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Stem cells have been used in the clinic for very specific
pathologies, but research has been conducted to develop
new therapies for a wider range of human diseases. Cur-
rently, there is a great need for step-by-step investigations
that consider all aspects related to cell therapy in disease-
specific contexts. The objective of this special issue is to bring
together timely reviews as well as original papers on different
aspects related to the use of stem cells or their progeny
in transplantation procedures that can positively modify
degenerating or accidentally damaged tissues and organs.
A considerable number of manuscripts were submitted,
and after peer review, eight papers were published. The
topics of these papers are diverse, including the generation
of immortalized cells with inducible systems, the biological
behavior of transit-amplifying cells, the expansion capacity
of mesenchymal cells over hematopoietic cells, and the influ-
ence of growth factors in the maintenance of a differentiated
phenotype. Regarding transplantation procedures, the non-
immunogenic intrauterine grafting of muscle cells and cell
replacement therapies for retinal degenerative conditions
are reviewed. Evaluation scales to assess the effects of thera-
pies including cells and biocompatible support agents after
damage to the spinal cord are also discussed. Grafting of plu-
ripotent stem cell products poses a risk for the development

of teratomas; thus, several factors were studied to identify
strategies to eliminate tumorigenic cells. We think that
these papers cover several of the areas that are important
for the proper handling of stem cells to become therapeuti-
cally relevant and suggest improvements on the evaluation
after grafting of biological materials, which in the long term
might lead to new therapeutic interventions.

The paper by K. An et al. presents a potentially relevant
tool for the analysis of stem-cell based therapies in the field
of pain therapy. First, they immortalized rat bone marrow
mesenchymal stromal cells (BMSCs) by introducing the
human telomerase reverse transcriptase (hTERT). Then, they
introduced a tetracycline-inducible lentivirus delivery system
to express the rat GAL gene into the immortalized rat
BMSCs. The authors further characterized the phenotypic
properties of these cells and confirmed their ability to pro-
duce GAL in a doxycycline-controlled manner. Finally, the
authors advise that further studies are necessary to rule-out
the possibility of transformation after long-term expansion
of hTERT-BMSCs and to eliminate the leakiness of this
inducible system.

The field of in utero transplantation (IUT) has, until
recently, been focused on the hematopoietic system. The
review by N. Chowdhury and A. Asakura comprehensively
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describes the literature on in utero stem cell transplantation,
covering hematopoietic applications as well as multiple
other cell types and organ systems. The detection of genetic
disorders in utero is now possible due to advances in cell-
free fetal DNA diagnostics in maternal blood. This provides
an opportunity for intervention and the application of in
utero stem cell transplantation therapies. The authors
explore the emerging area of IUTs for muscle disorders, in
particular muscular dystrophies. Attempts to treat children
with muscular dystrophy with muscle stem cell transplanta-
tions have failed partially due to the sheer number of cells
needed to treat a patient. One solution outlined in detail by
the authors is to treat the fetus in utero by transplantation
of muscle stem cells.

Human adipose-derived stem cells (hASCs) are a source
of differentiated cells that could be employed in regenerative
medicine. A. E. Mortimer et al. examine the role of different
stimuli in the in vitromaintenance of Schwann-like cells pro-
duced from hASCs. Authors found that basic fibroblast
growth factor (FGF-2) was essential for the maintenance of
the Schwann-like phenotype. In contrast, differentiation
was partially preserved in absence of glial growth factor 2
(GGF-2), platelet-derived growth factor (PDGF), or forsko-
lin. The lack of forskolin in the culture medium reduced
mRNA and protein levels of brain-derived neurotrophic
factor (BDNF), suggesting that an elevated cAMP concen-
tration and the consequent CREB activation are required
for BDNF expression. Finally, they identified that GGF-2
alone supports the expression of Krox20, a transcription
factor indispensable for myelination. The evidence pre-
sented in this paper indicates that maintenance of the
Schwann-like cells requires the synergistic activation of
different signaling pathways.

The paper by O. Gordeeva and S. Khaydukov explores
the differences in the differentiation potential between
embryonic stem (ES) cells and embryonal carcinoma (EC)
cells in a retinoic acid differentiation protocol. During differ-
entiation, the ES cells lost pluripotency markers, such asOct4
andNanog, more readily than EC cells and then gained some,
but not all, differentiation markers with faster kinetics. In
particular, Activin A, BMP4, TGFβ1, and Nodal were more
highly expressed in differentiating ES cells when compared
to EC cells. The addition of these TGFβ superfamily mem-
bers as recombinant proteins to the differentiation condi-
tions further enhanced loss of pluripotent markers and
increase commitment to differentiated lineages. This also
further reduced the tumorigenicity in teratoma assays. This
work shows that activation of TGFβ signaling in ES cells
can decrease their tumorigenicity and increase their safety
profile for cell-based therapies.

The review by E. Rangel-Huerta and E. Maldonado
describes the different biological properties of transit ampli-
fying cells (TACs), early intermediates in tissue regeneration.
With special focus on epidermal skin studies, they discuss
important aspects of TACs such as gene expression profiles,
division rates, asymmetric cell division, and environmental
cues that may regulate their behavior. The authors propose
that understanding TACs’ biology is a key issue for their
implementation in regenerative medicine.

Transplantation of stem cell-derived retinal pigmented
epithelium (RPE) has already began in human clinical trials.
However, there are no universally agreed upon animal
models to assess the efficacy and safety of these therapies to
treat these retinal degenerative conditions. The review by
T.-C. Lin et al. systematically surveys all the animal models
in use for this type of stem cell-based therapy. They cover
mouse, rat, rabbit, dog, cat, pig, and nonhuman primate
models of preclinical retinal degeneration. Since the therapies
are using human cells, they discuss various methods to deal
with immunosuppression in the animal models. A particu-
larly novel one is the description of the crossing of immuno-
deficient nude rats (Foxn1-null) to the RCS rat that suffers
from a progressive form of retinal degeneration. Although
the larger animal models are useful for refining the surgical
techniques, the rodent studies have the benefit of larger ani-
mal numbers and genetic manipulation to more closely
model the human condition. A consensus on the most infor-
mative models of efficacy and safety for testing RPE cell
products requires further exploration.

Spinal cord injury (SCI) is a common lesion in accidents,
which cause disability in people; currently, there are no effi-
cient therapeutic interventions in the clinic. The review paper
by W. R. Kim et al. relates to the importance of having grad-
ing scales that are both easy to use and reproducible to assess
the damage, as well as the recovery, on experimental animals
subjected to SCI. The damage to this part of the central ner-
vous system can have severe and long-lasting affections to the
anatomy and the function of motor aspects that are greatly
influenced by the extension and the anteroposterior position
of the injury. After describing the most widely used animal
models for SCI, a summary of the beneficial effects of stem
cell grafting, either alone or combined with biomaterials, is
presented. This section clearly shows that several types of
cells, trophic factors, and polymers can all contribute to the
correction of disturbed functions. The final part discusses
the different scales to measure spinal cord function for
rodents and nonhuman primates, highlighting its advantages
and limitations.

Mesenchymal stromal cells are found in the bone marrow
and contribute to the microenvironment that preserves
hematopoietic stem cells in vivo. Mesenchymal stem/stromal
cells (MSCs) have also been isolated from other sources such
as adipose tissue, umbilical cord, and placenta. Hematopoi-
etic stem and progenitor cells (HPCs) can be expanded or
differentiated by coincubation with bone marrow MSCs
in vitro. Perinatal sources of MSCs such as the umbilical cord
and placenta are more accessible than the bone marrow
aspirates. In the paper by G. R. Fajardo-Orduña et al.,
the ability of cord blood and placenta MSCs to expand HSCs
was compared to the standard bone marrow MSCs. After
immunophenotypic and functional characterization of the
three types of MSCs, the expansion potential for primitive
HSCs was tested without significant differences between the
different MSCs. Also, the induction of myeloid colony form-
ing units was very similar for bone marrow, umbilical cord,
and placenta. These results suggest that MSCs from different
origins might be used in the expansion of HSCs aimed
to transplantation.

2 Stem Cells International



Acknowledgments

We thank all the authors who contributed to this special
issue. Peer review for these papers would not be possible
without the kind participation of expert referees, who pro-
vided criticism and constructive feedback.

Iván Velasco
Tilo Kunath

Verónica Ramos-Mejía
Marco A. Velasco-Velázquez

3Stem Cells International



Research Article
Human Mesenchymal Stem/Stromal Cells from Umbilical
Cord Blood and Placenta Exhibit Similar Capacities to Promote
Expansion of Hematopoietic Progenitor Cells In Vitro

Guadalupe R. Fajardo-Orduña,1 Héctor Mayani,2 Patricia Flores-Guzmán,2

Eugenia Flores-Figueroa,3 Erika Hernández-Estévez,1 Marta Castro-Manrreza,4

Patricia Piña-Sánchez,5 Lourdes Arriaga-Pizano,6 Alejandro Gómez-Delgado,7

Alarcón-Santos Guadalupe,7 Odette Balvanera-Ortíz,8 and Juan J. Montesinos1

1Mesenchymal Stem Cells Laboratory, Oncology Research Unit, Oncology Hospital, National Medical Center, IMSS,
Mexico City, Mexico
2Hematopoietic Stem Cells Laboratory, Oncology Research Unit, Oncology Hospital, National Medical Center, IMSS,
Mexico City, Mexico
3Niche and Hematopoietic Microenvironment Laboratory, Oncology Research Unit, Oncology Hospital, National Medical Center,
IMSS, Mexico City, Mexico
4FES Zaragoza, National Autonomous University of Mexico, Mexico City, Mexico
5Molecular Oncology Laboratory, Oncology Research Unit, Oncology Hospital, National Medical Center, IMSS, Mexico City, Mexico
6Immunochemistry Research Unit, Specialties Hospital, National Medical Center “Siglo XXI”, IMSS, Mexico City, Mexico
7Infectious and Parasitic Diseases, Medical Research Unit, Pediatric Hospital, National Medical Center, IMSS, Mexico City, Mexico
8Troncoso General Hospital, IMSS, Mexico City, Mexico

Correspondence should be addressed to Juan J. Montesinos; montesinosster@gmail.com

Received 8 March 2017; Revised 28 June 2017; Accepted 10 September 2017; Published 9 November 2017

Academic Editor: Tilo Kunath

Copyright © 2017 Guadalupe R. Fajardo-Orduña 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/stromal cells (MSCs) from bone marrow (BM) have been used in coculture systems as a feeder layer for
promoting the expansion of hematopoietic progenitor cells (HPCs) for hematopoietic cell transplantation. Because BM has
some drawbacks, umbilical cord blood (UCB) and placenta (PL) have been proposed as possible alternative sources of MSCs.
However, MSCs from UCB and PL sources have not been compared to determine which of these cell populations has the best
capacity of promoting hematopoietic expansion. In this study, MSCs from UCB and PL were cultured under the same
conditions to compare their capacities to support the expansion of HPCs in vitro. MSCs were cocultured with
CD34+CD38−Lin− HPCs in the presence or absence of early acting cytokines. HPC expansion was analyzed through
quantification of colony-forming cells (CFCs), long-term culture-initiating cells (LTC-ICs), and CD34+CD38−Lin− cells. MSCs
from UCB and PL have similar capacities to increase HPC expansion, and this capacity is similar to that presented by
BM-MSCs. Here, we are the first to determine that MSCs from UCB and PL have similar capacities to promote HPC
expansion; however, PL is a better alternative source because MSCs can be obtained from a higher proportion of samples.

1. Introduction

Mesenchymal stem/stromal cells (MSCs) are primitive cells
that give rise to bone marrow (BM) stromal cells, which are

responsible for supporting hematopoiesis [1, 2]. MSCs them-
selves also support hematopoiesis, as they form part of the
niche of hematopoietic stem cells (HSCs) and provide the
necessary conditions to regulate self-renewal, proliferation,
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and differentiation [3–6]. Previous results from our group
demonstrated the capacity to support hematopoiesis of BM-
MSCs in vitro because these cells favor the expansion of
hematopoietic progenitor cells (HPCs) from umbilical cord
blood (UCB) [7]. HPCs obtained from UCB using ex vivo
expansion systems have already been used clinically in
patients undergoing hematopoietic cell transplant (HCT)
[8]. Moreover, BM-MSCs have been applied in patients
undergoing HCT, resulting in an increase in the graft size
and faster hematopoietic recovery [6, 9–11]. Therefore, BM-
MSCs are considered a serious candidate for improving HCT.

The main source of MSCs is BM; however, the use of BM
has some drawbacks, as obtaining BM is an invasive proce-
dure for the donor [12], and the number of MSCs and their
capacities for proliferation and differentiation decrease with
the age of the individual [13, 14]. Our research group has
obtained MSCs from neonatal sources, such as umbilical
cord blood (UCB) and the placenta (PL). It is noteworthy
that the proportion of PL samples from which we were able
to obtain MSCs was higher than that of UCB samples
(100% and 11%, resp.) [15]. Moreover, for the two sources,
we showed that their morphologies, immunophenotypes,
and capacities for osteogenic and chondrogenic differentia-
tion are similar to those of BM-MSCs [15] and that they have
immunosuppression capacities [16, 17]. Other groups have
shown that MSCs from UCB [18] and PL [19] have the
capacity to support hematopoiesis in vitro but have not
compared these cell types to determine which type has the
best capacity for potential clinical application. In this study,
we used the same coculture conditions to compare the capac-
ities of MSCs from UCB and PL to support the in vitro
expansion of HPCs from an enriched population of UCB
CD34+CD38−Lin− cells. MSCs from BM were included as a
control. Our results demonstrate that MSCs from UCB and
PL have similar capacities to support HPC expansion, and
this capacity is similar to that of BM-MSCs.

2. Materials and Methods

2.1. Collection and Culture of MSCs from BM, UCB, and PL.
BM samples were obtained from hematologically healthy
donors according to the Declaration of Helsinki and the
Local Ethics Committee of Villacoapa Hospital, Mexican
Institute for Social Security (IMSS). UCB and PL samples
were collected according to the Declaration of Helsinki and
the Local Ethics Committee of the Troncoso Hospital (IMSS,
Mexico). MSCs from BM (n = 6), UCB (n = 6), and PL (n = 6)
were obtained as we previously reported [16, 20]. Briefly,
mononuclear cells (MNCs) were obtained from BM and
UCB samples by density gradient centrifugation (specific
gravity< 1.077 g/mL; GE Healthcare Bio-Sciences AB,
Uppsala, Sweden). MNCs were seeded at a density of
0.2× 106 cells/cm2 in low glucose Dulbecco’s modified Eagle’s
medium (Lg-DMEM; Gibco BRL, Rockville, MD, USA)
supplemented with 10% fetal bovine serum (FBS; Gibco
BRL), 4mM l-glutamine, 100U/mL of penicillin, 100mg/mL
of streptomycin, and 100mg/mL of gentamicin (all
reagents were obtained from Gibco BRL). Four days later,
nonadherent cells were removed, and fresh medium was

added. Upon reaching 80% confluence, adherent cells were
detached with trypsin-EDTA (0.05% trypsin, 0.53mM
EDTA, Gibco BRL, Rockville, MD, USA) and were reseeded
at a density of 2× 103 cells/cm2. MSCs from the second or
third passage were used for the experiments. MNCs from
PL were obtained by enzymatic digestion with trypsin-
EDTA (Gibco BRL, Rockville, MD, USA) and were processed
in the same way as those from BM and UCB.

2.2. Characterization of MSCs

2.2.1. Immunophenotype. Immunophenotypic analysis of
MSCs was performed by flow cytometry [15, 20]. Monoclonal
antibodies against CD14, CD31, CD34, CD45, CD105,
HLA-DR (Caltag Laboratories, USA), CD73, and CD90
(Becton Dickinson/PharMingen, USA) conjugated with
FITC (fluorescein isothiocyanate), PE (phycoerythrin), or
APC (allophycocyanin) were used. Cells were acquired using
a FACSCalibur (Becton Dickinson), and the data were
analyzed with FlowJo 7.6.1 software (FlowJo LLC, Ashland,
Oregon, USA).

2.2.2. Differentiation Capacity. Osteogenic and adipogenic
differentiationwas inducedwithStemCellKits™ (STEMCELL
Technologies Inc., Vancouver, BC, Canada), and chondro-
genic differentiation was induced using chondrogenic
differentiation medium (Cambrex Bio Science Walkersville
Inc., Maryland, USA) supplemented with 10 ng/mL trans-
forming growth factor beta (TGFβ; Cambrex). Differentiation
capacities were determined using immunocytochemical
stains, as we previously reported [16, 20].

