and coculture at day 2, we observed that at day
7 crypt diameter in the monoculture was ∼100𝜇m, whereas
in the coculture it was ∼400𝜇m (Figure 3(c)), suggesting
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Tissue culture ex vivo Organotypic cell culture Organoid culture 

Matrix

(a) (b) (c)

Matrigel + collagen Matrigel + collagen Matrigel

Layers Two Three One

Oxygenation Air-liquid interface Air-liquid interface No air-liquid interface

Nutrients Gradient Gradient No gradient

Medium RPMI, 20% FBS (R-Spo) RPMI, 10% FBS (R-Spo) Serum-free, R-Spo, EGF, Noggin 
Cell types Tissue microenvironment Two One or more

Figure 1: Summary of three-dimensional methods to culture intestinal epithelium. (a) Tissue culture ex vivo. Arrowhead indicates stromal
cells. (b) Organotypic cell culture. (c) Organoid culture. PAS staining. R-Spo, R-Spondin.

that myofibroblasts improve growth of the crypts. To further
investigate the influence of myofibroblasts on the crypts,
analysis of the organoid survival was performed, which relied
on the quantification of viable crypts based on the H&E
staining. A viable crypt was defined as a crypt with intact
epithelial cell monolayer, while a nonviable crypt was defined
as an accumulation of cellular detritus (Figure 3(d), lower).
In the crypt OTC monoculture 30% of crypts were viable,
whereas in the cryptOTC coculture 90%of crypts were viable
(Figure 3(d), upper), indicating that myofibroblasts improve
organoid culture survival and thus supporting the hypothesis
that myofibroblasts provide some niche factors for ISCs.

3.4. Collagen Modulates the Phenotype of Intestinal Crypts.
Interestingly, crypts cultured in the OTC system almost
did not have buds, which are a characteristic feature of
3D intestinal tissue cultures, as shown by crypts that were
cultured in the organoid system (Figure 4(a)). Since the
extracellular matrix was shown to alter the phenotype of
normal mammary epithelium [26] and given that matrix
composition of OTC differs from that one used in organoid
culture of intestinal crypts, we hypothesized that the extra-
cellular matrix might contribute to shaping the phenotype
of the normal intestinal epithelium. To test this hypothesis,
we utilized the organoid culture system and embedded
crypts in the OTC cellular matrix. To exclude the potential
effect of an air-liquid interface and the effect of serum,

the culture was performed in a 24-well plate (identically as
the organoid culture) [11, 27] and without addition of serum
into the cellular matrix. In control conditions (crypts seeded
inMatrigel) approximately 70% crypts contained buds, while
in the OTC cellular matrix only 40% crypts were budding
(Figure 4(c)), suggesting that collagen reduces the formation
of buds. Although crypts in OTC cellular matrix showed a
decreased number of buds, they contained proliferating cells,
as revealed by Ki-67 staining (Figure 4(b)).

3.5. Isolating Distinct Neurons from the Enteric Nervous
System for In Vitro Culture. As described above, the nervous
system is thought to have an important function in intestinal
epithelial stem cell regulation and in the development of
neoplasia [12, 28, 29]. Upon surgical or pharmacological
denervation of the stomach, our collaborators andwe recently
demonstrated that carcinogenesis in the denervated part of
the stomach was depending on innervation [17]. At the same
time, this was correlated with a downregulation of Wnt3a in
the stem cell niche of the denervated part of the stomach.

We recently generated a BAC transgenic mouse
line that expresses constitutive Cre-recombinase under
the control of the Dclk1 gene locus [12]. We subsequently
crossed Dclk1-Cre mice to a Tomato/GFP reporter
mouse line (B6.129S4-Gt(ROSA)26Sortm4(ACTB-tdTomato-
EGFP)Luo/J), in which membrane targeted Tomato (RFP)
is replaced by membrane targeted Green fluorescent protein
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Figure 2: Characterization of small intestinal organoids and small intestinal myofibroblasts used to reconstruct intestinal stem cell niche
ex vivo. (a) H&E staining, PAS staining, and Ki-67 staining of small intestine organoids. Scale bar, 50 𝜇m. (b) Lgr5-GFP-positive epithelial
cells in cultured conditions (marked with arrowheads). Scale bar, 100𝜇m. (c) Morphology of small intestine myofibroblasts, phase contrast
microscopy. (d) Confirmation of the purity of small intestine organoids and small intestine myofibroblasts by Reverse-Transcription PCR.
RT- (reaction without the addition of reverse transcriptase) served as the negative control.

(GFP) upon Cre-mediated recombination. Interestingly, in
this mouse line with constitutive active Cre expression from
embryogenesis on, we observed lineage tracing in nerve-like
structures throughout the entire gut (Figures 5(a)–5(d)).
Within the Dclk1 lineage, we frequently observed enteric
GFAP+ glial cells and PGP9.5+ nerves and ganglia (Figures
5(e)–5(f)), suggesting that the Dclk1 lineage labels parts of
the enteric nervous system (ENS), which has been shown to
modulate responses to injury [30].

Subsequently, we established a neuron-organoid cocul-
turemodel as a novelmethod to examine the role of nerves on
the intestinal stem cell niche [12] in health and disease such
as Barrett esophagus, for which we also recently developed a
newmouse model [13], which allows us to isolate mouse Bar-
rett epithelial organoids. Using our robust organoid culture
model, we cultured and cocultured organoids from Barrett
epithelium of the mouse in different media as described
above.

Similar to the characterization of the cultured small
intestinal crypts, H&E staining showed that cardia organoids

are composed of a monolayer of polarized columnar epithe-
lial cells (Figure 6(a)).Moreover the organoids contain lumen
and are characterized by the presence of mucus producing
cells and the secretion of mucus into the lumen (Figure 6(a),
PAS staining). Besides differentiated zones characterized, for
example, by the presence of mucus producing cells, in cardia
organoids proliferative zones also can be distinguished as
can be seen from Ki-67 staining (Figure 6(a)). Cells with
proliferative activity seemed not to be randomly distributed,
but rather accumulated in expanding areas of the organoids
(Figure 6(a)). To verify the purity of the isolated cardia
organoids, 𝛼-SMA showed to be predominantly negative
except only few positive fibroblasts adjacent to proliferative
epithelium (Figure 6(a)). To prove the presence of stem cells
in our cardia organoids, we demonstrate the presence of Lgr5-
CreTM-GFP labeled epithelial cells in cultured conditions
(see Figure 6(b)).

For isolation of neurons from the enteric nervous sys-
tem, 7–10-day-old pups were used from Dclk1.Cre.GFP-
Tomfl/flGFPmice, as described above (Figure 6(c)).This figure
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Figure 3: Fibroblasts improve organoid growth and organoid culture survival. (a)Macroscopic image of the cryptmonoculture and coculture
in an organotypic cell culture system at day 7. (b) Characterization of the crypt monoculture (left panel) and coculture (right panel) in an
organotypic cell culture system at day 7 by immunohistochemistry staining: H&E (scale bar 100 𝜇m), PAS (scale bar 100 𝜇m), Ki-67 (scale
bar 50 𝜇m), and 𝛼-SMA staining (scale bar 100 𝜇m), with adjacent magnification. (c) Organoid diameter measured on H&E slides from crypt
monoculture and coculture in organotypic cell culture system after 2 and 7 days of culture. Each dot represents a single organoid. 𝑃 < 0.0001
(one-way ANOVA with Bonferroni comparison). (d) Lower, example of a nonviable crypt in organotypic cell culture system, H&E staining.
Scale bar, 25 𝜇m. Upper, survival of crypts in an organotypic cell culture system, for the monoculture 169 crypts were quantified; for the
coculture 213 crypts were quantified. 𝑃 < 0.0001, two-tailed 𝑡-test.

demonstrates the pure isolation of neuronal structures from
the gut, which then could be cultured with cardia organoids
from the Barrett model. As additional proof of nerves
showing the positive lineage, a beta-III Tubulin staining
was performed of neurons cultured in vitro, which almost
exclusively labeled neurons (Figure 6(d)). Using the Dclk1

lineage reporter we were therefore able to specifically isolate
ENS neurites and grow them in 3D coculture conditions
(Figure 6(e)). Neurons showed prominent neurite outgrowth
and were physiologically active till day 10 of culture as
demonstrated by utilizing Ca-imaging (Figures 6(f) and
6(g)).The analysis of the RLI showed an abrupt increase upon
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Figure 4: Collagen modulates the phenotype of small intestine organoids. (a) Morphology of small intestine organoids cultured in the
presence of EGF, Noggin, and R-Spondin. Arrowheads indicate buds. Scale bar, 100𝜇m. (b) Ki-67 staining of small intestine organoids, scale
bar, 50 𝜇m. (c) Collagen reduces budding of small intestine organoids. In total 1700–1800 crypts were quantified per condition. 𝑃 = 0.0045,
two-tailed 𝑡-test.

stimulation of neurons with nicotine, subsequently showing
a decrease of RLI over time in the regions of interest (ROI) in
the absence of nicotine (Figure 6(g)).

3.6. Neurons Enhance Growth of Murine Cardia Organoids.
Comparing different conditions of organoid cultures with
and without neurons and variations in the culture media,
we observed significant differences between the cultures

with and without neurons as described previously [12]. We
compared organoid cultures of Barrett epithelium isolated
from Barrett esophagus from pL2-IL-1b mice [13] cultivated
with CM, Wnt-conditioned CaM, and the coculture with
neurons in NBM, the normal organoid cultures in CM
being the control groups at seven days and ten days (for
composition of media, see Table 1).The comparison of cardia
organoids in Wnt-conditioned medium and cocultured with
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Figure 5: Positive Dclk1 lineage shown in the enteric nervous system with GFP labeled neurons. Immunofluorescence of small intestine
from Dclk1.Cre.GFP-Tomfl/flGFP mice. (a) DAPI for cell nuclei. (b) Positive GFP-fluorescence in neurons (Dclk1.Cre.GFP-Tomfl/flGFP label
recombined cells of the Dclk1 lineage from birth on) invading organoids and single Dclk1-positive cells in epithelium, arrowhead indicating
lineage of Dclk1-positive neurons, (c) Tom-Red ubiquitously expressed asmarker protein complex. (d)Merge of (a)–(c), scale bars 100 𝜇m. (e)
Cultured neurons identified by positive GFP-fluorescence and overlapping with PGP9.5 staining as proof of lineage, last panel demonstrating
lacZ stained neuronal structures next to smooth musculature within the GI tract, scale bar, 50 𝜇m. (f) Overlapping fluorescence with GFAP
as proof of lineage of glia within myenteric plexus, last panel showing lacZ stained glia within myenteric plexus, scale bar, 50 𝜇m.

neurons remained of special interest, as the role of nerves
and the Wnt signaling was recently investigated intensively
in gastrointestinal tumorigenesis [17].

Interestingly, the means ± SEM (standard error of
the mean) of the groups showed highly significant differ-
ences already after seven days of culture (see Table 2), in
total three experiments per group and point in time were

performed. The size of the organoids cultivated in CaM
(Wnt-conditioned medium) compared to CM showed sig-
nificantly larger organoids after seven and ten days applying
both methods of measuring organoid size (𝑃 < 0.0001).
The same result is shown for the comparison of organoids
in CM compared to organoids in NBM with neurons in
coculture (NBM + N) (𝑃 < 0.0001). Organoids in NBM
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Figure 6: Continued.
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Figure 6: Cardia organoid cultures and cocultures with neurons as a model to investigate the gastrointestinal stem cell niche. (a) IHC for
H&E, PAS, Ki-67, and 𝛼-SMA for further characterization of the method, arrowheads indicating positive stained cells, scale bars, 100 𝜇m. (b)
Light microscopy of Lgr5-GFP-positive organoid, scale bar, 50 𝜇m. (c) Immunofluorescence of Dclk1-labeled neurons in cultured conditions
(NBM). (d) Cultured neurons (NBM) stained with beta-III Tubulin, scale bar, 100𝜇m. (e) Cocultured neuron with cardia organoid, light
microscopy and immunofluorescence, ∗Dclk1-labeled neuron (green fluorescence) neighboring crypt wall, scale bar, 100 𝜇m. (f) Ca-imaging
of neuron in cocultured conditions (NBM), different points in time beginning from application of nicotinic acid to Fluo-4-labeled neurons,
brightening of neuron indicating Ca-influx. Scale bar, 50 𝜇m. (g) Analysis of the RLI of stimulated neuron, ROI I, ROI II, and ROI III
measuring different regions of the neuron as indicated in (f), picture 2 (regions labeled 1, 2, and 3). ((h), (i)) Analysis of organoids and
cocultured neurons in different conditions, distribution of mean diameters and circumferences per group and point in time and standard
error of themean (SEM) (CM= crypt medium, CaM=Wnt-conditioned cardia medium, NBM= cocultured neurons in neurobasal complete
medium, groups compared at 7 d and 10 d), measured in 𝜇m; comparison of average organoid growth between groups applying two-tailed
𝑡-test (∗level of statistical significance, ∗∗∗∗𝑃 < 0.0001), 𝑛 = 3 experiments per group and point in time. (j) Representative light microscopic
image of each group and point in time (arrowheads indicating neurons), scale bar, 100 𝜇m.

cocultured with neurons compared with organoids cultured
in CaM did not show any significant differences in size at
both day 7 and day 10 (Figures 6(h) and 6(i), examples of
cultured and cocultured organoids shown in Figure 6(j)).
Interestingly, the organoid count over time reached a 1.5–
2-fold increase in number of organoids per well already at
day 4 of culture in both CaM conditions and cocultures
with nerves compared to the control group cultured in
CM (data not shown), although organoid count balanced at
day 10 of culture for all conditions compared. Additionally,
judging from the analysis of the diameters and circumfer-
ences, the latter are feasible to calculate from the diameters
(Table 2).

4. Conclusions

Here we describe the utilization and modification of distinct
3D culture methods that can be used to analyze the role and
function of different stem cell niche components in vitro. The
basic element of each 3D cell culture is a matrix, which plays
a scaffolding role for the cells and tissues, similarly to ECM
that is present in organs in vivo. Examples of the matrices
used in 3D cell biology are the following: Matrigel, collagen,
and Hydrogel [31–35]. 3D cell cultures have shown altered
gene expression profilingwhen compared to 2D [36].Herewe
describe the modification and establishment of three distinct
3D cell culture methods to study the adult gastrointestinal



Stem Cells International 13

Table 2: Measurements of organoid size and circumference at 7 d and 10 d in 𝜇m, 𝑛 = 3 experiments.

Mean ± SEM Mean ± SEM 𝑛

(Diameter) (Circumference) (Measurements)
Cardia in CM (7 d) 96.54 ± 4.316 318.5 ± 14.67 93
Cardia in CaM (7 d) 183.3 ± 20.74 606.8 ± 66.98 79
Cardia + N in NBM (7 d) 169.7 ± 11.76 548.3 ± 37.37 96
Cardia in CM (10 d) 84.40 ± 3.850 275.8 ± 12.44 77
Cardia in CaM (10 d) 279.9 ± 21.67 949.4 ± 94.87 60
Cardia + N in NBM (10 d) 269.1 ± 26.72 883.2 ± 90.80 79
SEM = standard error of the mean.

epithelium in order to evaluate their potential to study niche
factors: (1) tissue culture ex vivo, (2) organotypic cell culture
(OTC), and (3) organoid culture (see Figure 1). We further
performed cocultures with adult mouse fibroblasts, collagen,
or adult murine neurons, and our data show that cellular
components of an in vitro niche, represented here by myofi-
broblasts and neurons, support growth of epithelial organoids
that contain stem cells; however the precise mechanisms of
interaction may be subject to further investigation.

The tissue culture ex vivo is characterized by the highest
biological complexity from all of these methods. It preserves
stem cells and their native niche and any manipulations in
tissue culture ex vivo will affect the whole stem cell niche
unit. Nevertheless, this culture method does not allow a
specific analysis of distinct components of the stem cell niche
and therefore we provide here a novel aspect to split those
different components such as adult pericryptal fibroblasts,
collagen, and adult nerves from the ENS into distinct separate
coculture assays. Both OTC and organoid culture fulfill
these criteria. The advantage of OTC compared to organoid
culture, however, is the feature of an air-liquid interface as
recently described as a cellular differentiation factor [37],
and handling for the immunohistochemistry purposes, even
given the fact that OTC requires a lot of cells. In the adult
mouse intestine, the epithelium is surrounded by a layer of
subepithelial myofibroblasts [38] and likely the heterogeneity
of myofibroblasts correlates with the gradient of crucial
niche factors (e.g., Wnt ligands, BMPs) that determine the
proliferation and differentiation zones in the crypt-villus
unit [39]. Based on their anatomical location, subepithelial
myofibroblasts were hypothesized to be a cellular component
of the intestinal epithelial niche and to regulate self-renewal
and differentiation of ISCs [40]. Cocultures in which cells
of human origin were utilized have shown that a certain
type of infant fibroblasts can increase the longevity of human
organoid/enteroid cultures [33, 34]. Here we demonstrate
that adult murine pericryptal fibroblasts do also affect crypt
size and survival in an organotypic culture setting with
a direct epithelial mesenchymal cell contact, suggesting again
that fibroblasts represent niche cells for intestinal stem cell
and their differentiation capacities.

As another example, we demonstrate that normal intesti-
nal crypts exhibit reduced budding when cultured in matrix
composed of collagen and Matrigel (cellular matrix used for
OTC). Since Matrigel already contains collagen, the cellular

matrix for OTC is characterized by an increased concentra-
tion of collagen that is likely leading to an increased stiffness
of the matrix. Our results confirm previous findings that
collagen can modify the matrix of the organoid culture [41]
and suggest that increased collagen concentration has amajor
impact on the growth conditions of intestinal organoids
as it restricts formation of buds and should therefore be
considered as a caveat in future analysis of organoid culture
systems.

Accumulating studies have pointed to the importance of
nerves in the regulation of the intestinal stem cell niche [12, 17,
42, 43]. A role for nerves in the development of neoplasia has
also been postulated [17, 28, 29]. Nerve fibers were shown to
support carcinogenesis by eithermechanical aspects, being an
anatomical structure used as guidance for tumor growth by
perineural tumor invasion, or functional aspects, comprising
neurotransmitters influencing local vascularization, migra-
tory activity of neighboring cells, or the neoneurogenesis
itself [29, 44, 45]. Interestingly, upon surgical or pharmaco-
logical denervation of the stomach, it was shown that the den-
ervated part of the stomach had a markedly reduced tumor
incidence and progression in different mouse models of
gastric cancer [17]. At the same time, this was correlated with
a downregulation ofWnt3a in the stem cell niche of the dener-
vated part of the stomach. Here we present a novel method to
isolate distinct enteric nerves from the mouse ENS identified
by the Dclk1-Cre-Tom/GFP lineage and perform cocultures
of nerves with cardia organoids in vitro (Figures 5 and 6).

We previously demonstrated that intestinal [12] and
gastric [17] organoids can be cocultured with neurons. Here
we demonstrate that when culturing cardia organoids, that
specifically depend on Wnt signaling in the 3D monoculture
system, upon coculture with nerves these are apparently able
to replace Wnt signaling. The Wnt pathway represents a
fundamental signaling pathway for ISCs and dysregulations
of this pathway lead to intestinal cancer [46]. Our analysis
of cultures and cocultures of predominantly circular cardia
organoids from our Barrett esophagus mouse model demon-
strates some interesting details about the interaction of neu-
rons within the intestinal niche. Organoids cultured in Wnt-
conditioned medium compared to standard crypt medium
already showed a significant difference of organoid growth
after seven and ten days (see Table 2, Figures 6(h) and 6(i)),
applying both the measurement of diameters and circumfer-
ences for growth determination. The coculture with neurons
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Figure 7: Reconstruction of stem cell niche in the intestine in vitro and proposed workflow. Intestinal crypts and stromal cells (neurons
and/ormyofibroblasts) are isolated and combined together in three-dimensional system such as organoid culture. Role of stromal cells as stem
cell niche can be analyzed, for example, by the measurement of organoid diameter, cell viability assay, clonogenicity assay, gene expression
analysis, and different types of staining. Identification of stem cell markers and individual cell types can be analyzed by FACS. In addition,
genetic manipulations in organoids can be performed by lentiviral transfection and CRISPR-CASP9 system.

also showed a highly significant difference of organoid
growth compared to standard crypt medium after seven and
ten days without any supplement of Wnt. The same effect is
reflected in the 1.5–2-fold increase in organoid count per well
in both Wnt-conditioned monoculture and neuronal cocul-
ture compared to standard monoculture. Interestingly, there
was no significant difference in growth and organoid count
between organoids cultured in Wnt-conditioned medium or
cocultured with neurons, neither at day 7 nor at day 10. Using
calcium imaging we showed that the cocultured neurons
were alive and physiologically active during the observation
period, which is underlined by these significant differences of
organoid growth between control and cocultured group.

Judging from these results, in the absence ofWnt it ismost
likely the neuronal influence on organoids that promotes
organoid growth, which may implicate that neurons and
their transmitters replace the effect of Wnt signaling. This
argues for a neuronal signaling, which creates a proliferative
environment and supports organoid growth stronger than
the usually applied growth factors used in standard crypt
medium, which was already postulated and shown by Zhao
and colleges to possibly exist [17]. In their study, gastric
organoid growth was markedly promoted if cocultured with
neurons and without neurons but upon stimulation with
pilocarpine (an unspecific muscarinic receptor agonist), and
Wnt target genes such as Lgr5, Cd44, and Sox9were shown to
be elevated [17]. In future studies it remains to be elucidated
which factors lead to an increase of organoid growth in the
neuronal coculture compared to Wnt-conditioned medium.
Neurons are rich sources of neurotrophic factors including
nerve growth factor (NGF), GDNF family of ligands (such

as GDNF, artemin, and neurturin), or transforming growth
factor beta 1 [47]. It is imaginable that these factors may sub-
stantially promote the maintenance and growth of organoids
or of the stem cell niche in the stomach. In our experiments
we applied NGF within the neurobasal medium, so that it
remains to be clarified if the effect we describe here is due
to this single neurotrophic factor or others. Our observations
also imply that enteric neurons may have similar trophic
functions in themaintenance of epithelial integrity in the gut,
as it is known for enteric glia cells [48]. Thus we strongly
support future emphasis on investigating pathways of the
interaction between neurons and intestinal stem cells to
characterize the composition of the cancer stem cell niche,
fostering the development of therapeutics directing the origin
of malignancy as putative therapeutic targets.

Currently, a broad spectrum of downstream methods
is available in order to analyze the organoids, for example,
immunohistochemistry and immunofluorescence [11, 49],
the CRISP-Cas9 system [50, 51], organoid transduction with
retroviral construct [52], or a clonogenicity assay [53] (see
Figure 7). In combination with the culture of intestinal
fragments ex vivo [15], in which the specific local niche is
preserved, we suggest these types of cultures as reliable phys-
iologically relevant 3D models to analyze a mesenchymal-
epithelial cross talk in the intestinal stem cell niche and iden-
tify underlying mechanism of early tumorigenesis. Although
our results so far do not allow any basic conclusions on the
specific role of these components in a stem cell niche, the
presented coculture methods point to an important function
of stromal cell types in the described 3D culture conditions.
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Postnatal neural progenitor cells of the enteric nervous system are a potential source for future cell replacement therapies of
developmental dysplasia like Hirschsprung’s disease. However, little is known about the molecular mechanisms driving the
homeostasis and differentiation of this cell pool. In this work, we conducted Affymetrix GeneChip experiments to identify
differences in gene regulation between proliferation and early differentiation of enteric neural progenitors from neonatal mice.
We detected a total of 1333 regulated genes that were linked to different groups of cellular mechanisms involved in cell cycle,
apoptosis, neural proliferation, and differentiation. As expected, we found an augmented inhibition in the gene expression of cell
cycle progression aswell as an enhancedmRNAexpression of neuronal and glial differentiationmarkers.We further found amarked
inactivation of the canonicalWnt pathway after the induction of cellular differentiation. Taken together, these data demonstrate the
various molecular mechanisms taking place during the proliferation and early differentiation of enteric neural progenitor cells.

1. Introduction

The enteric nervous system (ENS) is a largely autonomous
and highly complex neuronal network found in the gas-
trointestinal tract. Its two major plexuses are integrated into
the layered anatomy of the gut wall and, together with cen-
tral modulating influences, exert control over gastrointesti-
nal motility, secretion, ion-homeostasis, and immunological
mechanisms [1]. In order to achieve this variety of functions,
the ENS is composed of a multitude of different neuronal and
glial cell types and closely interacts with smooth muscle cells
andmyogenic pacemaker cells called interstitial cells of Cajal.
Furthermore, a population of neural stem or progenitor cells
in the ENS has been identified in rodents [2, 3] and humans
that retain their proliferative capacity throughout adult life
even into old age [4, 5]. It is therefore not surprising that the
correct functioning of the ENS as well as the regulation on
enteric neural progenitor cells is subjected to the influence of
a myriad of transmitters, neurotrophic and growth factors,
signalling molecules, and extracellular matrix components,
which are not exclusively expressed by neural cell types [6].

Likewise, the control of the development of the ENS is equally
complex andmutations in its genetic programcan lead to fatal
dysplasia like Hirschsprung’s disease (HCSR) [7, 8].

HSCR is hallmarked by an aganglionic distal bowel
leading to life-threatening disturbances in intestinal motility.
Today’s therapeutic gold standard, the surgical resection of
the affected gut segments, is nevertheless associated with
problematic long-term outcomes with regard to continence
[9]. In order to improve the therapeutic success, the use of
autologous enteric neural stem cells was proposed [10]. This
concept relies on the in vitro expansion of enteric neural stem
cells derived from small biopsy materials. However, we are
just beginning to understand the molecular mechanisms that
underlie neural stem cell biology and how this knowledge can
be used for optimizing in vitro culture conditions [11, 12].

Genome-wide gene-expression analyses are a useful tool
to examine the genetic programs and cellular interactions
and have been widely used to identify potential markers
or signalling mechanisms especially in CNS neurospheres
or cancer tissues. Further, gene-expression assays have also
helped to unravel genetic prepositions associated with HSCR
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[13, 14], though little effort has so far been put into charac-
terizing the genetic profile of enteric neural stem cells in vitro
[15].

Here, we used an Affymetrix microarray analysis to
evaluate the genetic expression profile of proliferatingmurine
enteric neural stem cells and its changes during the early
differentiation in vitro.

2. Materials and Methods

2.1. Cell Culturing. Cell culturingwas conducted as described
previously [15]. The handling of animals was in accordance
to the institutional guidelines of the University of Tuebingen,
which conform to the international guidelines.

Neonatal (P0) C57BL/6 mice without regard to sex were
decapitated and the whole gut was removed. After removal
of adherent mesentery the longitudinal and circular muscle
layers containing myenteric plexus could be stripped as a
whole from the small intestine. Tissue was chopped and
incubated in collagenase type XI (750U/mL; Sigma-Aldrich,
Taufkirchen, Germany) and dispase II (250 𝜇g/mL; Roche
Diagnostics, Mannheim, Germany) dissolved in Hanks’ bal-
anced salt solution with Ca2+/Mg2+ (HBSS; PAA, Pasching,
Austria) for 30min at 37∘C. During enzymatic dissociation
the tissue was carefully triturated every 10min with a fire
polished 1mL pipette tip. Prior to the first trituration step, cell
suspension was treated with 0.05% (w/v) DNAse I (Sigma-
Aldrich). After 30min, tissue dissociation was stopped by
adding fetal calf serum (FCS; PAA) to a final concentration
of 10% (v/v) to the medium. Undigested larger tissue pieces
were removed with a 40 𝜇m cell strainer (BD Biosciences,
Franklin Lakes, NJ, USA). Residual enzymes were removed
during twowashing steps inHBSS at 200 g.After dissociation,
cells were resuspended in proliferation culturemedium (Dul-
becco’s modified Eagle’s medium with Ham’s F12 medium
(DMEM/F12; 1 : 1; PAA)) containing N2 supplement (1 : 100;
Invitrogen, Darmstadt, Germany), penicillin (100U/mL;
PAA), streptomycin (100 𝜇g/mL; PAA), L-glutamine (2mM;
PAA), epidermal growth factor (EGF; 20 ng/mL; Sigma-
Aldrich), and fibroblast growth factor (FGF; 20 ng/mL;
Sigma-Aldrich). Cells were seeded into 6-well plates (BD
Biosciences) in a concentration of 2.5 × 104 cells/cm2. Only
once before seeding, the medium was supplemented with
B27 (1 : 50; Invitrogen). EGF and FGF were added daily and
culture medium was exchanged every 3 days. All cultivation
steps were conducted in a humidified incubator at 37∘C
and 5% CO

2
. An overview of the following cell culture

protocol is shown in Figure 1. During proliferation phase
of the culture, cells formed spheroid-like bodies termed
enterospheres. After 5 days of proliferation, free-floating
enterospheres were picked and transferred to petri dishes (Ø
60mm; Greiner Bio One, Frickenhausen, Germany) in 5mL
fresh proliferation medium and proliferation was continued
for further 4 days.

Single free-floating enterospheres (50 enterospheres/
dish) were picked again, washed 3 times in Tris buffer, and
transferred into new petri dishes containing either prolif-
eration medium or differentiation medium. Differentiation
medium consists of DMEM/F12 containing N2 supplement

9 div: start of differentiation

1 div 5 div

0 div 5 div: spheres picked

Differentiation for 2 divProliferation for 9 div

Figure 1: Time schedule of enterosphere culture. The timeline
illustrates the schedule of in vitro culture. Cells were isolated at 0
div (days in vitro) and proliferated for 5 days. Spheres were then
picked and again proliferated for 4 days. At 9 div, enterospheres
were picked, washed, transferred to differentiation medium, and
incubated for 2 days before gene expression analyses were carried
out. The micrographs show proliferating enterospheres after 1 and 5
div. Scale bar: 200 𝜇m.

(1 : 100), penicillin (100U/mL), streptomycin (100 𝜇g/mL), L-
glutamine (2mM), and ascorbic acid-2-phosphate (200 𝜇M;
Sigma-Aldrich).

Enterospheres were proliferated or differentiated for 2
more days, thereby forming the two experimental groups
“proliferation” and “differentiation.”The difference in expres-
sion between those two groups (differentiation versus prolif-
eration) was successively compared by microarray analysis as
described below.

2.2. Affymetrix Microarray Analysis. Affymetrix microarray
analysis was conducted similar to previously published data
in three independent experiments, each with cell cultures
prepared from 2 pups from the same litter [15]. In each exper-
iment, free-floating enterospheres were picked as described
above in order to diminish the fraction of adhesive fibroblasts
and smooth muscle cells.

Total RNA of enterospheres of both groups was extracted
using the RNeasy Micro Kit (Qiagen). RNA quality was
evaluated on Agilent 2100 Bioanalyzer with RNA integrity
numbers (RIN) of the samples in this study being in the range
from 8 to 10. RIN numbers higher than 8 are considered
optimal for downstream application [16].

Double-stranded cDNA was synthesized from 100 ng of
total RNA, subsequently linearly amplified, and biotinylated
using the GeneChip WT cDNA Synthesis and Amplification
Kit (Affymetrix, Santa Clara, CA, USA) according to the
manufacturer’s instructions. 15 𝜇g of labeled and fragmented
cDNAwas hybridized toGeneChipMouseGene 1.0 ST arrays
(Affymetrix). After hybridization, the arrays were stained
and washed in a Fluidics Station 450 (Affymetrix) with
the recommended washing procedure. Biotinylated cDNA
bound to target molecules was detected with streptavidin-
coupled phycoerythrin, biotinylated anti-streptavidin IgG
antibodies and again streptavidin-coupled phycoerythrin
according to the protocol. Arrays were scanned using the
GCS3000 GeneChip Scanner (Affymetrix) and AGCC 3.0
software. Scanned images were subjected to visual inspection
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to check for hybridization artifacts and proper grid alignment
and analyzed with Expression Console 1.0 (Affymetrix) to
generate report files for quality control.

Normalization of raw data was performed by the Partek
Software 6.6, applying an RMA (Robust Multichip Average)
algorithm. Significance was calculated using a t-test without
multiple testing correction (Partek), selecting all transcripts
with a minimum change in expression level of 1.5-fold
together with a 𝑝 value less than 0.05.

3. Results

In this study, we investigated the changes of the genetic
expression profile that occur during the transition from
proliferating to differentiating enteric neural progenitor cells
in vitro. Therefore, we generated enterospheres by 9 day
in vitro cultures, which then could be picked and either
proliferated or differentiated for two more days (Figure 1).
mRNA was subsequently extracted and gene expression of
these two groups was analysed by Affymetrix microarray
analysis.

Analysis of mRNA expression was performed on a
GeneChip Mouse Gene 1.0 ST array that determines the
expression profile of 28.853 genes. Each genewas interrogated
by a median of 27 probes that are spread along the full gene.

In total, the gene chip detected 1454 transcripts to be
at least 1.5-fold differentially expressed between proliferating
and differentiating enterospheres. 1333 of these transcripts
code for already identified proteins. 541 genes were found to
be upregulated and 792 genes were found to be downregu-
lated in comparison to proliferating enterospheres (see Sup-
plementary Table 1 of the Supplementary Material available
online at http://dx.doi.org/10.1155/2016/9695827).

We used the ingenuity pathway analysis software (IPA)
and data mining with the science literature search engine
http://www.ncbi.nlm.nih.gov/pubmed/ to divide the genes
into different groups according to their function during
cellular development.The largest functional group contained
171 genes related to cell cycle and apoptosis (Table 1, Sup-
plementary Table 2). Here, we identified especially different
cyclin proteins and cell division cycle proteins that were
mainly downregulated. Further, we found several genes that
are linked to neural development as well as genes regulating
neural stem cell proliferation and differentiation. Further-
more, we also detected neuronal and glial differentiation
markers and numerous genes involved in synapse formation
(Table 2). It is noteworthy that we also identified a group of
genes that are known to be involved in the differentiation
of smooth muscle cells (Table 3) as well as in extracellular
matrix components (Table 4). Additionally, we found reg-
ulated genes related to canonical Wnt signalling indicating
a deactivation of this pathway during ENS progenitor cell
differentiation (Figure 2, Table 5).

4. Discussion

The proliferation and differentiation of enteric neural pro-
genitor cells during embryonic and postnatal development
are controlled by a complex interplay of various intrinsic

Table 1: Selected genes related to cell cycle.

Gene Encoded protein Fold
change

Cell cycle

AURKA Aurora kinase A −2.712 STOP
AURKB Aurora kinase B −4.146 STOP
CCNA2 Cyclin A2 −4.652 STOP

CCNB1 Cyclin B1
−5.752
−5.820
−5.857

STOP

CCNB2 Cyclin B2 −3.392 STOP
CCND1 Cyclin D1 −2.476 STOP
CCND3 Cyclin D3 −1.539 STOP
CCNE1 Cyclin E1 −1.777 STOP
CCNE2 Cyclin E2 −2.847 STOP
CCNF Cyclin F −3.211 STOP
CDC6 Cell division cycle 6 −1.936 STOP
CDC20 Cell division cycle 20 −3.113 STOP
CDC25B Cell division cycle 25B −1.636 STOP
CDC25C Cell division cycle 25C −2.414 STOP
CDC45 Cell division cycle 45 −1.769 STOP
CDCA2 Cell division cycle associated 2 −3.461 STOP
CDCA3 Cell division cycle associated 3 −3.003 STOP
CDCA5 Cell division cycle associated 5 −3.053 STOP

CDCA7L Cell division cycle associated
7-like −4.123 STOP

CDCA8 Cell division cycle associated 8 −3.467 STOP
CDK1 Cyclin-dependent kinase 1 −3.227 STOP
CDK15 Cyclin-dependent kinase 15 1.618 GO
CDK19 Cyclin-dependent kinase 19 1.619 GO

CDK5R1 Cyclin-dependent kinase 5,
regulatory subunit 1 (p35) 1.597 —

CENPA Centromere protein A −1.895 STOP
CENPE Centromere protein E, 312 kDa −4.140 STOP

CENPF Centromere protein F,
350/400 kDa −3.927 STOP

CENPI Centromere protein I −2.899 STOP
CENPK Centromere protein K −2.813 STOP
CENPL Centromere protein L −1.864 STOP
CENPM Centromere protein M −3.407 STOP
CENPN Centromere protein N −2.465 STOP
CENPU Centromere protein U −1.624 STOP

SKA1 Spindle and kinetochore
associated complex subunit 1 −1.532 STOP

SKA2 Spindle and kinetochore
associated complex subunit 2 −1.582 STOP

SKA3 Spindle and kinetochore
associated complex subunit 3 −3.490 STOP

SKP2
S-phase kinase-associated
protein 2, E3 ubiquitin protein
ligase

−1.845 STOP

SPC25 SPC25, NDC80 kinetochore
complex component −4.148 STOP
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Table 2: Neural differentiation/development.

Gene Encoded protein Fold change
Neural stem cells

ABCG2 ATP-binding cassette, subfamily G (WHITE), member 2 (junior blood group) −1.526
ASPM asp (abnormal spindle) homolog, microcephaly associated (Drosophila) −4.911
CDT1 Chromatin licensing and DNA replication factor 1 −1.528
EGFL7 EGF-like-domain, multiple 7 3.132
EPHA2 EPH receptor A2 −1.529
ETV4 ets variant 4 −1.934
ETV5 ets variant 5 −2.844

−2.651
FABP7 Fatty acid binding protein 7, brain −2.095

Neural differentiation
ATOH8 Atonal homolog 8 (Drosophila) 1.932
AXL AXL receptor tyrosine kinase 2.015
CRIM1 Cysteine-rich transmembrane BMP regulator 1 (chordin-like) 1.999
CRLF1 Cytokine receptor-like factor 1 2.382
DAB1 Dab, reelin signal transducer, homolog 1 (Drosophila) −2.297
ELK3 ELK3, ETS-domain protein (SRF accessory protein 2) −1.613
ESCO2 Establishment of sister chromatid cohesion N-acetyltransferase 2 −4.767
GAP43 Growth associated protein 43 1.613
GLDN Gliomedin 5.809
HMOX1 Heme oxygenase (decycling) 1 1.884
KLF9 Kruppel-like factor 9 1.592
Lmo3 LIM domain only 3 1.542
MAP6 Microtubule-associated protein 6 1.874
MYRF Myelin regulatory factor 2.527
NEUROD4 Neuronal differentiation 4 2.036
OLIG1 Oligodendrocyte transcription factor 1 2.660
Pvr Poliovirus receptor 1.768
RGS4 Regulator of G-protein signaling 4 1.955
S1PR1 Sphingosine-1-phosphate receptor 1 5.073
SOCS2 Suppressor of cytokine signaling 2 2.052

2.335
WIPF1 WAS/WASL interacting protein family, member 1 1.587

Neural differentiation markers
CALB2 Calbindin 2 1.616
CNP 2,3-Cyclic nucleotide 3-phosphodiesterase 1.732
GFAP Glial fibrillary acidic protein 2.239
MBP Myelin basic protein 1.768
Mturn Maturin, neural progenitor differentiation regulator homolog (Xenopus) 1.853
OMG Oligodendrocyte myelin glycoprotein −1.822
OPALIN Oligodendrocytic myelin paranodal and inner loop protein 39.246
PLP1 Proteolipid protein 1 1.630
S100B S100 calcium binding protein B −1.675
TUBB2A Tubulin, beta 2A class IIa 1.608
TUBB2B Tubulin, beta 2B class IIb 1.535
TUBB3 Tubulin, beta 3 class III 1.976
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Table 2: Continued.

Gene Encoded protein Fold change
Synapse and neurotransmitters

ABAT 4-Aminobutyrate aminotransferase −1.512
ADRA1D Adrenoceptor alpha 1D 1.803
ADRA2A Adrenoceptor alpha 2A 2.900
ADRA2B Adrenoceptor alpha 2B −2.093
CHRM2 Cholinergic receptor, muscarinic 2 1.635
CHRM3 Cholinergic receptor, muscarinic 3 −1.715
CHRNA7 Cholinergic receptor, nicotinic, alpha 7 (neuronal) 1.772
COMT Catechol-O-methyltransferase 1.515
DDC DOPA decarboxylase (aromatic L-amino acid decarboxylase) 1.711
DNM3 Dynamin 3 2.643
EPHA5 EPH receptor A5 2.076
GRIA3 Glutamate receptor, ionotropic, AMPA 3 −1.528
GRIA4 Glutamate receptor, ionotropic, AMPA 4 −1.997
GRIK2 Glutamate receptor, ionotropic, kainate 2 −1.565
GRM5 Glutamate receptor, metabotropic 5 −1.600
HTR1B 5-Hydroxytryptamine (serotonin) receptor 1B, G-protein-coupled −2.377
HTR2B 5-Hydroxytryptamine (serotonin) receptor 2B, G-protein-coupled 2.205
LRRTM2 Leucine-rich repeat transmembrane neuronal 2 3.665
LRRTM3 Leucine-rich repeat transmembrane neuronal 3 2.210
NTM Neurotrimin 1.820
PENK Proenkephalin 3.478
PRR7 Proline rich 7 (synaptic) 1.788
SLC10A4 Solute carrier family 10, member 4 1.824

1.867
SLITRK2 SLIT and NTRK-like family, member 2 −2.414
SLITRK6 SLIT and NTRK-like family, member 6 1.672
STON2 Stonin 2 4.054
STXBP3 Syntaxin-binding protein 3 1.730
Stxbp3b Syntaxin-binding protein 3B 1.637
SV2C Synaptic vesicle glycoprotein 2C 1.929
SYT6 Synaptotagmin VI 2.571

Neurite outgrowth
ATF3 Activating transcription factor 3 2.579
DOK4 Docking protein 4 4.937
FEZ2 Fasciculation and elongation protein zeta 2 (zygin II) 1.547
NAV2 Neuron navigator 2 1.647
NRCAM Neuronal cell adhesion molecule 2.496
PLXNB3 Plexin B3 1.739
RGMA Repulsive guidance molecule family member a 1.552
RNF165 Ring finger protein 165 −1.548
ROBO2 Roundabout, axon guidance receptor, homolog 2 (Drosophila) −2.211
SEMA3B Sema domain, immunoglobulin domain (Ig), short basic domain, secreted (semaphorin) 3B 3.692
SEMA3E Sema domain, immunoglobulin domain (Ig), short basic domain, secreted (semaphorin) 3E 2.877

SEMA4F Sema domain, immunoglobulin domain (Ig), transmembrane domain (TM) and short
cytoplasmic domain, (semaphorin) 4F 4.891

SEMA6A Sema domain, transmembrane domain (TM), and cytoplasmic domain (semaphorin) 6A −1.707
SRGAP1 SLIT-ROBO Rho GTPase activating protein 1 1.524
UNC5B unc-5 homolog B (C. elegans) −1.927
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Table 2: Continued.

Gene Encoded protein Fold change
Growth factors

ARTN Artemin 2.423
FGF2 Fibroblast growth factor 2 (basic) 2.264
FGF5 Fibroblast growth factor 5 7.704
GDF10 Growth differentiation factor 10 −2.361
GDF11 Growth differentiation factor 11 1.604
GDNF Glial cell derived neurotrophic factor 4.325
GFRA3 GDNF family receptor alpha 3 1.707
MET MET protooncogene, receptor tyrosine kinase 6.680
NGFR Nerve growth factor receptor 1.728
NTRK3 Neurotrophic tyrosine kinase, receptor, type 3 −1.575
SNX16 Sorting nexin 16 1.641
SPHK1 Sphingosine kinase 1 1.704
SPRY1 Sprouty homolog 1, antagonist of FGF signaling (Drosophila) −1.647

and extrinsic factors. Their exact timing is crucial for proper
migration and proliferation of neural crest cells and for
their differentiation into the various neural cell types that
compose the complex neural structures of the ENS. Although
research in recent years extended our understanding of ENS
development and its pathologies [13], there are still many
genes and processes unknown. Particularly, factors regulating
neural progenitor proliferation and differentiation in the
developing and postnatal gut as well as cellular andmolecular
interaction systems remain largely elusive. Here, we used in
vitro cultures of enteric neural progenitor cells derived from
murine tunica muscularis to scan for molecular programs
and signalling pathways acting on cell proliferation and early
differentiation.

Our experiment aimed to elucidate gene regulations in
enterospheres that occur while ENS progenitor cells leave
their proliferative state and begin to differentiate into more
defined and specific cell types. The results of the Affymetrix
gene expression analysis showed the up- and downregu-
lation of overall 1333 known genes that code for already
identified proteins. 171 of these genes could be linked to
cell proliferation (Table 1, Supplementary Table 1). Amongst
them we detected genes coding for proteins related to the
kinetochore complex (like NSL1 [17], NUF2 [18], SKA1-3 [19],
and ZWILCH [20]), cyclin proteins [21], cyclin-dependent
kinases (CDK) [22], and several types of centromere proteins.
The regulation of 145 of these genes strongly indicates a
slowdown of cell cycle progression as it was intended by
the experimental deprivation of growth factor supplemen-
tation by the end of the proliferation phase (see Section 3).
Interestingly, betacellulin (BTC) was upregulated nearly 6-
fold although it was reported to promote cellular proliferation
in the neural stem cell niche [23]. Nonetheless, the vast
majority of genes including all regulated cyclins, cell division
cycle proteins, and kinetochore proteins were found to be
downregulated.

We also checked the regulated genes for apoptosis mark-
ers to see whether the stop in proliferation was related to cell

death (Supplementary Table 2). Since only 3 of 12 apoptotic
genes were regulated in the direction that indicates apoptosis,
it is unlikely that apoptosis played a leading role in the
interruption of proliferation. Still, the effect and regulation
of apoptosis during enteric sphere cultures are an important
cornerstone of understanding enteric neural progenitors
in culture and in vivo and require further investigation.
Together, on a broad basis, this dataset provides strong evi-
dence that this cell culture design is applicable to decreasing
the proliferative rate of enteric neural progenitor cells without
inducing cell death or apoptosis in an appreciable quantity.

To further evaluate the proliferative conditions of cell
types present in enterospheres, we focused on different cell
specific markers of neural progenitors as well as neurons,
glial, or smoothmuscle cells. We consider this complex cellu-
lar composition of the enterospheres an advantage compared
to more purified neural crest derived neurospheres as we are
able to capture complex interactions and secretion mecha-
nisms between cell types that might also play an important
role in vivo. Interestingly, we found 8 genes involved in adult
central or embryonic neural stem cells homeostasis (Table 2).
The majority of genes like EPHA2 [24] are regulated in a
way that suggests that neural stem cells exit the proliferative
cell cycle to enter differentiation programs. This idea was
supported by the upregulation of numerous genes that drive
neuronal and glial differentiation like NEUROD4 [25] or
OLIG1 [26]. In this context, we identified several upregulated
genes involved in proper myelination. As enteric and central
glia cells are known to temporally express myelin-related
proteins during development, it is conceivable that this
regulation is part of the early glial differentiation program
[27]. Moreover, also typical markers of differentiated neurons
(class III beta-tubulin, CALB2 [28]) and enteric glia (GFAP
[29]) were found to be upregulated. Intriguingly, S100B, a
common glia cell marker, was downregulated contrasting the
rest of our data. Again, this might be due to the complex
differentiation program of enteric glia, in which S100B plays
a role at later stages.
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Figure 2: Detected regulatory influences on the canonical Wnt pathway. Scheme of the canonical Wnt pathway. Pointy arrowheads indicate
an activating, blunt arrowheads, an inhibitory influence.The fold-change in expression of genes is written under the respective gene acronyms
and colours indicate a general upregulation (red) or downregulation (green). For detailed explanation of the signalling cascade and regulated
genes, see text.

Furthermore, the establishment of neuronal cell commu-
nication was strongly regulated. Here, we found an increased
expression of genes related to synaptogenesis (LRRTM2 and
3 [30], neurotrimin [31]) and to SNARE or vesicle protein
function (STXBP3, SV2C [32], and SYT6 [33]). We also iden-
tified a number of genes involved in transmitter metabolism
(COMT, DDC) as well as neurotransmitter receptor like
5-HT, glutamate, and adrenergic receptors. However, the
regulation of those genes was highly variable shedding light
on the intricacy of synapse formation in the developing
enteric nervous system.This complexity is carried on by genes

related to axon sprouting and guidance like semaphorins [34]
or RGMa [35].

Additionally, we found that regulated genes directly
involved in the differentiation of muscle cells and/or enteric
pacemaker cells called interstitial cells of Cajal (Table 3).
Particularly interesting is the upregulation of a number of
genes known to drive smooth muscle differentiation like
ARID5B [36], FOSL2 [36] and genes that are expressed
in differentiated smooth muscle cells in the intestine like
AFAP1 [37], ENPP2 [38], and CNN1 [39] as well as var-
ious myosin and actin isoforms. These data confirm the
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Table 3: Differentiation of smooth muscle cells/ICCs.

Gene Encoded protein Fold change
Smooth muscle cells

ACTA2 Actin, alpha 2, smooth muscle, aorta 1.693

ACTG2 Actin, gamma 2, smooth muscle,
enteric 2.336

ACTN1 Actinin, alpha 1 −1.724
AEBP1 AE binding protein 1 2.702
AFAP1 Actin filament associated protein 1 1.638

ARID5B AT-rich interactive domain 5B
(MRF1-like) 1.521

Cald1 Caldesmon 1 −1.535
CNN1 Calponin 1, basic, smooth muscle 1.652
ENG Endoglin −1.552

ENPP1 Ectonucleotide
pyrophosphatase/phosphodiesterase 1 −1.522

ENPP2 Ectonucleotide
pyrophosphatase/phosphodiesterase 2 2.959

ENTPD1 Ectonucleoside triphosphate
diphosphohydrolase 1 1.636

FOSL2 FOS-like antigen 2 2.566
GAMT Guanidinoacetate N-methyltransferase 1.725
MYO1E Myosin IE 1.569
MYO5A Myosin VA (heavy chain 12, myoxin) 1.680
MYO7B Myosin VIIB 1.710
MYO18A Myosin XVIIIA 1.994
MYPN Myopalladin 1.570
NEB Nebulin 1.569
Nebl Nebulette 2.378
NUP210 Nucleoporin 210 kDa −1.838
RBM24 RNA binding motif protein 24 1.548
SMTN Smoothelin −1.778
SSPN Sarcospan 1.603
TAGLN Transgelin 2.706

ICC
GUCY1A3 Guanylate cyclase 1, soluble, alpha 3 −1.876
GUCY1B3 Guanylate cyclase 1, soluble, beta 3 −2.008

KIT v-kit Hardy-Zuckerman 4 feline
sarcoma viral oncogene homolog −1.798

KITLG KIT ligand −1.541

fact that cultured spheroids are composed of different cell
types present in the intestinal tunica muscularis and fur-
ther indicate that deprivation of growth factors induces
differentiation of smooth muscle cells resembling molecular
processes in the developing gut. In fact, we among others
were previously able to confirm the presence of smooth
muscle cells derived from enterosphere culture by BrdU-
immunolabeling costudies [4]. However, it is noteworthy that
a few genes related tomuscular differentiation (endoglin [40],
smoothelin [41], NUP210 [42], caldesmon 1 [43], and ACTN1
[44]) were downregulated contrasting the expression pattern
observed in the majority of regulated genes. This hints to

complex regulatory mechanisms controlling the myogenic
differentiation program inwhich these genes are not required
at all or in a different temporal sequence not mapped by
our experimental design. It is further remarkable that five
markers expressed in interstitial cells of Cajal (ICC) including
KIT [45] were downregulated.

Moreover, the regulation of 43 extracellular matrix pro-
teins like collagens, integrins, proteoglycans, and matrix
metallopeptidases points to a reconstruction of extracellular
environment that has been discussed to influence neural
stem cell behaviour [46] (Table 4). Taken together, these
results illustrate the ongoing genetic programs during early
differentiation of enterospheres.

Within the dataset, it was of special interest to find partic-
ularly many regulated genes related to the canonical Wnt
pathway (Table 5). The involvement of canonical Wnt sig-
nalling has frequently been shown in the regulation of various
stem cell niches, like intestinal epithelium or CNS derived
neural stem cells. However, these studies exhibited different
and partly contradicting outcomes, which strongly hint to the
variable functions of canonicalWnt signals in different tissues
during embryonic and postnatal development. In previous
work, we found regulation of several Wnt-related genes in
the context of thyroid hormone dependent differentiation of
enteric neural progenitor cells indicating a potential role of
the canonical Wnt pathway activation during the prolifera-
tion of this progenitor cell pool [15]. CanonicalWnt signalling
has frequently been reviewed in the literature—just recently
by Ring et al. [47]. In brief, secretedWnt proteins bind to friz-
zled receptors (FZD) complexed with low density lipoprotein
receptor-related protein 5/6 (LRP5/6) coreceptors.Thereafter,
the scaffolding protein disheveled (DVL) is recruited to FZD
and inhibits the 𝛽-catenin destruction complex (AXIN2,
APC, and GSK-3𝛽). Therefore, 𝛽-catenin accumulates in the
cytoplasm and translocates to the nucleus where it binds to
TCF/LEF transcription factors to initiate Wnt target gene
expression. Interestingly, our current data strongly indicate
that the canonical Wnt pathway is switched off during the
first two days of enteric progenitor differentiation on several
levels of the signalling cascade (Figure 2). On the one hand
we identified a downregulation of activating parts of the
signalling cascade itself like the receptor proteins FZD7 and
LRP5 or the transcription factors TCF19, TCF7L1, and LEF1.
On the other hand, inactivating elements of the pathway
like parts of the 𝛽-catenin destruction complex AXIN2 and
LRRK2 [48] were upregulated. We also found numerous
modulators of the signalling cascade. It is of interest that the
majority of those genes are reported to inhibit the signalling
process extracellularly or on receptor level (Notum [49],
FRZB [50], DKK2 [51], and LRP4 [52]), in the cytoplasm
(NEDD4L [53], NKD1 [54], PRICKLE1 [55], NOV [56], and
APOE [57]), or in the nucleus (TLE3 [58], EDIL3 [59]).
Furthermore, we identified target genes of the canonical Wnt
pathway that were either upregulated (e.g., AXIN2 that exerts
a negative feedback on the pathway) or downregulated like
the cell cycle progression genes CCND1 and SPRY4 [60]. We
also found a lower expression of SPRY2 [61], a Wnt target
gene and known inhibitor of GDNF signalling [62], in the
differentiation group. Together with a strong upregulation of
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Table 4: ECM.

Gene Encoded protein Fold change
CHSY3 Chondroitin sulfate synthase 3 −1.645
COL6A5 Collagen, type VI, alpha 5 1.527
COL12A1 Collagen, type XII, alpha 1 −1.973
COL14A1 Collagen, type XIV, alpha 1 6.135
COL16A1 Collagen, type XVI, alpha 1 1.666
COL18A1 Collagen, type XVIII, alpha 1 1.595
COL27A1 Collagen, type XXVII, alpha 1 1.522
COLGALT2 Collagen beta(1-O)galactosyltransferase 2 −1.564
CSPG4 Chondroitin sulfate proteoglycan 4 −2.952
CSPG5 Chondroitin sulfate proteoglycan 5 (neuroglycan C) −1.585
CYR61 Cysteine-rich, angiogenic inducer, 61 1.748
ECM1 Extracellular matrix protein 1 2.580
HSPG2 Heparan sulfate proteoglycan 2 1.923
ITGA1 Integrin, alpha 1 −1.665
ITGA4 Integrin, alpha 4 (antigen CD49D, alpha 4 subunit of VLA-4 receptor) −2.324
ITGA7 Integrin, alpha 7 4.203
ITGA8 Integrin, alpha 8 −2.262
ITGA11 Integrin, alpha 11 1.762
ITGB3 Integrin, beta 3 (platelet glycoprotein IIIa, antigen CD61) −5.342
ITGB4 Integrin, beta 4 1.567
KRT80 Keratin 80 2.833
LAMA4 Laminin, alpha 4 −1.537
LAMA5 Laminin, alpha 5 1.684
LOX Lysyl oxidase 3.250
LOXL4 Lysyl oxidase-like 4 2.427

2.417
MATN2 Matrilin 2 2.570
MMP2 Matrix metallopeptidase 2 (gelatinase A, 72 kDa gelatinase, 72 kDa type IV collagenase) 1.668
MMP9 Matrix metallopeptidase 9 (gelatinase B, 92 kDa gelatinase, 92 kDa type IV collagenase) −5.557
MMP15 Matrix metallopeptidase 15 (membrane-inserted) −2.017
MMP16 Matrix metallopeptidase 16 (membrane-inserted) −1.634
MMP17 Matrix metallopeptidase 17 (membrane-inserted) 1.612
MMP19 Matrix metallopeptidase 19 3.236
MMP28 Matrix metallopeptidase 28 1.956
NDST3 N-deacetylase/N-sulfotransferase (heparan glucosaminyl) 3 −5.557
P4HA1 Prolyl 4-hydroxylase, alpha polypeptide I −1.958
PLOD3 Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 3 2.250
UGDH UDP-glucose 6-dehydrogenase 1.529

GDNF itself by 4.325-fold, thismight drive enteric progenitor
cells into neural differentiation [12].

Taken together, it is conceivable that canonical Wnt
signalling plays a role in the maintenance of the enteric
progenitor pool during proliferation and is switched off at the
beginning of differentiation conditions. Indeed, our previous
gene expression analyses [15] as well as recently published
cell culture experiments [63] and yet unpublished in vitro
analyses strongly support this hypothesis.

5. Conclusion

This study focused on the changes in gene expression of
enteric neural progenitor cells occurring within the first two
days of transition from a proliferative state to differentiation
in vitro. Using microarray analysis, we found a marked
inhibition of cell cycle progression in general as well as strong
evidence for neural stem cells differentiation into enteric
neurons and glia cells. These findings were substantiated
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Table 5: Wnt.

Gene Encoded protein Fold change
Wnt signaling cascade

FZD7 Frizzled class receptor 7 −2.271
LEF1 Lymphoid enhancer-binding factor 1 −2.680
LRP5 Low density lipoprotein receptor-related protein 5 −1.571
LRRK2 Leucine-rich repeat kinase 2 1.677
TCF19 Transcription factor 19 −2.217
F7L1 Transcription factor 7-like 1 (T-cell specific, HMG-box) −1.762
WNT5A Wingless-type MMTV integration site family, member 5A −2.325
WNT7B Wingless-type MMTV integration site family, member 7B 2.942

Target gene
ARL4C ADP-ribosylation factor-like 4C 2.179
AXIN2 Axin 2 1.744
CCND1 Cyclin D1 −2.476
CSRNP1 Cysteine-serine-rich nuclear protein 1 1.822
RACGAP1 Rac GTPase activating protein 1 −3.201
SPRY2 Sprouty homolog 2 (Drosophila) −1.771
SPRY4 Sprouty homolog 4 (Drosophila) −2.771
WISP1 WNT1 inducible signaling pathway protein 1 2.489

Wnt antagonists/inhibitors
APOE Apolipoprotein E 1.704
DKK2 Dickkopf WNT signaling pathway inhibitor 2 1.731
EDIL3 EGF-like repeats and discoidin I-like domains 3 2.258
FRZB Frizzled-related protein 1.938
HIC1 Hypermethylated in cancer 1 −1.731
JADE1 Jade family PHD finger 1 −1.656
LRP4 Low density lipoprotein receptor-related protein 4 1.979
NARF Nuclear prelamin A recognition factor −1.699
NEDD4L Neural precursor cell expressed, developmentally downregulated 4-like, E3 ubiquitin protein ligase 1.588
NKD1 Naked cuticle homolog 1 (Drosophila) 3.220
NOTUM Notum pectinacetylesterase homolog (Drosophila) 2.631
NOV Nephroblastoma overexpressed 2.050
PRICKLE1 Prickle homolog 1 (Drosophila) 1.536
TLE3 Transducin-like enhancer of split 3 1.714
TRIB2 Tribbles pseudokinase 2 −1.637

Wnt activators
DAAM2 Dishevelled associated activator of morphogenesis 2 −1.993
PSRC1 Proline/serine-rich coiled-coil 1 −2.235
TNIK TRAF2 and NCK interacting kinase 1.677
TRAF4 TNF receptor-associated factor 4 −1.673

by the upregulation of genes related to synapse formation
and neural connectivity. Most interesting, we found that this
transition from enteric neural progenitor proliferation to
differentiation was accompanied by a considerable inactiva-
tion of the canonical Wnt signalling pathway. This, together
with previous work, strongly indicates that canonical Wnt
activation is one of the driving mechanisms of enteric neural

progenitor proliferation and thus might play a role in the
homeostasis of this cell pool in vivo and in vitro.
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TBX3 is a member of the T-box transcription factor family and is involved in the core pluripotency network. Despite this role in the
pluripotency network, its contribution to the reprogramming process during the generation of human induced pluripotent stem
cells remains elusive. In this respect, we performed reprogramming experiments applying TBX3 knockdown in human fibroblasts
and keratinocytes. Knockdown of TBX3 in both somatic cell types decreased the reprogramming efficiencies in comparison to
control cells but with unchanged reprogramming kinetics. The resulting iPSCs were indistinguishable from control cells and
displayed a normal in vitro differentiation capacity by generating cells of all three germ layers comparable to the controls.

1. Introduction

Pluripotent embryonic stem cells (ESCs) are isolated from
the inner cell mass of early embryos. Pluripotency is defined
by a high and indefinite proliferative potential and the
capacity to differentiate into cells of the three germ layers,
subsequently able to generate all cell types and tissues of
an organism. The possibility of culturing and investigating
ESCs has led to a good understanding of the pluripotency
network, but also of various signaling pathways involved in
cell differentiation events [1, 2]. The pluripotency network is
comprised of numerous transcription factors, interconnected
with each other by regulatory feedback loops. Basically, it
keeps the expression of stem cell genes active and represses
genes involved in differentiation [3, 4]. These transcription
factors have such a dominant role in cell function that the
overexpression of a few factors is able to force a somatic cell
back into a pluripotent state. In this way, somatic cells are
reprogrammed into induced pluripotent stem cells (iPSCs)
by overexpression of OCT4, SOX2, KLF4, or other related
factors [5, 6].The discovery of this reprogramming technique

has not just widened the understanding of the pluripotency
network but is also an invaluable tool to generate donor and
patient specific stem cells for disease modeling and for future
therapeutic strategies [7–12].

The T-box transcription factor family is involved in a
variety of processes including differentiation and pluripo-
tency. In the pluripotency circuitry, TBX3 has been shown to
interact with the core pluripotency factors NANOG, OCT4,
and SOX2, to maintain the stem cell state and to inhibit
differentiation. Depletion of Tbx3 leads to differentiation of
murine pluripotent stem cells [13]. Moreover, Tbx3 upholds
pluripotency by acting as a downstream activator of WNT
signaling and plays a role in the reprogramming process
by direct binding and activation of the Oct4 promoter.
During early differentiation processes, Tbx3 is involved in
mesendodermal differentiation, heart development, and limb
formation [14]. Additionally, Tbx3 is highly expressed in
definite endoderm progenitors and together with Jmjd3 and
Eomes promotes the formation of the endoderm [15]. In
that respect, Tbx3 was classified as one of the mesendoderm
pluripotency transcription factors.
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Based on these findings, we applied a knockdownofTBX3
in human somatic cells to investigate the role of TBX3 in the
reprogramming process.

2. Materials and Methods

2.1. Keratinocyte and Fibroblast Cultivation. The cultivation
of keratinocytes from plucked human hair was mainly
performed according to [16]. In brief, keratinocytes were
cultured on 20 𝜇g/mL collagen IV (Sigma-Aldrich) coated
dishes in EpiLifemediumwithHKGS supplement (both from
Gibco) until they reached ∼70% confluency.

Human foreskin fibroblasts (HFFs) (System Biosciences)
were cultivated in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS)
and 1%Glutamax, 1% nonessential amino acids (NEAA), and
1% antibiotic-antimycotic (all from Life Technologies).

2.2. Lentivirus Production, Infection, and Selection. 4 × 106
Lenti-X 293T cells (Clontech) were transfected with 8𝜇g
DNA of plasmid pRRL.PPT.SF.hOKSMco.idTom.pre FRT
[17], or TRIPZ Human TBX3 shRNA (V2THS 135043, GE
Healthcare) togetherwith 2𝜇g pMD2.G and 5.5 𝜇g of psPAX2
vector DNA (Addgene 12259 and 12260 from Didier Trono)
using 1𝜇g/mL polyethylenimine (PEI). Lenti-XConcentrator
Kit (Clontech) was used to concentrate the viral super-
natant collected after two and four days. Virus pellets were
resuspended in EpiLife with HKGS supplement. Spinfection
with 1000 g for 30min was used to transduce TRIPZ TBX3
lentivirus into the cells on two consecutive days with a
medium change after 4 h, respectively. Infected cells were
selected by puromycin (1 𝜇g/mL) treatment for two days.

2.3. Feeder Cells, Reprogramming of Keratinocytes and Fibrob-
lasts. Rat embryonic fibroblasts (REFs) from embryonic
day 14 were generated according to the protocol previously
described in [18] and were cultured in DMEM containing
10% fetal bovine serum (FBS), 1% Glutamax, 1% NEAA, and
1% antibiotic-antimycotic (all from Life Technologies). REFs
were treated with 7.5 𝜇g/mL mitomycin C (Biomol) for 2.5
hours for mitotic inactivation.

Keratinocytes and fibroblasts were infected as mentioned
above over two days with 5 × 108 lentiviral particles in the
appropriate medium containing 8 𝜇g/mL polybrene (Sigma-
Aldrich). 1 𝜇g/mL doxycycline was added to the keratinocytes
and fibroblasts depending on the condition from the first day
of infection.

Two days after infection, keratinocytes and fibroblasts
were detached using TrypLE Express (Life Technologies)
and were seeded on 1.5 × 105 mitotic inactive REF cells in
iPSCmedium (DMEMF12 supplementedwith 20%knockout
serum replacement, 1% antibiotic-antimycotic, 1% NEAA,
1% Glutamax, 100 𝜇M 𝛽-mercaptoethanol, 10𝜇M Y-27632,
50𝜇g/mL ascorbic acid, and 10 ng/mL FGF2). Incubation
conditions for reprogramming cells were 37∘C, 5% CO

2
,

and 5% O
2
. Reprogramming cells were cultured on feeder

cells until iPSC colonies were clearly visible and were then
mechanically picked and transferred onto Matrigel-coated
(Corning) cell culture dishes for feeder-free culture.

2.4. Human iPSC Culture, Germ Layer Differentiation. iPSCs
were cultivated under feeder-free conditions in FTDA
medium according to [19]. For further passaging and germ
layer differentiation, iPSCs were detached using ReLeSR
(Stemcell Technologies) according to the manufacturer’s
manual. To form embryoid bodies, detached cell clumps
were cultured in suspension using ultralow attachment flasks
(Corning) for 7 days. After seeding on Matrigel-coated
dishes, the embryoid bodies were cultured two additional
weeks adherently. iPSC medium was used for germ layer
differentiation.

2.5. Immunocytochemistry and Alkaline Phosphatase Staining.
Cells were fixed for 15 minutes with 4% paraformaldehyde
(PFA) and 10% sucrose. Pluripotency staining was performed
using StemLight Pluripotency Antibody Kit according to
themanufacturer’s recommended conditions (Cell Signaling)
with Alexa secondary antibodies (all from Abcam). For germ
layer differentiation immunocytochemistry stainings, fixed
cells were permeabilized with 0.2% Triton-X for 5 minutes,
followed by blocking with 5% bovine serum albumin (BSA)
for 60 minutes. Antibodies were used as described below:
mouse anti-DESMIN (DAKO, 1 : 500), goat anti-SOX17 (R&D
Systems, 1 : 500), rabbit anti-TUBB3 (Covance, 1 : 2000), and
Alexa secondary antibodies (all from Abcam). Cells were
mounted with ProLong Gold Antifade Reagent with 4,6-
diamidino-2-phenylindole (DAPI) (Life Technologies).

Cells for alkaline phosphatase (AP) staining were fixed
in 4% PFA for two minutes. Nitroblue tetrazolium/5-bromo-
4-chloro-3-indolyl phosphate (NBT/BCIP) solution was pre-
pared according to the manufacturer’s protocol (Sigma-
Aldrich).The cells were incubated with the substrate solution
for 20 minutes and the reaction was stopped with phosphate-
buffered saline (PBS). Pictures were taken under artificial
light with a normal camera with particular caution on the
same acquisition settings and exposure time. Colony num-
bers were counted manually or quantified with the ImageJ
software bymeasuring the total intensity in the well area after
subtraction of the background value.