2.3. CD34+CD38−Lin− Cell Enrichment. CD34+CD38−Lin−

cells were enriched from UCB MNCs by negative selec-
tion using a StemStep™ kit (Stem Cell Technologies Inc.,
Vancouver, Canada) according to the manufacturer’s
instructions, as we previously reported [21].

2.4. Coculture of MSCs-HPCs. As we previously reported
[20], MSC layers at 80% confluence were incubated with
0.3μg/mL mitomycin C to inhibit cell growth. Ten thousand
cells enriched in CD34+CD38−Lin− cells were seeded on
MSC layers in 6-well plates (Corning Inc., Costar, New York,
NY, USA) in Stem Line medium (Sigma-Aldrich, St. Louis,
MO, USA) with or without the early acting cytokines throm-
bopoietin (TPO), Flt-3 ligand (FL), stem cell factor (SCF),
and interleukin-6 (IL-6) at a concentration of 10ng/mL
(Peprotech, USA). In cultures in which MSC-HPC contact
was inhibited, 0.4μm Transwells (BD) were used. Cultures
were taken on day 14, with a medium change on day 7.

2.5. Proliferation of Hematopoietic Cells. The total numbers
of nucleated and viable cells from cultures and cocultures
were determined with a hemocytometer using Turck’s
solution and trypan blue stain (Gibco), respectively [20].

2.6. Colony-Forming Cell (CFC) Assays. To determine the
expansion of HPCs, the presence of CFCs was analyzed using
methylcellulose assays (MethoCult™; STI), as we previously
reported [20–22]. After 14 days of culture, CFCs were
counted with the aid of an inverted microscope. CFCs were
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classified as follows: erythroid colonies included committed
erythroid progenitor cells or CFC-Es (erythrocyte colony-
forming cells) and colonies derived from erythroid progeni-
tor cells or BFC-Es (erythrocyte burst-forming cells),
whereas myeloid colonies included CFC-granulocytes
(CFC-Gs), CFC-monocytes (CFC-Ms), and CFC-GMs.

2.7. Quantification of CD34+CD38−Lin− Cells. To determine
the expansion of primitive HPCs, the frequency of
CD34+CD38−Lin− cells was analyzed by flow cytometry as
we previously reported [20]. Briefly, a total of 1× 105 MNCs
were incubated with antibodies against CD34, CD38, CD14,
CD16, CD19, CD41a, and CD71 conjugated with FITC, PE,
or APC (Becton Dickinson). Cells were acquired using a
FACSCalibur (Becton Dickinson), and the data were
analyzed with FlowJo 7.6.1 software (FlowJo LLC).

2.8. Long-Term Culture-Initiating Cell (LTC-IC) Assays.
Detection of primitive HPCs was performed using LTC-
IC assays (pre-CFCs) based on the method described by
Sutherland et al. and Miller et al. [23, 24], as we previously
reported [7]. Briefly, after coculture with MSCs for 14 days,
hematopoietic cells were cultured with the M210B4 stromal
line as a feeder layer for 35 days. Subsequently, MNCs were
harvested and seeded in cultures with methylcellulose for
CFC quantification. A CFC/LTC-IC ratio of 8 : 1 [7, 24]
was considered.

2.9. Statistical Analysis. The means± SDs (standard devia-
tions) or SEMs (standard errors of the mean) of the number
of experiments conducted are reported. Student’s t-test or
one-way analysis of variance (ANOVA) and Kruskal-Wallis
tests followed by Mann–Whitney U tests were employed
using IBM SPSS Statistics 22 software. Statistical significance
was considered when the p value was less than 0.05.

3. Results

3.1. Characterization of MSCs from BM, UCB, and PL. As we
reported previously, MSCs from BM, UCB, and PL
expressed marker characteristic of MSCs, such as CD105,
CD73, and CD90. The expression of hematopoietic markers
(CD14, CD34, and CD45) was not observed, and CD31
and HLA-DR were also absent (Supplementary Table 1
in Supplementary Material available online at https://doi.
org/10.1155/2017/6061729). Osteogenic differentiation, as
detected by von Kossa staining, and chondrogenic differ-
entiation, as detected by Alcian blue, were similar in MSCs
obtained from the three sources. Furthermore, although
adipogenic differentiation was evident in MSCs from BM,
no cells with adipocyte morphologies were observed in
MSCs from UCB and PL. However, small positive spots
were detected with oil red O staining in the cytoplasm
of the MSCs (Supplementary Figure 1).

3.2. Enrichment of the CD34+CD38−Lin− Population. Amean
of 136.2± 63.3× 106 MNCs was obtained from UCB samples
(n = 12 with 58.6± 18.3mL volume). After enrichment
by negative selection, a mean of 0.7± 0.54× 106 MNCs
(0.54± 0.33% recovery) was obtained. Enrichment in

CD34+CD38−Lin− cells corresponded to a mean of
46.9± 24.7%.

3.3. MSCs from UCB and PL Increased Proliferation of the
Population Enriched in CD34+CD38−Lin− Cells. We previ-
ously defined proliferation as the production of new cells
from a cell population regardless of the type of cells produced
[22]. Cultures of HPCs with or without MSCs from BM,
UCB, and PL were analyzed (Figure 1(a): A, B, C, and D).
The data are shown as the fold increases in cell number,
which is defined as B/A (where the initial value is A, and
the final value is B). On day 14, in cocultures with MSC-
HPC contact and in the absence of cytokines, fold increases
in the total number of hematopoietic cells of 3.8± 4, 8.4
± 9.4, and 7.6± 9.2 were observed in the presence of MSCs
from BM, UCB, and PL, respectively (Figure 1(b), A). Inter-
estingly, when cytokines were added to the cocultures, signif-
icantly greater (p < 0 05) fold increases of 444± 230, 248
± 171, and 221± 98 were observed in the presence of MSCs
from BM, UCB, and PL, respectively, compared with cultures
containing only cytokines (26± 18) or MSCs (Figure 1(b), A).
No significant differences (p < 0 05) in proliferation in the
presence of cytokines were detected between MSCs from
the three sources.

We also analyzed the significance of MSC-HPC contact
in the proliferation of hematopoietic cells by performing
cocultures in the presence of a Transwell membrane to
inhibit cell-cell contact. In cocultures of MSCs from the three
sources on days 7 and 14, no increase in the total number of
cells was observed (Figure 1(b), B). Interestingly, when
cytokines were added to the cocultures, significantly greater
(p < 0 05) fold increases of 184.25± 62.14, 120.29± 47.89,
and 120.20± 29.55 were observed with MSCs from BM,
UCB, and PL, respectively, compared with cultures only
grown with cytokines (26.65± 18) or MSCs (Figure 1(b), B).
The increase in the total number of cells was significantly
greater (p < 0 05) in cocultures in which cell-cell contact
was allowed compared with those without contact. Due to
this finding, we performed HPC expansion experiments
(CFC assays, quantification of CD34+CD38−Lin− cells, and
LTC-IC assays) only in cocultures with MSC-HPC contact.

3.4. MSCs from UCB and PL Increase CFC Expansion. We
previously defined cellular expansion as the production of
cells that maintain specific characteristics of the population
of cells from which they originated [22]. Thus, hematopoietic
progenitor expansion has been evaluated by the increase in
the number of myeloid (CFC-G, CFC-M, and CFC-GM)
and erythroid colonies (CFC-E and BFC-E) (myeloid colo-
nies, Figure 2(a): A and B; erythroid colonies, Figure 2(a): C
and D). On day 14, in cocultures without cytokines and in
the presence of MSCs from BM, UCB, and PL, slight fold
increases of CFC-myeloids were observed in comparison
with cultures without MSCs (Figure 2(b), A). Interestingly,
when cytokines were added to the cocultures, the fold increase
of CFC-myeloids was significantly greater (p < 0 05) com-
pared with cultures containing only cytokines or only MSCs
(Figure 2(b), A). In cocultures without cytokines and with
MSCs from BM and UCB, the number of CFC-erythroids
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tended to increase in comparison with both cultures contain-
ing PL-MSCs and controls (Figure 2(b), B). When cytokines
were added to cocultures, the fold increase of CFC-
erythroids tended to increase compared with that of cultures
containing only cytokines or only MSCs (Figure 2(b), B). No
significant differences were detected in the number ofmyeloid
and erythroid progenitors obtained in cocultures of MSCs
from the three sources.

3.5. MSCs from UCB and PL Increase the Expansion of
CD34+CD38−Lin− Cells. We then evaluated the increase in

the percent and number of cells with the CD34+CD38−Lin−

immunophenotype as another parameter to determine HPC
expansion. For this experiment, cultures were generated with
this population in the presence of cytokines and in the
absence or presence of MSCs. On day 14 of culture, the per-
centages of CD34+CD38−Lin− cells increased by 18± 16%, 26
± 30%, and 18± 20% in cultures with MSCs from BM, UCB,
and PL, respectively, compared to those of cultures without
MSCs (5.6± 3.3%), although these differences were not
significant (Figure 3(a)). However, the fold increases in
the number of CD34+CD38−Lin− cells of 146.88± 78.48,
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Figure 1: MSCs from UCB and PL increase proliferation of the population enriched in CD34+CD38−Lin− cells. (a) Representative culture of
CD34+CD38−Lin− cells in the presence of cytokines (day 14): (A) without MSCs, (B) with BM-MSCs, (C) with UCB-MSCs, and (D) with PL-
MSCs (magnification: 20x). (b) Kinetics of CD34+CD38−Lin− cell proliferation in the presence of MSCs and in the absence (dotted lines) or
presence (solid lines) of cytokines. Cocultures were prepared in the presence (A) or absence (B) of cell-cell contact (MSCs-HPCs). Control
without MSCs (no vignette); BM-MSCs (square); UCB-MSCs (circle); and PL-MSCs (triangle). Data are shown as the means± SD for the
fold increases in cell number (BM-MSCs: n = 6; UCB-MSCs: n = 6; and PL-MSCs n = 6). ∗ and ♦ indicate statistically significant
differences, p < 0 05.
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91.19± 35.73, and 31.59± 8 in cultures with MSCs from
BM, UCB, and PL, respectively, were significantly greater
(p < 0 05) than those of cultures without MSCs (3.50
± 1.43; Figure 3(b)). No significant differences were
detected between MSCs from the three sources. It should
be noted that the percentage and number of cells with
the CD34+CD38−Lin− immunophenotypes were not deter-
mined in the absence of cytokines due to the low cell
numbers obtained in such cultures (data not shown).

3.6. MSCs from UCB and PL Favor LTC-IC Formation. We
analyzed the effect of MSCs on the expansion of primitive
HPCs with LTC-IC capacity in the presence of cytokines.
The absolute values of LTC-IC obtained were 345± 10
on day 0 of culture; 41± 20 after 14 days of culture with-
out MSCs; and 327± 203, 517± 365, and 113± 28 in the
presence of BM-MSCs, UCB-MSCs, and PL-MSCs, respec-
tively. On day 14 of culture, increases in the numbers of
LTC-ICs were observed in some cultures containing MSCs
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Figure 2: MSCs fromUCB and PL increase CFC expansion of the population enriched in CD34+CD38−Lin− cells. (a) Photographs of colonies
obtained on day 14 of culture: (A) CFC-monocytes, (B) CFC-granulocytes, (C) BFC-erythroids, and (D) CFC-erythroids (magnification: 20x).
(b) Fold increases in the number of (A) CFC-myeloids and (B) BFC-erythroids and CFC-erythroids in cocultures in the absence and presence
of cytokines. Data are shown as the fold increases in total CFC number (BM-MSCs: n = 6; UCB-MSCs: n = 6; and PL-MSCs n = 6).
∗ indicates a statistically significant difference, p < 0 05.
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from the three sources (Figure 4) compared to cultures
with cytokines alone. The average fold increases of LTC-ICs
with BM-MSCs, UCB-MSCs, and PL-MSCs were 0.95
± 0.59, 1.5± 1.06, and 0.33± 0.08, respectively; compared
with cultures containing only cytokines (0.12± 0.06), these
values tended to be maintained (Figure 4).

4. Discussion

In this in vitro study, we used the same culture conditions to
compare the capacities of UCB-MSCs and PL-MSCs to
support hematopoiesis of a population enriched in
CD34+CD38−Lin− cells obtained from UCB. MSCs from
the two sources met the necessary immunophenotypic,
osteogenic, and chondrogenic differentiation capacities
according to criteria established by the ISCT [25]. However,
as we have previously reported, MSCs from these two neona-
tal sources do not have the same adipogenic capacities as
BM-MSCs, which may be related to the tendency of MSCs
to form adipocytes in adulthood [16].

Few studies have been conducted to assess the in vitro
hematological support capacities of UCB and PL. Such
capacities have been evaluated separately in each source on
populations enriched in CD34+ cells [18, 19, 26, 27].
However, as we have shown previously, this hematopoietic
population can be divided into CD34+CD38+Lin− and
CD34+CD38−Lin− subpopulations, the latter of which has a
greater potential for proliferation and expansion (because
of their more primitive nature compared to the former
subpopulation) [7, 21]. Therefore, we performed an in vitro
analysis of the hematopoietic support capacity of MSCs from
the two sources using the same culture conditions and a more
primitive population enriched in CD34+CD38−Lin− cells.
Importantly, we evaluated a primitive population that
showed variable purity, which could influence the number
of CFCs obtained. However, because the cell populations
enriched in HPCs were cultured in the presence of MSCs
from the two sources, which were established at the same
time under the same culture conditions, such variations did
not affect the potential of MSCs to provide hematopoietic
support. Thus, we sought to determine which of the two
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Figure 3: MSCs fromUCB and PL increase expansion of the population enriched in CD34+CD38−Lin− cells. (a) Percent of CD34+CD38−Lin−

cells in cocultures containing cytokines either without MSCs (white bar) or with BM-MSCs (gray bar), UCB-MSCs (black bar), and PL-MSCs
(gridded bar). (b) Fold increases in the numbers of CD34+CD38−Lin− cells in cocultures containing cytokines in the presence of BM-MSCs,
UCB-MSCs, and PL-MSCs. Cultures without MSCs and with cytokines were considered controls (without MSCs). Data are shown as the
means± SD for the percent and fold increases in cell number (BM-MSCs: n = 6; UCB-MSCs: n = 6; and PL-MSCs n = 6). ∗ indicates a
statistically significant difference, p < 0 05.

6

5

4

3

2

1

0

Cy
to

ki
ne

s

BM
-M

SC
 +

 cy
to

ki
ne

s

U
CB

-M
SC

 +
 cy

to
ki

ne
s

PL
-M

SC
 +

 cy
to

ki
ne

s

Fo
ld

 in
cr

ea
se

 in
 L

TC
-I

C 
nu

m
be

r

Figure 4: MSCs from UCB and PL favor the formation of
LTC-ICs. Fold increases in the numbers of LTC-ICs on day
14 of culture. Cultures containing only cytokines were
considered controls. Data are shown individually as independent
experiments. Control, n = 4; BM-MSCs, n = 5; UCB-MSCs, n = 5;
and PL-MSCs, n = 4.

6 Stem Cells International



sources had the best in vitro hematopoietic support capacity
in order to support their use in coculture systems as a feeder
layer that promotes the expansion of HPCs, as these systems
aim to obtain a sufficient number of cells to be used for
hematopoietic cell transplantation.

MSCs from the two sources presented similar capacities
to increase the number of hematopoietic cells under the same
culture conditions. Similar results have been obtained in sep-
arate studies of UCB [18] and PL [19] in which populations
enriched in CD34+ cells were used, thus indicating that this
capacity is maintained in populations with more primitive
immunophenotypes. We observed a synergistic effect in
which the capacity of MSCs from the two sources improved
in the presence of early acting cytokines (SCF, TPO, FL,
and IL-6), as we had previously reported for BM-MSCs [7]
and as reported by other groups using other cytokines, such
as fibroblast growth factor 1 and IL-3, in CD34+ populations
[18, 19, 27, 28]. In the presence of cytokines, MSCs from both
sources showed similar capacities to increase proliferation.
However, contrary to the effect that we observed on the pop-
ulation of CD34+CD38−Lin− cells, other groups have found
that MSCs from UCB [18] and PL [19] have higher capacities
than BM-MSCs to increase CD34+ cell proliferation. This
finding may be explained by the contributions of more
mature populations in response to the effects of cytokines,
which were added in higher concentrations than in our study.