2.6. Quantitative Reverse Transcription Polymerase Chain
Reaction. Total RNA was isolated from cell lysates using
RNeasy MiniKit (Qiagen). QuantiTect primer assays were
used for all experiments (Qiagen, Supplementary Table 1 in
Supplementary Material available online at http://dx.doi.org/
10.1155/2016/6759343).

PCR was performed on a StepOne instrument (Applied
Biosciences) using QuantiFast SYBR Green RT-PCR Kit
(Qiagen) according to the manufacturer’s protocol. Relative
gene expression was calculated as a ratio of target gene con-
centration to the housekeeping gene hydroxymethylbilane
synthase (HMBS) concentration.

3. Results

3.1. Reprogramming of Human TBX3 Knockdown Cells. To
rule out cell type specific effects in our experimental setup,
we chose somatic cells which originate from different germ
layers: mesodermal human foreskin fibroblasts (HFFs) and
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Figure 1: Reprogramming fibroblasts and keratinocytes with a TBX3 knockdown. (a) Infection of fibroblasts and keratinocytes with a TRIPZ
HumanTBX3 shRNA lentivirus, inducible via doxycycline addition. (b) Reprogramming time schemewith fibroblasts (left) and keratinocytes
(right) along with starting cell numbers and experiment time points. (c) TBX3 knockdown during reprogramming of fibroblasts at day 0
(seeding infected cells on feeder layer), day 2, day 4, day 17, and day 25 (last day on feeder cells before transfer to feeder-free system on
Matrigel). Control is not treated with doxycycline. (d) TBX3 knockdown during reprogramming of keratinocytes at day 0 (seeding infected
cells on feeder layer), day 2, day 5, and day 22 (last day on feeder cells before transfer to feeder-free system onMatrigel). Control is not treated
with doxycycline.
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Figure 2: TBX3 knockdown in fibroblasts and keratinocytes during reprogramming causes decreased reprogramming efficiency. (a) Alkaline
phosphatase (AP) staining at day 17 of fibroblast reprogramming with a highly significant reduction (23%) of iPSC colonies. (b) Alkaline
phosphatase (AP) staining at day 22 of keratinocyte reprogramming with a reduction (91%) of iPSC colonies. (c) Relative expression of
OCT4, SOX2, and NANOG during fibroblast reprogramming. (d) Relative expression of OCT4, SOX2, and NANOG during keratinocyte
reprogramming.

ectodermal human hair follicle keratinocytes. First, we
infected both cell types with a lentiviral vector containing a
puromycin resistance for selection of infected cells as well as
a doxycycline (DOX) inducible shRNAdirected againstTBX3
(Figure 1(a)). After successful puromycin selection, cells were
either treated with doxycycline (+DOX) or left untreated as
a control (−DOX). Subsequently, a defined number of all
cell types were infected with a reprogramming lentivirus,
containing OCT4, SOX2, KLF4, and C-MYC. After two days,
infected cells were transferred onto mitotically inactivated

feeder cells (rat embryonic fibroblasts). At indicated time
points, RNA samples were collected and alkaline phosphatase
(AP) stainings were performed (Figure 1(b)). TBX3 knock-
down efficiency was traced throughout the reprogramming
process by qRT-PCR. For HFFs, the knockdown was ∼50%
(Figure 1(c)) while keratinocytes displayed an initial knock-
down of approximately 30% showing an increase at later time
points (Figure 1(d)). However, it must be taken into account
that all measured cell populations contained a considerable
amount of rat feeder cells. Due to the highly conserved
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Figure 3: Reprogrammed fibroblasts under TBX3 knockdown have the same stem cell properties as control iPSCs. (a) Pluripotency staining
of iPSCs generated from fibroblasts is positive for the pluripotency markers OCT4, SOX2, and NANOG as well as for the surface markers
TRA-1-60, TRA-1-81, and SSEA4. (b) Immunocytochemistry of germ layer differentiation shows positive staining for ectoderm (TUBB3),
mesoderm (DESMIN), and endoderm (SOX17) for TBX3 knockdown and control, respectively. (c) Expression of ectodermal genes (TUBB3,
PAX6), mesodermal genes (T, MYH6), and endodermal genes (AFP, FOXA2) in germ layer differentiation shows pluripotent differentiation
potential of the generated iPSCs in both control and TBX3 knockdown cells. Scale bar: 100𝜇m.

sequence in both species, the feeder cells partly contribute to
the measured TBX3 levels. Therefore, knockdown efficiency
in the reprogramming cells might be considerably higher.

3.2. TBX3 Knockdown Reduces Reprogramming Efficiency.
At the end of the reprogramming process, when large iPS
colonies were clearly visible, AP stainings were performed
and the stained areas were measured. In both cell types, the
reduced levels of TBX3 led to a reduced number of colonies,

23% in HFF (highly significant) and 91% in keratinocytes
(Figures 2(a) and 2(b)). Of note, only a very low number
of keratinocytes were infected and reprogrammed (due to
slow proliferation after infection) leading to a highly reduced
number of iPS colonies compared to HFFs which divide
continuously and fast during the reprogramming process.
Neither colony size nor colony morphology was noticeably
altered in knockdown cultures. The reduced reprogramming
efficiency was confirmed by qRT-PCR. The RNA levels of
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OCT4, SOX2, and NANOG were additionally reduced in
both TBX3 knockdown cell types, most probably due to
the lower number of reprogrammed cells (Figures 2(c) and
2(d)). In later passage iPSCs, RNA levels for OCT4, SOX2,
and NANOG levels were comparable to control cultures.
Additionally, knockdown cells at later passages displayed a
comparable growth speed (not shown) and colony morphol-
ogy. To generally test the full pluripotent capacity of the
knockdown iPSCs, we analyzed later passage HFF derived
iPSCs in more detail in terms of pluripotency factor expres-
sion and differentiation potential. iPSCs were positive for
the transcription factors OCT4, SOX2, and NANOG as well
as the surface antigens TRA-1-60, TRA-1-81, and SSEA4 in
immunofluorescence staining (Figure 3(a)), comparable to
the control cells. In an in vitro differentiation experiment,
knockdown iPSCs generated cells positive for TUBB3 as an
ectodermal marker, DESMIN as a mesodermal marker, and
SOX17 as an endodermal marker as shown by immunoflu-
orescence staining (Figure 3(b)). This ability to differentiate
into all three germ layers could be underlined by qRT-
PCR (Figure 3(c)). Comparable expression levels for different
differentiationmarkers between knockdown and control cells
showed that the knockdown does not lead to an altered
germ layer preference or diminished differentiation potential.
Taken together, the TBX3 knockdown significantly reduced
the reprogramming efficiency but the still arising iPSCs were
comparable to control iPSCs.

4. Discussion

TBX3 is a core member of the pluripotency network of
transcription factors which keeps ESCs and iPSCs in the
pluripotent state. Therefore, we were interested if a knock-
down of TBX3 expression would affect the reprogramming
process or alter the resulting stem cells in their charac-
teristics. For this, we used two human cell types, fibrob-
lasts and keratinocytes, containing an inducible shRNA
directed against TBX3. Reprogramming of these cells did
not show altered reprogramming kinetics but a reduced
reprogramming efficiency compared to control cells. This
result was similar for both tested cell types. The number
of arising colonies was significantly smaller than in control
AP stainings. RNA levels of pluripotency factors were also
reduced during the reprogramming process, indicating lower
pluripotent cell numbers. Fully reprogrammed cells of later
passages, however, did not exhibit altered RNA levels of
pluripotency factors. They were also comparable to controls
in stem cell marker immunofluorescence stainings. After
induction of differentiation, they expressed markers of the
three germ layers in a ratio comparable to control cells,
without altered germ layer preference. This stays in contrast
to a previous study indicating that TBX3 knockdown inhibits
neural rosette formation [20]. However, since we solely
investigated RNA levels and not the appearance of neural
rosettes, a disturbed rosette morphology cannot be excluded.
Interestingly, we found that although the knockdownofTBX3
was very constant throughout the reprogramming process,
in later passage iPSCs it was not visible any more. Here,
we suppose that the shRNA does not reduce the very low

expression levels any further or that iPSCs may be able to
silence the shRNA expression after several passages.

In the future, studies could investigate if the reduction
of reprogramming efficiency, as observed with TBX3 knock-
down cells, will also be present in TBX3 depleted cells or if
these cells even fail to be reprogrammed at all. If stable iPSCs
can be obtained in this way, their differentiation behavior
should be studied in detail since TBX3 is well known to
also have important contributions in certain differentiation
pathways.
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Acinar transdifferentiation toward a duct-like phenotype constitutes the defining response of acinar cells to external stress signals
and is considered to be the initial step in pancreatic carcinogenesis. Despite the requirement for oncogenic Kras in pancreatic
cancer (PDAC) development, oncogenic Kras is not sufficient to drive pancreatic carcinogenesis beyond the level of premalignancy.
Instead, secondary events, such as inflammation-induced signaling activation of the epidermal growth factor (EGFR) or induction
of Sox9 expression, are required for tumor formation. Herein, we aimed to dissect the mechanism that links EGFR signaling to
Sox9 gene expression during acinar-to-ductal metaplasia in pancreatic tissue adaptation and PDAC initiation. We show that the
inflammatory transcription factor NFATc4 is highly induced and localizes in the nucleus in response to inflammation-induced
EGFR signaling. Moreover, we demonstrate that NFATc4 drives acinar-to-ductal conversion and PDAC initiation through direct
transcriptional induction of Sox9.Therefore, strategies designed to disrupt NFATc4 inductionmight be beneficial in the prevention
or therapy of PDAC.

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is among the
most aggressive human malignancies with a 5-year survival
rate of less than 7% [1]. PDAC arises from well-defined
precursor lesions, with pancreatic intraepithelial neoplasia
(PanIN) being the best described [2, 3]. Oncogenicmutations
of the Kras gene represent the defining molecular alteration
in pancreatic carcinogenesis and can be detected in early
PanIN lesions and in more than 90% of advanced human
PDAC, leading to the current dogma that this genetic event
is required for PDAC initiation and progression [4, 5].
Lineage-tracing studies have demonstrated that acinar cells

expressing oncogenic Kras lose their grape-like structure
and undergo a de- and transdifferentiation process termed
acinar-to-ductal metaplasia (ADM) to generate metaplastic
lesions with a duct-like phenotype [4, 5]. Characteristically,
dedifferentiation of mature exocrine pancreatic cells involves
a gene expression profile that highly resembles the one found
in the embryonic pancreas [6, 7], including activation of
Notch signaling or induction of the sex-determining region
Y-box 9 (Sox9) transcription factor [6, 8]. Importantly,
the progenitor-like characteristics of metaplastic acinar cells
make themmore susceptible to Kras-induced oncogenesis [6,
9]. In fact, oncogenic Kras hijacks the acinar redifferentiation
process that occurs in regenerative pancreatic tissue and
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instead promotes a transition frommetaplastic cells to PanIN
precursor lesions that eventually progress to invasive PDAC
[10, 11].

Significantly, ADM formation and neoplastic progression
in the context of Kras mutation occur with a low penetrance
and a long latency, unless secondary events arise which drive
pancreatic carcinogenesis beyond the stage of premalignancy
[2, 3, 5]. Inflammatory environmental cues are well appreci-
ated to promote pancreatic carcinogenesis on the background
of oncogenic Kras mutations [5], thus reflecting epidemio-
logic studies characterizing chronic pancreatitis as the major
risk factor for PDAC development [12]. Examination of
chronic pancreatitis patient samples revealed an upregulation
of epidermal growth factor receptor expression inmetaplastic
pancreatic lesions [13–15]. Interestingly, transgenic EGFR
ligand overexpression promoted the formation of pancreatic
metaplasia [16, 17], whereas EGFR inactivation utilizing
genetic or pharmacological approaches suppressed acinar-
to-ductal transdifferentiation by oncogenic Kras activation
and inflammation [9, 18]. Taken together, these data suggest
that EGFR activation is required for inflammation-driven
acinar dedifferentiation and PDAC initiation. Nevertheless,
the exact molecular mechanisms that link EGFR activation
to acinar transdifferentiation remain elusive.

Herein we sought to determine how inflammatory sig-
naling pathways in metaplastic pancreatic cells bridge EGFR
activation to transcriptional induction of key mediators
of acinar cell dedifferentiation. In particular, we sought
to characterize the impact of NFATc4 (nuclear factor of
activated T-cells 4) on transcriptional activation of the ductal
fate determinant Sox9 during acinar-ductal transdifferen-
tiation. We show that NFATc4 gene expression is highly
induced during EGFR-stimulated acinar-to-ductal conver-
sion in acinar explants and is required for duct formation
and the expression of Sox9 in this in vitro system. Moreover,
we show that NFATc4 protein is expressed in metaplastic
areas during inflammation-induced pancreatic carcinogen-
esis using mouse models and human tissues. Importantly,
genetic or pharmacological inactivation of NFATc4 abrogates
transcriptional activation of Sox9 andhinders development of
metaplastic pancreatic lesions.

2. Materials and Methods

2.1. Animals. Generation and characterization of pdx1-Cre
and LSL-KrasG12D animals have been described previously
[2, 19]. Mouse strains were interbred to obtain KrasG12D;
pdx1-Cre animals. All strains had a C57Bl/6 background.
For genotyping, PCRs were performed following digestion
of tail cuts by using PCR buffer with nonionic detergents
(PBND) and protein kinase (Applichem, Darmstadt, Ger-
many). For induction of chronic pancreatitis, 8-week-old
mice were subjected to caerulein (50𝜇g/kg, 3 times/week) or
dimethyl sulfoxide (DMSO) treatment for 4weeks. All animal
experiments were performed using protocols approved by the
Institutional Animal Care andUse Committee at the Philipps
University Marburg in Germany.

2.2. Acinar Cell Isolation. Acinar cell isolationwas performed
as described previously [17]. Briefly, the whole pancreas was
dissected and incubated at 37∘C in a collagenase I-containing
solution. The minced pancreas was passed through a 105 𝜇m
nylon filter to isolate acinar cells. After repetitive washing
steps acinar cells were exposed to culture solution containing
30% fetal calf serum for a short time. Then cells were
cultured in collagen supplemented with 1% heat-inactivated
fetal bovine serum and, unless indicated otherwise, treated
with DMSO and/or ddH

2
O, CsA (1 𝜇M), TGF𝛼 (50 ng/mL),

or EGF (20 ng/mL). Ducts were counted after indicated
time points using brightfield microscopy and Hoechst 33324
staining to show cell viability.

2.3. Cell Lines and Transfections. The acinar cell line 266-
6 was obtained from Jemal et al. [20]. Primary tumor cells
from KrasG12D; 𝑝53Δ/𝑤𝑡; pdx1-Cre and KrasG12D; 𝑝53Δ/𝑤𝑡;
EGFR−/−; pdx1-Cre mice were a kind gift from Jens Siveke,
TU Munich, Germany. Cells were cultured in Dulbecco’s
modified Eagle medium (DMEM, Gibco, Darmstadt, Ger-
many) supplemented with 10% fetal calf serum (Gibco) or in
serum-containing DMEM supplemented with 1% nonessen-
tial amino acids, respectively. For EGF and TGF𝛽 treatment,
cells were starved in serum-free medium for 24 h and
afterwards stimulated with EGF (20 ng/mL) or with TGF𝛽
(10 ng/mL) as indicated.

For NFATc4 shRNA delivery in acinar cell explants,
NFATc4 shRNAs (#1 5-CGAGGTGGAGTCTGAACTTAA-
3; #2 5-GCCAGACTCTAAAGTGGTGTT-3) or con-
trol shRNAs (5-CCTAAGGTTAAGTCGCCCTCG-3) were
infected using a lentiviral infection system as previously
described [21]. For transfection of 266-6 acinar cells, NFATc4
siRNA was obtained from Life Technologies (5-ccaguc-
caggucuacuuuutt-3). Cells were transfected with NFATc4
siRNA for 48 h, using lipofectamine 2000 (Invitrogen). The
constitutive active EGFR construct was obtained fromMartin
Privalsky. For reexpression of constitutive active EGFR, cells
were transfected with either 3 𝜇g of EGFR or a control vector
utilizing lipofectamine 2000 (Invitrogen).

2.4. RNA Isolation and Quantitative Real-Time PCR Analysis.
For RNA isolation from acinar cells, solidified collagen was
dissolved using collagenase I (Sigma). RNA from cell lines
and acinar cells was isolated utilizing the RNeasy Mini Kit
(Qiagen, Hilden, Germany) and first-strand complementary
DNA was synthesized from 1 𝜇g of total RNA using ran-
dom primers and the Omniscript Reverse Transcriptase Kit
(Qiagen). RPLP0 was used as a housekeeping gene for nor-
malization of gene expression. Mouse specific primers with
the following sequences were used for expression analysis:
NFATc1 (forward: 5-tgggagatggaagcaaagac-3; reverse: 5-
atagaaactgacttggacggg-3), NFATc2 (forward: 5-aagaggaaa-
cgaagtcagcc-3 reverse: 5-tgggtgctgtgggtaatatg-3) NFATc3
(forward: 5-gaaactgaaggtagccgagg-3 reverse: 5-ctggtaaaa-
tgcatgaggtcg-3), NFATc4 (forward: 5-tcttcaggacctctgcccta-
3; reverse: 5-agcctaggagcttgaccaca-3), Sox9 (forward: 5-
cgtgcagcacaagaaagacca-3; reverse: 5-gcagcgccttgaagatagcat-
3), cytokeratin 19 (forward: 5-cctcccgcgattacaaccact-3;



Stem Cells International 3

reverse: 5-ggcgagcattgtcaatctgt-3), cytokeratin 6 (forward:
5-gagcagatcaagaccctcaac-3; reverse: 5-aaacataggctccaggtt-
ctg-3), EGFR (forward: 5-acactgctggtgttgctgac; reverse: 5-
cccaaggaccacttcacagt-3), and RPLP0 (forward: 5-tgacatcgt-
ctttaaaccccg-3; reverse: 5-tgtctgctcccacaatgaag-3).

2.5. Protein Isolation and Immunoblotting. For protein
isolation from cell lines, whole cell lysates were prepared
using lysis buffer (50mmol/LHEPES, pH 7.5–7.9, 150mmol/L
NaCl, 1mmol/L ethylene glycol-bis(𝛽-aminoethylether)-
N,N,N,N-tetraacetic acid, 10% glycerin, 1% Triton X-100,
100mmol/L NaF, and 10mmol/L Na

4
P
2
O
7
× 10 H

2
O)

containing protease inhibitors. For immunoblot analysis
20𝜇g of protein extracts was electrophoresed through 10%
sodium dodecyl sulfate/polyacrylamide gels and transferred
onto nitrocellulose membranes (Millipore, Darmstadt,
Germany). Protein detection was performed using the
following antibodies: NFATc4 (Abcam, ab62613, 1 : 1000) and
𝛽-actin (Sigma, 1 : 20000).

2.6. Histological Evaluation and Immunohistochemistry.
Human chronic pancreatitis samples were obtained from
9 different patients and were derived from the Institute of
Pathology of the Philipps University Marburg in accordance
with the ethical regulations of the institute. For immunohisto-
chemistry, formalin-fixed, paraffin-embedded tissue was
sectioned (4 𝜇m). H&E staining and immunohistochemistry
were performed as described previously [22]. The following
antibodies were used: NFATc4 (Santa Cruz, sc13036), EGFR
(Abcam, ab52894), pEGFR (Santa Cruz, sc101668), and Sox9
(Abcam, ab26414).

2.7. Chromatin Immunoprecipitation (ChIP). ChIP analysis
in 266-6 cells was performed as described previously [23].
Briefly, cells were cross-linked in medium containing 1%
formaldehyde for 10 minutes at room temperature. Cross-
linking was terminated utilizing 2.5mol/L glycine. Cells were
washed and harvested in ice-cold PBS. Nuclear lysates were
obtained andDNAwas sheered to fragments of 500 base pairs
by sonication. The following antibodies were added to pre-
cleared chromatin for overnight incubation at 4∘C: NFATc4
(Abcam, ab62613, 4 𝜇g), H3K4me3 (Cell Signalling 9727s,
2 𝜇g), RNA-polymerase II (Millipore, 05-623, 2𝜇g), rabbit
IgG (Santa Cruz, sc-2027, 2 𝜇g), and mouse IgG (Santa Cruz,
sc-2025, 2 𝜇g). Protein A or G agarose was added and incu-
bated for 2 hours. Beads were washed as described before [23]
and reversionwas performedusingRNAseA (R4642, Sigma),
protein kinase, and 5mol/L sodiumdodecyl sulfate overnight
at 65∘C. DNA was isolated using a phenol-chloroform proto-
col and analyzed via qRT-PCRutilizing Sox9 primerswith the
following sequences: +370 (forward: 5-cgcgtatgaatctcctggac-
3, reverse: 5-ggtgttctccgtgtccg-3) and −825 (forward: 5-
ccgggaaaggacttgtcag-3, reverse: 5-tctggttcaacgaagctgg-3).

3. Results

3.1. NFATc4 Is Highly Induced during EGFR-Mediated Acinar-
to-Ductal Metaplasia. In addition to its pivotal role in PDAC
initiation, acinar-to-ductal metaplasia represents a cellular

adaptation process of the acinar cell in response to external
stress signals which prevents stress-mediated cell death and
can result in a stepwise regeneration program that recon-
stitutes pancreatic tissue integrity [24–26]. Either acute or
chronic pancreatic inflammation results in the formation of
metaplastic pancreatic lesions that can redifferentiate into
acinar cells in a permissive cellular context [27]. Metaplastic
lesions of chronic pancreatitis patients regularly express
high levels of the epidermal growth factor receptor (EGFR)
family and their natural ligands EGF and TGF𝛼 [12, 13, 16].
Recent reports have indicated that EGFR activation integrates
external inflammatory cues into intracellular programs that
mediate acinar cell adaptation and dedifferentiation [9, 17, 18,
28]. Accordingly, in an in vitro approach utilizing acinar cell
explants from wildtype mice, activation of EGFR signaling
by stimulation with TGF𝛼 strongly promoted transdiffer-
entiation of explanted acinar cells into cells with duct-like
characteristics (Figure 1(a)). The striking transdifferentiation
behavior of pancreatic acinar cells in response to EGFR
signaling activation is based on stepwise dedifferentiation
processes of acinar cells and subsequent activation of ductal
initiation programs [9, 18]. This crucial regulation of cellular
plasticity is at least partially mediated by spatially and tem-
porally controlled activation of the nuclear factor of activated
T-cell (NFAT) family of transcription factors [22]. NFAT
is a critical mediator of Ca2+/calcineurin signaling. NFAT
functions were initially recognized in T-cell activation, where
it regulates vital cellular functions related to adaptation and
differentiation [29]. Importantly, expression and function
of NFAT proteins are by no means limited to immune
cells. Rather, cellular adaptation in several tissues has been
attributed to NFAT-dependent signaling and transcription
[30, 31]. In pancreatic acinar cells, basal expression levels of
the four Ca2+/calcineurin-responsive NFAT family members
were low (Figure 1(b)). Strikingly, TGF𝛼 stimulation of the
acinar cell explants resulted in a time-dependent rise of
NFATc1 and NFATc4 mRNA levels, while the expression of
NFATc2 andNFATc3 was not altered (Figure 1(b)), consistent
with previous reports suggesting that NFAT proteins do not
have redundant functions [32].Themost prominent response
to TGF𝛼 treatment was observed for NFATc4, suggesting that
activation of this particular isoformmight be essential during
EGFR signaling-dependent acinar-to-ductal transdifferentia-
tion (Figure 1(b)). To test whether EGFR signaling is required
for NFATc4 activation, we utilized primary PDAC cells from
KrasG12D; 𝑝53Δ/𝑤𝑡; EGFR−/−; pdx1-Cre mice with a homozy-
gous deletion of EGFR. As shown in Figures 1(c) and 1(d),
NFATc4 expression is low in EGFR depleted cells but is
inducible in response to transient overexpression of constitu-
tive active EGFR (Figures 1(c) and 1(d)). However, the induc-
tion of cellular plasticity in pancreatic exocrine cells has also
been reported following treatment with the inflammatory
cytokine TGF𝛽 [33] and TGF𝛽 treatment of pancreatic
tumor cells promotes a transdifferentiation program leading
to epithelial to mesenchymal transition (EMT) [33]. Most
strikingly, TGF𝛽 stimulation of primary PDAC cells obtained
from KrasG12D; 𝑝53Δ/𝑤𝑡; pdx1-Cremice resulted in the induc-
tion of several NFAT genes, including robust induction of
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Figure 1: NFATc4 is induced in acinar cell transdifferentiation. (a) Light microscopy shows morphology of acinar cell extracts from wildtype
mice in response to TGF𝛼 for the indicated time points (scale bar represents 100 𝜇m). (b) qRT-PCR to detect mRNA expression of NFAT
isoforms in transdifferentiating acinar cells of wildtype mice in response to TGF𝛼. (c)-(d) NFATc4 mRNA (c) and protein (d) expression
levels in KrasG12D; 𝑝53Δ/𝑤𝑡; EGFR−/−; pdx1-Cremice were determined after transient overexpression of a control vector or constitutive EGFR,
respectively.NFATc4mRNAexpression followingEGFRoverexpressionwas normalized to control (means± SD). (e) qRT-PCR revealsmRNA
expression of NFAT isoforms in primary tumor cells from KrasG12D; 𝑝53Δ/𝑤𝑡; pdx1-Cre mice following TGF𝛽 treatment for 24 hours. (f)
Western Blot analysis in primary tumor cells from KrasG12D; 𝑝53Δ/𝑤𝑡; pdx1-Cremice upon TGF𝛽 treatment. 𝛽-actin was utilized as a loading
control. (g) Representative H&E staining and immunohistochemistry were performed in human chronic pancreatitis samples. Scale bar
represents 100 𝜇m. Asterisks indicate NFATc4 positive nuclei.
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NFATc4 mRNA and protein (Figures 1(e) and 1(f)). Lastly,
we observed increased NFATc4 staining in the nuclei of cells
within the metaplastic areas of a tissue from a patient with
chronic pancreatitis (Figure 1(g)). Taken together, these data
are consistent with the notion that NFATc4 is induced during
the process of ADM in a mouse explant model and in human
pancreatic tissue.

3.2. NFATc4 Is Involved in EGFR-Mediated Acinar-to-Ductal
Metaplasia. To test whether induction of NFATc4 is crucial
for acinar-to-ductal conversion, we cotreated acinar cell
explants with TGF𝛼 and cyclosporin A (CsA), a clinically
used calcineurin inhibitor which prevents NFAT activation.
Inhibition of calcineurin-NFAT signaling significantly atten-
uated acinar-to-ductal conversion, even in the presence of
EGFR activation (Figure 2(a)). Consequently, duct formation
was inhibited and cytokeratin 19 expression was decreased
following CsA treatment (Figures 2(b) and 2(c)). Since
pharmacological inhibition of calcineurin neither specifically
inhibits the NFAT signaling pathway nor targets individual
members of the NFAT family, we extended our analysis and
genetically depleted NFATc4 in acinar cell explants using
two specific NFATc4 shRNAs (Figure 2(d)). Importantly,
depletion of NFATc4 expression significantly reduced TGF𝛼-
mediated duct formation in this ADM assay (Figures 2(d)
and 2(e)). Consistent with the reduced duct-forming capacity
of NFATc4-depleted acinar explants, we found diminished
expression of cytokeratins 6 and 19, twomarker genes that are
induced during the process of acinar-to-ductal differentiation
(Figures 2(f)–2(h)). Taken together, these data implicate
NFATc4 as a critical EGFR-induced transcription factor
involved in acinar cell reprogramming.

3.3. NFATc4 Is Induced during Pancreatic Cancer Initiation.
Acinar-to-ductal transdifferentiation is not limited to the
physiological mechanisms of cellular adaptation, but it is now
appreciated for its pivotal role in PDAC initiation [8]. Impor-
tantly, progression of inflammation-driven ADM to neoplas-
tic lesions requires oncogenic mutation of Kras (KrasG12D) in
themetaplastic epithelial cell to block acinar redifferentiation
and reconstitution of normal pancreatic architecture [34].
Hence, inflammation-induced EGFR signaling cooperates
with oncogenic Kras mutation to promote pancreatic car-
cinogenesis [9, 22]. To examine whether NFATc4 activation
is involved in PDAC initiation, we took advantage of an in
vivo model of inflammation-driven pancreatic carcinogene-
sis. Specifically, we utilized a genetically engineered mouse
model (GEMM) harboring a pancreas specific Krasmutation
(KrasG12D; pdx1-Cre mice) and treated these animals with
caerulein, a well-established inducer of pancreatic inflamma-
tion [22, 30, 34]. A 4-week treatment regimen led to severe
exocrine pancreatic injury with disordered acinar structure
and induction of acinar-to-ductalmetaplasia and early PanIN
lesions as a result of increased acinar cell plasticity and initia-
tion of pancreatic carcinogenesis (Figure 3(a)). Importantly,
EGFR expression was remarkably induced in metaplastic
exocrine cells upon pancreatic inflammation, visualized by
enhanced cytosolic localization of its active phosphorylated

form in caerulein-treated mice (Figure 3(a)). As reported
previously, themetaplastic areas were characterized by strong
induction of nuclear Sox9 expression, a pivotal marker of cel-
lular reprogramming (Figure 3(a)), while the control group
displayed only low cytosolic expression of the transcription
factor. Strikingly, metaplastic areas and PanIN lesions with
high EGFR, pEGFR, and Sox9 expressions also showed
a dramatic increase of NFATc4 expression (Figure 3(a)).
Consistent with our analyses in human chronic pancreatitis
samples, NFATc4 expression in ADM areas in response to
caerulein administration was predominantly detected in the
nucleus, thus indicating activity of the transcription factor.

3.4. EGFR Signaling Involves NFATc4-Dependent Transcrip-
tional Activation of Sox9. The formation and maintenance of
pancreatic metaplastic lesions depend on the expression and
activation of transcription factors that drive acinar transdif-
ferentiation toward a duct-like phenotype. Recently, Sox9was
implicated in cellular plasticity upon PDAC initiation and
progression [8, 22, 35]. In accordancewith these observations,
acinar cell explants showed an increase of Sox9 mRNA
expression following EGFR activation (Figure 3(b)), suggest-
ing that Sox9 expression during acinar cell conversion is reg-
ulated at the transcription level. The concomitant expression
of NFATc4 and Sox9 in metaplastic pancreatic cells suggests
a mechanistic connection of both transcription factors. This
assumption is further strengthened by the fact that genetic
depletion of NFATc4 expression not only alters duct forma-
tion in the ADM model but also abrogated expression of
Sox9 mRNA (Figure 3(b)). Moreover, TGF𝛽-mediated time-
dependent induction ofNFATc4 expression in primary tumor
cells from KrasG12D; 𝑝53Δ/𝑤𝑡; pdx1-Cre mice correlated with
increased Sox9 expression (Figures 3(c) and 3(d)). Together,
our data identify Sox9 as anNFATc4 target gene and implicate
that both transcription factors functionally cooperate to drive
the transdifferentiation processes in the pancreas.

To further scrutinize the mechanistic correlation of
NFATc4 and Sox9 expression, we performed chromatin
immunoprecipitation (ChIP) analysis in the acinar cell line
266-6 upon activation of EGFR signaling and in primary
tumor cells from KrasG12D; 𝑝53Δ/𝑤𝑡; pdx1-Cre mice upon
TGF𝛽 treatment. In both cell systems, EGFR activation as
well as TGF𝛽 treatment resulted in an increased recruitment
of NFATc4 to the Sox9 promoter (Figures 4(a) and 4(b)),
which correlated with enhanced occupancy of H3K4me3
and RNA-polymerase II on the Sox9 promoter, indicating
its transcriptional activity (Figures 4(c) and 4(d)). Both
increased NFATc4 binding to the Sox9 promoter and the
enhanced promoter activity upon extracellular stimulation
suggest a critical involvement of NFATc4 in the transcrip-
tional regulation of Sox9. To verify this hypothesis, we
genetically depleted NFATc4 expression in 266-6 acinar cells
and investigated the impact of NFATc4 deficiency on EGFR-
mediated Sox9 expression. Significantly, loss of NFATc4
significantly diminished EGFR-dependent induction of Sox9
expression in 266-6 acinar cells (Figures 4(e) and 4(f)).
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Figure 2: NFATc4 is required for acinar-to-ductal transdifferentiation in the pancreas. (a) Brightfield microscopy reveals acinar cell
morphology upon TGF𝛼 and/or CsA treatment for 5 days (scale bars indicate 100𝜇m). Hoechst 33342 was used to stain alive cells embedded
in collagen at day 5. (b) Quantification of duct formationwas performed five days after acinar cell extraction fromwildtypemice. (c) qRT-PCR
shows cytokeratin 19 expression in acinar cell explants upon indicated treatments for 5 days. (d)–(h) Acinar cells from wildtype mice were
subjected to two different NFATc4 shRNAs or shRNA controls and were stimulated with TGF𝛼 for 5 days. (d) Brightfield microscopy was
conducted to determine acinar cell morphology (scale bars indicate 100 𝜇m). (e) Quantification of duct formation was performed on day 5
following acinar cell extraction. (f)–(h)mRNA expression levels of the indicated genes were detected on day 5 following acinar cell extraction.
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Figure 3: NFATc4 activation in metaplastic cells is associated with transcriptional induction of Sox9. (a) H&E staining as well as
immunohistochemistry in 3-month-old KrasG12D; pdx1-Cre mice following a four-week spanning treatment with caerulein or DMSO. The
black boxes beyond the immunohistochemical staining display representative magnifications of normal acinar cells (left boxes), ADM (right
box for the control group, middle box for the caerulein-treated mice), and PanIN lesions (right boxes in the caerulein cohort). (b) qRT-PCR
reveals Sox9 mRNA expression in acinar cell explants from wildtype mice following genetic depletion of NFATc4 and TGF𝛼 stimulation for
5 days. (c)-(d) Primary pancreatic tumor cells from KrasG12D; 𝑝53Δ/𝑤𝑡; pdx1-Cremice were treated with TGF𝛽 for the indicated time points.
mRNA expression of NFATc4 (c) and Sox9 (d) was determined by using qRT-PCR.

Taken together, these data suggest that EGFR-stimulated
NFATc4 gene expression and activation constitute a prerequi-
site for the transcriptional induction of Sox9 and the process
of acinar-to-ductal transdifferentiation.

4. Discussion

Acinar-to-ductal transdifferentiation represents a mecha-
nism of cellular reprogramming in response to external stress
signals, thus initiating pancreatic regeneration of damaged
epithelial cells [36]. In the presence of an oncogenic Kras
mutation, the function of ADM shifts from a preserver of

pancreatic tissue integrity to a driver of neoplastic progres-
sion toward frank adenocarcinoma [34]. ADM induction
and progression to neoplastic precursor lesions are closely
linked to inflammation-induced activation of EGFR signaling
[9, 17, 18]. Importantly, EGFR-mediated induction of ADM
involves activation of genes that promote and maintain
the ductal phenotype [37]. For instance, EGFR activation
in response to epithelial injury has been shown to induce
Sox9 expression in urothelial cancer [37], suggesting the
involvement of an EGFR-Sox9 axis in malignant develop-
ment and progression. The prominent function of Sox9 in
tumorigenesis is also reflected in the pancreas, where Sox9
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Figure 4: Sox9 represents a transcriptional NFATc4 target in metaplastic pancreatic cells. (a)–(d) ChIP analyses in 266-6 cells ((a) and (c))
and in primary tumor cells from KrasG12D; 𝑝53Δ/𝑤𝑡; pdx1-Cremice ((b) and (d)) were conducted in the following EGF (3 hours) or TGF𝛽 (24
hours) treatment, respectively. (a)-(b) qRT-PCR was performed to determine NFATc4 occupancy on the Sox9 promoter regions −825 and
+370. Data was normalized to IgG and displayed as xfold binding compared to control. (c)-(d) H4K3me3 and polymerase II enrichment are
demonstrated on the Sox9 promoter region +370. Data was normalized to IgG and displayed as xfold binding compared to control. (e)-(f)
qRT-PCR to detect NFATc4 (e) and Sox9 (f) mRNA expressions following genetic depletion of NFATc4 and EGF treatment (3 hours).

was described as a central transcription factor during acinar
cell dedifferentiation and ductal conversion [8]. While loss
of Sox9 during acinar cell dedifferentiation hindered ADM
formation and neoplastic progression, ectopic induction of
Sox9 accelerated KrasG12D-driven pancreatic carcinogenesis
[8]. Although the relevance of an EGFR-Sox9 pathway has
been demonstrated in several cellular contexts, the mech-
anisms linking inflammation-induced EGFR activation to
Sox9 induction in PDAC initiation remained elusive. Here we

identify the transcription factor NFATc4 as a functional link
connecting inflammation-induced EGFR signaling to acinar
metaplasia and show that induction of Sox9 in response to
EGFR activation requires NFATc4-dependent transcriptional
activation of the Sox9 promoter.

The NFAT family of transcription factors has been
reported to be involved in the integration of environmental
signals into oncogenic processes that mediate proliferation,
differentiation, and adaptation to inflammation in several
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cellular contexts [31, 38, 39]. For instance, recent work linked
EGFR activation to NFAT-mediated Cox2 expression in col-
orectal tumorigenesis, thus pointing toward a critical role of
the EGFR/NFAT cascade in the integration of inflammatory
signals during carcinogenesis and progression [40]. In the
pancreas, oncogenic activity has been demonstrated for the
isoforms NFATc1 and NFATc2 that both accelerate KrasG12D-
driven pancreatic carcinogenesis and PDAC progression in
mice and humans [23, 31, 41, 42]. Importantly, the oncogenic
activity of NFAT transcription factors not only is limited
to neoplastic progression, but also comprises PDAC initi-
ation. We recently showed that NFATc1 becomes activated
in response to inflammation-induced EGFR signaling and
complexes with c-Jun to promote acinar-ductal conversion by
transcriptional induction of the Sox9 gene [22]. Consistently,
attenuation of NFATc1 activity using pharmacological or
genetic approaches hindered EGFR-mediated promotion of
acinar-to-ductal transdifferentiation [22], thus underlining
the pivotal function of NFAT transcription factors in acinar
cell adaptation and oncogenic conversion.

In comparison to its close relatives NFATc1 and NFATc2,
less is known about the role of NFATc4 in pancreatic tissue
adaptation and carcinogenesis. Here we show that NFATc4
is induced in an experimental setting of chronic pancreatitis
and PDAC initiation and that inhibition of NFATc4 signaling
preserves acinar cell morphology and function, indicating
that the transcription factor might cooperate with onco-
genic Kras signaling to promote pancreatic cancer initiation.
The first evidence for a functional link between NFATc4
activation and neoplastic progression came from a study
investigating patients with esophageal squamous dysplasia,
which showed that enhanced expression levels of NFATc4
were associated with a higher chance of progression towards
esophageal cancer [43]. Further underlining the role of
NFATc4 in tumorigenesis, non-small lung cell cancer samples
which were positively stained for oncogenic Cox2 displayed
high expression levels of NFATc4 and the AP1 proteins c-
Fos and c-Jun [44]. This is of particular interest, as c-Jun
functions as the bona fide partner of NFAT transcription
factors in pancreatic adaptation and neoplastic progression
[22], suggesting that both transcription factors cooperate to
drive acinar cell dedifferentiation.

In summary, we describe a novel mechanism of inflam-
mation-induced cellular adaptation during PDAC initiation
and propose a model in which NFATc4 links EGFR signaling
activation to transcriptional induction of Sox9 to promote
acinar ductal dedifferentiation. Our data complements the
wide functional spectrum of NFAT transcription factors in
pancreatic adaptation and carcinogenesis and suggests that
pharmacological strategies that target NFAT activationmight
pave the road for new preventive or therapeutic options in
PDAC.

5. Conclusion

Pancreatic ductal adenocarcinoma (PDAC) represents a dev-
astating disease with a dismal prognosis that has remained
unchanged during the past several decades. Therefore,

a better understanding of the molecular mechanisms that
control PDAC initiation and progression is urgently needed
in order to combat or prevent pancreatic cancer.

Herein we report a novel molecular mechanism that
links EGFR signaling to activation of Sox9 during acinar-
ductal metaplasia in pancreatic tissue adaptation and PDAC
initiation. We identify the inflammatory transcription factor
NFATc4 as a critical mediator of inflammation-induced
EGFR signaling activation and demonstrate that NFATc4
drives acinar-to-ductal conversion and PDAC initiation
through transcriptional induction of Sox9. Therefore, strate-
gies designed to disrupt this pathwaymight be considered for
the prevention and therapy of PDAC.
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[41] A. Köenig, T. Linhart, K. Schlengemann et al., “NFAT-induced
histone acetylation relay switch promotes c-Myc-dependent
growth in pancreatic cancer cells,”Gastroenterology, vol. 138, no.
3, pp. 1189.e2–1199.e2, 2010.

[42] S. K. Singh, N.-M. Chen, E. Hessmann et al., “Antithetical
NFATc1-Sox2 and p53-miR200 signaling networks govern pan-
creatic cancer cell plasticity,”The EMBO Journal, vol. 34, no. 4,
pp. 517–530, 2015.

[43] N. Joshi, L. L. Johnson,W.-Q.Wei et al., “Gene expression differ-
ences in normal esophageal mucosa associated with regression
and progression of mild and moderate squamous dysplasia in a
high-risk Chinese population,” Cancer Research, vol. 66, no. 13,
pp. 6851–6860, 2006.

[44] X. Zhao, Z. Chen, S. Zhao, and J. He, “Expression and signifi-
cance of COX-2 and its transcription factors NFAT3 and c-Jun
in non-small cell lung cancer,” Zhongguo Fei Ai Za Zhi, vol. 13,
no. 11, pp. 1035–1040, 2010.



Research Article
Transcriptome Analysis of Long Noncoding RNAs in Toll-Like
Receptor 3-Activated Mesenchymal Stem Cells

Shihua Wang, Xiaoxia Li, and Robert Chunhua Zhao

Center of Excellence in Tissue Engineering, Institute of Basic Medical Sciences and Peking Union Medical College Hospital,
School of Basic Medicine, Peking Union Medical College, Chinese Academy of Medical Sciences, Beijing 100005, China

Correspondence should be addressed to Robert Chunhua Zhao; zhaochunhua@vip.163.com

Received 30 March 2015; Revised 21 May 2015; Accepted 11 June 2015

Academic Editor: Stefan Liebau

Copyright © 2016 Shihua Wang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Mesenchymal stem cells (MSCs) possess great immunomodulatory capacity which lays the foundation for their therapeutic effects
in a variety of diseases. Recently, toll-like receptors (TLR) have been shown to modulate MSC functions; however, the underlying
molecularmechanisms are poorly understood. Emerging evidence suggests that long noncoding RNAs (lncRNAs) are an important
class of regulators involved in a wide range of biological processes. To explore the potential involvement of lncRNAs in TLR
stimulated MSCs, we performed a comprehensive lncRNA and mRNA profiling through microarray. 10.2% of lncRNAs (1733 out
of 16967) and 15.1% of mRNA transcripts (1760 out of 11632) were significantly differentially expressed (absolute fold-change ≥5 , P
value ≤ 0.05) in TLR3 stimulated MSCs. Furthermore, we characterized the differentially expressed lncRNAs through their classes
and length distribution and correlated them with differentially expressed mRNA. Here, we are the first to determine genome-wide
lncRNAs expression patterns in TLR3 stimulated MSCs by microarray and this work could provide a comprehensive framework of
the transcriptome landscapes of TLR3 stimulated MSCs.

1. Introduction

Mesenchymal stem cells (MSCs) are a type of adult stem
cells with the capacity to generate a wide range of cells such
as adipocytes, osteoblasts, chondrocytes, and myocytes [1].
Being originally identified from the bonemarrow,MSCs now
can be isolated from many other tissues including adipose
tissue, placenta, and umbilical cord.MSCs also possess potent
immunoregulatory abilities through interactions with both
the adaptive and the innate immune cells. The immunomod-
ulatory effect of MSCs is mediated by the secretion of soluble
factors and/or by cell-cell contact-dependent regulation.
These features make MSCs an interesting cell resource for
tissue regeneration and cellular therapy.

Recently, the findings of functional toll-like receptors
(TLRs) expression onMSC implicate these receptors inmod-
ulating MSCs functions [2]. TLRs are pattern recognition
receptors involved in the recognition of pathogen-associated
molecular patterns (PAMP) by immune cells, initiating both
primary and adaptive immune responses [3]. To date, thirteen

mammalian TLR analogs have been identified (10 in humans
and 13 in mice). Beside their important roles in immunity,
TLRs have also been recognized as regulators of stem cells
functions, including cell growth, differentiation, and survival.
For instance, De Luca et al. showed that TLR1/2 signaling
instructed commitment of human hematopoietic stem cells
to a myeloid cell fate [4]. Qi et al. demonstrated that both
TLR3 and TLR4 promoted differentiation of bone marrow
MSCs to osteoblasts [5].

In the field of immunology, recent publications have
shown widespread changes in the expression of lncRNAs
during the activation of the innate immune response and T
cell development, differentiation, and activation [6]. It is well
known that TLRs and their specific stimulus activateMyD88-
dependent or -independent downstream signaling pathways.
However, whether epigenetic regulators such as long noncod-
ing RNA are involved in this process remains unclear. In this
study, we determined the TLR expression profile of adipose
tissue derived MSCs (AD-MSCs) and the consequences of
TLR3 ligation in terms of cytokine secretion by these cells.
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To explore the potential involvement of lncRNAs in TLR
stimulatedMSCs, we performed comprehensive lncRNA and
mRNA profiling throughmicroarray. 10.2% of lncRNAs (1733
out of 16967) and 15.1% of mRNA transcripts (1760 out of
11632) were significantly differentially expressed (absolute
fold-change ≥5, 𝑃 value ≤ 0.05) in TLR3 stimulated MSCs.
Furthermore, we characterized the differentially expressed
lncRNAs through their classes and length distribution and
correlated them with differentially expressed mRNA. To the
best of our knowledge, this is the first study that links TLR3
with lncRNAs in MSCs.

2. Materials and Methods

2.1. Isolation and Culture of AD-MSCs. Adipose tissues were
obtained from patients undergoing tumescent liposuction
according to procedures approved by the Ethics Committee
at the Chinese Academy of Medical Sciences and Peking
UnionMedical College. AD-MSCs were isolated and culture-
expanded as previously reported [1, 7]. Passage 3 cells were
used for the experiments.

2.2. Adipogenic and Osteogenic Differentiation of AD-MSCs.
Adipogenic differentiation was induced in high glucose of
Dulbecco’s Modified Eagle’s Medium (H-DMEM) supple-
mented with 10% FBS, 1 𝜇M dexamethasone, 0.5mM 3-
isobutyl-1-methylxanthine, and 5 𝜇g/mL 0.1mM l-ascorbic
acid. After being cultured in adipocyte induction medium
for 4 days, medium was replaced with adipocyte maintaining
medium,H-DMEM, with 10% FBS. For osteogenic differenti-
ation, AD-MSCs were cultured in H-DMEM containing 10%
FBS, 10mM 𝛽-glycerophosphate, 50 𝜇mM l-ascorbic acid,
and 0.01𝜇M dexamethasone for 14 days.

2.3. ALP and Oil Red O Staining. The procedure of ALP
staining was performed according to the manufacturer’s
instructions of ALP staining kit (Institute of Hematology
and Blood Diseases Hospital, Chinese Academy of Medical
Sciences). For oil red O staining, cells were washed twice
with PBS and fixed with 10% formalin for 10min at room
temperature. After fixation, cells were stained with filtered
oil red O solution (stock solution: 3mg/mL in isopropanol,
working solution: 60% oil red O stock solution and 40%
distilled water) for 1 h at room temperature. After staining,
cells were washed with water to remove unbound dye,
visualized by light microscopy, and photographed.

2.4. Real-Time Polymerase Chain Reaction Analysis. Total
RNA was extracted with TRIzol (Invitrogen), and cDNA
was prepared. Real-time polymerase chain reaction (PCR)
was amplified in triplicates according to manufacturer’s
procedures (TaKaRa). Relative expression of mRNA was
evaluated by 2−ΔΔCt method and normalized to the expression
of GAPDH.

2.5. Cytokines Production. AD-MSCs were seeded in 12-
well plate in culture medium with or without Poly I:C.
Supernatants were collected after 24 h and concentrations

of IL-1𝛽, IL-4, IL-6, IL-8, IL-10, IL-12, TNF-𝛼, TGF𝛽, and
IFN-𝛾 were determined by enzyme-linked immunosorbent
assay (ELISA) (R&D system) according to themanufacturer’s
instructions.

2.6. Microarray and Data Analysis. Arraystar Human
LncRNAMicroarray V3.0 is designed for the global profiling
of human LncRNAs and protein-coding transcripts, which is
updated from the previous microarray V2.0. About 30,586
LncRNAs and 26,109 coding transcripts can be detected by
our third-generation LncRNA microarray. The LncRNAs
are carefully constructed using the most highly respected
public transcriptome databases (Refseq, UCSC knowngenes,
Gencode, etc.), as well as landmark publications. Each
transcript is represented by a specific exon or splice junction
probe which can identify individual transcript accurately.
Total RNA was extracted and examined for quality control
before array. The OD260/OD280 ratios were approximately
2.0, and the OD260/OD230 ratios were more than 1.8
(Supplementary Table 1 in Supplementary Material available
online at http://dx.doi.org/10.1155/2016/6205485). Positive
probes for housekeeping genes and negative probes are also
printed onto the array for hybridization quality control.
(1) RNA labeling and array hybridization are as follows:
sample labeling and array hybridization were performed
according to the Agilent One-Color Microarray-Based Gene
Expression Analysis protocol (Agilent Technology) with
minor modifications. Briefly, mRNA was purified from total
RNA after removal of rRNA (mRNA-ONLY Eukaryotic
mRNA Isolation Kit, Epicentre). Then, each sample was
amplified and transcribed into fluorescent cRNA along the
entire length of the transcripts without 3 bias utilizing a
random priming method (Arraystar Flash RNA Labeling
Kit, Arraystar). The labeled cRNAs were purified by RNeasy
Mini Kit (Qiagen). The concentration and specific activity
of the labeled cRNAs (pmol Cy3/𝜇g cRNA) were measured
by NanoDrop ND-1000. 1𝜇g of each labeled cRNA was
fragmented by adding 5 𝜇L 10× blocking agent and 1𝜇L of
25× fragmentation buffer and then the mixture was heated
at 60∘C for 30min; finally, 25𝜇L 2× GE hybridization buffer
was added to dilute the labeled cRNA. 50𝜇L of hybridization
solution was dispensed into the gasket slide and assembled
to the LncRNA expression microarray slide. The slides were
incubated for 17 hours at 65∘C in an Agilent Hybridization
Oven.The hybridized arrays were washed, fixed, and scanned
using the Agilent DNA Microarray Scanner (part number
G2505C). Quality control for labeling efficiency was shown
in Supplementary Table 2.

(2) Data analysis is as follows: slides were scanned at
5 lm/pixel resolution using an Axon GenePix 4000B scanner
(Molecular Devices Corporation) piloted by GenePix Pro
6.0 software (Axon). Scanned images (TIFF format) were
then imported into NimbleScan software (version 2.5) for
grid alignment and expression data analysis. Expression data
were normalized through quantile normalization and the
Robust Multichip Average (RMA) algorithm included in the
NimbleScan software. The probe level files and mRNA level
files were generated after normalization. All gene level files
were imported into Agilent GeneSpringGX software (version
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Table 1: PCR primers specific to TLR-1 and to TLR-10.

Gene Sense primer (5∼3) Antisense primer (5∼3)
TLR1 CCACGTTCCTAAAGACCTATCCC CCAAGTGCTTGAGGTTCACAG
TLR2 ATCCTCCAATCAGGCTTCTCT GGACAGGTCAAGGCTTTTTACA
TLR3 TTGCCTTGTATCTACTTTTGGGG TCAACACTGTTATGTTTGTGGGT
TLR4 AGACCTGTCCCTGAACCCTAT CGATGGACTTCTAAACCAGCCA
TLR5 TCCCTGAACTCACGAGTCTTT GGTTGTCAAGTCCGTAAAATGC
TLR6 TGAATGCAAAAACCCTTCACCT CCAAGTCGTTTCTATGTGGTTGA
TLR7 CACATACCAGACATCTCCCCA CCCAGTGGAATAGGTACACAGTT
TLR8 ATGTTCCTTCAGTCGTCAATGC TTGCTGCACTCTGCAATAACT
TLR9 CTGCCACATGACCATCGAG GGACAGGGATATGAGGGATTTGG
TLR10 GGTTCTTTTGCGTGATGGAATC GGTCGTCCCAGAGTAAATCAAC

Table 2: Summary of microarray analysis results.

Probe class Total Expressed above background Differentially expressed∗

LncRNA
mRNA
Combined

30586
26109
56695

16967 (55.5%)
11632 (44.5%)
28599 (50.4%)

1733 (10.2%)
1760 (15.1%)
3493 (12.2%)

∗Significant differential expression was defined as probes with 𝑃 ≤ 0.05 and absolute fold-change ≥5.

11.5.1) and normalized by the quantile method; then, Combat
software was used to adjust the normalized intensity to
remove batch effects. Hierarchical clustering was performed
using Agilent GeneSpring GX software (version 11.5.1). The
analysis was performed by KangChen Biotech., Shanghai,
China. Agilent Feature Extraction software (version 11.0.1.1)
was used to analyze acquired array images. We have four
samples; three were control MSCs and one is TLR3-activated
MSCs. LncRNAs and mRNAs that have flags in Present or
Marginal (all targets value) in at least 2 out of the 3 control
MSCs samples were chosen for further data analysis. Dif-
ferentially expressed LncRNAs and mRNAs with statistical
significance between the two groups were identified through
𝑃 value/FDR filtering. Hierarchical clustering and combined
analysis were performed using homemade scripts. For gene
ontology analysis, Fisher’s exact test was used to determine
whether the overlap between the differentially expressed gene
list and the GO annotation list was greater than that expected
by chance. The 𝑃 value denotes the significance of GO term
enrichment in the differentially expressed genes.

3. Results

3.1. Characterization of AD-MSCs and the Expression Pat-
tern of TLRs. We isolated and expanded plastic adherent,
spindle-like mesenchymal stem cells from adipose tissue
(Figure 1(a)). AD-MSCs expressed high levels of CD29,
CD44, and CD105 but were persistently negative for CD31,
CD34, andHLA-DR (Figure 1(b)). Osteogenic differentiation
was detected by Alizarin red staining and ALP activity assay
(Figure 1(c)). Adipogenic differentiation was demonstrated
by oil red O staining (Figure 1(c)). The expression of TLRs in
MSCs remains controversial. PCR primers specific to TLR-1
and to TLR-10 were designed to detect TLRs from total RNA
in AD-MSCs (Table 1). RT-PCR results showed that all TLRs

were detectablewithin 33 cycles and that TLR3has the highest
expression level (Figure 1(d)).

3.2. Effect of TLR3 Agonist on Cytokine Expression of AD-
MSCs. Since TLR3 had the highest expression level, to
evaluate its functionality, we stimulatedAD-MSCswithTLR3
agonist (Poly I:C 20𝜇g/mL) for 24 h and determined its
effect on cell proliferation and cytokine secretion. Poly I:C
slightly decreased proliferation of AD-MSCs (Figure 2(a)).
Flow cytometry analysis of cell cycles showed that Poly I:C
stimulated AD-MSCs had enhanced G2 phase (Figure 2(b)).
We measured a number of cytokines known to be involved
in immunomodulation, including IL-1𝛽, IL-4,IL-6, IL-8, IL-
10, IL-12, TNF-𝛼, TGF𝛽, and IFN-𝛾. We found that Poly
I:C induced upregulation of IL-1𝛽, IL-6, IL-8, and TNF-𝛼
as measured by RT-PCR (Figure 2(c)). Enhanced release of
these cytokines was also detected by ELISA (Figure 2(d)).
Exposure to poly (I:C) also increased the expression of TLR3
(Figure 2(e)).

3.3. Overview of lncRNA and mRNA Profiles in TLR3-
Activated AD-MSCs and Control AD-MSCs. To examine the
lncRNA expression profiles in AD-MSCs treated with or
without TLR3 agonist, we used Arraystar Human LncRNA
Microarray V3.0 which contains 30,586 lncRNA probes,
collected from RefSeq, UCSC knowngenes, Gencode, and so
forth, and 26,109 mRNA probes. The overview of lncRNA
expression profiles is summarized in Table 2 and Figure 3(a).
Overall, we found that 55.5% of lncRNAs (16967 out of
30586) and 44.5%of protein-codingmRNA transcripts (11632
out of 26109) on the microarray exhibited expression above
background. 10.2% of lncRNAs (1733 out of 16967) and 15.1%
of protein-coding mRNA transcripts (1760 out of 11632) were
significantly differentially expressed (absolute fold-change
≥5, 𝑃 value ≤ 0.05) between TLR3-activated AD-MSCs
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Figure 1: Characterization of AD-MSCs and the expression pattern of TLRs. (a) The cell morphology of AD-MSCs observed under light
microscope. (b) Immunophenotype of AD-MSCs. (c) Differentiation capacity of AD-MSCs was demonstrated by ALP staining (left) and
Alizarin red staining (centered) for osteoblasts and oil red O staining for adipocytes (right). (d) The expression levels of TLRs were analyzed
by real-time PCR.
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Figure 2: Effect of TLR3 agonist on AD-MSCs. (a) Effect of TLR3 agonist on the proliferation of AD-MSCs. (b) Cell cycle analysis of Poly
I:C stimulated AD-MSCs and control AD-MSCs. (c) Cytokine secretion of AD-MSCs after Poly I:C stimulation as detected by RT-PCR. (d)
Cytokine secretion of AD-MSCs after Poly I:C stimulation as detected by ELASA. (e) TLR3 expression in Poly I:C stimulated AD-MSCs and
control AD-MSCs.
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Figure 3: Overview of lncRNA profiles in TLR3-activated AD-MSCs and control AD-MSCs. (a) The scatter plot is a visualization method
used for assessing the lncRNAexpression variations betweenTLR3-activatedAD-MSCs and control AD-MSCs.The values of the𝑋 and𝑌 axes
in the scatter plot are the averaged normalized signal values of the group (log 2 scale). The green lines are fold-change lines (the default fold-
change given is 2). (b)Hierarchical clustering of lncRNAs in TLR3-activatedAD-MSCs and control AD-MSCs. (c) Chromosomal distribution
of detected lncRNAs.

and control AD-MSCs. The top 10 up- and downregulated
LncRNAs in TLR3-activated AD-MSCs compared to control
AD-MSCs were shown in Table 3. Figure 3(b) showed the
hierarchical cluster of lncRNAs expression in Poly I:C stimu-
lated AD-MSCs and nonstimulated AD-MSCs. Additionally,
statistical analysis showed that the expressed lncRNAs were
widely distributed on all chromosomes (Figure 3(c)) and that
chr1 had the most expressed lncRNAs, while the mitochon-
drial genome had the least.

3.4. Characteristics of LncRNAs with Changed Expression
in TLR3-Activated AD-MSCs. Among the 7271 differentially
expressed LncRNA (absolute fold-change ≥2, 𝑃 value ≤
0.05), 2155 lncRNAs were upregulated in experimental group
compared to the control group, while 5116 lncRNAs were
downregulated. Here, one upregulated lncRNA uc010kun.2
was of particular interest for us because it is located upstream
of IL6, a cytokine induced after TLR3 activation in AD-
MSCs. Using qPCR, we observed a 2.70-fold upregulation in
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Table 3: The top 10 up- and downregulated lncRNAs in TLR3-activated AD-MSCs versus control AD-MSCs.

Top 10 LncRNAs Chromosomal
localization

RNA
length Start locus Stop locus Associated

gene name Relationship

TLR3-activated
AD-MSCs versus
control AD-MSCs
upregulated

NR 052024 Chr20 803 33866708 33872520 EIF6 Sense-overlapping
NR 037793 Chr14 1853 50065414 50081390 LRR1 Sense-overlapping

ENST00000577672 Chr1 409 1655950 1667412 SLC35E2 Intronic
ENST00000430598 Chr15 4279 20613648 20711433 Intergenic
ENST00000514727 Chr4 442 140036086 140036528 Intergenic

NR 024596 Cchr11 1129 86014397 86056985 C11orf73 Sense-overlapping
NR 027653 Chr10 4525 3818187 3827473 KLF6 Sense-overlapping
uc002xij.3 Chr20 805 37049238 37063962 Intergenic

ENST00000478666 Chr3 1068 75471569 75484197 Intergenic
uc010hbj.3 Chr22 1172 51222224 51238065 RABL2B Bidirectional

TLR3-activated
AD-MSCs versus
control AD-MSCs
downregulated

TCONS 00020653 Chr12 978 130442131 130444607 Intergenic
ENST00000428453 Chr15 4383 20588367 20711414 Intergenic

CB112975 Chr13 379 30229248 30229615 Intergenic
uc009whu.1 Chr1 2772 142853227 142855999 Intergenic

TCONS 00013 Chr7 1092 22450335 22452159 Intergenic
ENST00000557155 Chr14 381 85860291 85886396 Intergenic
ENST00000421735 Chr3 338 50304072 50304803 SEMA3B Bidirectional
TCONS 00014720 Chr8 206 59129760 59131635 Intergenic
ENST00000505736 Chr4 1668 137717876 138133953 Intergenic
ENST00000568150 Chr16 547 48657346 48778553 Intergenic

uc010kun.2, consistent withmicroarray analysis results (2.63-
fold-change) (Supplementary Figure 1). Table 3 showed the
top 10 up- and downregulated lncRNAs in TLR3-activated
AD-MSCs versus control AD-MSCs. We classified these
differentially expressed LncRNAs into 6 groups: “sense-
overlapping,” the LncRNA’s exon is overlapping a coding
transcript exon on the same genomic strand; “intronic,” the
LncRNA is overlapping the intron of a coding transcript on
the same genomic strand; “natural antisense,” the LncRNA is
transcribed from the antisense strand and overlapping with a
coding transcript; “nonoverlapping antisense,” the LncRNA
is transcribed from the antisense strandwithout sharing over-
lapping exons; “bidirectional,” the LncRNA is oriented head
to head to a coding transcript within 1000 bp; “intergenic”:
there are no overlapping or bidirectional coding transcripts
nearby the LncRNA. Figure 4(a) showed the distribution of
the six classes of LncRNAs with changed expression in TLR3-
activatedAD-MSCs.The lncRNAs aremainly between 200 bp
and 3000 bp in length. Figure 4(b) showed the length distri-
bution of differentially expressed lncRNAs. The majority of
the differentially expressed lncRNAs have a length between
500 bp and 1000 bp.

3.5. Gene Ontology and Pathway Analysis. GO analysis
was performed to determine the gene and gene product
enrichment in biological processes, cellular components, and
molecular functions (Supplementary Figure 2). We found
that the highest enriched GOs targeted by upregulated
mRNAs inTLR3-activatedMSCsweremRNAmetabolic pro-
cess (ontology: biological process) (Figure 5(a)), intracellular

part (ontology: cellular component) (Figure 5(b)), and struc-
tural constituent of ribosome (ontology: molecular func-
tion) (Figure 5(c)). The highest enriched GOs targeted
by the downregulated transcripts in TLR3-activated MSCs
were response to external stimulus (ontology: biological
process) (Figure 5(d)), ankyrin binding (ontology: cellular
component) (Figure 5(e)), and intrinsic to plasma mem-
brane (ontology: molecular function) (Figure 5(f)). Specif-
ically, we analyzed expression of genes associated with
immune response (GO:0006955 Figure 6(a)), genes asso-
ciated with immune response-regulation signaling path-
way (GO:0002764 Figure 6(b)), and genes associated with
regulation of immune response (GO:0050776 Figure 6(c)).
Additionally, other genes associated with immune response
(GO:0050778, GO:0042092, GO:0002828, GO:0002920, and
GO:0002821) were analyzed (Supplementary Figure 3). Path-
way analysis indicated that 38 pathways were upregulated
and 31were downregulated inTLR3-activatedMSCs. Figure 7
showed the top 10 of the changed pathways.

4. Discussion

TLRs play an important role in innate and adaptive immunity.
The expression and function of multiple TLRs have been
described in many cell types, especially in cells of the innate
immune system, where they function as sensors of infection
or damage [8, 9]. However, conflicting results have been
reported because TLRs expressed on different cell types from
different species and tissues resulted in different responses
[10]. Recently, it has been reported that MSC derived from
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Figure 4: Characteristics of LncRNAs with changed expression in TLR3-activated AD-MSCs. (a) Distribution of various classes of
differentially expressed LncRNAs. The ratio of 6 classes (sense overlap LncRNAs, antisense overlap LncRNAs, bidirectional LncRNAs, and
intergenic LncRNAs) in total changed LncRNAswas analyzed in TLR3-activatedAD-MSCs. (b) Length distribution of differentially expressed
lncRNAs in TLR3-activated AD-MSCs.

adult bone marrow also expresses functional TLRs that pro-
mote their survival and proinflammatory cytokine secretion
[11]. Here, we show that AD-MSCs express 10 types of TLRs
and the expression level of TLR3 was the highest. Activation
of TLR3 in AD-MSCs leads to enhanced secretion of IL-1𝛽,
IL-6, IL-8, and TNF-𝛼.

It is well known that TLRs and their specific stimulus
activate MyD88-dependent or -independent downstream
signaling pathways. However, whether epigenetic regulators
such as long noncoding RNA are involved in this process
remains unclear. lncRNAs are over 200 nucleotides in length
and are separate from the other known ncRNA subsets.
Previous studies have focused primarily on short noncoding
RNAs, such asmicroRNAs, transfer RNAs, and short interfer-
ing RNAs. Increasing evidence confirmed lncRNAs to be one
of themost important factors controlling gene expression and

the aberrant expression of which is involved in a variety of
human diseases, including immunological disorders [12, 13].
Guttman et al. were the first to use the intergenic deposition
of epigenetic marks to identify 20 lncRNAs induced in
lipopolysaccharide- (LPS-) stimulated mouse bone marrow-
derived dendritic cells (BMDD) [14]. Later on, several lncR-
NAs have been identified following activation of monocytes,
macrophages, fibroblasts, and dendritic cells [15–18]. The
potential importance of lncRNAs in the immune response is
only now emerging. Immune-related lncRNAs are generally
identified through examination of differential expression in
response to activation of immune cells [6]. Here, a major
focus of our study was to define the repertoire of lncRNAs
in TLR3-activated AD-MSCs. We performed comprehensive
lncRNA and mRNA profiling through microarray and found
10.2% of lncRNAs (1733 out of 16967) and 15.1% of mRNA
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Figure 5: GO term enrichment in the differentially expressed genes. (a, b, c) Genes upregulated in TLR3-activated AD-MSCs. (d, e, f) Genes
downregulated in TLR3-activated AD-MSCs.

transcripts (1760 out of 11632) were significantly differen-
tially expressed in TLR3 stimulated MSCs. Furthermore, we
characterized the differentially expressed lncRNAs through
their classes and length distribution and correlated themwith
differentially expressed mRNA.

An interesting observation from sequencing data is that
many of the immune-related lncRNAs are located close to,
or partially overlapping, the 5 end (upstream) or 3 end
(downstream) of protein-coding genes implicated in the
immune response [6, 19]. Here, one upregulated lncRNA
uc010kun.2 was of particular interest for us because it is
located upstream of IL6, a cytokine induced after TLR3
activation in AD-MSCs. Another lncRNA our data may
highlight is lncRNA-Cox7A2. Carpenter et al. indicated that
Cox2 and lncRNA-Cox2 regulated by MyD88 and NF-kB
were markedly induced after TLR4 stimulation in BMDMs

[17]. Here, lncRNA-Cox7A2 is predicted to be associated with
Cox7A2, which is also a cytochrome c oxidase subunit.

TLR3 signaling and subsequent inflammatory responses
are controlled by a multitude of regulatory molecules. Here,
we propose a model whereby TLR3 signaling induces expres-
sion changes of lncRNAs which then exert their effects as
repressors or activators of genes through interactions with
various regulatory complexes. As such, lncRNAs represent a
new component of the TLR3 signaling pathway.