Previous in vitro studies have analyzed the hematopoietic
support capacities of MSCs from the two sources in cell con-
tact cocultures [18, 19, 26, 27]; however, little is known about
the significance of cell contact in that capacity. Our results
demonstrate for the first time the significance of cell contact
in terms of hematopoietic support of UCB-MSCs and PL-
MSCs, as we observed that the increase in the number of
hematopoietic cells was greater in cocultures with cell contact
in both the absence and presence of cytokines. In this pro-
cess, cell adhesion and extracellular matrix molecules may
be involved, as N-cadherin, VCAM-I, ICAM-I, and ALCAM
have been reported to be expressed by UCB-MSCs [13, 22].
Furthermore, ICAM-I, ALCAM, LFA-3, MCAM, fibronec-
tin, and laminin have been shown to be expressed by PL-
MSCs [15, 26, 29, 30]. All of these molecules are important
in the adhesion, maintenance, and proliferation of primitive
hematopoietic cells [6, 31–33]. Nonetheless, the observed
increases in the number of hematopoietic cells in cocultures
with UCB-MSCs and PL-MSCs without cell-cell contact
may have been facilitated by the secretion of hematopoietic
factors, such as SDF-1, IL-6, and granulocyte macrophage
colony-stimulating factor (GM-CSF), by UCB-MSCs [26].
Moreover, UCB-MSCs express cytokine genes, such as
TPO, SCF, FL, and macrophage colony-stimulating factor
(M-CSF) [6, 18], whereas PL-MSCs produce SDF, IL-6, and
SCF and express genes for FL [6, 19, 34]. Our laboratory is
currently determining the expression profiles of extracellular
matrix and hematopoietic molecules in our coculture system
and their involvement in HPC expansion.

MSCs from the two sources showed the same in vitro
capacity to increase the expansion of CFC-myeloids and
CFC-erythroids, an effect that was synergistic in the presence
of cytokines. Contrary to our results, it has been reported that

PL-MSCs are more capable of increasing the expansion of
CFCs when compared to BM-derived MSCs in the presence
of cytokines [19]. This discrepancy might be explained by
the different cytokines added to the cocultures and the differ-
ential response of the less primitive CD34+ population of
HPCs to those cytokines. Similarly, we observed a synergistic
effect of MSCs in the presence of cytokines that increase the
expansion of cells with the CD34+CD38−Lin− immunophe-
notype. There were no differences in the in vitro capacities
of the MSCs from the two sources. Similar results have been
reported for the effects of UCB-MSCs and BM-MSCs on the
expansion of the primitive CD34+CD38− population [26];
however, the same behavior was not observed with PL-
MSCs compared with BM-MSCs on the CD34+ population.
This result may have been due to the greater potential
showed by PL-MSCs to promote the expansion of the popu-
lation [19, 34]. This finding supports the possible differential
response in the hematopoietic expansion capacity of MSCs
depending on the type of HPC population analyzed, which
is important to consider in the clinical application of
ex vivo HPC expansion.

We also observed that MSCs from the two sources tended
to maintain the number of LTC-ICs in the presence of early
acting cytokines compared with those cultured in the absence
ofMSCs, inwhich a progressive loss in thenumber of LTC-ICs
was detected. Similar results have been reported for these
capacities of UCB-MSCs and BM-MSCs, but those results
were obtained in the absence of cytokines [26]. However,
another study found that in the presence of cytokines, PL-
MSCs have a greater capacity than BM-MSCs to increase the
formationof LTC-ICs [19].Wedemonstrated thatMSCs from
the two sources had similar in vitro capacities to maintain the
number of LTC-ICs under the same culture conditions.

The in vitro hematopoietic support capacity of MSCs
from neonatal sources makes them attractive therapeutic
agents for HCT. However, evaluation of such capacity after
expansion in clinical scale cultures (CSCs) is necessary for
verification of their quality for cell therapy protocols. This
step is important because, as we previously reported, BM-
derived MSCs have decreased differentiation capacities
toward the adipogenic, osteogenic, and chondrogenic line-
ages and a decreased ability to inhibit T cell proliferation
even though they maintain their ability to support the prolif-
eration and expansion of HPCs [20]. We are currently testing
this hypothesis.

Notably, the immunosuppressive potential of MSCs
derived from UCB and PL as alternative sources to BM is
crucial due to the inflammatory and immunological role of
BM-MSCs within the HSC niches. In a previous report, we
compared MSCs from BM, UCB, and PL in terms of their
immunosuppressive properties against lymphoid cell popu-
lations enriched in CD3+ T cells. Our results demonstrated
that UCB-MSCs and, to a lesser extent, PL-MSCs have
in vitro immunosuppressive potential [16].

Finally, although it is important to determine the
in vitro hematopoietic support potential of UCB-MSCs
and PL-MSCs, it is necessary to evaluate these capacities
in animal models. These experiments are being planned
for future studies.
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5. Conclusion

This study demonstrates that UCB-MSCs and PL-MSCs have
similar capacities to increase the proliferation and expansion
of HPCs in terms of CFC production and the proportion of
CD34+CD38−Lin− cells in vitro. Furthermore, MSCs from
both sources showed a tendency toward the maintenance of
LTC-ICs. Such capacities are similar to those presented by
BM-MSCs. Additionally, for the two cell sources, cell-cell
contact is important in the process of hematopoietic forma-
tion. To our knowledge, this is the first study to compare
the hematopoietic support capacity of UCB-MSCs and PL-
MSCs under identical culture conditions. Our results suggest
that UCB-MSCs and PL-MSCs could be a good alternative to
BM-MSCs in HCT. In addition, both sources could be used
in ex vivo expansion protocols to increase the number of
primitive HPCs from UCB for transplantation purposes.
However, PL is a better alternative source than UCB because
MSCs can be obtained from a higher proportion of PL
samples than from UCB samples [15].

Additional Points

Highlights. Under the same culture conditions, MSCs from
UCB and PL exhibit similar capacities to promote the
expansion of UCB-HPCs in vitro. Feeder layers of MSCs
from UCB and PL could be used for ex vivo expansion of
UCB-HPCs for the purpose of hematopoietic cell transplan-
tation. PL is a better alternative source of MSCs than UCB
because MSCs can be obtained from a greater proportion of
PL samples. MSCs from PL may be used as an alternative
source to those from bone marrow for clinical applications,
such as hematopoietic recovery in patients undergoing
hematopoietic stem cell transplantation.
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Recently, spinal cord researchers have focused on multifaceted approaches for the treatment of spinal cord injury (SCI). However,
as there is no cure for the deficits produced by SCI, various therapeutic strategies have been examined using animal models. Due to
the lack of standardized functional assessment tools for use in such models, it is important to choose a suitable animal model and
precise behavioral test when evaluating the efficacy of potential SCI treatments. In the present review, we discuss recent evidence
regarding functional recovery in various animal models of SCI, summarize the representative models currently used, evaluate
recent cell-based therapeutic approaches, and aim to identify the most precise and appropriate scales for functional assessment
in such research.

1. Introduction

Spinal cord injury (SCI) is definedasdamage toany spinal cord
segment or nerve root. Such injuries often lead to permanent
functional changes, such as paralysis or diminished muscle
strength, movement, or sensation below the injured region.
Thus, the pathological symptoms of SCI can vary depending
on the site of injury and severity of the damage. As the annual
incidence of SCIdue tovehicular accidents or falls continues to
increase worldwide [1, 2], the need to develop novel therapeu-
tic strategies for SCI remains urgent in the field of spinal cord
research. Due to the epidemiology and severity of SCI, various
therapeutic techniques and biomaterials have been proposed
[3, 4]. Most of these potential therapeutic agents are primarily
tested in various animal models of SCI (e.g., rats, cats,
dogs, and nonhuman primates) [5, 6]. In addition to the
inherent advantages of animal models for evaluating the
therapeutic effects of potential treatment strategies, such
models are highly useful in assessing the degree of sensory/
motor impairment following injury.

Among the four regions of the spinal cord (i.e., cervical,
thoracic, lumbar, and sacral), the cervical and thoracic

regions are most frequently studied in animal models of
SCI. Injuries to the cervical spinal cord affect most of the
body, including the arms and legs [1, 7], while those to the
thoracic spinal cord and associated nerves result in trunk
instability and abnormal movement of the lower extremities.
In both rodents and primates, the anatomical locations of
these regions allow for easy induction of SCI, analyses, and
therapeutic manipulation involving cellular or biomaterial-
based grafts. Based on the specific deficits observed, various
behavioral tests have been developed to assess motor
function and recovery following treatment in animal models
of SCI [8–10].

The present review discusses recent evidence regarding
functional testing in various animal models of SCI, the most
suitable animal models for evaluating SCI, and current
therapeutic challenges in SCI treatment. As several studies
have highlighted the need for a well-developed, objective,
and universal rating scale of functional impairments in rat
models of SCI—such as the Basso, Beattie, and Bresnahan
(BBB) scale [8–11]—we focused on suitable scales for
assessing behavior, functional deficits, and therapeutic effects
following a certain period of recovery or treatment.
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2. Animal Models of Spinal Cord Injury

2.1. Traumatic Lesions. Since SCI frequently occurs following
physical trauma (e.g., vehicular accident and falls), animal
models of SCI are frequently developed using external stimuli
such as dropped weight or clip compression (summarized in
Figure 1). In animal models, traumatic SCIs are typically
induced via contusion, compression, traction, or laceration.
Among these, spinal contusion is most frequently utilized,
as the size and severity of injury can be accurately adjusted

and replicated using a well-defined weight-drop impactor
[12]. The contusion method, which was first used to develop
animal models of thoracic SCI, can cause severe damage and
paralysis, which can be life-threatening when applied to the
cervical region. Thus, hemicontusion is preferred for models
of cervical SCI [13]. In clip compression models, the size and
severity of damage can consistently be controlled by adjust-
ing the time, forces, and angle of compression. Since
compression can result in severe injury without transection,
this method is advantageous for investigating variations in

Traumatic lesion

Sugical incision

Ischemic lesion

Drugs

Virus infection

SCI animal model Primary pathology Motor neuron

Contrusion

Compression

Traction

Laceration

Transection

Dorsal hemisection

Lateral hemisection

Vascular congestion

Aortic occlusion

Quisqualic acid

Glutamate

N-Methylasparate

Kainic acid

Cuprizone

Lysolecithin

TME Virus

MH Virus

Spinal cord
disruption

Cytotoxicity

Partial
demyelination

Demyelination

Axonal atrophy

Reduced

Axonal atrophy

Thoracic spinal cord
injured rat

Surgical incision

Intact

Transection
Hemisection

Figure 1: Development of animal models of spinal cord injury. (Upper illustration) methods for inducing spinal cord injury via surgical
incision include transection and hemisection, both of which can be accomplished using a surgical knife (left). Hind limb paralysis
following thoracic spinal cord injury in rats (right). (Lower table) animal models categorized by lesion method (left), the resulting primary
pathology (middle), and final result of affected motor neurons (right).
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recovery over time. Tractive SCI can be induced using a
specialized spinal retractor, which allows the experimenter
to control the length and duration of traction [14]. Such
methods not only damage the structure of the spinal cord
but also produce severe reductions in neuronal numbers.
SCI via laceration results in severe irregular axonal damage,
which mimics spinal injury due to a physical accident. Lacer-
ation is induced in animal models of SCI using the oscillating
blade of a novel device known as the Vibraknife, which
allows for precise control of the depth and size of the lesion
without laminectomy [15].

2.2. Surgical Incision. Surgical incision is often utilized to
develop models of SCI following penetrating injuries, such
as knife wounds. Since the ends of the spine can be incised
clearly and accurately using a blade, such models have been
widely utilized in the investigation of neuronal regeneration
and tissue engineering procedures (Figure 1, upper illustra-
tion). Since traumatic injuries do not completely sever the
spinal cord, the transection method is more suitable for
mimicking the symptoms of “complete” SCI, in which
patients exhibit total and permanent loss of function below
the injured site. Thus, the transection SCI model has been
utilized to explore the function of each spinal segment and
to evaluate functional and anatomical regeneration following
complete transection [7, 16, 17]. In addition, partial transec-
tion via unilateral, dorsal, or ventral hemisection is highly
useful in the investigation of therapeutic challenges such as
transplantation. Both functional and anatomical alterations
can be examined more precisely by comparing the ipsilateral
and contralateral regions [18–20].

2.3. Ischemic Lesions. The spinal cord and spinal canal can be
severely injured due to ischemia, which can be induced by
either vascular congestion or aortic occlusion. Recent animal
studies have frequently utilized photochemical ischemia to
induce vascular congestion [21–23]. In this approach, follow-
ing systemic injection of a dye such as Rose Bengal, spinal
cord vessels are focally irradiated with an argon ion laser
(560 nm). The ensuing photochemical reaction leads to
vascular stasis without laminectomy, thereby resulting in
tissue infarction and functional deficits. In contrast, aortic
occlusion can easily be induced using an occlusion catheter
[24], which allows for control of both the duration and
severity of occlusion.

2.4. Drug-Induced Lesions. The primary advantage of a
drug-induced model of SCI is that both tissue damage
and functional deficits can be induced via local injection,
without the need for laminectomy. Since both lesion area
and functional outcomes are highly reproducible, the drug-
induced SCI model has been widely utilized in this field of
research. Local injection of excitotoxic drugs such as quis-
qualic acid, glutamate, N-methyl-D-aspartate, or kainic acid
induces SCI via neuronal loss and subsequent inflammation
[25]. Models of demyelination-induced SCI are also useful
for evaluating the therapeutic effects of remyelination treat-
ments. Drugs such as cuprizone and lysolecithin are fre-
quently used to model multiple sclerosis [9], as these agents

elicit partial demyelination when injected at specific sites
in the spinal cord. In addition, animal models of
demyelination-induced SCI can be developed using Theiler’s
murine encephalomyelitis virus and mouse hepatitis
virus [26], allowing researchers to examine the efficacy of
remyelination or Schwann cell grafting.

3. Therapeutic Approaches and Functional
Recovery in Animal Models of Stem
Cell Injury

As there is currently no cure for deficits induced via SCI,
various therapeutic strategies have been investigated using
animal models. Although the efficacy of cell grafting has been
examined in several trials over the past several decades [4],
the use of multifaceted therapeutic approaches involving
novel biomaterials or cell-encapsulated scaffolds has recently
increased (Figure 2(c)). Interestingly, accumulating evidence
suggests that the integration of several cell types and com-
bined biomaterials promotes regeneration and functional
improvement following SCI [27–30]. A summary of the
relevant findings is provided in Table 1.

3.1. Mesenchymal Stem Cells (MSCs)/Bone Marrow Stromal
Cells (BMSCs). Since MSCs are easily obtained from autolo-
gous bone marrow or other sources, research regarding the
use of MSC grafts or implantation of MSC-encapsulated scaf-
folds—which significantly reduce the immune response—has
increased substantially in recent years. MSCs/BMSCs secrete
significant levels of neurotrophic factors and can be trans-
planted via direct grafts, intravenously, or intrathecally.
Recent evidence has suggested that these neurotrophic factors
support CNS regeneration after injury. For example, direct
infusion of neurotrophic factors such as brain-derived neu-
rotrophic factor (BDNF) enhances neuronal survival and
axonal growth in animal models of SCI [31, 32].

Fibrin, a representative fibrous protein that prevents
blood clotting, is widely used to develop biopolymer scaf-
folds. Itosaka et al. [19] reported that, when BMSCs were
supplied in conjunction with a fibrin matrix, model rats
exhibited significant improvements in the recovery of neuro-
logical function, compared to when BMSCs were injected
alone. In particular, remarkable improvements in motor
function were observed (motor function test scale, BBB
score= 15). The BBB scale is used to assess motor function,
and BBB scores of 21 indicate complete recovery of motor
function following injury. Additional studies have demon-
strated that MSCs encapsulated with synthetic polymers
(e.g., poly(lactic-co-glycolic acid) (PLGA) or N-(2-hydroxy-
propyl)-methacrylamide) attached to amino acid hydrogels
(Arg-Gly-Asp (HPMA-RGD) hydrogels) can be implanted
into the injured spinal cord cavity, resulting in increased tis-
sue regeneration as well as significant improvements in func-
tional recovery (BBB score= 10) [27, 33, 34]. During the first
1–6 months of recovery, structural scaffolds or hydrogels
may promote tissue regeneration and functional improve-
ment by assisting in the spread of healing factors within the
damaged spinal cavity. Taken together, these results indicate
that combined treatment involving cellular transplantation
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and biomaterial implants accelerates recovery from SCI,
relative to the use of either treatment alone.