In summary, our study was the first to demonstrate that
a set of lncRNAs is significantly regulated in AD-MSCs upon
stimulation with TLR3, suggesting a role of lncRNAs in the
immune response of AD-MSCs. This will provide the basis
for the subsequent functional and mechanistic analysis of
individual lncRNAs. Currently, the precise functions of the
differentially expressed lncRNAs remain largely unknown
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Figure 6: Gene ontology analysis of genes (a) associated with immune response GO:0006955, (b) genes associated with immune response-
regulation signaling pathway GO:0002764, and (c) genes associated with regulation of immune response GO:0050776.
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Figure 7: Pathway analysis of the differentially expressed genes. (a) Top 10 of the upregulated pathways in TLR3-activated AD-MSCs. (b) Top
10 of the downregulated pathways in TLR3-activated AD-MSCs.

and advances in the understanding of their role will allow us
to tackle a range of challenges in AD-MSCs immunomodu-
latory properties.

Highlights

(1) TLR3 is highly expressed in adipose tissue derived
mesenchymal stem cells.

(2) TLR3 agonist Poly I:C promotes secretion of a variety
of cytokines.

(3) TLR3-activated AD-MSCs show dynamic changes in
lncRNA and mRNA profiles.
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Pancreatic ductal adenocarcinoma (PDA) is characterized by an extremely poor prognosis, since it is usually diagnosed at advanced
stages. In order to employ tools for early detection, a better understanding of the early stages of PDA development from its main
precursors, pancreatic intraepithelial neoplasia (PanIN), and intraductal papillary mucinous neoplasm (IPMN) is needed. Recent
studies onmurine PDAmodels have identified a different exocrine origin for PanINs and IPMNs. In both processes, developmental
pathways direct the initiation of PDA precursors from their cellular ancestors. In this review, the current understanding of early
PDA development is summarized.

1. Introduction

The idea that cancer cells share properties of their embryonic
predecessors is, scientifically speaking, ancient [1]. Within
the last decade, this conception has mostly fueled the work
in the field of cancer stem cells. As controversial as this
theorymight be, it is one way to explain tumor heterogeneity,
and solid tumors, especially pancreatic ductal adenocarcino-
mas (PDA), are heterogeneous [2, 3]. Similar to embryonic
development, tumor cells, or at least a subset of them,
have the ability to maintain indefinite growth as well as
cellular plasticity. Terminal differentiation most likely has
to be disadvantageous for tumor cells in order to adapt
to the hostile environment within the primary tumor, the
circulation, or at the metastatic site.

In the pancreas, different cell types harbor distinct sus-
ceptibilities towards oncogenic insults. Recently, new light
has been shed on the cell-of-origin question of PDA. His-
torically PDA was thought to arise from pancreatic ductal
epithelium. Instead, murinemodels revealed that both ductal

and acinar cells are capable of transforming into distinct
precursor lesions that develop into biologically different PDA
subsets [4]. The parent cell transformation in both processes
is characterized by dedifferentiation with recapitulation of
elements of pancreatic development. Recent data investigat-
ing the role of Sox9 in PDA initiation suggest that ductal
but also centroacinar cells (CACs) are more refractory to
transformation mediated by a mutated Kras allele compared
to acinar cells [5]. In contrast, Pten loss results in rapid
formation of invasive carcinoma, which is preceded by
significant expansion of CACs [6]. This suggests that CACs,
ductal cells, and acinar cells may have the potential to initiate
invasive carcinoma but that each cellular context may require
a different repertoire of genetic alterations for tumour initia-
tion. Cell-specific induction of different oncogenicmutations
in mice may define morphologically andmolecularly distinct
tumours, which may help to identify human PDA subtypes
that respond differently to therapeutic intervention.

In the following, we will give an overview of pan-
creas organogenesis and discuss how pancreatic cancer cells
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exploit developmental programs during cancer initiation
with respect to their cellular origin.

2. Pancreatic Morphogenesis and
Lineage Segregation

The development of the murine pancreas is initiated around
embryonic day 8.5 (e8.5) after gastrulation, when a pancre-
atic and duodenal homeobox 1- (Pdx1-) expressing (Pdx1+)
population within endodermal gut tube gives rise to both the
ventral and dorsal pancreas anlage [7]. A subset of Pdx1+ cells
that arises from the ventral foregut eventually loses its Pdx1-
expression, eventually, to form the extrahepatic bile duct [8].
Stringent genetic studies in the mouse have demonstrated
that Pdx1 ablation leads to pancreatic agenesis [9, 10]. The
Pdx1+ multipotent progenitor cells (MPCs), directed by cues
from the surroundingmesenchyme, establish distinct cellular
lineages in order to produce and drain digestive enzymes as
well as maintaining glucose homeostasis [11].

In order to execute these processes, three main lineages
are required: the acinar cells, producing a plethora of digestive
enzymes; the ductal cells, forming a hierarchical conduit
system; and the endocrine cells, organized in the islet of
Langerhans, producing hormones like insulin, glucagon,
pancreatic polypeptide, somatostatin, and ghrelin. Careful
designed genetic lineage-tracing studies using Cre/LoxP
technology have provided insight into the spatiotemporal
organization of these compartments.

For example, Gu et al. utilized Pdx1-CreERTM mice to
demonstrate that the Pdx1+ population truly harbors mul-
tipotent progenitors since tamoxifen administration at E9.5
labels exocrine, endocrine, and duct cells [7]. Interestingly,
it is the number of Pdx1+ progenitor cells that determines
the size of the pancreas in the adult mouse, suggesting
that it is rather an intrinsic program of the progenitor
population than growth compensation limiting organ size,
like in other organs, for example, the liver [12]. Besides
Pdx1, numerous transcription factors have been employed to
investigate pancreatic lineage commitment in the developing
embryo. Slightly later than Pdx1 (around e9.5–10.5), Ptf1a
(pancreatic transcription factor 1) is expressed in MPCs,
further seizing segregation from a duodenal fate while the
pancreatic bud evaginates [13]. These two transcription fac-
tors are certainly the most prominent members during this
early phase of organogenesis, termed primary transition. It
is at the end of primary transition, approximately around
e12.5, when a primitive trunk epithelium with a continuous
lumen as well as tip-structures emerges [14]. This spatial
tip-trunk organization was thought to be accompanied by a
loss of multipotency of the primitive duct at the beginning
of secondary transition [14]. However, more recent studies,
employing Sox9CreER as well as Hnf1𝛽CreERT2, with both
transcription factors localizing to the trunk, demonstrated
that either population still harbors the ability to give rise to
the endocrine, acinar, and ductal lineage during secondary
transition to a varying degree [15, 16].

In the adult pancreas, under tissue homeostatic condi-
tions, Pdx1 becomes restricted to insulin-producing 𝛽-cells

maintaining a 𝛽-cell-phenotype by repressing an 𝛼-cell pro-
gram [17, 18], while Ptf1a remains expressed exclusively in
acinar cells [19]. On the other hand, Sox9 and Hnf1𝛽 remain
expressed in the ductal tree including intercalated (terminal),
intralobular, and interlobular ducts as well as the main duct
[20]. Thus, a set of transcription factors defines pancreatic
plasticity or differentiation capacity of pancreatic progenitors
in a spatiotemporally regulated manner.

The fact that mature pancreatic lineages maintain a
certain degree of plasticity becomes evident in nontissue
homeostatic conditions, particularly in regeneration and
carcinogenesis, andwill be discussed in the following section.

3. Pancreatic Cancer and Its Precursors

PDA is characterized by an extremely poor prognosis with
a mortality rate almost equaling the incidence rate [21]. The
underlying reason for this dismal situation is the limited
possibility for early detection of this disease and, therefore,
diagnosis is often only made in advanced stages, where only
few, insufficient treatment options exist [22]. Thus, a better
understanding of the initial steps of PDA development is
important in order to develop new tools for early detection.
In addition, deciphering the factors important for PDA
progression will help to identify novel treatment options.

It is believed that PDA can develop from three estab-
lished precursor lesions [23]: (i) pancreatic intraepithelial
neoplasia (PanIN) and the cystic lesions, (ii) intraductal
papillary mucinous neoplasm (IPMN), and (iii) mucinous
cystic neoplasm (MCN). These precursor lesions differ in
their prevalence; themajority of PDA is thought to arise from
PanINs and less frequently from IPMN, whereas MCNs are
rare [24]. There is indirect evidence for PanINs as precursors
for PDA, which is largely based on the fact that PDA
is often associated with advanced PanIN, and both share
common tumor promoting genetic alterations. In contrast,
cystic lesions can directly be identified as the origin for PDA
on histological examination and imaging techniques such
as MRI scan or endoscopic ultrasound. The possibility of
imaging cystic precursor lesions also offers the chance to
detect the precursor before PDA has developed. In fact, prob-
ably due to more frequent and better diagnostic imaging as
well as physicians’ awareness, IPMN lesions are increasingly
identified in the pancreas, and ideal management of these
patients is still an ongoing debate [25].

Interestingly, PDA that is associated with IPMNs has a
much more favorable prognosis than PDA that is thought
to arise from PanINs [26–28]. The underlying reasons for
this different biological behavior are largely unknown. One
possibility could be different genetic mutations during evo-
lution of PDA from its precursors. In fact, whereas a KRAS
mutation occurs nearly universally during PanIN initiation
[29], KRAS is less frequently mutated in IPMNs [30, 31].
Instead, IPMNs but not PanINs frequently harbor mutations
in GNAS and RNF43 [32–34]. Apart from this difference,
common genetic alterations in both precursors are found in
TP53 and CDKN2A (reviewed by Xiao [35] and Gnoni et al.
[24]).
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An additional possibility for the different biology of
PanIN and IPMN-associated PDA could be a different cel-
lular origin of the precursors. In line with this hypothesis,
recent evidence from genetically engineered mouse models
(GEMM) revealed that the cellular origin of PanINs and
IPMNs might be different [4, 5]. This work will be discussed
below.

4. Mechanisms of PanIN Development from
Its Cellular Origin

Whereas there is considerable knowledge about the molec-
ular and genetic events during progression of PanIN lesions,
themechanisms of precursor initiation are still poorly under-
stood. Historically, PDA and its precursors were thought to
develop from pancreatic ductal cells because both have a
ductalmorphology and express ductalmarkers such as cytok-
eratin 19 (CK19). However, this assumption was challenged
by studies in mice that revealed an acinar source for PanIN
lesions [36–38].

4.1. ADM/ADR: The Precursor of the Precursor? That pan-
creatic acinar cells have a marked plasticity was already
noted 30 years ago in pancreatitis studies on rats [39, 40].
In these experiments an acute pancreatitis was induced by
repetitive injections of cerulein, a cholecystokinin analogue,
which causes autodigestion of the pancreas and a pronounced
inflammatory reaction. It was found that in response to this
damage acinar cells form a transient duct-like metaplasia
before a complete regeneration of the organ occurs.Thedirect
in vivo evidence for an acinar source of this acinar to ductal
metaplasia (ADM)was brought in 2008 using lineage-tracing
techniques on a murine pancreatitis model by Fendrich et al.
[41]. Further characterization of ADMhas shown that it is not
only accompanied by downregulation of acinar and expres-
sion of ductal markers (e.g., CK19) but also resembles pan-
creatic embryonic progenitor cells evidenced by reexpression
of pancreatic developmental factors, such as PDX1, Sox9, and
Hes1 [41–43]. Following this transient phase in response to an
acute damage, the duct-like cells of ADM resume an acinar
morphology and expression profile [43, 44]. In contrast to an
acute damage, chronic pancreatitis leads to a persistence of
ADM [45] and a failure to regenerate the pancreas. However,
although acute and chronic pancreatitis can induce duct-like
structures originating from pancreatic acinar cells, both are
not sufficient to induce PanIN lesions per se.

Importantly, an oncogenic mutation in Kras can induce
ADM from acinar cells that resembles ADM formed in
response to pancreatitis [37, 46]. However, the Kras-induced
ADM is persistent and not transient and is also termed
acinar to ductal reprogramming (ADR) in this context.
In addition to ADR, acinar expression of mutant Kras is
sufficient to induce PanIN lesions [36–38, 46]. Although
direct lineage-tracing evidence is missing, it is suggested
that Kras-associated ADR progresses to PanIN lesions [47],
in part, because the expression of key signaling pathways
in ADR cells is mimicking expression detected in PanIN
lesions [48]. Moreover, in mouse models with expression

of mutant Kras in the pancreas lesions of acinar to ductal
reprogramming precede PanIN development [43, 48]. In
addition, PanINs in mice and humans are usually associated
with areas of ADM/ADR [48].

4.2. Acinar Cells Give Rise to PanINs. In contrast to mouse
models where mutant Kras is activated during pancreatic
embryogenesis [49], mutant Kras expressed in mature acinar
cells leads to PanIN formation but is insufficient to cause
PDA [36–38, 46]. However, when combined with chronic
pancreatitis, which is a risk factor for the development of PDA
[50], mutant Kras (KrasG12V) was able to accelerate precursor
formation with progression to cancer [37]. This suggests that
inflammation can induce synergistic protumorigenic changes
in acinar cells that cooperate with mutant Kras. Pancreatitis
experiments in wild-type animals have shown that these
changes could comprise reactivation of developmental factors
that have been shown to be important for Kras-mediated
neoplastic transformation of pancreatic acinar cells which
will be discussed in detail below [42, 43].

The above mentioned studies have shown that adult
pancreatic acinar cells are capable of forming PanIN lesions
in the context of mutant Kras. It is also important to note that
ductal cells in CK19 promoter-based expression of mutant
Kraswere able, albeit atmuch lower frequency, to formPanIN
lesions [51]. In a study by Kopp et al. it was investigated by
comparative recombination in adult pancreatic duct/CACs
and acinar cells using tamoxifen inducible Sox9CreER and
Ptf1aCreER-mediated recombination of mutant Kras [5]. Inter-
estingly, it was found that pancreatic ductal cells including
CACs were virtually incapable of transforming into PanIN
lesions, whereas acinar cells readily transformed into PanIN
lesions with a >100-fold greater efficiency as compared to
ductal cells. Scientists in the field have speculated extensively
about the possibility of CACs being the cell of origin of
PanIN and PDAC. However, the compartment of CACs
is still characterized insufficiently and, hence, the genetic
tools to address this question appropriately are missing.
Taken together, the most recent findings suggest that this
is a very unlikely scenario and strongly support the model
that at least in the murine Kras model acinar cells serve
as the origin for PanIN lesions. This also prompts the
question of which factors are important for acinar cells to
transform into ADR/PanIN. Previous studies have taught
us that recapitulation of developmental factors is occurring
during acinar transformation. One of these is the embryonic
transcription factor Sox9 that is expressed in pancreatic
progenitor cells and becomes restricted to ductal cells in the
adult organ [52]. Kopp et al. investigated if this factor not
only is a marker of acinar cells undergoing transformation
but also plays an essential function in this process [5].
To test this, Sox9 was deleted from acinar cells expressing
oncogenic Kras, which resulted in a complete blockage of
PanIN formation (Figure 1). Vice versa, overexpression of
Sox9 in the context of oncogenic Kras dramatically catalyzed
preneoplastic transformation. Mechanistically, it was shown
that ectopic expression of Sox9 alone in acinar cells can
erode cell integrity evidenced by downregulation of markers
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Figure 1: A model for developmental factors regulating acinar and duct cell transformation. (a) Acinar cells undergo acinar to ductal
reprogramming (ADM/ADR) on their way to become PanINs and PDA. The ductal reprogramming of acinar cells is inhibited by factors
that maintain stable acinar differentiation, such as Mist1 and Nr5a2. Instead, the transcription factors Sox9 and Pdx1 promote ductal
reprogramming. Prrx1 and the chromatin remodeler Brg1 also promote ductal reprogramming, possibly by regulating other transcription
factors, such as Sox9 or Pdx1. (b) Ductal cells transform into IPMN lesions by undergoing a dedifferentiation step (“ductal retrogression”)
evidenced by an upregulation of the progenitor marker Pdx1. The chromatin remodeler Brg1 suppresses ductal retrogression by regulating
Sox9 expression, which in turn inhibits Pdx1. This points to an opposing function of Brg1 in acinar versus duct cell transformation.

of acinar differentiation, such as Mist1, and concomitant
upregulation of the ductal factor CK19 [5]. Interestingly,
previous studies have shown that combining mutant Kras
with a deletion of Mist1 also accelerates formation of PanIN
lesions in the pancreas [53], which further highlights the
relevance of a stable acinar differentiation state as a barrier
for Kras-mediated transformation (Figure 1).

4.3. Epithelial Cell Plasticity. Thenotion that loss of acinar cell
integrity is a prerequisite for PDA formation is accompanied
by the emergence of a developmental program as mentioned
above [44]. This phenomenon is not exclusive to pancreatic
cancer but also present in other processes involving ADM
during pancreatic regeneration in response to pancreatitis
[42]. Besides the already mentioned Sox9 and Pdx1, Notch-
and Shh-signaling, among others, are reactivated within
the acinar compartment after challenging the gland using
cerulein [42]. Interestingly, persistent overexpression of Pdx1
within the pancreatic epitheliumby transgenicmeans leads to
ADM formation suggesting that Pdx1 has a driving function
in acinar cell dedifferentiation [54] (Figure 1). More recently,
using an unbiased approach comparing gene expression
profiles of the developing pancreas, acute pancreatitis and
mutant Kras-driven carcinogenesis revealed a transcrip-
tional program shared in these processes [55]. Of note,
Prrx1 emerged as the most regulated transcription factor
in this system. The Prrx1 gene encodes two major variants,
Prrx1a and Prrx1b, generated by alternative splicing [56].
Remarkably, PRRX1B is upregulated in ADM as well as
PanINs and induces Sox9 expression on a transcriptional

level thereby fostering a ductal phenotype [55] (Figure 1). In
PDA, both splice variants, Prrx1a and Prrx1b, control differ-
entially epithelial-to-mesenchymal transition (EMT) and the
reverse process, mesenchymal-to-epithelial transition (MET)
(Takano, Reichert et al. unpublished data). In general, the
degree of cellular plasticity is illustrated by the ability to
undergo EMT/MET both being critical in embryonic devel-
opment (EMT type I), tissue regeneration (EMT type II), and
cancer (EMT type III) [57]. The two latter types are char-
acterized by an inflammatory response in contrast to EMT
type I observed in the embryo [58]. However, all subtypes
can be identified by the expression of EMT-transcription
factors (EMT-TFs), including Slug, Snail, Twist, and Zeb [59].
Interestingly, Slug has been found to cooperate with Sox9 in
promoting tumorigenicity in breast cancer cells [60].

4.4. Acinar Cells in Human Pancreatic Cancer Initiation.
In summary, murine studies have identified acinar cells as
the origin for PanIN lesions and highlighted the role of
developmental factors in this process. An open question
remains if these studies in mouse models are applicable
to the situation of pancreatic cancer initiation in humans.
Although it is impossible to directly prove in vivo that acinar
cells transform into PanINs in human pancreas, there is
some evidence that this process may also be true for human
pancreatic carcinogenesis. In vitro studies have shown that
human pancreatic acinar cells have a comparable plasticity,
as their murine equivalents, and readily transdifferentiate
into duct-like cells in culture [61]. Shi et al. examined in
human pancreas specimens if the initiating oncogenic Kras
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mutation can be detected in acinar cells that are in proximity
to ADM/PanIN [62]. Although the authors could not detect
Kras mutations in acinar cells and isolated areas of ADM,
expectedly PanINs but also areas of adjacent ADM exhibited
a high frequency of mutant Kras. This data could be inter-
preted that ADM adjacent to PanIN represents retrograde
extensions of the latter and thus would not support an acinar
origin for PanINs. However, it is also conceivable that it was
impossible to detect mutant Kras in morphologically normal
acinar cells, because Kras mutant acinar cells may promptly
transdifferentiate into ADM in humans and Kras mutant
ADM may have a high propensity to immediate formation
of PanIN lesions.

The acinar origin hypothesis is also supported by genome
wide association studies that identified frequent single-
nucleotide polymorphisms (SNPs) in pancreatic develop-
mental factors that are associated with pancreatic cancer.
These developmental factors comprised not only PDX1 but
also the important regulators of acinar differentiationHNF1A
and NR5A2 [63, 64]. The role of Nr5a2 in maintaining a
stable acinar differentiation state and preventing Kras-driven
PanIN formation was subsequently demonstrated in studies
in mice [65, 66] (Figure 1). These investigations supported
the relevance of the identified SNPs in NR5A2 as pancreatic
cancer susceptibility lesions and further suggest a role of
acinar cells in human preneoplastic transformation.

5. Development of IPMN from
Its Cellular Origin

Whereas PanINs and PanIN-PDA have been studied in great
detail, in part, due to the prevalence of GEMM recapitulating
PanIN-PDA formation [67, 68], the molecular properties of
IPMN are less well characterized and few suitable mouse
models for studying IPMN-PDA progression had been
developed [69, 70]. In humans, IPMNs are macroscopically
cystic lesions that develop within the pancreatic main and/or
branch duct system and show a direct connection to the
ducts. This fact and the ductal morphology have led to
the assumption of duct cells as the cellular origin for this
precursor lesion. However, lineage-tracing studies in murine
models had been hampered by the lack of suitable inducible
Cre-lines that allow recombination specifically in adult duct
cells. Therefore, proving a ductal origin of the preneoplastic
lesions in mouse models of IPMN had been impossible.

With the recent availability of such duct-specific Cre-
lines, it was demonstrated in a study on a novel GEMM of
IPMN that the preneoplastic lesions in this particular model
derive from ductal cells [4]. In an initial experiment, it was
shown that embryonic pancreas specific deletion (Ptf1aCre)
of Brg1, the catalytic subunit of the SWItch/sucrose non-
fermentable (SWI/SNF) chromatin remodeling complexes,
in combination with expression of mutant Kras led to the
formation of cystic neoplastic lesions in adult mice that
resembled human IPMNs [4]. This mouse model faithfully
recapitulated human IPMN-PDA development andmirrored
the human situationwith a lessmalignant biological behavior
as compared with PanIN-PDA. Next, it was interrogated, in

thismodel, whether the IPMN lesionswere of ductal or acinar
origin by using Cre-lines that allow specific recombination of
the Brg1 andmutantKras alleles in adult acinar (Ptf1aCreER) or
ductal (Hnf1𝛽-CreERT2) cells [4]. These experiments showed
that Brg1 deletion renders adult duct cells sensitive to Kras-
mediated transformation evidenced by the occurrence of
duct atypia and lesions that resembled IPMNs. In contrast,
Brg1 deletion in adult acinar cells in the context of mutant
Kras did not lead to IPMN formation and, moreover, PanIN
formation was blocked. This suggests that Brg1 plays a dual
role in PDA precursor development by inhibiting duct trans-
formation to IPMN and promoting acinar transformation to
PanIN in the context of an oncogenic stimulus bymutantKras
(Figure 1).

This study gave the first experimental evidence that
ductal cells can serve as the origin for IPMN lesions and
highlighted the relevance of chromatin remodeling in this
process. In a subsequent work, Roy et al. investigated the
mechanistic basis for this observation [71]. It was found that
combination of mutant Kras and loss of Brg1 in pancreatic
ducts led to a dedifferentiation of mature ductal cells that
was termed “ductal retrogression.” Ductal retrogression was
characterized by a reduced expression of markers of mature
ductal differentiation and an upregulation of pancreatic
progenitor factors such as Pdx1. One of the downregulated
ductal markers was Sox9. Mechanistically it was shown that
ectopic expression of Sox9 in the context of combinedmutant
Kras/Brg1 loss prevented ductal retrogression and IPMN
formation (Figure 1). The upregulation of Pdx1 during ductal
retrogression mirrors the expression pattern in pancreatic
acinar cells during injury or Kras-mediated dedifferentiation.
This points to Pdx1 as a unique factor in transformation of
both acinar and ductal cells.Therefore, future studies need to
explore a functional role of Pdx1 in this process and whether
inhibition of this progenitor factor can prevent the formation
of both PanIN and IPMN.

6. Conclusions with Translational Aspects

In contrast to some other cancers, embryonic signaling
pathways like TGF𝛽,Wnt-𝛽-catenin, andHedgehog alone are
not sufficient for the initiation of PDA [44]. Although the
expression of a primitive ductal program can be launched, an
oncogenic insult, most frequently mutated and constitutive
active Kras, is required to drive pancreatic cancer progres-
sion. Apparently, acinar cells display the highest degree
of cellular plasticity in order to adopt an undifferentiated
progenitor state upon inflammatory or oncogenic stimuli.
At the same time, it is becoming more and more clear that,
althoughmorphologically relatively uniform, PDA represents
an extremely complex disease. In the field of pancreatic
cancer research, we are lagging behind in terms of subtype
identification compared to other solid cancer entities, for
example, breast cancer. The cell of origin or precursor type
leading to PDA has significant impact towards the prognosis
of PDA patients. This suggests that not only the genetic
makeup of a given cancer cell but its primordial lineage
plays an important role. Our knowledge has been fueled to
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a large extent by mouse models of pancreatic cancer but
in order to address the complexity of this disease, human
model systems are needed. For example, Kim et al. used
an elegant induced-pluripotency approach to reprogram
human PDA cells in order to recapitulate human disease
progression [72]. Another study by Boj et al. suggests that an
organoidculture system established from surgery specimen
or endoscopic biopsy material grown in a three-dimensional
matrix might be a useful tool to address this complexity
[73]. In addition, this model system harbors the opportunity
to test personalized therapies for pancreatic cancer patients,
potentially even in real time.

In general, mouse models have significantly contributed
to our understanding of virtually all aspects of PDA biology.
However, so far we were not able to make use of this
knowledge in order to improve PDApatients’ care.The recent
advances in pancreatic cancer treatment have been generated
by not molecular defined strategies but rather pragmatic
approaches using extremely toxic chemotherapeutic regi-
mens [74] or increasing the delivery of established cytotoxic
drugs [75].

The genetic heterogeneity of PDA and distinct oncogenic
susceptibilities of defined compartments within the gland
make this disease the opposite of what clinicians call a
“chameleon”; one disease with many faces, PDA, instead,
might represent numerous diseases with the same appear-
ance.Thus, tailored therapies taking themutational landscape
of the respective tumor into account need to be developed
and an even more profound understanding of the cellular
plasticity and the regulating genetic factors in pancreatic
carcinogenesis is required.
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Current approaches in human embryonic stem cell (hESC) to pancreatic beta cell differentiation have largely been based on
knowledge gained from developmental studies of the epithelial pancreas, while the potential roles of other supporting tissue
compartments have not been fully explored. One such tissue is the pancreatic mesenchyme that supports epithelial organogenesis
throughout embryogenesis. We hypothesized that detailed characterization of the pancreatic mesenchyme might result in the
identification of novel factors not used in current differentiation protocols. Supplementing existing hESC differentiation conditions
with such factors might create a more comprehensive simulation of normal development in cell culture. To validate our hypothesis,
we took advantage of a novel transgenic mouse model to isolate the pancreatic mesenchyme at distinct embryonic and postnatal
stages for subsequent proteomic analysis. Refined sample preparation and analysis conditions across four embryonic and prenatal
time points resulted in the identification of 21,498 peptides with high-confidence mapping to 1,502 proteins. Expression analysis of
pancreata confirmed the presence of three potentially important factors in cell differentiation: Galectin-1 (LGALS1), Neuroplastin
(NPTN), and the Laminin𝛼-2 subunit (LAMA2). Two of the three factors (LGALS1 and LAMA2) increased expression of pancreatic
progenitor transcript levels in a published hESC to beta cell differentiation protocol. In addition, LAMA2 partially blocks cell
culture induced beta cell dedifferentiation. Summarily, we provide evidence that proteomic analysis of supporting tissues such as
the pancreatic mesenchyme allows for the identification of potentially important factors guiding hESC to pancreas differentiation.

1. Introduction

Generation of functional insulin-producing beta cells from
human stem cell populations would provide an abundant
resource for cell replacement therapies used in the treatment
of type 1 diabetic patients. Several cell culture protocols
detailing the guided differentiation of hESC [1, 2] and human

induced pluripotent stem (iPS) cells [3, 4] into insulin-
producing beta-like cells have been generated.However,most
approaches have resulted in low numbers of immature, non-
functional insulin expressing cells. A possible reason for the
failure is the absence of critical factors present during embry-
onic pancreas development. Current approaches are largely
based on knowledge gained from developmental studies into
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the pathways and transcriptional programs underlying
murine pancreatic epithelium specification [1–4]. In contrast,
the contribution of surrounding supportive tissues, including
themesenchyme critical for in vivo pancreas formation [3–5],
has not been explored fully. Recent evidence underscoring
the importance of the mesenchyme comes from coculture
experiments demonstrating that mesenchymal cell lines pro-
mote the expansion of hESC-derived endocrine progenitors
[6]; however, the factors responsible for these effects have not
been identified. We hypothesized that a detailed proteomic
characterization of factors produced by the pancreatic mes-
enchyme would result in the identification of proteins that
could be added to current ES differentiation protocols to
enable a more comprehensive simulation of normal develop-
ment in vitro.

2. Experimental Methods

2.1. Mice. Mice used in this study were maintained according
to protocols approved by the University of California, San
Francisco, Committee on Laboratory Animal Resource Cen-
ter. Nkx3.2 (Bapx1)-Cre mice were described previously [7].
R26-YFPflox (Gt(ROSA)26Sortm1(EYFP)Cos) mice were obtained
from Jackson Laboratories.

2.2. Sorting. Dissected pancreata were digested in 0.4mg/mL
Collagenase P (Roche) and 0.1 ng/mL DNase (Sigma) diluted
in HBSS for 30min at 37∘C and filtered through a 40mm
filter. Following staining with PECAM1-PE (eBioscience,
1 : 200) and/or DAPI to exclude dead cells, cell isolation was
performed using FACS Aria (BD).

2.3. Cell Culture. Undifferentiated CyT49 hES cells (ViaCyte,
Inc.) weremaintained onmouse embryo fibroblast feeder lay-
ers (Millipore). Differentiation was carried out as described
previously [8]. LGALS1 (1 𝜇g/mL or 5 𝜇g/mL), LAMA2
(5 𝜇g/mL), and Narpin (3 𝜇M)were obtained from Peprotech
(USA), Millipore (USA), and Bio Basics (Canada), respec-
tively. Control fibroblast lines were established by culturing
sorted YFP+ mesenchymal cells in DMEM containing 10%
fetal bovine serum for at least 4 passages. For dedifferentia-
tion analysis, isolated islets were dispersed into single cells by
5–10min incubation with 0.25% Trypsin (Gibco), followed
by cell filtration. Cells were grown for 3 days either on
poly-D-Lysine coated-plates (Millipore) or on plates coated
overnight with 5 𝜇g/mL humanMerosin (Millipore), which is
comprised of a mixture of LM211 and LM221.

2.4. Immunofluorescence Analysis. Fixed human cadaver
pancreatic tissue (Prodo) was incubated in 30% sucrose solu-
tion followed by embedding inOCT (TissueTek), cryopreser-
vation, and sectioning. Dissected mouse pancreatic tissues
were fixed with Z-fix (Anatech), incubated in 30% sucrose
overnight, and cryopreserved. Tissue sections were stained
with primary antibodies, anti-mouse vimentin (1 : 200,
Sigma), anti-human vimentin (1 : 50, Calbiochem), anti-YFP/
GFP (1 : 500, Abcam), anti-Galectin-1 (1 : 50, RnD Systems),
anti-LAMA2 (1 : 200, Enzo), and anti-PDX1 (1 : 200, RnD Sys-
tems), followed by stainingwithAlexaFluor tagged secondary

antibodies (1 : 500, Invitrogen) and mounting Vectashield
media (Vector). Nuclei were visualized with DAPI. Images
were acquired using a Leica SP5microscope or an InCell Ana-
lyzer 2000 for quantification (GE Healthcare). 16 fields from
each condition were randomly selected by the InCell Ana-
lyzer and imaged for quantification. PDX1 positive nuclei over
total nuclei were determined using InCell Developer software
(GE Healthcare).

2.5. qPCR Analysis. Total RNA was isolated with TRIZOL
(Sigma) and 500 ng was reverse transcribed using the iScript
cDNA Kit (Bio-Rad) according to manufacturer’s instruc-
tions. qPCR analysis was performed on an ABI 7900 HT
Fast Real-Time PCR System (Applied Biosystems) using
standard protocols. Primer sequences are as follows: LGALS1
ATCGTGTGCAACAGCAAGG and CCTGGTCGAAGG-
TGATGC; LAMA2 AAAGATCCTTCCAAGAACAAAATC
and CGGTCAGCTTCCTGTTCTAAA; NPTN TCTCGC-
TGTTGCTGGTCTC and CCTCTTCACTGGTGACAA-
TCC; NGN3 AAGTCTACCAAAGCTCACGCG and GCT-
CATCGCTCTCTATTCTTTTGC; PDX1 AAGTCTACC-
AAAGCTCACGCG and GTAGGCGCCGCCTGC; TBP
TGTGCACAGGAGCCAAGAGT and ATTTTCTTGCTG-
CCAGTCTGG. Taqman Probes: LAMA2 Mm00550083 m1;
ACTB 4352933-0810025.

2.6. MSMethods. Filter-Aided Sample Prep (FASP) was used
to lyse cells, digest with trypsin, and recover the tryptic
peptides [9]. Peptides were analyzed by nano-LC/MS/MS.
Peptides were eluted across a 3-hour gradient on a 20 cm,
self-packedC18 capillary column on an Eksigent NanoLC-2D
system. Mass spectra were acquired on a Thermo LTQ Velos
linear ion-trap mass spectrometer. The 5 highest intensity
2+ or 3+ ions from each MS scan were selected for collision
induced dissociation (CID).

2.7. Data Analysis. Protein identification and quantitation
were carried out using the SPIRE (Systematic Protein Identi-
fication and Relative Expression) analysis platform for high-
throughput proteomics data analysis [10]. SPIRE employs
a novel approach to combining the open source search
algorithmsX! Tandem andOMSSA to increase the number of
peptide and protein identifications and significantly improve
statistical assessment of these identifications. SPIRE gener-
ates peptide identification probabilities based on a combina-
tion of logistic regression models and a randomized protein
sequence database search, in this case versus the Uniprot
complete mouse proteome. SPIRE uses a newly modified
protein IDmodel to aggregate peptide spectra identifications
into protein identifications and generate a false discovery rate
threshold value (𝑞-value) for each identified protein. SPIRE
also generates quantitation estimates for relative expres-
sion analysis based upon spectral counts (number of high-
confidence peptide spectrum matches) normalized by total
expression in each sample. Visualization of the proteomics
expression datawas carried out by a combination of heatmaps
and hierarchical clustering using R statistical software (R
foundation for statistical computing). The protein identifi-
cations were mapped to functional keywords in the Gene
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Ontology using amiGO [11]. The data were revisualized as
separated protein groups based upon these results. Human
ES differentiation data are shown as the mean ± SD. Data
were evaluated using a two-tailed Student’s 𝑡-test.

2.8. Targeted Proteomics. Laminin alpha-2 was quantified in
samples using selected reaction monitoring (SRM) coupled
with stable isotope dilution mass spectrometry (SID-MS)
[12]. Two peptides identified in spectral libraries from pre-
vious experiments were used as characteristic peptides for
Laminin alpha-2. We had these peptides synthesized and iso-
topically labeled.Thehighest intensity y-ions for each peptide
from theMS/MS spectra in the spectral librarywere chosen as
reporter ions to determine concentration. Calibration curves
of reporter ion intensity ratios were determined for the
two different synthesized peptides and their isotope-labeled
partners. The isotope-labeled synthesized peptide standards
were spiked into samples at 0.5 fmol/𝜇L; then absolute
concentration of target peptides was determined by fitting
isotope ratios of the MS/MS reporter ions to the calibration
curve. Skyline analysis software was used to set up inclusion
lists for peptide sequences extract peak intensity values and
provide spectral libraries [13].

3. Results and Discussion

In our proteomic analysis we employed the previously
described Nkx3.2-Cre mouse line, which permits specific
expression of Cre recombinase in mesenchyme, but not
epithelial, endothelial, or neuronal cells of the developing
pancreas [5]. This mouse line was used in conjunction
with a Rosa26 loxp STOP loxp yellow fluorescence protein
(YFP) reporter mouse to isolate pancreatic mesenchymal
cells by fluorescence activated cell sorting (FACS) for global
proteomic analysis (Figures 1(a) and 1(b)). YFP+ mesenchy-
mal cell aliquots of ∼500,000 cells from embryonic day
(e)15.5 (peak of Ngn3 expression, a marker for endocrine
cell differentiation), e17.5 (islet formation initiated), postnatal
day (p)2 (immature beta cells present), and p14 (mature
beta cells present) pancreata with purities of 96.8 ± 1.6%
(see Figure S1 in Supplementary Material available online
at http://dx.doi.org/10.1155/2016/6183562) were sorted under
protein-free conditions and snap frozen prior to analysis by
tandem MS based shotgun proteomics. Notably, the sample
amount obtained was an order of magnitude lower than what
is typically employed in such experiments. Given this con-
straint we used a protocol (Figure 1(c)) that minimizes nec-
essary sample clean-up and resulted in the recovery of 8.6 to
16.3 𝜇g of protein from each aliquot. Aliquots were analyzed
in triplicate and protein identification and quantification
were carried out using SPIRE software [10] and peptide spec-
tra were matched to the UniProt [14] mouse complete pro-
teome sequence database. Overall, we identified 21,498 high-
confidence (greater than 90%) peptide spectrum matches
across time points using our approach (Figure 1(d)). Using
SPIRE generated false discovery rate (FDR) thresholds of
either 1% or 5% resulted in the identification of 842 and

1502 proteins, respectively (Figure 1(d)). Visualization using
heatmaps of the normalized spectral counts and hierarchi-
cal clustering revealed distinct sets of proteins based on
expression changes over time (Figure 2(a)). Further filtering
of proteins by Gene Ontology (GO) [11] terms including
extracellular matrix (ECM), secretion, adhesion, wingless
signaling transduction pathway (WNT), and membrane
localization resulted in matches to 143 total proteins. From
these, we chose two, Galectin-1 (LGALS1) and Neuroplastin
(NPTN) (Figure 2(b)), for further evaluation, based on their
expression patterns and information from published studies
[15, 16]. Although the approach we employed is an excellent
strategy for evaluating a large number of protein candidates,
many very low abundance proteins still remain below the
detection limit. Given this caveat, we also pursued a targeted
approach based on preliminary results suggesting a role for
Laminins 211 and 221 containing the 𝛼-2 subunit (LAMA2) in
beta cell function.We had noted that FACS sorted YFP+mes-
enchymal cells revealed a significant enrichment of Lama2
transcripts compared to whole pancreas. Of note, Lama2was
not detected in pancreatic endothelial cells (Figure S2A and
[17]), suggesting the mesenchyme as the primary source of
Laminin 𝛼-2 chain in the pancreas. Addition of LAMA2 par-
tially blocks cell culture induced dedifferentiation of beta cells
(Figure S2B). mRNA transcript levels for beta cell marker
genes Ins1 and Mafa in cultured islets treated with LAMA2
were unchanged compared to fresh islets, while Lysine treated
control cultures showed a significant reduction. Glucose
transporter Glut2 gene expression was reduced in both cul-
tured islet groups compared to fresh islets, albeit significantly
less in LAMA2 treated cultured islets. In addition, Hes1, a
marker for beta cell dedifferentiation [18], was less induced
in LAMA2 treated islets compared to control cultures (Figure
S2B). Collectively, these data indicate a functional role for
LAMA2 in supporting the beta cell differentiation state.
We designed a selected reaction-monitoring (SRM) assay
using two synthesized peptide standards from LAMA2 and
determined the mean concentration of protein present in
three independent fibroblast cell lines established from sorted
YFP+mesenchymal cells and in two samples of freshly sorted
P2 neonatal YFP+ cells to be 0.032 and 0.047 fmol/𝜇L, respec-
tively (Figure 2(c)). Notably, concentrations are an order of
magnitude below what is typically detected in shotgun pro-
teomics experiments using the instrumentation employed in
this study [19]. TandemMS and SRM results were confirmed
by employing immunofluorescence analysis of lineage-traced
YFP+ mesenchymal cells of pancreata from e15.5, e17.5, p2,
and p14. As expected, YFP+ cells costain for themesenchymal
marker Vimentin (Vim) that was used as a positive control
(Figure 3(a)).These cells also exhibit immune reactivity to an
LGALS1 specific antibody, confirming the proteomic identi-
fication of this factor in pancreas mesenchyme (Figure 3(b)).
Staining by Lama2 revealed an intricate network in close
proximity to YFP-labeled mesenchymal cells (Figure 3(c)).
We also detected cells positive for the mesenchymal marker
VIM or LGALS1 with a typical mesenchymal morphol-
ogy immediately adjacent to insulin-producing beta cells.
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Figure 1: Isolation of pancreatic mesenchyme for proteomic analysis. (a) Schematic representation of transgenic mouse models employed
to permanently label pancreatic mesenchymal cells. The mesenchyme specific Nkx3.2 promoter drives Cre recombinase expression during
organogenesis and results in the excision of a loxp site flanked stop sequence. This excision in turn gives rise to constitutive expression of
the fluorescence reporter YFP specifically in mesenchymal cells. (b) Representative dot plot of fluorescence activated cell sorting of YFP
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illustrating the sample preparation and mass spectrometric analysis. (d) Table with total number of identified peptides per time point and
corresponding protein discoveries with false discovery rates (FDR) of 5% and 1%, respectively.
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Figure 2: Expression pattern analysis of mesenchymal proteome and absolute quantification of candidate protein Laminin 𝛼-2. ((a) and (b))
Identified proteins were visualized as heat maps with high and low expression visualized in green or red, respectively. Expression values were
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These putative mesenchymal cells can be found both sur-
rounding and within islets of healthy human pancreata
(Figure 3(d)). Althoughwe could not achieve reliable staining
with existing antibodies for LAMA2 in human pancreas sec-
tions and NPTN in mouse or human sections, qPCR analysis
of purified human islets revealed on average 0.2- and 5-fold
expression of the LAMA2 andNPTN transcripts, respectively,
over the endogenous control gene TATA box binding protein
(TBP) (Figure 3(e)). Cultured human fibroblasts expressed
on average 2.5- and 11-fold more LAMA2 and NPTN, respec-
tively. LGALS1 transcripts in cultured human fibroblasts and
purified human islets were on average 406- and 10-fold
enriched, respectively (Figure 3(e)).These results confirm the
presence of the factors identified by proteomic analysis in
mouse and human islet tissues.

Next we examined whether our novel factors could
promote directed differentiation of hESCs towards pancreatic
endocrine cells employing our recently published protocol
[8]. Analysis by qPCR revealed very low or undetectable tran-
script levels for LAMA2 and LGALS1 in control differentiated
hESC cultures at the pancreatic progenitor stage. In contrast,
NPTN transcripts levels, albeit lower than in cultured fibrob-
last or islets, were on average 1.3-fold higher than TBP levels
(Figure S3). We added recombinant LGALS1 and LAMA2,
as well as the peptide Narpin (shown to mimic the binding
activity of NPTN in vitro [16]), to hESC-derived foregut-
like cells for three days to allow further differentiation into
pancreatic progenitors (Figure 4(a)).We observed significant
differences relative to control cultures in the proliferation of
cells treatedwith either LAMA2 or LGALS1 (Figure 4(b)).We
previously showed that mesenchymal cells support prolifera-
tion of pancreatic precursors and later staged differentiated
endocrine cells in vivo [5]. While LGALS1 addition resulted
in a significant increase of proliferation, LAMA2 reduced
proliferation of pancreatic progenitors. These data indicate
discrete effects of individual mesenchyme factors at specific
developmental stages and that such might differ from the
combined effects of all factors provided by a supportive tissue,
like the pancreatic mesenchyme, during development in
vivo. Pancreatic progenitor marker PDX-1mRNA levels were
significantly increased in experiments incubated with either
LGALS1 or LAMA2 while Narpin incubation did not show
any changes (Figure 4(c)). The observed increase in PDX-1
transcript levels after addition of LGALS was concentration
dependent. However, quantification of pancreatic progenitor
cells identified by PDX-1 protein expression did not reveal
significant changes after treatment with LGALS1, LAMA2,
or Narpin (Figure 4(d)), indicating that the factors promote
PDX-1 expression without increasing the already high per-
centage of PDX-1+ cells present under control conditions. In
addition, LAMA2 enhanced transcript levels of the endocrine
progenitormarkerNGN3 (Figure 4(c)), known to be required
for the generation of all hormone positive endocrine cells
[20].

In summary our data demonstrate the ability to identify
novel factors potentially important in beta cell differentiation
using proteomic analysis of the pancreatic mesenchyme. In
addition, we show that specific proteins can be quantified by

our approach in low abundance samples. Most importantly,
we show that two out of three novel factors selected for addi-
tional validation can enhance hESC to beta cell differentia-
tion. Our approach described here not only is restricted to the
pancreas but also can be easily adopted to better characterize
even small numbers of supportive cell types and tissues in
differentiation of other lineages and organs. We anticipate
that fine-tuning existing hESCdifferentiation approaches will
enable the generation of fully matured beta cells under cell
culture conditions.
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Stem cells are proposed to continuously secrete trophic factors that potentially serve as mediators of autocrine and paracrine
activities, associated with reprogramming of the tumor microenvironment, tissue regeneration, and repair. Hitherto, significant
efforts have been made to understand the level of underlying paracrine activities influenced by stem cell secreted trophic factors,
as little is known about these interactions. Recent findings, however, elucidate this role by reporting the effects of stem cell
derived extracellular vesicles (EVs) that mimic the phenotypes of the cells from which they originate. Exchange of genetic
information utilizing persistent bidirectional communicationmediated by stem cell-EVs could regulate stemness, self-renewal, and
differentiation in stem cells and their subpopulations. This review therefore discusses stem cell-EVs as evolving communication
factors in stem cell biology, focusing on how they regulate cell fates by inducing persistent and prolonged genetic reprogramming
of resident cells in a paracrine fashion. In addition, we address the role of stem cell-secreted vesicles in shaping the tumor
microenvironment and immunomodulation and in their ability to stimulate endogenous repair processes during tissue damage.
Collectively, these functions ensure an enormous potential for future therapies.

1. Introduction

Stem cell technology has recently attracted considerable
attention in translational medicine due to the potential that
these cells possess in terms of tissue regeneration and repair
and as drug delivery tools for which existing therapeutic
strategies pose enduring challenges. In recent years, the fields
of regenerative and translational medicine have proven to
be very attractive owing to the discovery of novel cellular
and noncellular therapeutic platforms for tissue repairs and
cancer treatments.

This reviewmainly engages studies carried out on the two
major types of stem cell lines: embryonic stem cells (ESCs)
and mesenchymal stem cells (MSCs). Nevertheless, several
other types of stem cells closely related to their tissue of origin
(e.g., adipose stem cells, cancer stem cells) have also been
reported.

ESCs are pluripotent cells with the ability to differentiate
into cells from any of the three germ layers: mesoderm,
endoderm, and ectoderm. They have the capability to self-
renew and proliferate limitlessly, but their application in
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research and therapy has been limited due to ethical concerns
on availability and the risk of forming teratomas.

In the last two decades, more attention has been diverted
towards MSCs as they are easily obtainable and show
therapeutic promise. MSCs are a nonhematopoietic, het-
erogeneous population of plastic-adherent cells that exhibit
a fibroblast-like morphology. They form distinct colonies
when seeded at clonal densities, and their heterogeneity
is distinguished through morphological differences, rate of
proliferation, and their ability to differentiate [1]. According
to the current nomenclature, human MSCs can be identified
through their positivity for cell surfacemarkers such asCD73,
CD90, andCD105 and the lack of expression of hematopoietic
markers such as CD11b or CD34, CD45, CD79 or CD19,
and HLA-DR [2]. Furthermore, they must have the ability to
differentiate into osteoblasts, chondrocytes, and adipocytes in
vitro [2]. The biological effects of MSCs depend largely on
their ability to secrete trophic factors that stimulate tissue-
intrinsic progenitor cell phenotypes [3].These factors include
growth factors, miRNAs, and small vesicles that not only
potentially affect the differentiation and regenerative abilities
of MSCs but also play a critical role in mediating crosstalk to
local and distant tissues through which stem cell populations
maintain a stable coexistence [4].

Recent evidence shows that stem cells secrete small
vesicles into the extracellular milieu, known as extracellular
vesicles (EVs). EVs are submicron vesicles, which based on
their size, origin, morphology, and mode of release can be
categorized into exosomes (40–200 nm), microvesicles (50–
1000 nm), apoptotic bodies (50–5000 nm), or Golgi vesicles
(reviewed in [5]). EVs are secreted by a multitude of cell
types into various body fluids [6] and can be isolated via
several conventional as well as high throughput technologies
[5]. They are known to carry a repertoire of mRNAs, miR-
NAs, DNA, proteins, and lipids that can be transferred to
neighboring cells, modifying their phenotype as well as the
microenvironment [7, 8]. The molecular signatures of EVs
are selective to each cell/tissue type, which makes them ideal
source for clinical applications [5].

The biogenesis and secretion of EVs from biologically
active cells are a stimulus dependent event that is arising as
a result of tumor progression or repair processes. A well-
studied process of formation of exosomes is by the fusion
of the multivesicular endosome with plasma membrane and
release by the process of exocytosis. Conversely,microvesicles
are less well characterized in comparison to exosomes and
are produced as a result of membrane budding processes and
detachment of spherical bodies from discriminatory regions
of the plasma membrane (for mechanisms, see [5]). Recently,
Golgi vesicles were highlighted, considering them a part of
the extracellular vesicle populations as separate entities. Like
other vesicles, they may reflect distinct disease states [5],
and their role could be hypothesized for underappreciated
effectors in stem cell context.

Interestingly, it has been shown recently that MSC exo-
somes are derived from endocytosed lipid-raftmicrodomains
[9]. Arguably, the knowledge about the mechanisms of
biogenesis and origin of EVpopulations from stem cells could

enhance our understanding of the functional relevance and
help acquire therapeutic possibilities using stem cell-EVs.

2. Intercellular Communication and Transfer
of Biological Information

Cells use severalmeans of communication for the exchange of
materials and the transfer of information in order tomaintain
tissue homeostasis, cell development, repair, and survival.
Intercellular communication is therefore considered one of
the most important regulatory mechanisms for cell growth,
differentiation, and tissue remodeling. This intercellular
crosstalk may occur through direct receptor-mediated inter-
action between cells, or through cellular junctions (i.e., cell
fusion). Certainmolecules, specific transmembrane proteins,
and cell adhesion molecules such as integrins, tetraspanins,
and cadherins are known to promote receptor-mediated
cellular interactions that are critical in the formation of
biological patterns as well as determining cell fates [10, 11].
On the other hand, the direct coupling of the cytoplasm of
two cells through gap junctions (GJs) has also been reported
to play an essential role in maintaining tissue homeostasis,
development, and stem cell differentiation [12, 13].

It has been proposed that normal human adult stem
cells do not express gap junctional proteins (i.e., connexins)
and do not appear to have gap junctional intercellular
communication. However, their differentiated, nonstem cell
derivatives do express connexins and therefore utilize GJs
for intercellular communication in order to differentiate [14].
Remarkably, bone marrow derivedMSCs have been reported
to differentiate into cells with a cardiac phenotype in response
to signals from neighboring myocytes, as a result of gap
junctional intercellular communication [15]. Arguably, the
crucial role that these interactions play in the maintenance
of tissue integrity in a plethora of different cell types such as
endothelial cells, fibroblasts, adipocytes, cardiomyocytes, and
neurons is of critical translational importance.

2.1. Tunneling Nanotubes and Intercellular Communication.
Recently, a novel mechanism for cellular communication
involving long distance intercellular connections called tun-
neling nanotubes (TNTs) has come to light [16]. TNTs are
actin-based cytoplasmic extensions that not only facilitate
direct communication between distant cells and intercellular
trafficking [17] but also are associated with the transfer of
biomolecular cargos such as organelles, Golgi vesicles, plasma
membrane components, and even pathogens [18–20]. These
functions of TNTs have therefore implicated them in the
promotion of various physiological (tissue development and
regeneration [21]) as well as pathological processes such as
mesothelioma [22].

For instance, extensive spontaneous intercellular
exchange of cytosolic materials and organelles, between
primary human proximal tubular epithelial cells, was recently
reported [23]. Interestingly, this exchange was alleviated
significantly on inhibiting TNT genesis, therefore implying
the importance of TNTs in renal physiology [23].
Surprisingly, the direct transfer of genetic material between
tumor and stromal cells has also been identified to be
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mediated through TNTs, exclusive of other forms of cell-cell
communication, therefore suggesting a role of TNTs in
tissue remodeling as well [24]. A recent study described the
nanotubular connections and tubule fragments in multi-
potent MSCs from human arteries, demonstrating that
they interact constitutively through an articulate and dyn-
amic tubule network allowing long-range cell-to-cell com-
munication [25].This therefore suggests that one mechanism
by which MSCs exhibit their protective effects on the heart
may be through tubular communication.

2.2. Cell-Cell Communication through Paracrine Secreted
Factors. Diffusion of autocrine and paracrine signaling
molecules enables cells to communicate in the absence of
physical contact. The beneficial effects of stem cells are
therefore restricted not only to cell-to-cell contact alone, but
also to their transient paracrine actions through the release
of a combination of trophic factors including cytokines,
chemokines, and growth factors [26–28]. These factors have
been shown to have various functional properties such as
being antiapoptotic, immunomodulatory, and angiogenic,
playing a role in cell-mobilization, evoking responses from
resident cells in the extracellular environment, and facilitat-
ing collateral remodeling [29]. Through receptor-mediated
interactions, these paracrine mechanisms potentially facili-
tate the homing of stem cells to sites of tissue injury, therefore
allowing recipient cells to interact with stem cell factors
that may influence the regulation of differentiation and anti-
inflammatory responses [26].

Cells could also communicate through secreted extra-
cellular RNAs, which, once transferred from one cell to
another, may modulate the phenotype and function of the
recipient cells. Furthermore, the exchange of extracellular
RNAs between resident cells and MSCs has been implicated
in the modulation of cell fate [30]. These extracellular RNAs
are secreted, vesicle-encapsulated or in association with
proteins that confer protection from degrading enzymes and
contribute towards the microenvironmental modulation of
cell fate with other extracellular factors such as the extracel-
lular matrix as well as the local biochemical and mechanical
niches [31].

2.3. Extracellular Vesicles as Novel Means of Communication.
Secreted EVs exhibit novel paracrine mechanisms mediating
cell-to-cell communication through receptor-ligand medi-
ated interactions and/or direct fusion with resident cells,
resulting in the horizontal transfer of various proteins as well
as genetic material (including mRNA [8, 32–34] and miRNA
[34]). As paracrine factors, EVs have been reported to induce
phenotypic changes in recipient cells and also generate a
functional link between stem cells and tissues under various
physiological and pathological circumstances (reviewed in
[33]).

Recently, it has been demonstrated that EVs released by
human adipocytes or adipose tissue-explants are involved
in a reciprocal proinflammatory loop between adipocytes
and macrophages in a paracrine fashion, with the possi-
bility to aggravate insulin resistance locally or systemically
[35]. Moreover, EVs released from osteoblasts serve as

a mechanism of communication between osteoblasts and
osteoclasts through receptor-ligand interactions to facilitate
osteoclast formation that represent a novel mechanism of
bone remodeling [36].

Although stem cells have been considered safe for avail-
able therapeutic strategies, there are still potential risks and
complications that may arise such as culture-induced senes-
cence, immune-mediated rejection, genetic instability, loss
of functional properties, and consequent malignant transfor-
mations. In this perspective, there is a prospect that stem
cell-EVs may overcome these limitations and therefore offer
novel and safe cell-free therapeutic opportunities. However,
their promise as real clinical applications still awaits further
investigations yet to be fully realized.

3. Extracellular Vesicles Mimic
Stemlike Phenotypes

Recent data from various different studies have shown stem
cell-EVs to traffic stem cell associated transcription factors
such as Nanog, Oct-4, HoxB4, and Rex-1 operating at the
level of pluripotent stem cells [37]. On top of that, they have
also been shown to express MSC markers such as CD105
[38], prominin-1/CD133 [39–41], and KIT [42]. More direct
effectors of the stem cell phenotype such as WNT [43, 44],
𝛽-catenin [45], and Hedgehog [46] have also been identified
on stem cell-EVs together with several other components
that may be considered potential factors in stem cell biology
(Table 1). Furthermore, ESC-EVs can be harvested from
exponentially growing ESCs, therefore suggesting that the
mechanism of EV release from ESCs is inherent [37].

Emerging evidence reveals that secreted vesicles from
stem cells could mimic a spectrum of stemlike phenotypes.
Ratajczak and coworkers provided the first evidence that EVs
released from stem cells might modulate the phenotype of
recipient cells [37]. In this study, they reported that EVs
released fromESCs sustained themaintenance of hematopoi-
etic stem/progenitor cell stemness andmultipotency by deliv-
ering specific proteins andmRNA, subsequently upregulating
the expression of early pluripotent and hematopoietic stem
cell genes [37]. A following study further confirmed this
by reporting that mRNA-carrying EVs from endothelial
progenitors induced a proangiogenic phenotype in quiescent
endothelial cells [47]. Moreover, it was recently revealed
that EV-mediated mRNA delivery into marrow cells could
introduce tissue-specific changes through the induction of
transcription in recipient cells [48], further indicating that
mRNAs present in stem cell-EVs are functional and have
regulatory effects.

Several studies have revealed that the key biological
features of stem cells, such as self-renewal, differentiation,
and maturation, could be mimicked by stem cell associ-
ated EVs [49–53]. Furthermore, stem cell-EVs have been
reported to coordinate physiological self-regenerative and
repair processes after tissue injury in a paracrine manner.
For instance, EVs released from MSCs (MSC-EVs) activate
repair processes by transferring miRNAs [54] and promoting
angiogenesis [55, 56], therefore suggesting EVs as functional
extensions of stem cells.
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Table 1: Stem cell signatures expressed and secreted in EVs.

Components Stem cell type/source Reference
Nanog, Oct-4, HoxB4
and Rex-1 ESCs [37]

CD105 CSCs, MSCs [38, 97]
Prominin-1/CD133 HPCs, melanocytes [39, 40]
KIT Mast/stem cells [42]
WNT Fibroblasts, DLBCL [43, 44, 96]
𝛽-catenin HEK [45]
Stem-cell antigen-1 MSCs [97]

TGF-𝛽1 Fibroblasts, epithelial
cells [98]

TIA, TIAR, HuR, Stau1,
Stau2, RPS29, and Ago2 MSCs [54]

KGF MSCs [99]
Oct4 and Sox2mRNAs ESCs [62]
IGF-1R mRNA MSCs [100]
DEFA3, HBB, ITGA2B,
and ITGB3 mRNAs HPCs [101]

VEGF MSCs [68]
PDGFR-𝛽, TIMP 1 and
2, sphingomyelin, lactic
acid, and glutamic acid

MSCs [69]

CD34 MSCs [102]
E-cadherin MSCs [103]
Bcl-2 MSCs [104]
NEP MSCs [105]
ESCs: embryonic stem cells, CSCs: cancer stem cells, MSC: mesenchymal
stem cells, HPCs: haematopoietic precursor cells, DLBCL: diffuse large B-
cell lymphoma, HEK: human embryonic kidney cells, KIT: mast/stem cell
growth factor receptor, IGF-1R: growth factor receptor, TGF-𝛽1: transform-
ing growth factor beta 1, KGF: keratinocyte growth factor, ITGA; integrin
alpha, VEGF: vascular endothelial growth factor, PDGFR-𝛽: platelet-derived
growth factor receptor beta, TIMP: tissue inhibitor ofmetalloproteinase, and
NEP: neprilysin.

Interplay between stem cells and EVs reveals that EVs
could transmit multipotential traits and represent several
features of MSCs, such as multilineage differentiation, self-
renewal, and transcriptional regulation, therefore, inferring
their role as evolving factors in stem cell biology.

4. Stem Cell-EVs Contribute to
the Cell-Fate Determination

There is sufficient evidence to postulate that EVs carry
biological messages from parent cells that interact with
recipient cells and influence their normal physiology and
therefore their overall fate [33]. In the context of stem cell
biology, it is likely that the same principle applies (Figure 1),
as biological content from stem cell-EVs has been shown
to have the capability to influence and define cell fates of
future populations of resident cells, potentially producing
long lasting and stable transformation in genetic programs
[48, 57]. Furthermore, Quesenberry et al. have also proposed

that EV-mediated exchange of genetic information could be
an integral element of the continuum model of stem cell
biology, in which the differentiation decision of stem cells
is conditioned by the cell cycle transit and environmental
stimuli [58].

4.1. EV-Mediated miRNA Transport and Cell-Fate Determi-
nation. To sustain stemness, a set of transcriptional factors
are required to efficiently reprogram and self-renew the
pluripotency of recipient cells to enable them to differentiate
into various cell types [59]. Indeed, miRNAs are capable of
targeting and regulating the expression of stem cell associated
transcriptional networks by which they can induce pheno-
typic transition [60, 61]. In this context, EVs contribute to
such reprogramming and phenotypic switching by transfer-
ringmiRNAs as the delivery of selective sequesteredmiRNAs
in EVs to recipient cells has been reported [34].

For instance, EVs from bone marrow- (BM-) MSCs
shuttle the selected pattern of miRNAs to recipient cells
targeting genes involved in multiorgan development, cell
survival, and differentiation [54]. Furthermore, ESC-EVs
induce dedifferentiation and the expression of pluripotency
factors in their target cells by selective transfer of mRNA
and miRNA, which may initiate an early differentiation
process by targeting early transcriptional factors [62]. It has
also been reported that telocytes (TCs) secrete EVs loaded
with miRNAs that could modulate stem cell fates through
continuous posttranscriptional regulatory signals acting back
and forth between TCs and stem cells [63]. Moreover, Let-7
miRNA family expressed from human embryonic MSCs has
been shown to affect its downstream target hepatic nuclear
factor 4 alpha (HNF4A), indicating the possible role of
stem cells in differentiation processes through EV-mediated
transfer of miRNAs [64]. In addition, several other miRNAs
have been identified to potentially contribute to regulatory
mechanisms in stem cell biology (Table 2). These reports
therefore signify that stem cells may exhibit their biological
effects through EV-mediated shuttle of miRNAs for the
biological effects mediated by stem cells.

5. Stem Cell-EVs and Tumor Progression

The role of stem cells in tumor progression has been well
documented [65]; however, the mechanisms by which cancer
stem cell-derived EVs initiate and promote tumor progres-
sion are still uncertain. Recent evidence explains the interplay
between stemprogenitors and their secreted vesicles in tumor
progression. For example, it has been reported that EVs posi-
tive for the stem cell marker prominin-1 participate in Wnt
signaling and mediate prometastatic activity in melanoma
cells [40]. In addition, EVs from mast cells express and
shuttle KIT protein (mast/stem cell growth factor receptor),
which in turn promotes tumor growth in recipient lung
adenocarcinoma cells by activating the KIT-SCF signaling
pathway [42]. EVs from BM-MSCs have also been shown to
express higher levels of oncogenic proteins, cytokines, and
adhesion molecules that could be transferred to multiple
myeloma cells and modulate tumor growth in vivo [66].
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Figure 1: The role played by stem cell-derived EVs in the determination of cell fate. Stem cells use EVs to transfer miRNAs and stem cell
effectors in recipient cells, which target the regulatory networks and induce persistent genetic transformation and phenotypic switching of
resident cells towards cell-fate determination.

Table 2: Selectively enriched regulatory miRNAs from stem cell-
derived EVs.

miRNAs Stem cell
type/source

Reference

miR-199b, miR-218, miR-148a,
miR-135b, and miR-221 MSCs [106]

miR-223, miR-564, miR-451, and
miR-142-3p MSCs [54]

miRNAs of 290 cluster ESCs [62]

let-7 miRNA family MSCs [64]

miR-133b MSCs [107]

miR-15a MSCs [66]
miR148a, miR532-5p, miR378,
and let-7f MSCs [67]

miRNA-21, 34a MSCs [69]

miR-23b MSCs [73]

miR-16 MSCs [74]

miR-140 Preadipocytes [108]

miR-22 MSCs [109]

miR-221 MSCs [70, 110]
miR-210, miR-132, and
miR-146a-3p CPCs [111]

miR-294 ESCs [112]

Recently, Eirin et al. reported that adipose MSC (AT-MSC)
derived EVs enriched with distinct mRNAs and miRNAs
regulate various physiological processes such as angiogen-
esis, adipogenesis, apoptosis, and proteolysis in recipient
cells [67]. Furthermore, EVs from BM-MSCs have been
reported to not only transport tumor regulatory miRNAs,
antiapoptotic proteins, and metabolites but also enhance the
expression of vascular endothelial growth factor (VEGF)
through the activation of extracellular signal-regulated kinase
1/2 (ERK1/2) pathway to promote growth of various tumors
[68, 69]. In addition, gastric cancer derived MSC-EVs have
been shown to deliver deregulated miRNAs to human gastric
cancer cells and promote their proliferation and migration
[70].

A subset of tumor-initiating cells expressing the MSC
marker CD105 in human renal cell carcinoma release EVs
that induce angiogenic phenotype in endothelial cells and
promote the formation of a premetastatic niche [38, 71]. Fur-
thermore, renal cell carcinoma-derived EVs induce persistent
phenotypical changes in MSCs accompanied with enhanced
expression of genes associated with cell migration, matrix
remodeling, angiogenesis, and tumor growth [71].

To the contrary, various reports also suggest the antitu-
morigenic effects of EVs from multiple stem cell types. For
instance, Bruno et al. have reported that BM-MSCs exert
inhibitory effects on tumor growth through the release of EVs
[72]. Furthermore, BM-MSC derived EV-mediated transfer
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of miRNAs from the bone marrow could promote dormancy
in metastatic breast cancer cells [73]. In addition, various
studies have reported the antiproliferative effects of MSC-
EVs through various mechanisms, for instance, miRNA-
mediated VEGF suppression in breast cancer cells [74] and
the downregulation of phosphorylation of Akt kinase in blad-
der tumor cells [75]. Similarly, a study by Fonsato et al. shows
that EV-mediated delivery of selected miRNAs from adult
human liver stem cells (HLSC) exhibits inhibitory effects on
hepatoma growth [76]. On the basis of this information and
on various other reports, MSC derived EVs could therefore
exert either anti- or protumorigenic effects depending on the
tumor type and stage of development [77].

Glioma-associated stem cells (GASCs) produce substan-
tial amounts of EVs that express and mediate glioma-stem
cell characteristics [78–80]. For instance, a recent study
reported that GASCs exhibit stem cell feature and anchorage-
independent growth and are capable of sustaining malig-
nant properties of both glioma cells and glioma-stem cells,
mainly through the release of EVs [78]. Furthermore, the
cargo (DNA, miRNA, transcripts, and proteins) from GASC
derived EVs may influence lineage specific dynamics of the
stem cell compartments [81].

MSC-EVs could also be engineered to play a poten-
tial role in cancer therapeutics as delivery vehicles. For
instance, Munoz et al. successfully reported the delivery of
functional anti-miR-9 to glioblastoma (GBM) cells through
MSC-EVs, therefore increasing their level of chemosensitivity
substantially [79]. In addition, EV-dependent phenotypes of
stem cells such as neurosphere growth and endothelial tube
formation were attenuated by loading miR-1 into GBM-EVs
that were exposed to the glioblastoma microhabitat [80].
Furthermore, a recent study by Katakowski et al. observed
that intratumor injection of miR-146 expressing MSC-EVs
significantly inhibited glioma xenograft growth [82]. Like-
wise, Pascucci et al. also reported the potential ability of
MSCs to package/incorporate and deliver active drugs such
as paclitaxel through EVs to inhibit tumor progression [83].
These studies therefore indicate the potential capability and
utility of stem cell-EVs as drug delivery mechanisms for
cancer therapy.