3.2. Neural Stem/Progenitor Cells (NSPCs). Various studies
have investigated the role of NSPCs—which can differentiate
into neurons, astrocytes, or oligodendrocytes—in neuronal
regeneration following SCI [35]. Research has indicated that
transplanted NSPCs may promote functional recovery via
neuroregenerative processes (e.g., remyelination) [28]. In
2002, Teng and colleagues [29] reported that neural stem
cells (NSCs) implanted into the injured thoracic spinal cord
using a PLGA scaffold (NSC-PLGA) produced increases
in the number of corticospinal tract fibers passing through
the injury epicenter and significantly improved motor
function 10 weeks after implantation (BBB score = 10).

Theses finding are in accordance with those of Du and
colleagues [30], who also demonstrated the therapeutic
effects of NSC-PLGA on tissue regeneration and motor
function (BBB score= 4). Surprisingly, therapeutic effects
increased by over twofold (BBB score = 8.8) when levels
of neurotrophin-3 and tyrosine receptor kinase C expres-
sion were increased in NSCs. Researchers have consistently
demonstrated the therapeutic effects of NSC-PLGA in
both rat and primate models of SCI. Pritchard and
colleagues [31] reported similar levels of recovery follow-
ing NSC-PLGA implantation in African green monkeys
(Babu score = 15). The Babu scale is used to evaluate func-
tion in primates, and the maximum score of 67 points is
considered an indicative of complete recovery. However,
the use of NSCs does not guarantee improvements in
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Figure 2: Multifaceted strategies for cell-based treatment. (a) List of cell types utilized in cell-based therapy for spinal cord injury. (b–k) Stem
cell manipulation in various cell-based therapies. Induced pluripotent stem cells (iPSCs) can be generated from human somatic cells (b). Stem
cells beginning to form embryoid body (c). Neural progenitors were isolated based on the neural rosette pattern and expanded in a culture
dish (d, e). Following treatment with morphogenic agents, neural progenitors differentiate into many motor neurons (f, g). When motor
neurons are cocultured with muscle fibers (h), the neuromuscular junction (i–k) can be detected on muscle fibers. (l) Scaffolds and
biomaterials have developed for use in cell-based therapies. At a certain stage, stem cells can be transplanted alone or encapsulated in
various scaffolds. PHEMA-co-MMA: poly(2-hydroxyethyl methacrylate-co-methyl methacrylate); PLA: polylactic acid; PLGA: poly(lactic-
co-glycolic acid); PCL: polycaprolactone.
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therapeutic outcomes. Although application of a chitosan
or fibrin channel filled with NSPCs to the SCI cavity pro-
motes the survival of NSCs, such animals exhibit no
improvements in functional deficits [32, 36, 37]. These
results indicate that therapeutic effects are only maximized
when NSCs are administered in conjunction with certain
biomaterials and structural scaffolds, such as the NSC-
PLGA scaffold.

3.3. Induced Pluripotent Stem Cells (iPSCs). Since iPSCs
can be derived from somatic cells using reprogramming

techniques, researchers have evaluated the utility of iPSCs
in the treatment of various diseases. The use of iPSCs is
advantageous in that these cells can be directed to develop
into various cell types by modifying the differentiation proto-
col. NSCs can be induced via conversion from iPSCs (iPSC-
NSCs) or via direct conversion of somatic cells (iNSCs).
The embryoid body (EB) formation process can be used to
generate NSCs from iPSCs (Figures 2(b) and 2(c)), following
which therapeutic application of iPSC-NSCs is accomplished
in a manner similar to that use for embryonic or adult NSCs,
as described above (Figures 2(d) and 2(e)). Several reports

Table 1: Animal models of stem cell injury (SCI) and multifaceted approaches to cellular therapies.

Reference SCI animal model
Materials for

scaffold
Applied cells

Recovery
time

Tests for motor
function

Functional
outcome

BBB score

ltosaka et al., 2009

Rat

T8 Hemisection Fibrin fibers
BMSC

4 weeks BBB Improved 15

Okuda, 2017 T8 Transection Cell sheet 4 weeks BBB Improved 5

Kang et al., 2011 T8-9 Transection PLGA scaffold

MSC

4 weeks BBB Improved 10

Yang, 2017 T9-10 Transection PLGA scaffold 4 weeks BBB Improved 7

Hejcl et al., 2010 T8-9 Compression
HPMA-RGD
hydrogel

35 weeks
BBB, plantar

test
Improved 10

Hatami et al., 2009 T10 Hemisection
Type1 collagen

droplet

NSC

5 weeks BBB Improved 19

Nomura et al., 2008 T8 Transection Chitosan
channels

12 weeks BBB No effect 9

Bozkurt et al., 2010 T8 Compression 9 weeks BBB No effect 11

Teng et al., 2002 T9-10 Hemisection
PLGA scaffold

10 weeks BBB Improved 10

Du et al., 2011 T9-10 Transection 8 weeks
BBB, Incline

test
Improved 9

Johnson et al., 2010 T9 Hemisection Fibrin scaffold 8 weeks BBB, Grid walk No effect
Data not
shown

Ye, 2016 T10 Contrusion
Self-assembling

peptide
nanofiber

5 weeks BBB Improved 12

Mothes, 2013 T2 Compression
Hyaluronan-

methy cellulose
gel

9 weeks BBB No effect 12

Liu et al., 2015 T10 Transection
PLGA scaffold

iNSC
10 weeks BBB Improved 14

PLGA-PEG
scaffold

10 weeks BBB Improved 17

Olson et al., 2009 T8-9 Transection PLGA scaffold

SC

4 weeks BBB No effect 1

Wang et al., 2011 T10 Transection Gelform 8 weeks
BBB, incline

test
Improved 8

Hurtado et al., 2006 T9-10 Transection
PDL tubular
scaffold

6 weeks BBB No effect 7

Joosten et al., 2004 T7-9 Transection Collagen gel Astrocyte 4 weeks
BBB, grid,
catwalk

No effect 13

Rochkind
et al., 2006

T7–8 Transection
Dextran-gelatin

tube
NOM, SCC 12 weeks BBB No effect 10

Zhang et al., 2016 T9 Contrusion
Chitosan
scaffold

hDPSC 4 weeks BBB Improved 12

Pritchard
et al., 2010 Primate

T9 Hemisection PLGA scaffold
NSC

6 weeks Babu scale Improved 15

Nemati, 2013 C5–L1 Contrusion Direct injection 49 weeks Tarlov’s scale Improved 1.75

T: thoracic; C: cervical; L: lumbar; PLGA: poly(lactide-co-glycolide) acid; HPMA-RGD: N-(2-hydroxypropyl)-methacrylamide with attached amino acid
sequences Arg-Gly-Asp; PDL: poly D-lactic acid; PLA: poly L-lactic acid; BMSC: bone marrow stromal cell; MSC: mesenchymal stem cells; NSC: neural stem
cell; iNSC: induced neural stem cell; SC: Schwann cell; NOM: nasal olfactory mucosal cell; SCC: spinal cord cell; BBB: Basso, Beattie, and Bresnahan test scale.
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have indicated that direct transplantation of iPSC-NSCs
elicits therapeutic effects in both rat and primate models of
SCI [35, 38, 39]. Nutt and colleagues [39] demonstrated that
intraspinal grafting of iPSC-NSCs results in successful
integration and neuronal differentiation within the injured
cervical segment. Similarly, the application of iPSC-derived
EBs (Figure 2(c); i.e., the prior status to NSCs) on a 3D
fibrin-based scaffold (or a mixture composed of iPSC-NSCs
and hydrogel) promotes neuronal survival and differentia-
tion. These results indicate that iPSC-NSCs combined with
biomaterials promote repair following SCI [40, 41]. Further
studies have revealed that iNSCs also promote neuronal
and functional recovery in a rat model of SCI, with thera-
peutic effects similar to those of normal NSCs [42, 43].
Notably, the application of iNSCs within a PLGA or PLGA-
polyethylene glycol (PEG) scaffold also promotes tissue
regeneration and functional recovery. However, the thera-
peutic effect of the combined PLGA-PEG scaffold is greater
than that of the PLGA scaffold [44]. Various studies have also
reported that transplantation of Schwann cells [45–47],
astrocytes [48], nasal olfactory mucosal cells [49], dental pulp
stem cells [50], and spinal cord cells [49] in conjunction
with biomaterials significantly enhances repair and recovery
following SCI [51]. Taken together, these results suggest that
the most appropriate combination of cells and biomaterials
should be chosen to maximize tissue regeneration and
promote recovery of functional deficits following SCI.

Despite recent advancements, a number of safety issues
have been associated with the transplantation of nontermin-
ally differentiated cells, as both stem cells and iPSCs may
increase the risk of developing iatrogenic teratomas or
tumors. To address this issue, researchers have investigated
the effects of therapeutic strategies involving the transplanta-
tion of several somatic cell types, such as fully differentiated
astrocytes, Schwann cells, olfactory ensheathing cells, and
spinal cord cells. As the area and severity of damage follow-
ing SCI due to contusion or transection vary, cell-based
therapy is more frequently applied than gene therapy or
treatment with drugs/neurotrophic factors. For cellular ther-
apy to be clinically effective, the grafted cells should enable
the regeneration of axons and functional replacement of lost
cells. Although recent clinical trials have extensively investi-
gated such strategies [52], the inherent risks of cell-based
therapy highlight the need to develop drug- or biomaterial-
based strategies (e.g., methylprednisolone) for promoting
axonal regeneration.

4. Behavioral Test Scales to Evaluate
Motor Function

As previously mentioned, various animal models have been
utilized in SCI research. Animal models can be classified
by species, lesion methods, and injured segments of the
spinal cord. Moreover, there are multifaceted therapeutic
approaches to SCI repair, such as stem cell transplantation,
administration of neurotrophic factors, or cell-encapsulated
scaffold grafting. Given the enormous diversity of factors, it
is difficult to compare and interpret the results of these
studies. Thus, the need for universal, objective indices of

functional impairment/improvement remains critical. More-
over, when evaluating the effects of various therapeutic
strategies, both anatomical and functional recovery must be
considered. Indeed, anatomical recovery defined based on
increases in neuronal number, axonal regeneration, and
reduction of lesion size remains inadequate without con-
comitant functional recovery. Based on this consideration,
we propose that assessments of functional recovery be
based on a unified numerical scoring system for each
model (rodent/primate) and lesion site (cervical/thoracic).
The BBB and Babu scales represent such unified indices
for rats and primates, respectively. Summaries of testing
categories and scoring indices are provided in Tables 2
and 3, respectively.

4.1. Rodent Thoracic Spinal Cord Injury Model

4.1.1. BBB Scale. The BBB scale is a representative functional
test administered following thoracic SCI injury [8, 11]. As
mentioned previously, the development of thoracic SCI
models is relatively easier and far less hazardous than the
development of cervical models. In addition, rat models are
more efficient than primate models due to the ease of opera-
tion and level of maintenance required in the animal facility.
Thus, most SCI studies involve the use of rat models with
injuries to the thoracic spinal cord. The BBB rating scale
has long been utilized to assess thoracic SCI in rats. Thus,
many studies report the BBB score only, which allows for
sufficient estimation of the severity of functional impair-
ments following injury. That is, the BBB scale functions as a
unified index, allowing for straightforward evaluation and
discussion of therapeutic effects. The BBB scale evaluates
impairment based on locomotion in an open field, which
allows researchers to observe voluntary movement, limb
movement, trunk position, stepping patterns, and paw or tail
position. Notably, scores can be evaluated at various stages of
the recovery process: early, intermediate, and late phase after
SCI. In the early phase, limb movements including hip, knee,
ankle, and trunk positions are evaluated (BBB score= 0–8),
followed by paw placement, stepping motion, and limb coor-
dination in the intermediate phase (BBB score = 0–5). In the
late phase, paw position—especially initial contact and lift-off
behaviors—trunk instability, and tail position are used to
evaluate the extent of functional recovery (BBB score = 0–8).
A total maximum score of 21 points indicates normal func-
tion or complete recovery. However, as the BBB scale was
developed to assess rat models of thoracic SCI (T7–T9)
induced via contusion, there are several limitations regarding
its general use in all rat models of SCI. In addition, rats may
adapt to the open field environment, although this issue can
be addressed by limiting testing time during rehabilitation.

4.1.2. Louisville Swimming Scale (LSS). The LSS was designed
by Smith and colleagues [53] in 2006 for the assessment of
hindlimb function during swimming. Although both the
BBB and LSS can be used to assess impairments and recovery
in rats with contusion-induced thoracic (T9) SCI, the LSS
possesses some unique advantages over the BBB scale. As
previously mentioned, adaptation and rehabilitation can vary
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depending on the housing conditions of the injured animals.
Thus, swimming tests can be used to provide a novel envi-
ronment and avoid the influence of retraining effects, allow-
ing for more accurate assessment of locomotor capability.
The LSS evaluates function based on the following five
categories: hindlimb movement (LSS score = 0–4), alterna-
tion (score = 0–3), forelimb dependency (score = 0–4), trunk
instability, and body angle (score = 0–6). A total maximum
score of 17 points indicates normal function. Together with
the BBB scale, the LSS has become widely utilized for evalu-
ating impairments and recovery following thoracic injury in
rats. However, as immobility behaviors can be influenced
by emotional states/depression [54], swimming ability
should be measured within a limited period.

4.1.3. Combined Behavioral Score (CBS). Developed in 1984
by Gale and colleagues [55], the CBS is the oldest rating
scale for the assessment of deficits following contusion-
induced thoracic SCI (T8). Function is assessed based on
the following eight categories: hindlimb movement (CBS
score = 0–45), toe spread and placement (score = 0–10),
withdrawal reflexes following pain or pressure stimulation
(score = 0–15), righting (score = 0–5), and maintenance of
position on an inclined plane during increases in angle

(beginning from 0°) (score = 0–15). In addition, somatosen-
sory function is examined via the hot plate test, in which
the latency to lick the forepaw and each hind paw when
placed on a plate preheated to 50°C is scored (score = 0–5).
Finally, in the swim test, the frequency of using the hindlimbs
to swim and climb (score = 0–5) is recorded. A maximum
CBS score of 100 points indicates severe paralysis in rats.
However, as the range of CBS scores is quite wide, it is diffi-
cult to obtain consistent results from different observes. Due
to these limitations, the ranges of scores in the more recently
developed BBB and LSS are much narrower.

4.2. Rodent Cervical Spinal Cord Injury Model

4.2.1. Martinez’s Scale. Since cervical SCI is potentially life-
threatening, scales for functional assessment following
thoracic SCI are more developed than those for cervical
SCI. Currently, only one such scale has been designed for
use in models of cervical SCI: Martinez’s scale [56]. In
2009, Martinez and colleagues developed this rating scale to
examine functional recovery following cervical (C4) hemi-
section. The scale comprises eight categories that allow
for separate evaluation of the forelimbs and hindlimbs:
articular movement (score = 0–6), weight support pattern,

Table 3: Primate models of spinal cord injury (SCI) and suitable test scales.

Target Thoracic SCI Cervical SCI
Scale Babu Nout

Reference Suresh Babu et al., 2000; bonnet monkey Nout et al., 2012; rhesus monkeys

Category 1 Category II Category III Score Category I Category II Category III Score

Reflex

Grasping 0–3

Locomotion

General

Forward movement 0–2

Hopping

Low speed 0–3 Number of limbs used 0–4

Medium speed 0–3 Number of perches reached 0–4

High speed 0–3 Number of cups reached 0–5

Righting 0–2 Truncal instability 0–2

Extension withdrawal 0–2 Maximum score 17

Pressure withdrawal 0–2

Hind limb

Extent of movements 0–8

Pain withdrawal 0–2 Presence of weight support 0–3

Placing 0–2 Presence of stepping 0–4

Runways

Runways

Wide runway 0–5 Ability and extent of use of the hind limb 0–6

Narrow beam 1 0–5 Maximum score 21

Narrow beam II 0–5

Forelimb

Extent of movements 0–8

Grid runways

4 cm intervals 0–5 Presence of weight support 0–10

5 cm intervals 0–5 Presence of stepping 0–4

6 cm intervals 0–5 Ability and extent of use of the forelimb 0–6

7 cm intervals 0–5 Maximum score 28

ect.

Treadmill test

Low speed 0–5

Hand function

Posture of the animal during object manipulation 0–5

Medium speed
Use of the impaired hand for support and movement

of the object
0–8

High speed Grasping method used 0–2

Inclined plane test

Low degree 0–5 Extent of wrist and digit movements 0–6

Medium degree Maximum score 21

High degree

Maximum score (=normal) 67 Maximum score (=normal) 87
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digit position, and paw placement during stepping (score =
0–10 for all). Limb coordination and tail position are also
evaluated (score = 0–4). A total maximum score of 20 points
indicates full functional recovery. As cervical SCI affects both
the forelimbs and hindlimbs, Martinez’s scale is suitable for
the precise assessment of functional recovery in all affected
limbs. The primary advantage of Martinez’s scale is that this
rating system can be used to assess functional recovery fol-
lowing either thoracic or cervical SCI in rats. As previously
mentioned, although various rating scales have developed,
each possesses a distinct array of limitations. To address such
limitations, other behavioral tests such as the catwalk test
[57], gait analysis [58], grid walk test [59], and incline test
[60] have been used in conjunction with rating scales to
enable more precise evaluation of therapeutic effects. As
cervical SCI can affect both forelimb and hindlimb function,
testing procedures and categories should be divided accord-
ing to the limb in animal models of cervical SCI. As scores
on this scale can also be influenced by retraining effects,
animal movement should be video-recorded during short
sessions, followed by separate assessments of forelimb and
hindlimb function.

4.3. Primate Thoracic Spinal Cord Injury Model

4.3.1. Babu’s Scale. The use of primate models in SCI research
has recently increased. In 2002, Suresh Babu and colleagues
[61] developed a rating scale designed to assess function in
a primate model of thoracic SCI. Based on the CBS for rats,
the modified scale was applied in Bonnet monkeys (Macaca
radiata) following thoracic (T12–L1) hemisection. Babu’s
scale evaluates functional impairments based on the follow-
ing two categories: reflex responses and locomotor behavior.
Grasping, hopping, righting, and withdrawal reflexes due to
extension, pressure, pain, and placement are evaluated
(score = 0–22). In addition, gross locomotion on wide run-
ways, narrow beams (score = 0–15), and grid runways
(score = 0–20) is examined at various intervals. Finally, pri-
mates are subjected to a treadmill test at different speeds
(score = 0–5) and levels of incline (score = 0–5). A total max-
imum score of 67 points on Babu’s is considered an indicative
of complete recovery. Although quite similar to the CBS for
rats, Babu’s scale is more detailed and includes additional
criteria specific to primates.

4.4. Primate Cervical Spinal Cord Injury Model

4.4.1. Nout’s Scale.Nout and colleagues [62] designed a novel
rating scale for the assessment of motor function in a rhesus
monkey model of cervical (C7) SCI. Nout’s scale is grossly
divided into two categories: locomotion and hand function.
Locomotion scores are based on general movement and
trunk instability (score = 0–17), hindlimb movement, pres-
ence of weight support, presence of stepping, and extent of
hindlimb (score = 0–21) and forelimb (score = 0–28) func-
tion. Due to the potential impairments associated with cervi-
cal SCI, hand function is also evaluated during object
manipulation (score = 0–13), grasping, and digit movement
(score = 0–8). A maximum score of 87 points on Nout’s scale
is considered an indicative of complete functional recovery.

Taken together, these findings indicate that accurate and
unified criteria should be used to evaluate motor/sensory
function in both rodent and primate models of SCI, in order
to provide more objective assessments of therapeutic strate-
gies. Such rating scales should be suitable for functional
evaluation of the animal based on species and lesion type.
Consistent use of such scales will lead more well-validated
and effective SCI treatments.

In addition to rat/primate models, several studies have
also evaluated therapeutic strategies in canine models of
SCI [63, 64]. Behavioral assessments for canine models
are based on the Tarlov scale [65], which was initially
designed for use in rodents. This modified Tarlov scale
evaluates motor coordination based on stepping behavior/
regularity [64, 66].

5. Future Directions and Conclusions

In the present review, we summarized current evidence
regarding animalmodels of SCI, cell-based therapeutic strate-
gies, and rating scales used to evaluate motor function follow-
ing SCI. Enhanced precision of SCI methods in recent years
has reduced variations in the damage elicited during injury.
The use of unified functional indices in conjunctionwith these
more precise methods allows for sufficient estimation of the
therapeutic effects of potential SCI treatments, without the
need for additional descriptions. When the appropriate ani-
mal models and rating scales are chosen, our review suggests
that the functional scores described in previous sections repre-
sent universal assessments of the animal’s functional state.
The use of defined animal models and suitable indices may
also aid in identifying the most effective treatments and in
enhancing the reproducibility of SCI research.
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Dysfunction and death of retinal pigment epithelium (RPE) and or photoreceptors can lead to irreversible vision loss. The eye
represents an ideal microenvironment for stem cell-based therapy. It is considered an “immune privileged” site, and the
number of cells needed for therapy is relatively low for the area of focused vision (macula). Further, surgical placement of
stem cell-derived grafts (RPE, retinal progenitors, and photoreceptor precursors) into the vitreous cavity or subretinal space
has been well established. For preclinical tests, assessments of stem cell-derived graft survival and functionality are conducted
in animal models by various noninvasive approaches and imaging modalities. In vivo experiments conducted in animal
models based on replacing photoreceptors and/or RPE cells have shown survival and functionality of the transplanted cells,
rescue of the host retina, and improvement of visual function. Based on the positive results obtained from these animal
experiments, human clinical trials are being initiated. Despite such progress in stem cell research, ethical, regulatory, safety,
and technical difficulties still remain a challenge for the transformation of this technique into a standard clinical approach. In
this review, the current status of preclinical safety and efficacy studies for retinal cell replacement therapies conducted in
animal models will be discussed.

1. Introduction

Stem cell-based therapies have shown to restore or rescue
visual function in preclinical models of retinal degenerative
diseases [1–5] which are built on previous data with trans-
plantation of fetal retinal tissue sheets. This has set a standard
what these optimal cells can do [6–9]. Although retinal

degenerative diseases such as retinitis pigmentosa (RP),
age-related macular degeneration (AMD), and Stargardt’s
disease differ in their causes and demographics, all of them
cause RPE and/or photoreceptor destruction which can lead
to blindness [1–5]. Currently, there is no clinically accepted
cure for irreversible dysfunction or death of photoreceptors
and RPE. Since the retina, like other central nervous system
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tissue, has little regenerative potential [4, 10], stem cell-based
therapies that aimed to replace the dysfunctional or dead
cells remain a major hope.

In 1959, a rat fetal retina was transplanted into the ante-
rior chamber of a pregnant rat’s eye [11]. Several decades
later, dissociated retinal cells or cell aggregates were trans-
planted into the subretinal space of rats [12–17]. In the 80s,
Dr. Gouras demonstrated transplantation of cultured human
retinal pigment epithelial cells into the monkey retina. The
transplanted cells were identified on the Bruch’s membrane
by autoradiography [18]. Turner and Blair reported high sur-
vival (90–100%) and development of lamination for newborn
rat retinal aggregates grafted into a lesion site of an adult rat
retina [19]. Silverman and Hughes were the first one to iso-
late stripes of photoreceptor sheets from the postnatal and
adult retina [20], and this method was modified later on by
other researchers by transplanting photoreceptor sheets
[21], full thickness fetal [6, 7, 22–24] or adult retina [25].
These earlier transplantation studies helped to establish
“proof of concept” for future cell replacement therapies in
the eye. Although the initial transplantation studies did not
show any safety issues, ethical restrictions and absence of
suitable animal models for preclinical evaluations delayed
further progress of this approach [3]. In 2009, human embry-
onic stem cell- (hESC-) derived RPE cells were transplanted
into Royal College of Surgeon (RCS) rats in preclinical stud-
ies [26] that eventually lead to clinical trials. Although the
long-term outcomes of the preclinical investigations are not
yet concluded [27–31], recent advancement in the area of
induced pluripotent stem cell- (iPSC-) derived products pro-
vided a new source for transplantation. This method uses
mature cells that return to a pluripotent state similar to that
seen in embryonic stem cells [32–35]. Preclinical testing of
iPSC-derived RPE (iPSC-RPE) cells has been established
[36, 37], and human clinical trials based on iPSC-RPE have
been initiated [38]. These studies indicate survival of the
transplanted RPE with signs of visual functional improve-
ment and no signs of adverse events. However, one of the first
human clinical trials using autologous iPSC-RPE cells lead by
Masayo Takahashi was halted for a period of time after unex-
pected chromosomal abnormalities were found in the second
patient [39, 40]. In a different incident, severe vision loss was
observed in three AMD patients after intravitreal injection of
autologous adipose tissue-derived “stem cells” (https://blog.
cirm.ca.gov/2017/03/15/three-people-left-blind-by-florida-
clinics-unproven-stem-cell-therapy/comment-page-1/). The
above report raises some concerns regarding the existing
safety requirements and regulations of the use of unregu-
lated stem cell trials [41].

In this review, current progress in stem cell-based thera-
pies will be discussed based on safety assessments and func-
tional evaluations conducted in various animal models of
human retinal degenerative diseases.

2. Stem Cell Sources and Their Applications in
the Eye

Stem cell-based therapy for RPE replacement has been initi-
ated at various centers. Since Klimanskaya et al. developed

the original protocol for hESC-derived RPE-like cells [42],
various groups have used several strategies to derive RPE
cells from stem cells. In earlier studies, subretinal transplan-
tation of hESC-derived RPE (hESC-RPE) cells based on cell
suspension injection was shown to rescue degenerating pho-
toreceptors and improve vision in immunosuppressed RCS
rats [26, 43]. In a more recent technique, a pregenerated
RPE monolayer grown on a scaffold and transplanted in
immunosuppressed RCS rats showed improved survival of
hESC-RPE and better clinical outcomes [44, 45] suggesting
that RPE function is dependent on polarization of the trans-
planted RPE cells and the monolayer morphology [44–46].
iPSCs are considered to have several advantages over hESCs
including protection from immune rejection, wide variety
of potential sources, and reduced ethical concerns [47].
Transplantation of iPSC-RPE [37, 48] and iPSC-derived pho-
toreceptor precursor cells [49] has demonstrated success in
different animal models. The iPSC-RPE cells were shown to
have morphological and functional similarities to developing
and mature RPE cells in vitro and in vivo [37, 50–52].
Although it will be advantageous to use patient-derived
RPE (autologous transplants), the time requirements and
production cost make allograft transplantation a desirable
option [47].

Patients need to have a sufficient number of surviving,
functional photoreceptor cells; otherwise, replacement of
only RPE will not help to rescue vision. Therefore, stem cell-
derived photoreceptors [53–56] or retinal progenitor cells
(RPCs) have been used with or without RPE for transplanta-
tion experiments [3, 57–60]. Previously, several types of scaf-
folds made of materials having different architectures,
biocompatibility, size, and stiffness have been used to enhance
cell survival, migration from the scaffold pores, integration
into the host retina, and in vivo differentiation [61–63].

Studies have shown that the beneficial effect of RPC
transplantation is likely achieved by their differentiation into
functional retinal cells and subsequent replacement of lost or
dysfunctional elements [64, 65]. Other investigations sug-
gested that success of RPC transplantation is achieved
through trophic factor release rather than direct replacement
of the lost cells [59, 66–68]. A major challenge in incorporat-
ing photoreceptors and other neuronal cell types is the estab-
lishment of synaptic connections with the proximal neuronal
elements of the recipient retina [2, 69–71]. Using transsynap-
tic tracing techniques and donor cell label, synaptic connec-
tions between fetal retinal sheet transplants and the host
retina have been previously reported [72–74]. Replacement
therapies involving the whole retina are also in progress using
retinal organoids (3D retina) [70, 71, 75, 76]. Recently, hESCs
and iPSCs were differentiated into optic cups and storable
stratified neural retina [77, 78]. Such 3D retinal tissue derived
from iPSCs or hESCs when transplanted in rd1 mice [70, 71]
and immunosuppressed retinal degeneration (RD) monkeys
[75] developed a structured outer nuclear layer and showed
signs of synaptic formations [70, 71, 75]. The above mile-
stone studies highlight the new concepts of regenerative
medicine in retinal therapeutics emphasizing the possibility
of establishing functional connections between the transplant
and the host tissue.
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3. AnimalModels for Stem Cell-Based Therapies

Retinal degenerate rodent models have been extensively used
for biomedical research, but because of the key differences
between the rodent and human eye, rodent models do not
completely replicate the human disease conditions. Most
importantly, the rodents do not have a fovea, and in most
of the rodents, the photoreceptors are mainly rod cells.
Among rodent models, there are both naturally occurring
[79–83] and transgenic animal models [84–87]. Light dam-
age [88], laser-induced choroidal neovascularization [89],
and retinotoxic agents such as sodium iodoacetate [90] and
N-methyl-N-nitrosourea [91, 92] have been also used to
induce retinal degenerative conditions. Among this, sodium
iodate (SI) has been widely used to induce outer retinal
degeneration in otherwise normal animals [93–96].

Rabbits, cats, dogs, pigs, and nonhuman primates have an
eye diameter more or less similar to the human eye which
allows easy testing of surgical tools and procedures developed
for human patients. However, in these large animal models,
inducing a disease condition similar to human patients is
challenging mostly because the etiology of human diseases
is multifactorial, involving both genetic and environmental
contributions [1, 2]. The following section summarizes the
small and large animal models that are currently used in stem
cell-based research.

3.1. Mouse Models. The advantage of using mouse models is
their ability to express gene mutations mimicking those
identified in humans. However, dissimilarities in life span
and rate of disease progression between mice and humans
limit the interpretation of the disease conditions. A variety
of mutations in mice can cause loss of photoreceptors and
reduced rod function and hence were used as AMD
models [97–103]. In humans, mutations in the Abca4 gene
result in Stargardt’s disease, RP, cone-rod dystrophy, and
the accumulation of lipofuscin granules in RPE, a charac-
teristic of AMD [104, 105]. Therefore, Abca4 knockout
mice which also show lipofuscin accumulation in RPE
are considered a model for macular dystrophy conditions
[106–110]. Mutations of the RPE65 gene in humans cause
most frequently Leber congenital amaurosis, with a small
percentage of severe early childhood onset retinal dystrophy
[111]. Hence, Rpe65 knockout mice are a model for studying
RPE65-mediated retinal dystrophy [112, 113]. Transgenic
mice with a rhodopsin Pro23His (P23H) mutation that
causes photoreceptor degeneration are highly comparable
to human RP disease [99, 114, 115]. In humans, a gene
responsible for the autosomal dominant form of Stargardt’s
disease was identified recently [116, 117]. Transgenic mice
harboring this defective gene (Elovl4) are considered a good
model for macular degeneration diseases because of the accu-
mulation of high levels of lipofuscin in the RPE and subse-
quent photoreceptor degeneration in the central retina.
This disease pattern closely resembles human Stargardt’s dis-
ease and AMD [118]. Finally, there are naturally occurring
mutations in mice that are used as models of RP disease
inheritance [79–83]. Many of the mouse models discussed
here are tested for stem cell therapies using cell suspension

injections [89, 119]. In conclusion, the wide variety of gene
manipulated mouse models provides a valuable tool for stud-
ies on therapeutic intervention of various forms of human
RD. However, because of their small eye size, implantation
of laminated sheets is found to be difficult in mice [44, 120].