5.1. Ways by Which Stem Cell-EVs Influence the Tumor
Microenvironment. The principle properties of cancer stem
cells (CSCs) are maintained by niches which are anatomically
distinct regions within the tumor microenvironment [84].
The premetastatic niche plays a role in dormancy, relapse,
and the development of metastasis. It has been hypothesized
that EVs from CSCs may behave as metastasomes, helping
the implementation of secondary lesions by transmission
of the metastatic phenotype via EV-borne tumor RNA
signatures to the target organ [85]. Since the construction
of a premetastatic niche is an essential early step required
for initiated cells to survive and evolve [86], it could be
speculated that stem cells may contribute to the construction
of premetastatic niches, at least in part, by secreting EVs.
This could be supported through the observation ofGrange et
al., whereby interactions between endothelial cells and CSCs
induced phenotypical changes in MSCs and promoted the

formation of lung premetastatic niches through the release of
EVs [38].

5.1.1. Fibroblastic Differentiation and Stroma. Tumor cells
have the ability to efficiently “educate” MSCs to induce
changes in the local microenvironment through the release
of EVs. For instance, tumor cell-derived EVs have been
observed to propagate the construction of the tumor stroma
through fibroblastic differentiation of MSCs [87]. Similarly,
EVs from ovarian cancer cells have also been reported to
induce adipose stromal cells (ASCs) to acquire the charac-
teristics of tumor-supporting myofibroblasts [88]. A similar
phenotypic switch was also noted in prostate cancer (PC)
EVs whereby they influenced the differentiation of MSCs
into proangiogenic and proinvasive myofibroblasts that was
associated with disease promotion [89]. In another study,
EVs from PC cells induced phenotypic transformation in PC
patient ASCs to form prostate-like neoplastic lesions [90].
On top of that, tumor derived EVs can initiate phenotypic
differentiation of MSCs into cancer-associated fibroblasts
(CAFs) through signaling pathways [91]. These activated
CAFs influence tumor progression through the secretion
of metalloproteinases-rich EVs that promote cell motility
and activate RhoA and Notch signaling in cancer cells [92].
Moreover, these EVs also play a role in chemoresistance and
tumor relapse by promoting clonogenicity and growth of
CSCs which are inherently resistant to cell death [93].

5.1.2. Crosstalk among Stromal Elements. EV-mediated dyn-
amic crosstalk within the stroma could relocalize the onco-
genic factors that can generate a tumor-initiating niche.
This can be speculated from the fact that carcinogenesis
involves the relocalization of CAFs to the tumor site therefore
sustainingmetastasis [94].The general involvement of EVs in
intercellular communication suggests that theymay also have
a role in information exchange within stem cell hierarchies,
whereby cancer stemlike cells may transmit signals to their
stroma via EVs. Undeniably, it is well known that ESC-EVs
transfer mRNAs, miRNAs, and proteins to recipient cells and
therefore are important mediators of crosstalk within stem
cell niches [95].

Stromal cell-derived EVs can interact with cancer cells
and exchange oncogenic signatures present in tumor-
associated stroma. For example, intercellular communication
mediated by fibroblast-secreted EVs promotes cancer cell
motility via autocrineWnt-planar cell polarity signaling path-
way to drive invasive activities [43]. Furthermore, the Wnt3a
has been shown to be exported via EVs to neighboring cells
which in turn modulates the population equilibrium in the
tumor towards progression [96]. Such features are expected
to be established very early during tumorigenesis; however,
the prolonged intercellular communication could eventually
be sustained and ultimately aggravate tumor growth. It
could also be anticipated that the tumor microenvironment
may host nontumorigenic multipotent stem cells that could
likewise support the biological activity of tumor-initiating
cells through the release of EVs.
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5.1.3. Endothelial Cell Growth and Angiogenesis. Angiogen-
esis is one of the underlying hallmarks of a developing
tumor microenvironment. It is activated by proangiogenic
factors such as VEGF thereby promoting tumor growth,
invasion, and metastases. In response to hypoxia (a hallmark
of developing tumors), MSCs increase EV production, which
in turn promotes angiogenesis [113] and endothelial cell
growth in vitro [114]. This proangiogenic property of stem
cell-secreted EVs is reported to be linked with the activa-
tion of the ERK signaling pathway therefore increasing the
expression of VEGF in tumor cells [68]. Furthermore, AT-
MSC derived EVs have also been implicated to influence AT-
MSC induced angiogenesis. Interestingly, the platelet-derived
growth factor (PDGF) was identified to elicit this effect
by stimulating AT-MSCs to release EVs with an enhanced
proangiogenic potential [115]. In addition, AT-MSC derived
EVs have been shown to interact with endothelial cells
as well, thereby stimulating proangiogenic activity in the
tumor microenvironment, possibly through the exchange of
angiogenic growth factors [116].

EV-assisted targeting of key regulatory signaling path-
ways in the tumor microenvironment such as Wnt, Hedge-
hog, and angiogenic pathways (i.e., VEGF) could inhibit
tumor growth. A recent study by Gernapudi et al. showed
that a critical signaling axis, miR-140/SOX2/SOX9, which
regulates differentiation, stemness, and migration in the
tumor microenvironment, could be targeted to obstruct
tumor progression [108]. Likewise, EV-assisted targeting of
the VEGF pathway in the tumor microenvironment could
exert antiangiogenic effects and inhibit tumor growth [74].
However, monitoring a complex stromal network in a
dynamic tumormicroenvironment has been and still remains
technically challenging.

In summary, EVs secreted from cancer cells educate
MSCs to undergo neoplastic transformation into tumor-
associated fibroblasts in local stroma. In addition, EV-
mediated dynamic interactions amongst stromal elements
and the concomitant recruitment of oncogenic CAFs, growth
factors, immune molecules, and several other related mech-
anisms shape a tumor niche capable of development and
growth (Figure 2).

6. Stem Cell-EVs: Emerging Factors in
Immunomodulation and Immunotherapy

There is increasing evidence implicating EVs to play a
critical role in immune regulatory mechanisms compris-
ing of both immunoactive and suppressive activities [117–
119]. Conversely, studies elucidating the role of EVs from
immunologically active stem cells are seldom reported in the
scientific literature, possibly because their role as potential
factors in immunomodulation is still novel. MSCs have been
shown to secrete immunologically active EVs, which induce
higher expression of anti-inflammatory transcripts such as
interleukin 10 (IL10) and transforming growth factor𝛽1 (TGF
𝛽1) and attenuated levels of proinflammatory transcripts such
as IL1B, IL6, tumor necrosis factor 𝛼 (TNF𝛼), and IL12P40
[120]. Furthermore, infusion of MSC-EVs significantly

enhanced the survival and delayed the rejection of allogenic
skin graft inmice with a corresponding increase in regulatory
T cells (Tregs) therefore indicating some role of EVs in
immunomodulation [120].

Islet derived MSCs have been reported to release
immunostimulatory EVs that could activate autoreactive B
and T cells in nonobese diabetic (NOD) mice. Furthermore,
immunization with EVs also promotes the expansion of
transferred diabetogenic T cells and accelerates the effector
T cell-mediated destruction of islets suggesting that stem
cell-EVs act as autoantigen carriers with the potential to
trigger autoimmune responses [97]. On the other hand,
human adipose MSC derived EVs have been reported to
exert inhibitory effects on the differentiation and activation
of T cells followed by reduced T cell proliferation and IFN-𝛾
release, therefore suggesting MSC-EVs to play a potential
therapeutic role in the treatment of inflammation-related
diseases [121]. Furthermore, EVs from immune cells can also
have an effect on MSC cells. For instance, Ekström et al.
showed that monocyte-derived EVs can induce increased
gene expression of osteogenic markers in human MSCs,
indicating that monocyte-derived EVs play a role in bone
healing [122].

EVs from acute myeloid leukemia- (AML-) blasts that
are positive for the hematopoietic progenitor cell antigen
CD34 have been reported to be biologically active. Upon
coincubation with natural killer (NK) cells, these AML-
blast EVs efficiently downregulated the expression of surface
NKG2D (an activator of NK cells) indicating a possible
function in mediating immunosuppression in AML [123].
In addition, immunocaptured blast-derived EVs could also
serve as biomarkers for AML during the course of therapy as
a measure of disease progression or response to therapy.

Using a model of human-into-mouse xenogeneic graft-
versus-host disease (x-GVHD), BMSCs were shown to play
a role in immunomodulation, mediated by human CD4+
Th1 cells [124]. Notably, recipients treated with BMSCs
had elevated levels of exosomes expressing CD73 in the
serum that promoted the accumulation of adenosine ex vivo.
Furthermore, on inhibiting the adenosine A2A receptor,
the immunomodulatory property of BMSCs was abrogated,
therefore implying a possible role of BMSC-EVs in an
adenosine based immunosuppressive mechanism mediated
in a paracrine fashion [124]. Recently, MSC-EVs were tested
in a human patient to treat GVHD, whereby they were
shown to be well tolerated [125]. Interestingly, the EV based
treatment resulted in a reduced proinflammatory cytokine
response to the patient’s peripheral blood mononucleated
cells (PBMCs) in vitro and the clinical GVHD symptoms
improved significantly shortly after the start of the EV therapy
[125].

Although initial findings ascertain that EVs could be a
promising therapeutic source for the treatment of immune-
inflammatory diseases [126, 127], translating this technology
into EV-mediated stem cell therapy to achieve promising
outcomes with minimized toxic effects and safety risks still
needs to be explored.
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Figure 2: Contribution of stem cell-derived EVs in the construction of the tumor microenvironment. Stem cell-derived EVs influence the
presence of cancer-associated fibroblasts (CAFs), inflammatory immune cells, metalloproteinases, angiogenic growth factors, and regulatory
RNAs, which shape the tumor microenvironment. Extracellular matrix (ECM) remodeling, endothelial cell growth, cell migration, and
angiogenesis generate a permissive tumor niche.

7. Stem Cell-EVs and Tissue Repair

The therapeutic applications of stem cells for the treatment
of various injuries and diseases have received considerable
attention in recent years. However, investigations into the
possibility of utilizing stem cell-EVs in regenerativemedicine
are still in their early stages. Recently, it has come to light that
stem cells, particularly MSCs, use EVs for tissue repair and
regeneration through the transfer of transcription factors,
anti-inflammatory factors, and growth factors to target cells
in a paracrine fashion. In this section, we discuss the regen-
erative abilities of MSC-EVs to recover vascular functions,
repair injuries, and restore tissue homeostasis.

7.1. Stem Cell-EVs: Allies in the Fight against Cardiovascu-
lar Diseases. Stem cells have been suggested as an ideal
novel therapeutic approach against cardiovascular diseases.

However, an important feature of this approach is that EVs
subsequently released from stem cells are a newly discovered
source of cardiovascular protection. Improved heart function
and vessel formation have been attributed to EVs released
from stem cells, largely due to their anti-inflammatory
and antiapoptotic effects (discussed below). Moreover, their
effects can equally be extended towards neovascularization
and cardiac regeneration.

Stem cell-EVs participate in the suppression of inflam-
matory responses in order to enhance cardiac functions.
For instance, MSC-EVs mediate cytoprotective actions in
a model of pulmonary hypertension by suppressing hyper-
proliferative pathways such as the signal transducer and
activator of transcription 3 (STAT3) pathway as well as
upregulating miRNAs that are downregulated during pul-
monary hypertension [128]. Moreover, MSC-EVs moderate
inflammatory reactions and rapidly ameliorate myocardial
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functions during ischemia/reperfusion injury, possibly by
restoring bioenergetics, activating PI3K/Akt pathway, and
triggering prosurvival signaling [129].

Cardiomyocyte progenitor cells (CPCs) have been shown
to stimulate the migration of endothelial cells as well as pro-
moting neovascularization that can potentially improve heart
function [130]. Recently, EVs secreted by human CPCs have
also been implicated with similar cardioenhancing functions
mainly through inhibiting apoptosis, promoting tube forma-
tion, and initiating angiogenesis in cardiomyocytic cells [111].
Furthermore, MSC derived EVs also protect cardiac tissue
from ischemic injury primarily by enhancing angiogenesis,
blood flow recovery, and reducing infarct size [131]. After
myocardial infarctions, they are linked with promoting
recovery of cardiac functions via the Akt signaling pathway
[132].

Ischemic preconditioning can potentiate the protective
effects of MSCs during ischemic cardiomyocytes (CMs)
injury. This is mainly achieved through the secretion of
EVs that deliver miRNAs with antiapoptotic effects [109].
Furthermore, EVs released by the heart after ischemic
preconditioning also contribute towards cardioprotection
[133]. Interestingly, heat shock proteins have been shown
to improve stem cell survival in an ischemic environment.
This therefore promotes a prosurvival phenotype in CMs
through heat shock factor-1 (HSF-1) and miR-34a interaction
that is found to be mediated by EVs [134]. Other than
proteins, MSCs are also capable of transferring antiapoptotic
miRNAs to CMs via EVs that transcriptionally repress the
expression of apoptotic genes, activate cell survival signaling
pathway, and ensure cardioprotection [110, 135]. Such delivery
of miRNAs could potentiate antiapoptotic effect of MSCs by
inhibiting PUMA (p53-upregulated modulator of apoptosis)
to promote cardiomyocyte survival [110].

Injured epithelial cells produce TGF-𝛽1-containing EVs
with defined genetic information able to activate fibroblasts,
which initiate tissue regenerative responses and fibrosis
[98]. Cardiac fibrosis is antagonized by stem cell-secreted
EVs, exhibiting a substantial protection against myocardial
infarction [109]. Furthermore, MSC-EVs have a replacement
or cytoprotective effect, thus demonstrating potential ther-
apeutic use in stem cell transplantation for the treatment
of pulmonary fibrosis [136]. Notably, ESC-derived EVs can
also effectively augment cardiac function in infarcted hearts
through enhanced neovascularization, cardiomyocyte sur-
vival, and reduced fibrosis after infarction. The underlying
basis for this beneficial effect was linked to the delivery of ESC
specific miR-294 to CPCs promoting increased survival, cell
cycle progression, and proliferation [112]. In addition, CD34+
stem cell-EVs also mediate the transfer of angiogenic factors
to the surrounding cells, whichmay be beneficial in achieving
functional recovery after ischemic injury [102]. Therefore,
stem cell-EVs from various different tissue locations with
their above mentioned healing properties have the potential
to act as significant therapeutic agents in the fight against
cardiovascular diseases.

7.1.1. Protective and Therapeutic Role against Kidney Injury.
MSCs have been implicated in protecting against renal

damage through their paracrine effects. By use of a genetic
fate-mapping technique, it has been shown that the recovery
from acute kidney injury (AKI) depends on the intrinsic
regenerative ability of tubular epithelial cells that undergo
mesenchymal dedifferentiation and reentry into cell cycle
[137]. Experiments performed by Bi et al. show that MSC
conditioned medium has the ability to mimic the effects of
MSC cells therefore indicating a paracrine form of action
[138].

Recent evidence has also demonstrated that MSC-EVs
could confer the paracrine actions of their parent cells and
therefore contribute towards renal protection as well. For
instance, Bruno et al. observed that humanMSC-EVs induce
recovery in a murine model of AKI in a manner comparable
to that of the cell of origin [139]. Furthermore, evidence of
mRNAs carried by EVs being translated into proteins has
also come to light in both in vitro and in vivo conditions
[139]. For example, Tomasoni et al. reported that MSC-EVs
mediated the transfer of human IGF-1R mRNA to murine
proximal tubular cells, which was subsequently followed by
the enhancement of cell sensitivity to the regenerative actions
of IGF-1 [100]. EVs from human umbilical cord-derived
MSCs (hUC-MSCs) have also been demonstrated to trigger
the ERK 1/2 pathway thereby inducing proliferation of tubular
cells and protection against cisplatin-induced apoptosis [140].

EVs from human adult MSCs exhibit protective proper-
ties against AKI, largely by inhibiting apoptosis and stimu-
lating proliferation of tubular epithelial cells [141]. This was
further confirmed by Bruno et al., who showed, in a cisplatin-
induced lethal model of AKI, that MSC-EVs enhanced the
survival of mice through the upregulation of antiapoptotic
genes and downregulation of proapoptotic genes [142]. This
increased expression was attributed partly to EV-mediated
miRNA transfer and in part due to the EV-triggered miRNA
transcription [143]. Moreover, miRNA-depleted EVs released
by Drosha knockdown MSCs failed to protect the kidney
from acute injury [144], indicating that miRNA content of
EVs is essential for their biological activity.

Using a mouse remnant kidney model, it was shown that
BMSC-EVs could have protective effects against renal injury
[145]. Furthermore, endothelial progenitor cell-derived EVs
exert a protective effect against mesangial cell injury during
Thy1.1 glomerulonephritis [146], andHLSC-derived EVs have
the potential to influence renal function and morphology, in
a manner comparable to the cells of origin [147]. Administra-
tion of MSC-EVs might also remarkably protect mice against
renal failure, probably by transferring selective patterns of
miRNAs fromMSC-EVs to target cells and protection against
EMT for restoration [148]. Hence, these studies concur on the
therapeutic ability of stem cell-EVs and their potential to be
applied as treatment for renal diseases in the future.

7.1.2. Recovering Lung and Liver Injuries. EVs from lung cells
have been shown to induce the expression of mRNAs coding
for lung specific proteins such as Clara cell protein and
aquaporin-5 and A-D surfactants in bone marrow cells [149].
Furthermore, this phenomenon is enhanced significantly
during lung injury [149].
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Acute and chronic lung injuries could in theory be recov-
ered through the paracrine actions ofMSC-EVswhich confer
a stem cell-like phenotype in injured cells for the activa-
tion of self-regenerative programs [99]. Moreover, ischemic
preconditioning can also potentiate the protective effects of
MSCs against endotoxin-induced acute lung injury through
the secretion of EVs [150].

HLSC-EVs may also have a role in accelerating the
morphological and functional recovery of injured cells during
liver damage, mainly through horizontal transfer of specific
mRNA subsets to recipient cells [151]. Recently, it has been
reported that transplantation of EVs released from hUC-
MSCs could reduce the surface fibrous capsules, soften
their textures, and alleviate hepatic inflammation in fibrotic
liver [103]. Moreover, it was observed that human liver
cells undergo typical EMT after induction with recombinant
human TGF-𝛽1, whereas MSC-EV treatment reverses the
expression of EMT-associated markers [103], indicating that
MSC-EVs could prevent liver fibrosis and ameliorate hep-
atocyte protection through EMT inhibition. Furthermore,
MSC-EVs appear to promote hepatic regeneration following
drug-induced liver injury, mainly through the activation of
proliferative and regenerative responses [152]. This therefore
demonstrates the ability of EVs to act as functional messen-
gers of stem cells.

7.1.3. Stem Cell-EVs and Neuroprotection. There are several
studies that have recently come to light that associate MSC-
EVs with a neuroprotective role along with stem cells.
For instance, EV-mediated transfer of miRNAs from MSCs
promotes neural plasticity and functional recovery of neu-
rons and astrocytes after treatment for stroke in rats [107].
Furthermore, EV-mediated delivery ofmiRNAs enhances the
expression of glutamate transporters, suggesting an efficient
route of therapeutic miRNA delivery to the brain. A recent
study by Raisi et al. reported that EVs produced from anti-
inflammatory MSCs enhanced sciatic nerve regeneration
in rats which could be potentially applied in peripheral
nerve cell therapy [153]. In addition, EVs from embryonic
cerebrospinal fluid have been reported to carry evolutionarily
conserved proteins andmiRNAs, which promote neural stem
cell proliferation [154].

Theprotective effects ofMSC-EVswere recently observed
against glutamate-induced excitotoxicity in rat pheochromo-
cytoma via a PI3K/Akt dependent pathway [104]. Investiga-
tion of a possible underlying mechanism for this protection
revealed that MSC-EVs were responsible for downregulating
Bax expression accompanied by reduced cleavage of caspase-
3, upregulation of Bcl-2 expression, and Akt phosphorylation
in glutamate-treated cells, therefore providing a prosurvival
fate for affected cells [104]. Transplantation of MSC-EVs
could therefore be a potential strategy to treat neuronal
diseases involving excitotoxicity.

MSC-EVs may also have effects on neurovascular plas-
ticity during traumatic brain injury by inducing endoge-
nous angiogenesis and neurogenesis and reducing neuronal
inflammation [155, 156]. Furthermore, a study by Katsuda et
al. has reported the role of human AT-MSCs derived EVs as
a novel therapeutic approach for Alzheimer’s disease (AD)

as they were found to be loaded with enzymatically active
neprilysin (NEP) that potentially contributes to amyloid-
𝛽 clearance in the brain [105]. These observations and
others therefore support the potential of stem cell-EVs as
a means of cell-free therapy against cerebral injuries and
neurological diseases.

In summary, stem cells induce regenerative programs
in injured tissues of different organs through EV-mediated
transfer of anti-inflammatory miRNAs and growth factors.
These, in turn, ameliorate the damage (Figure 3) by activating
different signaling pathways, which have an antiapoptotic
and angiogenic effect therefore significantly restoring the
bioenergetics, improving blood flow recovery, and inducing
stemlike phenotypes in injured organs.

The ability of EVs to mediate bidirectional intercellular
communication suggests that they could not only send infor-
mation from stem cells to injured cells but also communicate
from injured cells back to stem cells. In this regard, the
future clinical contributions of EVs could therefore be (1)
translocation of regenerative signatures at injured sites to
trigger repair process, (2) transmission of signals related to
tissue injury towards stem cells, to generate more progeny for
maintaining stem cell equilibrium and continuous supplies to
injured sites, and (3) EVs from injured tissues that could also
stimulate stem cells to acquire features of the injured cells.

8. Concluding Remarks and Future Perspective

Stem cell-EVs provide a new interpretation of stem cell
plasticity that is still a hotly debated topic [157]. EV-mediated
bidirectional exchange of information between progenitor
cells and tissue differentiated cells leads to phenotypic
changes that provide evidence of previously uncertain cell
plasticity. This could be beneficial to clinical implications of
EVs for future regenerative medicine.

Elucidating the contribution of stem cell-EVs in
premetastatic niche formation and biological characteristics
of the cancerous stromal elements may offer novel
targeting opportunities and have prognostic and predictive
values. However, monitoring the target complex tumor
microenvironment remains a technical challenge.

Moreover, the immunomodulatory features of MSC-EVs
could be extended in the treatment of immune diseases,
reducing potential safety risks originated from conventional
immunotherapy such as susceptibility to infection, immune
dysfunction, autoimmune responses, and/or increased risk of
developing cancer. Conceivably, EVs from immunoreactive
MSCs could be novel therapeutic tools against inflammation-
associated diseases [125].

Despite the improvements of surgical procedures in
organ transplantation and cell-based therapies in the last
decade, current methods present potential complications
(i.e., toxicity and organ rejection), which remains dismal for
improving long-term survival and reducing mortality. It is
therefore necessary to look for alternative and more reliable
procedures, which could potentiallyminimize associated risk
factors. In this regard, EV based cell-free therapy could be
a preferred option as it would improve patients’ outcome
considerably, by reducing the complications associated with
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Figure 3: Schematic representation of the regenerative effects of stem cell-derived EVs. MSCs use EVs to ameliorate tissue damage through
translocating growth factors, anti-inflammatory, antiapoptotic, and proangiogenicmolecules, to sites of injury where they induce and regulate
regenerative phenotypes.

cell-based treatments. For instance, ESC-EVs provide a novel
cell-free system that uses the immense regenerative power of
ES cells while avoiding the risks associated with direct ES or
ES-derived cell transplantation and risk of teratomas [112].
Furthermore, EVs have the ability to extend the therapeutic
effects and functions of stem cells in both a local and systemic
environment. Hence, the administration of stem cell-derived
EVs would reduce potential safety risks associated with
cellular therapy and/or transplantation surgery.

However, further studies are needed to define whether
EVs permanently or transiently change the “genetic finger-
print” of an injured target organ and the consequences of it.
Preliminary studies on acute kidney injury indicate a restora-
tion of a persistently normal renal molecular pattern after EV
treatment [144]. However, the effect may be dose dependent
and increasing doses of EVs may produce unwanted effects
as we observed in preliminary experiments with adipose-
derived MSCs.

As MSCs have the potential to differentiate into
other types of viable replicating cells, replacing their

transplantation with administration of MSC-EVs (which
mimic similar functions as MSCs) would reduce this
possibility and maintain the therapeutic benefits at the same
time. However, the mobilization of EVs and homing to
specific tissues are still a major concern. Given that EVs
express specific membrane receptors and proteins specific
to certain cell types [158], it may be possible to identify a
potential mechanism to direct EVs as well as stem cells to a
particular tissue. Receptor-ligand mediated interactions and
homing could also facilitate the cellular uptake of EVs and
their associated cargo by recipient injured cells. Furthermore,
as a reparatory response, the mobilization of EVs to injured
zones could be a result of dynamic interactions among
stromal elements. It is quite possible that, in response to
an injury or transplant, the enhanced release of EVs could
create a gradient that may educate them to mobilize to the
site of injury.

Since EVs aremore suitable formonitoredmanufacturing
processes, they could be engineered to express and deliver
regenerative signatures to target sites. However, a potential
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challenge is the lack of standardization of the existing tech-
nologies to isolate and characterize EVs for their effective
therapeutic utility. Therefore, a combination of different
high throughput methods could overcome the potential
limitations related to EV detection and characterization [5].
Particularly, the technologies for the isolation and character-
ization of stem cell-EVs must be improved and optimized
[159], ensuring the purity of EVs that is critical for developing
cell-free therapeutic strategies using stem cell-EVs in the
future.
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Trophoblast stem cells (TSCs) represent the multipotent progenitors that give rise to the different cells of the embryonic portion
of the placenta. Here, we analysed the expression of key TSC transcription factors Cdx2, Eomes, and Elf5 in the early developing
placenta of mouse embryos and in cultured TSCs and reveal surprising heterogeneity in protein levels. We analysed persistence of
TSCs in the early placenta and find that TSCs remain in the chorionic hinge until E9.5 and are lost shortly afterwards. To define the
transcriptional signature of bona fide TSCs, we used inducible gain- and loss-of-function alleles of Eomes or Cdx2, and 𝐸𝑜𝑚𝑒𝑠GFP,
to manipulate and monitor the core maintenance factors of TSCs, followed by genome-wide expression profiling. Combinatorial
analysis of resulting expression profiles allowed for defining novel TSC marker genes that might functionally contribute to the
maintenance of the TSC state. Analyses by qRT-PCR and in situ hybridisation validated novel TSC- and chorion-specific marker
genes, such as Bok/Mtd, Cldn26, Duox2, Duoxa2, Nr0b1, and Sox21. Thus, these expression data provide a valuable resource for
the transcriptional signature of bona fide and early differentiating TSCs and may contribute to an increased understanding of the
transcriptional circuitries that maintain and/or establish stemness of TSCs.

1. Introduction

Trophectoderm (TE) and inner cell mass (ICM) are the first
cell lineages that are specified at the 16- to 32-cell (morula)
stage around embryonic day 3 (E3.0) of mouse development
(reviewed in [1, 2]). Mutual negative feedback inhibition of
the two key transcription factors Cdx2 and Oct4 establishes
the lineages of Cdx2-expressing TE and Oct4-positive ICM
cells [3–6]. Multiple signals, including cell polarity, cell-
cell contacts, positional information, and Hippo signalling,
converge on the phosphorylation state of Yes-associated
protein (YAP). YAP forms a transcriptional complex with
TEAD4 to activate Cdx2 transcription in predominantly
outer, peripheral cells of the early embryo, thus priming

the TE programme [4–13]. Additional layers of regulation
ensure lineage restricted Cdx2 and Oct4 expression, such as
Notch-signalling, which cooperates with TEAD4 to directly
regulate Cdx2 expression [14]. Similarly, the transcription
factor AP2𝛾 promotes Cdx2 expression and downregulates
Hippo signalling [15]. GATA3 acts in parallel with CDX2
and downstream of TEAD4 to induce an overlapping set of
target genes in the trophoblast lineage [16]. Within the polar
TE,which is defined by its vicinity to the ICMat the blastocyst
stage (E3.5), a population of trophoblast stem cells (TSCs)
is established and maintained by ICM-derived Fgf- and
Nodal-signals, to generate the main cellular source for for-
mation of the embryonic part of the placenta [13, 17–20].
Following initial specification of TE fate by Cdx2-functions,
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additional transcriptional regulators, including Eomes [4]
and Elf5 [21], initiate expression in the TE lineage or become
specifically restricted to TE cells such as AP2𝛾 [22, 23].
Following implantation around E4.5, the polar TE gives
rise to the extraembryonic ectoderm (ExE), which contains
TSCs, and the ectoplacental cone (EPC), which mediates the
embryonic invasion into the decidual wall then connects the
embryo to the maternal uterus. TSCs retain their stem cell
characteristics, namely, self-renewal capacity and multipo-
tency, only in the polar TE and the ExE while cells of the
mural TE lack supportive signalling from the ICM and thus
differentiate to primary trophoblast giant cells (TGCs) [17].
TSC maintenance is controlled by transcriptional circuitries
involving Elf5 [24, 25], Ets2 [26], andAP2𝛾 [23, 27], which act
in positive feed forward loops tomaintainCdx2 and/orEomes
expression. After E7.5, the core set of TSC marker genes,
including Cdx2, Eomes, Elf5, and Esrr𝛽, remain expressed in
the chorion in addition to other embryonic and extraembry-
onic expression domains [24, 28–30].

TSCs can be routinely isolated and cultured from E3.5
blastocysts and E6.5 ExE explants under defined condi-
tions [17]. Assessing the potential to isolate cells with TSC
character beyond E6.5, Uy and colleagues have shown that
the frequency to obtain TSC clones increases until the 4-
somite pair stage (∼E8.0 to E8.25) but then rapidly drops and
no TSCs can be isolated following the 11-somite pair stage
around E8.5 to E8.75 [31]. The T-box transcription factor
Eomes was previously used to mark TSCs through different
developmental stages and expression of an Eomes::GFP BAC
transgene was detected until E14.5 in the outer periphery
of the murine placenta [32]. To date it was not clearly
shown until which embryonic stage cells with TSC character
are maintained in the TSC niche, which is functionally
defined by high levels of Fgf and Tgf𝛽 signals [17, 33]. In
addition toEomes [34] andCdx2 [35], also other transcription
factors share essential functions for TSC self-renewal and
multipotency including Elf5 [24], Esrr𝛽 [29], Ets2 [26], AP2𝛾
[23, 27, 36], and Sox2 [37]. A recent report demonstrated that
the functional loss of the histone demethylase Lsd1 in TSCs
results in premature migration of TSCs from their niche,
demonstrating additional requirements of proper epigenetic
regulation for the propagation of TSCs [38, 39].

In addition to their functional importance during TSC
maintenance, Cdx2 [3, 11], Eomes [3], Elf5 [25], Tead4 [11],
AP2𝛾 [23], andGata3 [16] also evoke lineage conversion from
mouse embryonic stem (mES) cells to the TE lineage when
overexpressed (reviewed in [40]). While the transcriptional
programme involving Cdx2, Eomes, Elf5, AP2𝛾, and Ets2
is key for the maintenance of the trophoblast stemness
state, genetic deletions of each of these transcription fac-
tors generate remarkable different embryonic phenotypes.
Cdx2-deficiency results in implantation defects [41], Eomes-
deficient embryos show early postimplantation [34], and the
deletions of Elf5 [24], Ets2 [26, 42, 43], or AP2𝛾 [36] lead to
postgastrulation lethality. This diversity in loss-of-function
phenotypes might indicate differential requirements of these
factors for the stemness maintaining regulatory circuitry.
Alternatively, different states of TSCs might exist with dif-
ferential developmental potential and distinct requirements

of transcriptional regulation, in analogy to different states
of pluripotency, such as that found in näıve or primed
pluripotent stem cells [39, 44].

In the current study, we have analysed the endoge-
nous expression of key stemness-maintaining factors, Cdx2,
Eomes, and Elf5, in the chorion of gastrulation stage embryos
to characterise TSCs by overlapping marker gene expression.
We traced Eomes expression through later gastrulation stages
and demonstrate that it is lost around E9.5 in the region
emanating from the chorionic hinge. Surprisingly, TSCmark-
ers consistently show heterogenous, partially nonoverlapping
expression in different areas of the late TSC niche, poten-
tially indicating different states of TSCs during placental
development.The analysis of TSCs cultured under stemness-
maintaining conditions additionally revealed heterogeneous
TSC marker expression in vitro, underscoring our findings
from embryonic analyses in the chorion. To determine the
transcriptional state that describes undifferentiated, bona fide
TSCs and to monitor transcriptional changes during early
TSC differentiation, we used genetic tools to manipulate
Eomes and Cdx2 expression in TSC cultures followed by
genome wide transcriptional profiling. First, we generated
TSCs that harbour an 𝐸𝑜𝑚𝑒𝑠GFP reporter allele, thereby
marking bona fide TSCs that were enriched by fluorescence
activated cell sorting (FACS) and forced towards differentia-
tion by removal of stemness maintaining conditions. Second,
we employed TSCs that allow for the inducible deletion of
Eomes gene function, and third we used inducible expression
of key TSC transcriptional regulators Cdx2 and Eomes in
mouse ES (mES) cells for the identification of downstream
target genes. Resulting differential expression profiles allow
for a detailed description of the TSC signature and the
changes during early differentiation, which might be directly
or indirectly regulated by a combination of Fgf- and Tgf𝛽-
signalling and the key regulatory factors of TSCs, Cdx2, and
Eomes.We used resulting expression profiles to identify novel
candidate TSC marker genes at stemness state. To validate
this approach, a handful of differentially expressed genes
were selected and tested by qRT-PCRs of bona fide TSCs
and during early differentiation. Additionally, expression of
novel candidates was analysed in the TSC compartment of
postimplantation embryos by in situhybridisation analysis. In
summary, this study characterises and describes the expres-
sion signature of TSCs within the embryo and in cultured
TSCs.

2. Materials and Methods

2.1. Cell Culture. Genetically modified TSCs were isolated
fromE3.5 blastocysts of animals carrying alleles for𝐸𝑜𝑚𝑒𝑠GFP

[45],𝐸𝑜𝑚𝑒𝑠CA [47], and R26CreER [58] according to standard
protocols [17]. TSCs cultured in stemnessmaintaining condi-
tions (SMC) were kept in 70% mouse embryonic fibroblast-
(MEF-) conditioned TSC-medium (MCM) supplemented
with hrFGF4 and heparin (F4H) on MEFs [17]. For dif-
ferentiation conditions (DC), TSCs were cultured in TSC-
medium without MCM and F4H on gelatinized plates with-
out feeder cells [17]. Cre-mediated excision of the conditional
𝐸𝑜𝑚𝑒𝑠

CA allele was induced by administration of 1𝜇g/mL
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4-hydroxytamoxifen (Sigma Aldrich, H7904) to the culture
medium for up to 3 days.