3.2. Rat Models. Rats’ eyes are twice the size of mouse eyes
[121] which makes it easier to perform surgical procedures
[121] and transplant both fetal retinal sheets [3, 9] and RPE
cells grown as a monolayer [44, 45]. The RCS rat is an animal
model widely used for investigating therapeutic applications
in the eye [122, 123]. The dystrophic RCS rats are character-
ized by RPE dysfunction due to the deletion in the Mer tyro-
sine kinase (Mertk) receptor that abolishes internalization of
shed photoreceptor outer segments by RPE cells [124]. Accu-
mulation of debris in the subretinal space can lead to drastic
photoreceptor degeneration and rapid loss of vision. In RCS
rats, the degeneration progresses slowly. At one month of
age, the retinal thickness remains close to the normal level
[125] and near complete photoreceptor layer thickness is
present [126]. Subretinal transplantation of RPE cells derived
from both iPSC [127] and hESC [44, 128–130] into 21 to 28-
day old RCS rats showed photoreceptor preservation and res-
cue of declining vision. Certain other rat models mimic the
pathology and progression of RD such as the OXYS rat which
spontaneously develops a phenotype similar to human aging
and AMD-like pathology [131, 132]. The transgenic P23H
rat (available in 3 lines with different degeneration rates),
similar to P23H mouse, is frequently used as a model of
studying RP diseases [85, 133]. S334ter rats carry a mutant
mouse rhodopsin which leads to photoreceptor degeneration
[134–136]. The five lines of this model have different charac-
teristic rates of RD, in which S334ter line-3 and S334ter line-
5 represent fast and intermediate slow degenerating models,
respectively [87]. Several studies have been performed in
the above rat models to assess the feasibility of retinal cell
replacement therapies [3, 73, 137–141].

The advantage of using slow degeneration models is that
they mimic the generally slow progression of human disease
conditions. With the inner retina relatively well preserved,
there is better opportunity for rescue or restoration of vision
following various treatment strategies [138, 142]. However,
challenges like immunological reactions and the presence of
residual host photoreceptors can make it difficult to detect
the transplant effects. To overcome the immunological
issues, recently immunodeficient rat models (more details
are provided in Section 4) are developed for testing cell-
based therapies [143, 144]. In summary, rodent models are
currently the leading in vivo tool for testing retinal cell ther-
apies due to their affordable cost and easy availability [145].

3.3. Rabbit Models. Rabbits have an eye size comparable to
humans and are considered a desirable model to examine
therapeutic effects. However, the rabbit retina differs from
that of human because it is rod-dominated and contains the
visual streak, a horizontal band lying inferior to the optic
nerve absent in humans [146, 147]. The densities of rods
and cones in the visual streak are higher than elsewhere in
the entire retina [146, 147]. Despite this difference, full-field

3Stem Cells International



electroretinography (ERG) developed for the human eye can
be used in the rabbit with reproducible results [148]. The
transgenic TgP347L rabbit closely tracks human cone-
sparing RP disease [86, 149]. Histopathological study in
TgP347L rabbits reported that the retinal degeneration devel-
oped earlier in the visual streak than in other areas [86] along
with some ERG abnormalities [150].

Previously, a dose-dependent correlation between the
intravitreal injection of sodium iodate (SI) and retinal degen-
eration (RD) has been reported in rabbits [151]. According to
the investigators, since injected SI may not be evenly distrib-
uted in the vitreous due to its uneven liquefaction character-
istics, uneven retinal degeneration is caused. Another
photoreceptor degeneration rabbit model produced by intra-
vitreal injection of N-methyl-N-nitrosourea showed selective
but inconsistent photoreceptor degeneration [152]. Subretin-
ally injected hESC-RPE in immunosuppressed SI-induced
RD rabbits failed to integrate into the areas that showed geo-
graphic atrophy-like symptoms [153]. This shortcoming was
probably due to the unique features of the rabbit eye with a
higher degree of immune rejection [153]. In summary, rab-
bits serve as a useful midsized animal model to study human
diseases and therapeutics because they have large eyes com-
pared to rodents.

3.4. Cat Models. Abyssinian cats with inherited rod-cone
degeneration (rdAc model) are used as a model for studying
retinal therapeutics [154, 155]. The genetic defect causative
of retinal degeneration in Abyssinian cats has been identified
as a single base pair change in intron 50 of the centrosomal
protein 290 (CEP290) gene (IVS50+ 9T>G). This results in
abnormalities in the transport and distribution of photo-
transduction and/or structural proteins through the connect-
ing cilia resulting in photoreceptor degeneration [156]. A
high prevalence of affected and carrier cats (45% and 44%,
resp.) in the population was first observed in Sweden in
1983 [155]. The cause is speculated to be inbreeding [157].
In addition to have tapetum lucidum (discussed in the next
section) which is different from the human eye, a major
shortcoming of this model is that it does not entirely resem-
ble the human RP diseases where the peripheral retina is
strongly abnormal compared to the central area that remain
relatively less damaged. No such distinction is observed in
Abyssinian cats. In this model, the degeneration is evenly dis-
tributed during the early stages where normal and diseased
photoreceptors are often found side-by-side [158]. In addi-
tion, this cat model manifests a very slow progression of
degeneration, taking from 12 months up to four years [154,
155, 157]. Cat breeds with faster RD disease conditions are
now available [159, 160]. An early onset autosomal recessive
RD disease in Persian cats was virtually completed at 16
weeks of age [160]. Another cat model, the CrxRdy cats,
develops retinal thinning that initially takes place in the
central retina [159]. An acute, reliable, and complete pho-
toreceptor degeneration model in cats can be achieved by
ear vein injection of high-dose iodoacetic acid [161]. Reti-
nal sheet transplantation studies conducted in Abyssinian
cats showed good signs of transplant integration with the
host retina and lamination of transplant photoreceptors.

However, no considerable functional improvement was
noticed [162].

3.5. Dog Models. A major difference in dog eyes from that of
humans is the tapetum lucidum, which is a multilayered
reflective tissue of the choroid. The tapetum lucidum is inter-
posed between the branching vessels in the choroid and the
single layer of the choriocapillaris beneath the retina. The
RPE cells over the tapetum lucidum are normally unpigmen-
ted. The tapetum lucidum acts to amplify and reflect light
back through the photoreceptor layer again in dim light
conditions [163]. Tapetum degeneration called toxic tapeto-
pathy has been described in association with the administra-
tion of several drugs in beagle dogs [164–168]. Toxic
tapetopathy is the characteristic of an altered tapetal color
with degeneration or necrosis of the tapetum lucidum [164,
168]. Tapetum degeneration is not observed in the eyes of
animals without a tapetum lucidum (rodents, monkeys)
[164, 168] and most importantly not in humans [168].

A naturally occurring canine model of autosomal dom-
inant RP caused by a RHO mutation was found to
strongly resemble the human RP phenotype [169]. High
similarity in eye size and preretinal light transmission
characteristics between dogs and humans made this model
suitable for examining the genetic and environmental causes
of RD diseases. Previous studies demonstrated acute retinal
injury in RHO mutation dogs after exposure to strong light
[170, 171]. By varying the dose of light exposure, its long-
term consequences including fast or slow disease progression
and injury repair have been examined [170]. Although there
have been no reports of stem cell-based studies conducted in
these animals, this dog model can be considered a suitable
candidate for future preclinical studies.

3.6. Pig Models. Several transgenic pig models have been
developed for RP diseases, including the Pro347Leu trans-
genic pig with a rhodopsin mutation [84, 172, 173], the
P347S transgenic pig [174, 175], and the P23H transgenic
pig, which is considered a model for autosomal dominant
RP [176]. Disease progression in most of the above models
is slow, making it difficult to assess therapeutic benefits.

Several reports of cell transplantation experiments con-
ducted in pigs are available. Rhodopsin transgenic pigs
have been used for transplantation of full-thickness retina
[177] and retinal progenitor cell (RPC) transplantation
effects [178]. A feasibility and safety study of subretinal
implantation of an hESC-RPE monolayer has been reported
in immunosuppressed Yucatán minipigs [179]. This study
demonstrated preservation of the outer nuclear layer and
photoreceptor outer segment overlying the implant. In non-
immunosuppressed pigs, adaptive immune responses were
activated following allogenic iPSC-RPE transplantation
[180]. The above finding suggests that immunologically
matched and autologous donor cells should be considered
for RPE cell replacement therapies to obviate chronic
immune suppression [180].

A major advantage of using pig models is that surgical
tools can be developed without much adaptation from the
human parameters [1]. Previous RPE cell replacement

4 Stem Cells International



therapy studies conducted in pigs were focused on testing
surgical feasibility of the approach rather than testing
functional improvements [1, 181]. This can be also due
to the absence of a suitable pig RPE dysfunction model.
Although an RPE debridement model can be developed in
pigs [182, 183], it is not preferred for testing RPE cell replace-
ment therapies presumably due to both the difficulty in creat-
ing a consistent disease pattern and the severity of the trauma
that could adversely affect the study outcome.

3.7. Nonhuman Primate Models. The macula is a structure of
the eye unique to humans, apes, and monkeys that plays a
role as the zone of greatest visual acuity. Therefore, nonhu-
man primates are a potentially valuable animal model for
investigating macular diseases of humans [163]. AMD-like
appearance could be found in rhesus monkey (Macaca
mulatta), cynomolgus macaque (Macaca fascicularis), and
the Japanese macaque (Macaca fuscata). This suggests that
the pathogenic mechanisms and associated gene variations
are common between human and nonhuman primates
[184–190]. Induced RD monkey models have been reported
based on systemic injection of iodoacetic acid [191] and
cobalt chloride [75], fiber optic light-induced retinal damage
[192, 193], and focal damage by severe light exposure [193].
However, these models hold one or more adverse features
including ethical issues and inability to produce adequately
sized lesions [75]. Housing, maintenance, costs, and ethical
concerns due to a close evolutionary relationship to humans
further make the nonhuman primate models less appealing
for stem cell researchers [194, 195].

Immune rejection of allogeneic iPSC-RPE transplants
was studied in cynomolgus monkeys (Macaca fascicularis)
[196]. In a recent investigation, researchers used a cobalt
chloride-induced retinal degeneration RP monkey model to
demonstrate possible integration of hESC-derived retinal
sheets with the host bipolar cells [75]. The above finding
demonstrated clinical feasibility of retina sheet transplanta-
tion approach and suggests the need for developing new
strategies for future clinical applications [75].

4. Tools and Approaches for In Vivo Assessment
of the Transplants and Their Functionality

The eyes are one of the few paired organs in the body
where it is possible that one eye is treated while the con-
tralateral eye will serve as control. The transparent nature
of the eye makes the evaluations possible through noninva-
sive imaging modalities.

4.1. In Vivo Imaging of Retinal Transplants and Assessment of
Disease Status. Fundus imaging and fluorescein angiography
are used to record baseline and follow-up examinations after
stem cell therapies. Optical coherence tomography (OCT) is
a noncontact, noninvasive imaging technique widely used in
the clinic. The advancement of OCT technology provided
rapid assessment of transplant morphology and placement
location in the eye [9, 52, 197, 198]. The use of OCT
imaging to assess changes in the retinal thickness post-
transplantation has been established [9, 197–201]. The
above studies conducted in rat models suggested that OCT
is a reliable tool for in vivo screening and evaluation of retinal
transplants. In our rat experiments, we observed that OCT
was helpful using a novel OCT-based screening technique
developed by our team. Using OCT software (Heidelberg
Spectralis’s macular thickness feature), distance between the
internal limiting membrane (ILM) and top of the implant
was measured (Figure 1). The maximum and minimum
values are recorded to determine the delta value. The delta
value is obtained by subtracting the “maximum value
−minimum value.” Based on the delta value, it is possible
to predict whether the implant is placed flat or tilted relative
to the retinal surface.

Recently, Seiler et al. [9] used a Bioptigen Envisu R2200
Spectral Domain Ophthalmic Imaging System (Bioptigen,
Research Triangle Park, NC, USA) to obtain SD-OCT images
of the rat retina that showed similarity between OCT and
histology in the lamination pattern and thickness of the
transplants (Figure 2). Other techniques like scanning laser
ophthalmoscopy (SLO) can generate images from retinal
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Figure 1: OCT imaging to assess surgical placement of hESC-RPE implantation in rats. (a) Fundus image showing hESC-RPE implants
placed inside the rat eye (arrowhead). (b) Optical coherence tomography software was used to measure the distance between the internal
limiting membrane (ILM, arrowhead) and the top of the implant (arrow). The maximum and minimum values were recorded. The delta
value obtained by subtracting “maximum value−minimum value” can be used to determine if the implant is placed flat or tilted relatively
to the retinal surface.
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reflectance, autofluorescence, and extrinsic fluorescence.
With the confocal arrangement, the SLO is capable of reject-
ing scattered light, thereby improving image contrast and
achieving moderate depth sectioning [202]. Confocal near-
infrared SLO imaging was used for in vivo detection of sub-
retinally placed hESC-RPE implants in rats [203]. Although
the lateral resolution achieved with SLO systems is compara-
ble to that obtained with OCT, the depth resolution was rel-
atively poor. But the advantage of SLO is the ability to detect

the presence of pigments on the hESC-RPE in vivo [203].
Hence, the survival and potential functionality of an RPE
graft can be established. Moreover, SLO is useful when the
OCT images are difficult to interpret due to the loss of retinal
architecture, as in the case of advanced AMD.

4.2. Electrophysiological Assessments. Visually evoked poten-
tials (VEPs) have been used to determine whether the photo-
receptor sheet transplants to RD rats can activate the
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Figure 2: Correlation of live SD-OCT imaging with histology. Fetal retinas (embryonic day 19) derived from rats expressing human placental
alkaline phosphatase (hPAP) in the cytoplasm of all cells were transplanted to the subretinal space of immunodeficient retinal degenerate rho
S334ter-3 rats. Transplanted rats’ eyes were imaged in vivo by SD-OCT. Two transplant examples are shown. (a, b) Stretched cross-sectional
B-scans of laminated (a) and rosetted (b) transplant to better distinguish different retinal layers. Rosettes are indicated by yellow arrows (b)
and seen as hyperreflective orbs. (c, d) Transplant-specific histochemistry for hPAP using BCIP (purple). hPAP is expressed in the cytoplasm
(not the nuclei) of donor cells. Transplant number 5 (a, c, e) has a large area of lamination parallel retinal layers with photoreceptor outer
segments, indicated by yellow diamonds (c) and strong rhodopsin expression (e) in the donor outer retina. Transplant number 1 (b, d, f)
is more disorganized with photoreceptors in rosettes [rosette lumens indicated by yellow asterisks in (d)]. The rhodopsin-positive outer
segments face inward (f). This transplant (d) was partially placed upside down in the subretinal space. (a, b) Scale bars: vertical bar:
50μm; horizontal bar: 200μm; (c, d): 100 μm; (e, f) bars: 20μm. Modified after Figure 3 of Seiler et al. vision recovery and connectivity by
fetal retinal sheet transplantation in an immunodeficient retinal degenerate rat model, IOVS 2017;58:614–630. DOI:10.1167/iovs.15-19028;
licensed under the Creative Commons attribution license.
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central visual system [204]. VEPs were elicited by using
strobe flash stimuli, and responses were recorded contra-
lateral to the stimulated eye. The results showed that the
reconstructed retina can produce characteristic light-
evoked responses in the visual cortex [204]. Electrophysio-
logical analysis was used to demonstrate that cortical
visual function could be preserved by subretinal RPE cell
grafting in RCS rats [205]. This was also established using
optical imaging techniques [206]. Morphological assess-
ments confirmed good correlation between photoreceptor
survival and the extent of cortical functional preservation
[206]. However, the degree of visual acuity achieved by
transplants cannot be completely addressed using visually
evoked cortical responses.

Electroretinography (ERG) is employed to access the
diffuse electrical response of the retina. Response to flash
ERG has been used to evaluate the visual functional changes
in retinal degenerative animal models [43, 207, 208]. ERG
assessments have revealed improved photoreceptor function
in RCS rats after hESC-RPE injection [43]. A major limita-
tion in using full-field flash ERG is that it may fail to detect
signals from the comparatively small transplant area. This
is because the ERG response is the cumulative effect of signals
from the entire retina, whereas signal output from the
transplant area may not be sufficient to generate considerable
difference in the ERG wave form [9].

Focal electroretinography (fERG) is used to study a dis-
crete region of the retina and determine if there is signifi-
cantly more electrical activity in that area compared to the
surrounding retina. This technique has been successfully
employed in RCS rats to show photoreceptor rescue after
iPSC-RPE injection [209]. Although multifocal ERG
(mfERG) is also considered an equally efficient tool to ana-
lyze focal retinal changes, its application in stem cell research
is still not well established. Previously, the technique has been
proven to be useful in primate recordings [210] and effective
in rats to show focal retinal defects [211]. However, its appli-
cation in small animal studies is not very popular, presum-
ably due to the inconsistency in the recording pattern
which causes difficulties during data interpretation (unpub-
lished observations).

Transplant functionality may be reliably assessed by
means of electrophysiological mapping of the superior col-
liculus (SC). The SC receives direct retinal input which
corresponds to the areas of the retina that are being stim-
ulated by light [138, 212] and can provide point to point
estimates of the retinal function [2]. Our previous studies
have demonstrated improved SC responses in rodent
models of the RD following cell-based therapies [9, 43,
137, 138, 213]. The SC mapping data can demonstrate that
the quality of fetal retinal sheet transplants corresponds to
the quality of the SC response [9, 214]. The transplants
with more lamination shown in OCT images were later con-
firmed by SC electrophysiology as having better restoration
of visual responses compared to those transplants that were
rosetted [9] (Figure 3).

4.3. Visual Behavioral Testing.Optokinetic (OKN) testing is a
noninvasive visual behavioral testing method widely used for

the assessment of spatial visual acuity in rodents [3, 67, 68,
215]. The OKN response is a compensatory eye movement
that reduces movement of images across the retina. Factors
which affect the OKN responses are the population and dis-
tribution of surviving photoreceptors, the inner retina plas-
ticity status, and the morphological status of subcortical
visual areas of the brain like the SC [2]. The outcome of stem
cell-based therapies can be assessed based on OKN responses
by varying the stimulus parameters, such as grating spatial
frequency and contrast sensitivity [26, 67, 68, 216]. A major
advantage of the OKN testing is the ability to assess visual
function without prior training of the animals. It can also
enable testing of the left and right eyes independently by
using a special apparatus [217] or by changing the direction
of the rotation of the stimuli [218]. Previous studies demon-
strated that eyes that received stem cell therapies elicit higher
levels of optokinetic response compared to the control
groups [43, 213, 217, 219, 220]. However, as in the case of
full-field ERG, the OKN responses may be inadequate for
detecting visual function from a small area showing trans-
plant function [144]. Since the animal could see only a
spot-like light from a small area in the visual field, it may fail
to evoke head-tracking responses [71]. Another drawback of
the OKN testing is its inability to measure higher visual pro-
cessing since these responses are elicited mostly by subcorti-
cal centers. According to McGill et al. [219], since OKN
responses in RD animals show conflicting results, it should
be used with caution because of the subjective nature of the
tests. Other techniques developed for visual behavioral test-
ing include water maze [221, 222] and visual discrimination
apparatus [223]. Although the above techniques require
extensive training for the animals, they provide the opportu-
nity to test wide variety of visual stimuli that require higher
visual processing. However, these tests remain unpopular
due to the training requirements, time constraints, and gen-
eral concerns regarding the accuracy of two-choice tests.

5. Safety Studies for Stem Cell
Transplantation Approaches

Based on some of the recent reports, the occurrence of
adverse events following ocular cell replacement therapies
cannot be ruled out. The first study that used autologous
iPSC-RPE cells for therapy of AMD in Japan was halted after
unexpected mutations were noticed in the iPSCs derived
from the second patient. To overcome this issue, cord blood
and samples from cord blood banks were targeted as a main
source of the cells for reprogramming and a human leukocyte
antigen (HLA) homozygous iPSC bank was also established
[39]. The major purpose of developing this iPSC bank is to
solve the issue of high cost and time consumption in process-
ing autogenic iPSC-RPE cells [224]. There are some reports
of human clinical trials based on RPE allografts that failed
to survive because of immune rejection [225–227]. The
degree of allografts that undergo rejection depends partly
on the degree of similarity or histocompatibility between
the donor and the recipient. HLA matching has great clinical
impact in kidney and bone marrow transplantation but is
less of a consideration in heart and lung transplantation
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Figure 3: SC recordings from RD nude rats with retinal sheet transplants. (a) Spike count totals (heat maps) over the entirety of the region
recorded in SC for all transplanted rats. L: laminated transplant; R: rosetted transplant; D: disorganized transplant. Responses were observed
only in certain areas in the SC and were centered on a peak. Sample traces from areas (marked with X) with robust, intermediate, and no
response for (b) transplant number 5 with strong responses and (c) transplant number 1 with weak responses. Arrows and black bars
indicate the light stimulus. Taken from Figure 7 of Seiler et al., vision recovery and connectivity by fetal retinal sheet transplantation in an
immunodeficient retinal degenerate rat model; IOVS 2017;58:614–630. DOI:10.1167/iovs.15-19028; licensed under the Creative Commons
attribution license.
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[228, 229]. Matching for HLA-B plus HLA-DR resulted in a
significant correlation with graft outcome in kidney trans-
plant patients. Grafts with no HLA-B,-DR incompatibilities

had approximately 20% higher success rates at one year than
grafts with 4 mismatches [230]. Sugita et al. tested all six HLA
genotypes (A, B, C, DRB1, DQB1, and DPB1) and reported

(a) (b)

Figure 4: Positive control experiments (injection of undifferentiated cells) conducted in athymic nude rats to show development of tumors in
the eye. (a) Teratoma formation at about 6 weeks after injection (2 μl) of undifferentiated hESCE suspension (60,000cells/μl) shown on H&E
staining (2x) (arrowhead: lens, arrow: tumor formation originated from the subretinal space, broken arrow: the margin of the tumor). (b) 10x
magnification of the black square from (a). The teratoma is composed of various cell types, including cartilage cells (arrowhead).
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Figure 5: Genotyping assays of immunodeficient S334ter-3 rats. (a) S334ter transgene genotyping assay. Lane 1 15 bp–3 kb size marker. Lane
2 transgene-negative sample. Lane 3 transgene-positive sample. Sizes in base pairs (bp) are indicated to the left of the image. An amplicon of
350 bp indicates the presence of the transgene. The 15- and 3000-bp alignment markers are present in all lanes. (b) Allelic discrimination
assay plot for detection of the Foxn1rnu mutation. The fluorescence levels of VIC (wild type, allele X) and FAM (mutant, allele Y) are
plotted on the x-axis and y-axis, respectively. The genotypes of each sample are represented by blue diamonds (homozygous Foxn1rnu),
red circles (homozygous for the wild-type Foxn1 allele), or green triangles (heterozygous +/Foxn1rnu). The no template negative control
is represented by the gray box. Reprinted from Graefes Arch Clin Exp Ophthalmol, vol. 252, Seiler et al., a new immunodeficient
pigmented retinal degenerate rat strain to study transplantation of human cells without immunosuppression, pages 1079–1092, copyright
(2014), with permission from Elsevier. DOI 10.1007/s00417-014-2638-y.
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that the effector T cells can recognize MHC molecules on the
allogeneic iPSC-RPE cells, but the immune reaction caused
by the T cells can be prevented after HLA blood tests [224].
Therefore, the future clinical trials can make use of alloge-
neic RPE cells derived from iPSC lines procured from the
HLA-homozygous iPSC bank [39, 224]. Nevertheless, further
detailed analysis is needed using larger sample size and long-
term follow-up [224].

In a recent report, three AMD patients in Florida suffered
severe vision loss after receiving injection of autologous
adipose tissue-derived stem cells. In this study, adipose-
derived stem cells were injected into the eye based on mini-
mal clinical evidence of safety or efficacy. The injection
caused ocular hypertension, hemorrhagic retinopathy, vitre-
ous hemorrhage, combined traction and rhegmatogenous
retinal detachment, and lens dislocation [41].

The major concern of optimum safety and purity of the
cells is that the products should be free of undifferentiated

cells and should demonstrate the genetic and functional sig-
nature of the desired stem cell-derived tissue. Undifferenti-
ated pluripotent stem cells have the capacity to differentiate
into all cell types of the three germ layers and may cause
tumor formation. Therefore, extensive testing for the absence
of tumor formation and cell migration before implantation
is crucial [2]. Differentiation into nondesired cell types is a
potential threat to the success of stem cell-derived cell
therapies. Confirming the purity of stem cell derivations
before transplantation is mandatory [231]. In one study,
subcutaneous transplantation of iPSCs into immunosup-
pressed mice resulted in tumor formation, demonstrating
the pluripotency of the injected iPSCs and its capability to
evade immune detection [232]. The ability of tumor forma-
tion is often assessed using tumorigenicity studies in animal
models. According to Nazari et al. [2], assessing tumorigenic-
ity potential in immunocompetent animal models can be
misleading since the absence of tumor formation might be

RCS-p+/ RCS-p+

Retinal degeneration,
normal immunity, hairy

Foxn1rnu/ Foxn1rnu

Normal eyes, 
immunodeficient,
hairless

Founder breeders

+/ RCS-p+ and +/ Foxn1rnu

Normal eyes, normal
immunity, hairy

+/ RCS-p+ and +/ Foxn1rnu

Normal eyes, normal
immunity, hairy

First generation

RCS-p+/ RCS-p+

and +/ Foxn1rnu

Retinal degeneration,
normal immunity, hairy

RCS-p+/ RCS-p+

and Foxn1rnu/ Foxn1rnu

Retinal degeneration,
immunodeficient, hairless

Second generation

RCS-p+/ RCS-p+

and Foxn1rnu/ Foxn1rnu

Retinal degeneration,
immunodeficient, hairless

Third generation
(Target animal model)

Figure 6: Breeding of immunodeficient RCS rats. Initial mating was performed between male athymic nude rats (Hsd:RH-Foxn1mu) and
female dystrophic RCS rats (Mat LaVail, UCSF) to generate F1 pups. The F1 rats were further crossed to generate F2 litters. Pups that are
double homozygous (homozygous for RPE dysfunction gene and immunodeficiency gene) were identified based on phenotypic and
genotypic expressions.
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related to the ability of the host to reject tumorigenic cells
before tumors form. However, this can be overcome by using
positive controls (injection of undifferentiated cells) that are
expected to develop tumors in the target area (Figure 4).

Although the eye is to a large extent regarded as an
immune privileged organ, there is strong evidence for
immune response to xenografts [199, 233–235]. When dis-
ease models are used for assessing functional efficacy,
immunosuppressant drugs are administered to avoid immu-
nological rejection. Most of the preclinical studies involving
human-derived cells used animal models that are exposed
to severe immunosuppression regimes [26, 196]. Adminis-
tration of immunosuppressants in rodents is labor intensive
andmay cause additional pain and discomfort to the animals.
A recent study demonstrated more adverse effects of immu-
nosuppression in animal models. Cyclosporine A plus
dexamethasone-administered RCS rats showed depressed
scores on visual behavioral and electrophysiological testing
[236]. To overcome the above issues, we have developed
new immunodeficient rat models. This was accomplished
by crossing between nondystrophic immunodeficient ani-
mals (NIH nude rats) and RD disease models. The double
homozygous pups (immunodeficient RD) can be determined
by genotyping [143, 144]. Based on this, an immunodeficient
S334ter-line-3 rat colony has been established which elimi-
nated the need for immunosuppression when transplanting
xenografts [143] (Figure 5). More recently, a new immuno-
deficient RCS rat model has been also created [144] and is
currently being tested for various stem cell-based products
(Figure 6). By employing these models, it is possible to justify
ethical concerns by reducing animal use and the overall study
cost can be considerably lowered.

6. Conclusion

Stem cell-based therapies provide a new treatment option for
retinal degenerative diseases that were previously considered
incurable. Preclinical experiments conducted in animal dis-
ease models demonstrated functional efficacy and safety of
ocular cell replacement therapies. Studies conducted in large
animal models helped to establish the surgical techniques
required for clinical trials. The above animal studies have
paved the way for several clinical trials based on cell-based
therapies currently in progress.
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Stem cells have a high potential to impact regenerative medicine. However, stem cells in adult tissues often proliferate at very slow
rates. During development, stem cells may change first to a pluripotent and highly proliferative state, known as transit-amplifying
cells. Recent advances in the identification and isolation of these undifferentiated and fast-dividing cells could bring new
alternatives for cell-based transplants. The skin epidermis has been the target of necessary research about transit-amplifying
cells; this work has mainly been performed in mammalian cells, but further work is being pursued in other vertebrate models,
such as zebrafish. In this review, we present some insights about the molecular repertoire regulating the transition from stem
cells to transit-amplifying cells or playing a role in the transitioning to fully differentiated cells, including gene expression
profiles, cell cycle regulation, and cellular asymmetrical events. We also discuss the potential use of this knowledge in effective
progenitor cell-based transplants in the treatment of skin injuries and chronic disease.

1. Introduction

Stem cells (SCs) possess the capacity to self-renew and at the
same time to differentiate into specialized cell types. This
process is essential during development to form new tissues
and organs and during adulthood to replenish cellular masses
or to repair damaged organs. It is an evolutionarily conserved
trait in animals, and there is evidence that this process is
present in Cnidarians (like hydra) [1], Sponges [2], and
Ctenophores (also known as comb jellies) [3], organisms
located at the base of the animal phylogenetic tree. Therefore,
mechanisms regulating cell proliferation and directing the
fate of SC progenitors are highly conserved [4]. It is believed
that, at some point, all basal animals had adult pluripotent
cells (called primordial stem cells (PriSCs)) with the ability
to function as SCs or as germ cells.

One of the challenges of cell transplant-based therapies is
to induce SCs to proliferate and differentiate when needed.
Therefore, it is essential to identify SC genes that can activate
cell division and differentiation programs, considering that
while many of these genes will be shared among SCs from

diverse tissues, some others will be different or will be acti-
vated at various moments. Since some SCs from adult tissue
remain almost quiescent, without dividing for long periods of
time, it is important to study how cell proliferation is acti-
vated and terminated. Furthermore, controlling the balance
between self-renewal and differentiation requires a fine tun-
ing in different cell functions, such as chromatin remodeling,
transcription, posttranscriptional modifications and transla-
tion [5–7]. These complex processes are regulated by multi-
ple genetic pathways acting at different levels of regulation.

A logical path in understanding how SCs work is to iden-
tify and compare the set of genes that are expressed in SC
progenitors with those active in the differentiated cells they
produce; however, there is another level of complexity to
consider. When SCs proliferate, they divide asymmetrically
generating one SC and one cell committed to differentiation;
however, it has been thoroughly documented that in many
tissues and organs, SCs divide into one SC and one pluripo-
tent transit-amplifying cell (TAC). TACs proliferate rapidly,
and after several rounds of cell division, they become differ-
entiated [8]. The essential feature of this “transit” cell
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population, as suggested by Loeffler and Potten [9], is their
capacity to generate many maturing cells from very few cells.
The cells entering the transit stage, or TACs, are capable of
rapidly producing many differentiated cells, not only during
development but also during regeneration.

One of the main problems in cell transplant-based thera-
pies is the limited use of adult stem cells since these cells tend
to remain almost quiescent, without dividing for long periods
of time. Therefore, it is important to understand how SC pro-
genitors are triggered to proliferate and differentiate rapidly,
implying that any knowledge about TAC biology could be
essential for designing new therapies. Here, we review some
key aspects of TACs’ characteristics and functions, with an
emphasis on studies in epidermal skin cells from different
organisms. First, we describe how the concept of TACs was
shaped and their characteristics in cell proliferation and gene
expression compared with SCs; we then present key aspects
in the transition from SCs to TACs and later to differentiated
cells. Finally, we summarize some information about the
potential use of SCs and TACs in cell-based transplants to
treat skin injuries and chronic disease.

2. Stem Cells and Transit-Amplifying Cells

Self-renewal and the capacity to differentiate into specific
cells are the defining properties of SCs, as established early
by McCulloch and Till in 1961, based on their experi-
ments on “spleen colony-forming units” from bone marrow
[7, 10]. At the same time, they established that SCs possess
unlimited proliferative potential and pluripotency; however,
in steady state conditions, SCs behave as slow proliferating
cells [7]. In one attempt to define all the cell populations con-
stituting multicellular organisms, Laszlo G. Lajtha in 1979
postulated the existence of “transit cells” that were different
from SCs. These cells were produced by precursor cell popu-
lations and were short lived. The “time of transit”was defined
by a maturation process limiting their proliferative capacity
[11]. He also emphasized that “…amplification which occurs
in transit populations originating from stem cells results in
stem cells being a minority population…” [11], which pre-
dicts that proliferation rates in these transit cells will be, at
some point, higher than those in SCs.