To generate mES cells that inducibly express Cdx2 or
Eomes in response to doxycycline administration, we per-
formed inducible cassette exchange (ICE) using A2lox.cre
mES cells [59] and the p2lox-V5 vector system using gateway
cloning (Invitrogen) [48]. Expression was induced by admin-
istration of 1𝜇g/mL doxycycline (Fargon, 137087) to the ES
cell culture medium composed of DMEM (Gibco, 11960),
15% ES cell-qualified FBS (Gibco, 16141), 2mM L-glutamine
(Gibco, 25030), 50U/mL penicillin/50 𝜇g/mL streptomycin
(Gibco, 15070), 0.1mM nonessential amino acids (Gibco,
11140), 1mM sodium pyruvate (Gibco, 11360), 0.1mM 𝛽-
mercaptoethanol (Sigma Aldrich, M7522), and 1,000U/mL
leukemia inhibitory factor (Merck Millipore, ESG1107).

2.2. Flow Cytometry. Single cell suspensions of 𝐸𝑜𝑚𝑒𝑠GFP

TSCs cultured in SMC were FACS-purified for GFPhigh cells
using aMoFlo Legacy cell sorter (BeckmanCoulter). Selected
cells were reseeded in SMC without MEF feeder cells for 24 h
before preparation of the RNA.

2.3. Immunofluorescence Staining of E7.5–E14.5 Tissue Sec-
tions. Whole decidua (E6.5–E8.5) or placenta (E10.5–E14.5)
was isolated from 𝐸𝑜𝑚𝑒𝑠GFP pregnant females on ice, washed
in PBS, and fixed in 4% PFA at 4∘C for 1 h (E6.5, E7.5)
or 3 h (E8.5–E14.5). Fixed tissues were rinsed in PBS and
successively transferred to 15% and 30% sucrose dissolved
in PBS until samples no longer floated. Tissues were sub-
sequently incubated in embedding medium (7.5% fish skin
gelatin, 15% sucrose) for 1 h at 37∘C and snap frozen in
liquid nitrogen. Frozen blocks were cut at 8 𝜇m sections
on a cryostat (CM3050s, Leica), and sections mounted on
SuperFrost Plus slides (R. Langenbrinck, 03-0060). Washing
steps, blocking, incubation with primary and secondary
antibodies, and DAPI staining were performed as described
for immunofluorescence on TSCs.

2.4. Immunofluorescence Staining on TSCs. TSC cultures
were grown on coverslips coated with 0.1% gelatin, briefly
rinsed in PBS, and fixed in 4% PFA for 30min on ice. Fixed
cells were washed with PBS containing 0.1% Tween-20 (PBS-
T), blocked for 1 h in PBS-T with 5% bovine serum albumin
(BSA-T), and incubated with primary antibodies (Supple-
mentary Table S1 available online at http://dx.doi.org/10.1155/
2015/218518) in 5% BSA-T over night at 4∘C. After washing off
the primary antibodies, samples were incubated for 45min
at RT with conjugated secondary antibodies (Supplementary
Table S1) diluted in 5% BSA-T. Cells were counterstained for
10min at RT with DAPI diluted 1 : 1000 in PBS and mounted
with Fluoromount-G. Fluorescent images were captured on a
Zeiss Axiovert 200M, equipped with a 20x Plan-Apochromat
objective. Displayed images were eventually merged and
brightness adjusted using Adobe Photoshop CS5 software.

2.5. RNA Preparation for Microarray and Quantitative RT-
PCR. Total RNA was purified from TSC and ES cell culture
dishes using the RNeasy Mini Kit (QIAGEN, 74104) using
350 𝜇L RLT lysis buffer per 6 cm culture dish. On-column

DNaseI digestionwas applied andRNAeluted in 50 𝜇LRNase
free water, yielding concentrations of 179–1.686 ng/𝜇L RNA.

2.6. Microarray and Analysis of Microarray Data. To identify
genes overrepresented in TSCs, gene expression datasets
obtained from the microarray were sorted for highest nega-
tive (𝐸𝑜𝑚𝑒𝑠GFP TSC differentiation and 𝐸𝑜𝑚𝑒𝑠CA) or positive
(induced Eomes or Cdx2 expression) fold changes. Resulting
lists from induced Eomes deletion or induced Cdx2 or
Eomes expression were additionally filtered for genes that
were regulated at least 1.5-fold when compared to respective
controls. Only genes with 𝑝 values ≤ 0.05 were considered
for further analyses. Finally,median expression values ofmES
cell- and TSC-based experimental subsets were calculated for
each gene. Gene lists were compared by Venn diagrams using
the Manteia data mining system (http://manteia.igbmc.fr/).

2.7. Validation by Quantitative RT-PCR and Statistical Anal-
yses. For reverse transcription, the QIAGEN QuantiTect
Reverse Transcription Kit (205311) was used according to the
protocol with an input of 1.0𝜇gRNAper sample.Quantitative
PCR was carried out in triplicate from three independent
experiments, using the Roche Light Cycler 480 (SN: 1126)
detection system and the Light Cycler 480 DNA SYBR Green
I Master kit (Roche, 04707516001) and the primers listed in
Supplementary Table S2. 36B4 and 𝛽cat served as reference
genes. mRNA expression levels over time were calculated
relative to day 0 which was set to 1. Statistical analyses were
performed using a two-sided Student’s 𝑡-test and the standard
error of themeanwas calculated for each dataset consisting of
biological triplicates in technical triplicates each, individually.

2.8. Validation by In Situ Hybridization. Deciduae contain-
ing embryos were dissected and fixed in 4% PFAin PBS,
dehydrated through ethanol series, and embedded in paraffin
before 8 𝜇M sections were prepared on a Leica RM2165
microtome. In situ hybridization on paraffin sectionswas per-
formed according to standard protocols [60] using Bok/Mtd-,
Cldn26-, Cyp26a1-, Duox2-, Duoxa2-, Eomes-, Nr0b1-, and
Sox21-specific probes. Eosin counterstaining was performed
according to standard protocols [60].

2.9. Animals. All mice were housed in the pathogen-free
barrier facility of the University Medical Centre Freiburg in
accordance with the institutional guidelines and approval by
the regional board.

3. Results

3.1. Bona Fide TSCs Are Marked by Coexpression of Eomes,
Cdx2, and Elf5 and Are Lost from the Chorionic Hinge
around E9.5. To investigate the spatial and temporal dis-
tribution of TSCs during placentogenesis, we performed
detailed immunofluorescence (IF) staining using antibod-
ies specific for EOMES, CDX2, and ELF5, in combination
with a previously described 𝐸𝑜𝑚𝑒𝑠GFP reporter allele [45].
EOMES protein and the GFP-reporter can be detected in the
TSC compartment of the extraembryonic ectoderm (ExE),
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in the primitive streak (PS), and in the visceral endoderm
(VE) during early gastrulation at E6.5 (Figures 1(a)–1(a))
[45]. One day later, at E7.5 Eomes expression is refined to a
subregion of the chorion, which we refer to as the chorionic
hinge (ChH), and expression is gradually reduced in the
remainder of the chorion (Figure 1(b)). CDX2 colocalizes
with EOMES within the chorion at E7.5 but, unlike EOMES,
the staining intensity shows no gradual changes and is
uniform throughout the entire chorion (Figure 1(b)). CDX2
is additionally found in the extraembryonic mesoderm of the
allantois (Figure 1(b)). Finally, we stained for expression of
Elf5, which acts in the transcriptional circuitry thatmaintains
TSC stemness by positive feed-forward regulation of Eomes
and Cdx2 expression [25]. Strongest ELF5 staining was
detected in the ChH and the distal portion of the ectoplacen-
tal cone (EPC) facing the ectoplacental cavity while reduced
levels are found throughout the remainder of the chorion and
the proximal EPC (Figure 1(c)). At E8.5, EOMES expressing
cells are remaining within the tip of the ChH, which is
detached from the surrounding tissues, while the central part
of the chorion has started to fuse with the allantois and the
EPC (Figures 1(d)–1(d)). EOMES-positive cells are almost
entirely lost around E9.5 from the forming placenta (Figures
1(e) and 1(e)) with only little EOMES staining in a region
emanating from the former ChH (Figure 1(e)). Following
E10.5 placental EOMES staining could not be detected, apart
from single EOMES positive cells that most likely represent
placental natural killer cells (Figures 1(e) and 1(f)) [46].
In summary, these detailed marker analyses suggest that
EOMES-positive TSCs remain in the chorionic hinge as the
functional stem cell niche of TSCs until E9.5 and are not
found at later time points.

3.2. TSCs in Culture ShowHeterogeneous Staining for Stemness
Factors and Can Be Identified by High Levels of the 𝐸𝑜𝑚𝑒𝑠𝐺𝐹𝑃
Reporter Expression. TSCs can be cultured under conditions
of continuous stimulation with Fgf- and Tgf𝛽- growth factors
for extended periods of time and multiple passages [17, 33].
However, TSCs in vitro exhibit an eminent tendency towards
spontaneous differentiation and in stemness-maintaining
conditions about 5–10% of TSCs differentiate towards the
trophoblast giant cell fate, indicated early by an increase in
nuclear and total cell size. TSC cultures thus intrinsically
contain heterogeneous cell types to various degrees. To study
the degree of heterogeneity in cultured TSCs, we first inves-
tigated the coexpression of TSC markers using antibodies
against CDX2, EOMES, and ELF5 in TSCs cultured on
feeder layers of mouse embryonic fibroblasts (MEF) in the
presence of MEF-conditioned TSC-medium (MCM), human
recombinant FGF4 (hrFGF4), and heparin (F4H) (Figures
2(a)–2(c)).Double-IF staining for EOMES andCDX2 showed
a surprising degree of mutual staining. Predominantly, cells
at the periphery of colonies showed strong CDX2 staining,
while only very weak EOMES signal could be observed.
These CDX2 positive cells exhibited a markedly enlarged
nucleus in comparison to CDX2 and EOMES double positive
cells, indicating that they may have differentiated from TSCs
that normally present as cells with small nuclei and cell
bodies. Colabelling for EOMES and CDX2 (Figure 1(a)), as

well as EOMES and ELF5 (Figure 1(b)), and CDX2 and ELF5
(Figure 1(c)) was very consistently found in small cells, likely
representing bona fide TSCs. In larger, more differentiated
cells, the CDX2 signal is only partially overlapping with
EOMES and ELF5 (Figures 1(a) and 1(c)), while ELF5- and
EOMES-staining are predominantly overlapping in all cell
types (Figure 1(b)).

To allow for the analysis of TSCs that harbour a stemness-
indicating reporter gene, we generated TSCs from E3.5
blastocysts carrying the 𝐸𝑜𝑚𝑒𝑠GFP knock-in allele [45].
To characterize resulting 𝐸𝑜𝑚𝑒𝑠GFP TSCs, we compared
GFP-reporter expression with 𝛼-EOMES antibody staining.
𝐸𝑜𝑚𝑒𝑠

GFP reporter and EOMES protein expression widely
overlap and highest levels of EOMES protein staining were
reflected by strongest reporter activity (Figure 2(d)). As an
exception, cells undergoing mitosis loose nuclear EOMES
staining, while cytoplasmic GFP expression remains clearly
detectable. Highest levels of GFP-reporter expression were
found in populations of small cells that morphologically
qualify for bona fide TSCs. In summary, our marker analysis
in cultured TSCs demonstrates that only the combination of
multiple stemness markers allows for unambiguous identifi-
cation of bona fide TSCs. However, the generation of TSCs
carrying the𝐸𝑜𝑚𝑒𝑠GFP allele is a suitable tool for the isolation
of pure populations of undifferentiated TSCs (GFPhigh) that
are characterised by high-level expression of Eomes.

3.3. Variable Experimental Setups Delineate the Transcrip-
tional Characteristics of Bona Fide TSCs. 𝐸𝑜𝑚𝑒𝑠GFP TSCs
allow for the enrichment of GFPhigh cells representing fully
undifferentiated and thus bona fide TSCs.These should serve
as a suitable source to delineate the transcriptional signature
of TSC stemness. Eomes maintains TSCs in an undifferenti-
ated state and the genetic deletion of Eomes prohibits TSC
maintenance and induces differentiation [34, 41]. In reverse,
the expression of Eomes or Cdx2 (and other factors) in mES
cells initiates the transcriptional programme that induces
lineage conversion towards the TSC lineage [3]. To define the
transcriptional signature of TSCs in their bona fide stemness
state downstreamofEomes andCdx2, we thus employed three
experimental settings followed by genomewide expression
analyses (Figure 3). First, we enriched 𝐸𝑜𝑚𝑒𝑠GFP TSCs for
GFPhigh cells and compared cells under stemnessmaintaining
culture conditions with cells that were differentiated by with-
drawal ofMCM, F4H, andMEFs by gene expression profiling
at daily intervals over a period of three days (Figure 3(a)). In
the second approach, we inducedCre-mediated gene deletion
in TSCs that homozygously carry an Eomes conditional
allele in combination with a tamoxifen- (Tx-) inducible Cre-
estrogen receptor fusion (𝐸𝑜𝑚𝑒𝑠CA/CA; R26CreERT) [47] and
monitored gene expression at 24 h intervals for three days
(Figure 3(b)). The recombination efficiency was monitored
by PCR (Figure 3(b)) and EOMES levels by Western blot,
showing that EOMES protein was almost absent for 24 h after
Tx-administration (Figure 3(b)). Third, to identify genes
that are positively regulated by Eomes or Cdx2, we gener-
ated mES cells with inducible overexpression of both tran-
scription factors. mES cells with inducible expression were
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Figure 1: EOMES colocalizes with TSC markers CDX2 and ELF5 in the E7.5 chorionic hinge and expression is lost around E9.5.
Immunofluorescence staining shows nuclear EOMES and 𝐸𝑜𝑚𝑒𝑠GFP reporter expression in (a–a) the visceral endoderm (VE), the primitive
streak (PS), and the extraembryonic ectoderm (ExE) at E6.5, (b) within the chorion (Ch) and the chorionic hinge at E7.5, and (d–d) in the
chorion at E8.5. Asterisks in (a) indicates unspecific signals in extraembryonic tissues. (b and b) TSCmarkers EOMES and CDX2 colocalize
in cells of the chorion at E7.5. EOMES staining is most prominent in the chorionic hinge and shows a gradient along the chorion, while
CDX2 does not show graded reduction along the chorion. (c) ELF5 similarly localizes to the chorion with strongest staining in the chorionic
hinge and additionally expands into the ectoplacental cone (EPC) adjacent to the ectoplacental cavity (EPCav). (e, e) Faint EOMES staining
can be detected at E9.5 in the region emanating from the chorionic hinge, and (f, f) staining is entirely lost at E10.5. (e) EOMES can be
additionally found in parietal trophoblast giant cells (pTGC) and natural killer cells (NK) at E9.5. Al, allantois; EPC, ectoplacental cone;
EPCav, ectoplacental cavity ExE, extraembryonic ectoderm; Ch, chorion; ChH, chorionic hinge; Pl, placenta; PS, primitive streak; pTGC,
parietal trophoblast giant cells VE, visceral endoderm; NK, NK cells.
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Figure 2: TSCs in culture exhibit heterogeneous patterns of EOMES, CDX2, and ELF5 staining which is recapitulated by 𝐸𝑜𝑚𝑒𝑠GFP reporter
expression. Cultured TSCs are colabelled with antibodies against EOMES, CDX2, and ELF5 or the 𝐸𝑜𝑚𝑒𝑠GFP knock-in reporter allele. (a)
EOMES staining and CDX2 staining largely overlap in TSCs of small size, which morphologically match undifferentiated TSCs (solid boxed
region), but staining diverges in enlarged cells (dashed boxed region). (b) ELF5 and EOMES immunostaining widely labels the same cells,
and accordingly (c) ELF5 and CDX2 do not colocalize in enlarged cells ((c), dashed boxed region). (d) EOMES protein levels and 𝐸𝑜𝑚𝑒𝑠GFP
reporter expression closely correlate and highest fluorescence intensities are found in cells with strongest EOMES staining.

generated by site-specific introduction of cDNAs including
an N-terminal fusion to a V5-tag [48] into the engineered
doxycycline-inducible Hprt locus of p2lox mES cells using
inducible cassette exchange (ICE) [49]. Resulting mES cells
allow for temporally regulated and moderate overexpression
levels of Eomes orCdx2 inmES cells asmonitored byWestern
blot (Figures 3(c) and 3(c)). Expression profiles of mES
cells were performed before doxycycline induction and at 24
and 48 h following induced expression to identify the early
induced genes downstream of Eomes or Cdx2 that initiate
lineage conversion of mES cells towards the TE lineage.

All three experimental settings were subsequently used for
gene array based transcriptional profiling (see Supplementary
Table S3).

3.4. Comparative Expression Profiling Reveals the Transcrip-
tional Signature of TSCs. To reveal the transcriptional sig-
nature that constitutes and/or maintains a stable TSC state
downstream of the key transcription factors Eomes and
Cdx2, we performed a combined analysis of our independent
gene array datasets and identified those genes that showed
differential expression in multiple experiments (Figure 4 and
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mES cells with inducible expression of Eomes or Cdx2. (a) For the expression profiling of bona fide TSCs and early stages of differentiation,
𝐸𝑜𝑚𝑒𝑠

GFP TSCs were FACS-enriched for GFPhigh cells and forced towards differentiation by withdrawal of stemness maintaining conditions
for 3d. (b) For the identification of Eomes-regulated target genes, TSCs harbouring Eomes conditional alleles (𝐸𝑜𝑚𝑒𝑠CA) in combination with
a tamoxifen-inducible Cre-estrogen receptor allele (R26CreER) were used for conditional inactivation in vitro. Cells were tamoxifen-treated
for 24 h and (b) Cre-mediated excision was monitored by genotyping PCR, and (b) presence of EOMES protein was analysed by Western
blot. (c) To transcriptionally profile the initiation of Eomes- and Cdx2-induced target genes during ES cell to TSC conversion, mES cells
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Supplementary Table S4). All experimental interventions
resulted in gross changes of differential gene expression that
were defined by changes in expression above 1.5-fold with a
𝑝 value below 0.05 in three biological replicates and a mean
level of gene expression above a set background threshold. To
identify genes that showed differential expression in multiple
experiments, we analysed the intersections of genes that
were among (1) the 300 most downregulated genes during

differentiation of FACS-enriched EomesGFP-high TSCs, (2) the
189 genes that were downregulated following induced Eomes
deletion, (3) the 300 genes that showed the highest relative
expression in TSCs compared to mES cells as assessed by
the ratio of median expression values in TSCs to the median
expression values in mES cells, (4) the 498 genes that were
upregulated in response to induced Cdx2 expression, and (5)
the 147 genes that were upregulated in response to induced
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Figure 4: Comparative gene expression analysis reveals candidate TSC marker genes. (a) Genome-wide expression analysis generated five
data sets of differentially expressed genes resulting from different experimental settings as shown in Figure 3. (1) The first group contains
regulated genes after 3 days of differentiation of 𝐸𝑜𝑚𝑒𝑠GFP-high FACS-enriched TSCs when compared to undifferentiated 𝐸𝑜𝑚𝑒𝑠GFP-high TSCs.
(2) The second group represents differentially regulated genes 3 days following Eomes gene deletion in TSCs (LOF, loss-of-function). (3)
The third group comprises genes which show significantly increased or decreased median expression in TSCs versus mES cells, (4, 5) and
the fourth and fifth group are differentially expressed genes 2 days after induced expression of Cdx2 or Eomes, respectively. The bar chart
indicates numbers of differentially expressed genes for each gene group. (b–d) Venn diagrams indicate groups of intersecting, differentially
expressed genes.The genes of resulting groups are listed in the table below eachVenn diagram. (b) Comparison between the 300most strongly
downregulated genes in differentiating 𝐸𝑜𝑚𝑒𝑠GFP FACS-enriched TSCs, the 189 genes downregulated following Eomes deletion, and the 300
genes with highest expression ratio between TSCs and mES cells. Of note, Cdx2, Eomes, and Elf5 expression levels decrease during TSC
differentiation. The loss of Eomes function does not significantly reduce Cdx2 expression after 3d. In (c) the set of differentially regulated
genes after Eomes gene deletion was exchanged with those 498 genes that were upregulated following Cdx2-induction in mES cells. In (d)
genes that were induced by Eomes or Cdx2 expression in mES cells were compared to 300 genes with the highest expression ratio in TSCs
versus mES cells. Note that Eomes is neither significantly upregulating Elf5 nor Cdx2 expression. Differences in number of genes listed in (a)
and in (b–d) result from genes with multiple transcripts but identical gene symbols. The selected cut-off criteria for genes to be included in
datasets were a positive or negative fold change ≥ 1.5 in response to treatment and a 𝑝 value ≤ 0.05. Genes selected for further analyses are
highlighted in blue, core genes of the TSC positive feedback loop in red, and genes that were previously identified as TSC markers in orange.
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Eomes expression in mES cells (Figure 4 and Supplementary
Table S4). The intersections of differentially expressed genes
are represented in Venn diagrams and corresponding groups
of genes are listed in tables (Figures 4(b)–4(d) and Supple-
mentary Table S4).

In a first comparative analysis, we investigated the inter-
section of those genes that were (1) downregulated in dif-
ferentiating 𝐸𝑜𝑚𝑒𝑠GFP-high TSCs, (2) downregulated in TSCs
following induced deletion of Eomes, and (3) presented with
a high relative expression in TSCs in comparison tomES cells
(Figure 4(b)). 16 genes (group G) matched these criteria and
thus were considered candidate Eomes target genes, which
are lost during differentiation of TSCs. Within this group
were the known specific TSC markers, Elf5, and Eomes itself.
Additionally, this group contained novel genes that were not
previously described in TSCs, such as Duox2 and Duoxa2
or Cldn26. Cdx2 was not included in the intersection, since
the deletion of Eomes caused only a mild reduction of Cdx2
within the short time interval of the experiment.

Next, we compared genes that were (1) downregulated
during differentiation of 𝐸𝑜𝑚𝑒𝑠GFP-high TSCs, that were (4)
positively regulated by Cdx2 in mES cells, and that were (3)
TSC-specific (Figure 4(c)). The resulting group of 15 genes
included Eomes, Elf5, and Cdx2 itself.

To compare the early transcriptional changes induced
by Cdx2 or Eomes that initiate the conversion of mES
cells to TSC-like cells, we analysed the intersecting TSC-
specific genes (3) that were upregulated following two days of
Cdx2 (4) or Eomes (5) induction (Figure 4(d)). Surprisingly,
except for Eomes, none of the known TSC factors was
significantly upregulated by both Cdx2 and Eomes after two
days of induced expression. However, this might reflect the
previous observations that Eomes is not as effective during
the conversion of mES cells to TSCs in comparison to Cdx2.
WhileCdx2 expression initiates TSC-specific gene expression
within 48 hours, including upregulation of Eomes and Elf5,
Eomes expression fails to effectively induce TSC-specific
genes within the 2-day interval, despite positive regulation
of published Eomes targets, such as Fgf5, Mesp2, and Mixl1
[50, 51].

To validate the gene array data of differentially expressed
genes, we performed quantitative RT-PCRs for established
TSC marker genes and selected genes that were at inter-
sections of differentially regulated genes in more than one
experiment. To validate specific expression in bona fide
TSCs, we compared expression levels in FACS-enriched
𝐸𝑜𝑚𝑒𝑠

GFP-high TSCs with levels during forced differentiation
by removal of stemness maintaining conditions (Figure 5).
All tested known and novel TSC marker genes showed
highest expression in undifferentiated TSCs and significantly
reduced levels following induction of differentiation with
changes in expression over a minimum of two magnitudes
(Figure 5).

3.5. NovelMarkerGenes Label TSCs duringDevelopment of the
Early Placenta. To generally validate if the approach revealed
novel markers for TSCs during embryonic development,
candidate genes were further analysed by in situ hybridisation
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Figure 5: Genes identified by expression arrays and comparative
analyses are downregulated during TSC differentiation when val-
idated by qPCR. mRNA expression levels for genes selected by
dataset comparisons were quantified at 24 h intervals by qRT-PCR
of undifferentiated FACS-enriched 𝐸𝑜𝑚𝑒𝑠GFP-high TSCs at day 0 (d0)
and after forced differentiation for three days (d1–d3). Expression
levels are depicted as means of biological triplicates relative to d0,
which was set to 1. All genes were significantly (𝑝 value ≤ 0.05)
downregulated at different time points unless indicated otherwise
(n.s., not significant). Error bars indicate the standard error of the
mean. 𝑝 values were calculated according to two-sided Student’s 𝑡-
test. All marker genes show grossly reduced expression during the
course of 3 days of differentiation.

using histological sections of E7.5 embryos. We focused on
genes with previously unknown functions in the murine TE,
such as Bok/Mtd, Duox2, Duoxa2, Nr0b1, and Sox21. To our
knowledge, specific surface markers for TSCs that would
allow for antibody-mediated FACS-sorting have not been
identified so far.Thus, we additionally analysed expression of
the transmembrane protein-coding gene Cldn26 (Tmem114).
For Sox21, it was shown that it is involved in the regulation of
intestinal and pluripotent stem cells and is induced by Sox2,
an important stem cell factor in bothmES cells and TSCs [52,
53]. Accordingly, Sox21 was also included into the following
analysis. Expression of Cyp26a1 in the trophectoderm was
previously described and together with Eomes served as a
positive control for expression in the chorion. Of the seven
tested novel marker genes, six showed expression in entire
chorion (Bok, Cldn26, and Sox21) or were more specifically
restricted to the chorionic hinge (Nr0b1,Duox2, andDuoxa2)
(Figure 6).

In conclusion, the in situ hybridisation analysis revealed
that the multimodal expression profiling of TSCs in culture
serves as a valuable resource for the identification of novel
TSCmarker genes in vitro, but also for TSCs of the developing
placenta.

4. Discussion

In the present report we describe a resource for the tran-
scriptional signature of TSCs. We used genetically modified
TSCs andmES cells to experimentally interfere with stemness
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Figure 6: Differentially expressed genes show regional specific expression in the chorion of E7.5 embryos. In situ hybridisation analysis on
sagittal sections of E7.5mouse embryos reveals specific expression of Eomes as positive control and novel TSCmarker genes Bok/Mtd,Cldn26,
Cyp26a1, Duox2, Duoxa2, Nr0b1, and Sox21, in the entire chorion, or limited expression in the chorionic hinge (indicated by arrowheads).
AlB, allantoic bud; Ch, chorion; PS, primitive streak; VE, visceral endoderm. Scale bar: 200 𝜇M.

maintaining regulation of TSCs downstream of Eomes and
Cdx2, followed by the assessment of transcriptional changes.
The combined analysis of expression data resulted in a
comprehensive list of candidate TSC marker genes, of which
a handful were tested and positively validated for their
specific expression in cultured undifferentiated TSCs and in
the chorion of the gastrulating embryo. Thus, the presented
expression data will serve as a valuable resource for further
studies of stemness maintaining regulatory circuitries of
TSCs.

Using TSCs that harbour the 𝐸𝑜𝑚𝑒𝑠GFP reporter allele
allowed for the purification of GFPhigh TSCs that by mor-
phology and in their transcriptional signature likely resem-
ble bona fide TSCs without contaminating early differ-
entiating TSCs that are normally found in TSC cultures.

Corresponding expression data of GFPhigh TSCs thus resem-
ble the actual signature of bona fide TSCs, underscored by
the rapid, gross, and early changes in gene expression that
we found during their differentiation. Expression profiles
of TSCs in stemness maintaining conditions and during
induced differentiation, either by removal of MCM and F4H
or by genetic interference with the TSC regulatory circuitry,
were previously reported and had revealed partially overlap-
ping gene lists [53–55]. However, the validation of candidates
from our comparative expression analysis identified several
additional and novel TSC marker genes. Among those is the
transcription factor Sox21 that is strongly expressed in the
chorion of the E7.5 embryo and is downregulated during
differentiation of TSCs in culture. Interestingly, it was previ-
ously demonstrated that Sox21 is induced by Sox2, and, unlike
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Sox2 [53], Sox21 negatively regulates transcription of Cdx2 in
mES and colon cancer cells [52]. This obvious difference in
expression in mES cells and TSCs makes Sox21 an interesting
candidate that, like Sox2 [53], might act differently in the
circuitry of TSC and mES stemness factors. Functions of
Sox21 and other novel candidates in TSC biology and TE
development will be addressed in ongoing studies.

The importance ofCdx2 as lineage determining transcrip-
tion factor was apparently demonstrated by the ability to
convert mES cells to TSCs when overexpressed in mES cells
[3], even though more recent studies suggest that this lineage
conversion might not be complete at the phenotypic, tran-
scriptional, and epigenetic level [56]. Eomes similarly has the
capacity to induceTSC fate; however,Eomes seems less potent
and possibly induces even less complete lineage conversion
[3].This notion is underscored by our datasets, which display
more profound transcriptional responses following Cdx2 in
comparison to Eomes expression, when induced from the
identical doxycycline-inducible locus. This difference might,
at least partially, arise from the reduced induction of Elf5
in Eomes-expressing mES cells which is known as a central
component of a positive feed-forward regulation of the core
TSC circuitry [25].

While both CDX2 and EOMES were previously used as
markers for TSCs, coimmunofluorescence staining of cul-
tured TSCs revealed a remarkable heterogeneity of labelling.
Only a subset of TSCs that can be morphologically dis-
tinguished by a small cell and nucleus size consistently
showed colabelling of CDX2 and EOMES, together with
ELF5. We suspect that these cells resemble bona fide TSCs.
It will require further fate analysis to reveal if the presence
of individual key TSC factors primes future fate decisions,
similar to lineage specifying roles of key pluripotency factors
during embryonic development and in differentiating mES
cells [50, 57]. It is noteworthy that EOMES is also detected
in parietal trophoblast giant cells (pTGC) (Figure 1(e)) and
thus it is tempting to speculate that differentiation towards the
trophoblast giant cell lineage might be promoted by EOMES.

The immune-detection of EOMES, CDX2, and ELF5 in
the chorion at late gastrulation stages revealed the presence
of TSCs until E9.0–E9.5 in the remaining chorion, and
the absence of EOMES-positive cells at later stages. These
findings are in line with studies byUy et al. that demonstrated
the presence of TSCs that can be isolated and cultured
until the 11-somite stage but not afterwards [31]. Another
report that used an Eomes::GFP BAC-transgenic reporter
[32] detected GFP positive cells in the margins of the E14.5
placenta. However, the nature of these cells was not defined in
detail. We were unable to detect similar cells using EOMES-
antibody staining. Thus, we conclude that TSCs are indeed
only maintained until E9.5 in the remaining portions of
the chorion from which they can be isolated as previously
reported [31].

In summary, this study contributes to the characterisation
of TSCs during early phases of placentogenesis and of TSCs
in culture. We demonstrate that TSCs exhibit a remarkable
degree of heterogeneity with respect to protein levels of key
TSC transcription factors. TSCs are lost around E9.5 from
their stem cell niche in the chorion. We used complementary

genetic tools of cultured TSCs and ES cells to determine the
transcriptional profile of TSCs in their fully undifferentiated
and early differentiating state. Comparative analysis revealed
several new TSC marker genes. Presented data can be used
as a valuable resource for future studies of TSCs and the
corresponding transcriptional regulatory network.
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and S. J. Arnold, “The T-box transcription factor Eomeso-
dermin acts upstream of Mesp1 to specify cardiac mesoderm
during mouse gastrulation,” Nature Cell Biology, vol. 13, no. 9,
pp. 1084–1092, 2011.

[52] A. N. Kuzmichev, S.-K. Kim, A. C. D’Alessio et al., “Sox2 acts
through Sox21 to regulate transcription in pluripotent and
differentiated cells,” Current Biology, vol. 22, no. 18, pp. 1705–
1710, 2012.

[53] K.Adachi, I.Nikaido,H.Ohta et al., “Context-dependentwiring
of Sox2 regulatory networks for self-renewal of embryonic and
trophoblast stem cells,” Molecular Cell, vol. 52, no. 3, pp. 380–
392, 2013.

[54] B. L. Kidder and S. Palmer, “Examination of transcriptional
networks reveals an important role for TCFAP2C, SMARCA4,
and EOMES in trophoblast stem cell maintenance,” Genome
Research, vol. 20, no. 4, pp. 458–472, 2010.

[55] D. J. Pearton, C. S. Smith, E. Redgate, J. van Leeuwen, M. Don-
nison, and P. L. Pfeffer, “Elf5 counteracts precocious trophoblast
differentiation by maintaining Sox2 and 3 and inhibiting Hand1
expression,”Developmental Biology, vol. 392, no. 2, pp. 344–357,
2014.

[56] F. Cambuli, A. Murray, W. Dean et al., “Epigenetic memory of
the first cell fate decision prevents complete ES cell reprogram-
ming into trophoblast,” Nature Communications, vol. 5, p. 5538,
2014.

[57] M. Thomson, S. J. Liu, L.-N. Zou, Z. Smith, A. Meissner, and
S. Ramanathan, “Pluripotency factors in embryonic stem cells
regulate differentiation into germ layers,”Cell, vol. 145, no. 6, pp.
875–889, 2011.

[58] M. Vooijs, J. Jonkers, and A. Berns, “A highly efficient ligand-
regulated Cre recombinase mouse line shows that LoxP recom-
bination is position dependent,” EMBOReports, vol. 2, no. 4, pp.
292–297, 2001.

[59] M. Iacovino, D. Bosnakovski, H. Fey et al., “Inducible cassette
exchange: a rapid and efficient system enabling conditional gene
expression in embryonic stem and primary cells,” Stem Cells,
vol. 29, no. 10, pp. 1580–1588, 2011.

[60] A. Nagy, M. Gertsenstein, K. Vintersten, and R. Behringer,
Manipulating the Mouse Embryo: A Laboratory Manual, Cold
Spring Harbor Laboratory Press, 3rd edition, 2003.