Further elaboration of the model implied that TACs were
irreversibly converted in differentiated cells effectively ampli-
fying each stem cell division and protecting the genetic pool.
In addition, each TAC must have a set number of cell divi-
sions [9, 12, 13]. While looking at cultured cells from a tera-
toma, Rheinwald and Green found previously unidentified
epithelial cells that would grow rapidly but only in the pres-
ence of fibroblasts. Since these fibroblasts (3T3 cell line)
had the capacity to enhance proliferation in keratinocyte cul-
tures, years later, they were successfully used in the treatment
of many burned patients [14]. One of the initial experiments
consisted of inoculating single cells, isolated from the epider-
mis and placed in different culture dishes. Twelve days later,
the researchers identified three distinct types of founding
cells, named holoclones, paraclones, and meroclones [15].

Holoclones showed better growth potential and were
believed to be SCs. Paraclones, in contrast, only grew up to

15 cell generations and were believed to be differentiated
cells. Meroclones showed an intermediate growth potential.
A key observation was that after subculture transfers, holo-
clones became meroclones, which were gradually converted
to paraclones; therefore, a directional restriction in growth
potential was identified [15]. Meroclones were the best candi-
dates to possess an enriched population of TACs. These clo-
nogenic epidermal cultures were ideal for studying the
transition from SCs to TACs [16]. Some cellular markers
were later identified to help distinguish holoclones (B1 integ-
rin and keratin 14) [17] from paraclones (involucrin) [15].
However, as meroclones consist of an intermediate (transit)
population of cells, it has been challenging to identify
markers that distinguish them from SCs.

Epidermal SCs express a transcription factor, known as
p63, that was found to be phosphorylated in TACs. There-
fore, it has been used to label TACs during regeneration
experiments [16, 18]. Currently, most authors recognize that
TACs are a subpopulation intermediate between SCs and dif-
ferentiated cells. Furthermore, TACs have the capacity to
amplify the number of terminally differentiated cells that
are produced from each stem cell division [19]. It is worth
mentioning that some other authors believe that TACs are
not part of epidermal homeostasis and tissue formation and
renewal [20]. Nonetheless, TACs have been identified in
multiple organisms and different organs and tissues [21-28]
(see Table 1). We summarize some of the significant contri-
butions that defined the current concept of transit-
amplifying cells in Figure 1.

3. Gene Expression in Transit-Amplifying Cells:
Lessons from Hair Follicles

Essential knowledgeabouthowTACsare regulated come from
studies in mammals on the hair follicle (HF). The HF is a
particularly useful system in which to study SCs and their
progeny since hair growth is fueled by SCs during develop-
ment, and in adults, the HFs continuously regenerate in alter-
nate cycles of growth (anagen), destruction (catagen), and
quiescence (telogen) [29]. Furthermore, mouse HFs are an
ideal system to explore possible interactions and regulation
between SC and TAC populations. The TACs associated with
HFs are located surrounding the dermal papilla (DP) at the
base of the HF; these TACs are embedded in matrix cells that
enclose the DP. The DP is a specialized niche compartment,

Table 1

Organ or tissue where TACs have been described References

The cornea in human and mice [26, 58]

The human mammary gland [23]

The prostate epithelia [27]

The mammalian epidermis [15, 19]

The gastrointestinal tract [28]

The skin epidermis in zebrafish [46]

The different types of hair follicles in mammals [25, 59]

The testis in mammals or male germline in
Drosophila

[21, 22, 24]
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and their signals (such as TGFB2 and FGF7) have a strong
influence in regulating TAC proliferation, migration, and dif-
ferentiation. At the same time, TAC signals have a role in SC
regulation. For example, the TAC-secreted ligand Sonic
Hedgehog (SHH) induces quiescent SCs at the HF bulge, to
proliferate [8],hencepromoting theanagenhair growthphase.

With the intention to describe a gene expression profile
from the HF, a microarray experiment was performed in
2005, where many DP-enriched genes were identified. How-
ever, it was not possible to distinguish TAC-expressed genes
from those active in other HF cell types [30]. Ten years later
and taking advantage of six cell-specific transgenic reporters,
it was possible to separate different cell populations in HFs
during developmental stages and to perform transcrip-
tomic analysis via next-generation sequencing [31]. More
than two hundred genes were expressed by TACs, such
as HOXC13, KITL, LEF1, BMP2, WNT10b, FOXP1, and
GLI3, among many others (the complete list is found in
http://hair-gel.net). Several of these genes are expressed
in adult HF-TACs during the anagen growth phase,
suggesting that there are similarities between hair growth
during development and active HF proliferation cycles in
mature organisms.

From the transcriptomic analysis of HF cells (outer root
sheath cells, matrix cells, melanocytes, dermal fibroblasts,
epidermal cells, TACs, and SCs), it was possible to build an
interactome for HF signals that induce development. While
epidermal populations express WNT ligands, DP cells

express WNT regulators. BMP-signaling molecules are pres-
ent in all HF cell types, but TACs show high expression of a
TGFB pathway negative regulator called BAMBI (BMP and
activin membrane-bound inhibitor). NOTCH ligands are
expressed by epidermal cells, while downstream effectors of
NOTCH are expressed in matrix cells and TACs. One of
the conclusions of this transcriptomic analysis is that TACs
are significantly involved in signaling and regulation. For
example, they interact with melanocytes, outer root sheath
cells, and DP cells via the KIT, EFNB2, and SHH signaling
pathways, respectively [31]. Furthermore, TACs are in close
communication with the DP, actively promoting TAC prolif-
eration, with the result of efficient tissue growth. These DP-
TAC interactions may modulate cell cycle frequency in
primed SCs, quiescent SCs, and TACs at the HF [8].

A different approach for analyzing dynamic gene expres-
sion in TACs was to study histone modifications in adult HFs
by chromatin immunoprecipitation and deep sequencing
(ChiP-seq). Here, several genes were identified to be
expressed in SCs but at the same time repressed in TACs
[32]. This gene repression profile, in the form of H3K27-tri-
methylation, was mediated by Polycomb-group (PcG) pro-
teins over genes such as SOX9, HOXA7, WNT5b, FGF18,
and LGR5. At the same time, a different subset of genes, usu-
ally PcG repressed in SCs, was becoming activated in TAC
progenitors, such as LEF1, BMP4, RUNX2, and WNT5a
[32]. Therefore, the transition from SCs to TACs involves
PcG-mediated repression of certain genes but activation of

2009. First report of RNA transcriptome
sequencing of single mammalian cells
Tang et al. [85]

2011. First report of DNA genome
sequencing of single human cancer cells.
Navin [84]

1987. Identified three clonal types of
keratinocytes with different properties
Barrandon and Green [15]

1979. The cell population types constituting
multicellular organisms, based on their
proliferation kinetics.
Lajtha [11]

1961. Stem cells give rise to
all hematopoietic lineages.
Till and McCulloch [10]

1999. Evidenced the role of p63 during
epidermal stratification in mice.
Mills et al. [89]

2012-2013. Increased p63 phosphorylation marks
early transition of epidermal stem cells to progenitors.
Suzuki and Senoo [16, 18]

1974. Label-retaining cells with tritiated
thymidine (3H-thymidine) used to follow
cellular proliferation kinetics.
Potten [13]

1998. Showed the existence of a
hierarchy for transit amplifying cells
in cornealepithelium.
Lehrer et al. [58]

2005. Epidermal stratification by symmetric and
asymmetric stem cell divisions.
Lechler and Fuchs [34]

2016. Created a multicolor system for 
lineage tracing in zebrafish to follow the
behavior of superficial epidermal cells in vivo.
Chen et al. [61]

2014. Transit amplifying cells or chestrate
stem cell activity and tissue regeneration.
Hsu et al. [8]

2013. Proposed that Transit amplifying cells are
responsible to stratification of zebrafish epidermis.
Guzman et al. [46]

Figure 1: Time line for discoveries that shaped the current concept of Transit-Amplifying Cells.
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some others. The mechanism of switching from a pluripotent
state to a differentiated state may be better understood by
comparing the functions of activated or repressed genes dur-
ing this transition.

4. Asymmetric Cell Divisions in the Transition
from Stem Cells to Transit-Amplifying Cells

Epidermis formation during development is a complex
process. Lateral expansion occurs while the organism grows,
and at the same time, more epidermal layers are added (strat-
ification). As we mentioned before, SCs may divide by either
symmetric cell division (SCD) or asymmetric cell division
(ACD). The epidermal basal layer is formed by SCs that
divide asymmetrically to produce one daughter cell, which
remains at the basal layer, and another daughter TAC that
will rapidly proliferate at suprabasal layers. Because of
ACD, the number of SCs at the basal layer is kept constant,
while the number of TACs rapidly increases, producing
new epidermal layers during development [6, 33] or tissue
repair [16, 18]. When stratification was initiated during
mouse development, an active ACD process could be
observed, since over 70% of the mitotic spindles, at the basal
epidermal layer, were in a perpendicular orientation, to the
basement membrane [34].

Many proteins take part in mitotic spindle reorientation
during epidermal stratification by ACD.MINSC is the mouse
homolog of the gene Inscuteable from Drosophila melanoga-
ster that has been implicated in tethering apical multiprotein
complexes involved in cell polarization [35]. For instance,
overexpression of MINSC increased the frequency of cells
with ACD [33]. One of these oligomeric complexes is formed
by MINSC, PAR3 (Partitioning defective-3), and LGN
(homolog of Pins from D. melanogaster). Once the MINSC-
PAR3-LGN complex has been assembled, it recruits NuMA
(Nuclear Mitotic Apparatus) to the apical cell cortex. The
uncoupling of NuMA from MINSC-PAR3-LGN produces
more cells by SCD [33]. LGN N-terminal-TPR repeats, and
C-terminal-Goloco domains are essential to recruit NuMA
to the complex and its apical accumulation [36]. While the
Goloco domains bind heterotrimeric G proteins, the TPR
domain facilitates the interaction between NuMA and
MINSC [37, 38]. These multimeric complexes also recruit
molecular motors, like dynein and dynactin, needed to shift
the mitotic spindle orientation (Table 2) [39].

The reorientation of the mitotic spindle during ACD not
only will direct the position of daughter cells but also affects
the localization of cell fate determinants as well [40]. This
include many cellular components, such as membrane
proteins, tight junctions, and organelles that are reorga-
nized [41]. For example, EGFR (epidermal growth factor
receptor) was asymmetrically distributed after epidermal
ACD [41, 42], which is particularly relevant since EGF is
known to control proliferation in epidermal cells. EGFR
regulates the NOTCH signaling pathway [43], explaining
why blocking ACD impairs NOTCH function [44]. EGFR
is also required for TACs to differentiate since it promotes
keratin 5/14-expressing epidermal cells to change their
expression to keratin 1/10 [45]. Control of cell division

rates may also be related to ACD. During zebrafish epider-
mis development, higher cell proliferation rates were
observed to switch from basal cells to suprabasal cells,
during stratification [46]. It is clear that molecular mecha-
nisms controlling ACD are essential for the transition
from SCs to TACs during epidermis formation [41].

5. Cell Proliferation Differences between Stem
Cells and Transit-Amplifying Cells

Early on, it was observed that TACs were ephemeral; they
divided faster and differentiated rapidly, while SCs were
almost nonproliferative in steady-state conditions [11, 15].
Indeed, SCs from adult organisms replicate very slow, as in
mice where hematopoietic SCs (HSCs) replicate once every
2.5 weeks [47] or in humans where HSCs replicate every 10
months [48]. During development, SCs proliferate faster
while serving as the source of cells for new organs and tissues.
However, as organisms mature, SCs divide less and less,
moving towards a quiescent state, which may be related to
avoiding premature exhaustion and minimizing mutational
events [5]. This behavior is critical for therapeutic cell trans-
plants since low proliferation rates may limit tissue repair.
In contrast, TACs are highly proliferative making cell cycle
dynamics one of themain differences between SCs and TACs.

Cell proliferation rates are directly related to the duration
of the G1 cell cycle phase. It is known that cyclin-dependent
kinases (CDKs) are sequentially activated or repressed, mod-
ulating the duration of G1 phase. Therefore, increasing pro-
liferation rates may involve changes in CDK expression.
For example, CDK4, CDK6, and cyclins D1–3 are activated
to progress from the G1 to the S phase. In the mouse pituitary
gland, it was observed that TACs, but not SCs, express CDK4,
suggesting that CDK4 may induce proliferation during the
transition from SCs to TACs (Table 2) [49]. Opposite to
the activity of cyclins and CDKs, CDKIs (cyclin-dependent
kinase inhibitors) such as P21 and P27 are cell cycle regula-
tors that inhibit the function of CDKs and lengthen G1. In
P21 and P27 knockout (KO) mice, hematopoietic SCs
became depleted, while there was an increase in the number
of hematopoietic TACs [50, 51]. This supports the idea that
after SC division, P21 is downregulated in the new TAC pro-
genitor and CDK4 expression is activated, resulting in higher
proliferation levels.

Cell cycle regulation by P21 is partially mediated by the
RB protein (also known as retinoblastoma). Active cell prolif-
eration requires that CDK2 and CDK4 phosphorylate RB
(producing its inactive form). In contrast, when P21 inhibits
CDK2 and CDK4, RB becomes dephosphorylated (produc-
ing the active form), and the cells are switched to a nonpro-
liferative state. It has been observed that overexpression of
P21 in cultured mammalian cells induced the depletion of
the RB pool [52]. In conditional KO mice for RB, there was
a substantial reduction of basal epidermal SCs, in combina-
tion with an increased cell proliferation at the suprabasal
layers. At the same time, these RB-null mice showed a noto-
rious epidermal thickening [53]. In this work, it was
concluded that “RB is essential for the maintenance of the
postmitotic state of terminally differentiated keratinocytes,
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preventing cell cycle re-entry” [53]. Since suprabasal epider-
mal layers in zebrafish larvae were proposed to contain TAC
progenitors [46], it is possible that P21-mediated RB inacti-
vation may promote higher levels of cell proliferation in
zebrafish epidermal TACs (Table 2).

Paired-like homeodomain transcription factor 2 (PITX2)
promotes keratinocyte differentiation in the skin. PITX2 over-
expression activates P21 expression in cultured keratinocytes
[54]. Furthermore, microinjection of human PITX2 in
zebrafish embryos thickens the epidermis and increases
keratinocyte differentiation [54]. The cell cycle could be regu-
lated at different levels. For example, the microRNA let-7b is a
known cell cycle inhibitor [55] that is present in low amounts
in epidermal SCs with high proliferation rates. When these
proliferative SCs were transfected with a recombinant lentivi-
rus expressing miR-let-7b, cyclin D1 and CDK4 levels were
reduced and cell proliferation was halted [56]. In conclusion,
the regulation of cellular division rates is a key step in the tran-
sition from SCs to TACs and later to differentiated cells.

6. The Role of Cellular Migration in the
Epidermis

TACs are essential to form new layers of cells by epidermal
stratification during development or in regeneration after

injury [41, 46, 57]. Consequently, changes in TAC regulation
could have dramatic effects on the final thickness, permeabil-
ity, and appearance of the skin. For example, an increment in
the number of TACs may play a role in some cellular hyper-
proliferative diseases, such as psoriasis [58]. Since signals
from the environment may regulate the cellular behaviors
of SCs and TACs [31, 59], their tissue localization could be
equally important; therefore, cellular migration may also be
a key aspect to consider. As we mentioned before, it has been
observed, in many animal models, that SCs remain at the
basal epidermal layer, while TACs are located at the basal
and suprabasal layers [16, 18, 46]. Richardson et al. [60] have
recently showed that reepithelialization requires long-range
epithelial rearrangements, involving radial intercalations of
flattened and elongated cells. Such rearrangements lead to a
massive recruitment of keratinocytes from the adjacent epi-
dermis and make reepithelization partially independent of
keratinocyte proliferation [60].

A recently created zebrafish transgenic line called “skin-
bow” is useful for studying epidermal cell movements in an
adult fish skin [61]. Using Brainbow-based multicolor, they
genetically labeled each cell at the most superficial epidermal
layers, also known as “superficial epithelial cells” (SECs).
Under homeostatic conditions, epidermal cell replacement
in SECs occurred mainly by rearrangement of neighboring

Table 2

Genes expressed in SCs Genes expressed in TACs Organ or tissue Putative TAC function References

GFRα1+ GFRα1−/Miwi2+/Ngn3+ Testis
Represent a novel subpopulation of

undifferentiated spermatogonium. Also
involved in TAC pluripotency

[24]

β1 integrinsHi/α6 integrinHi/
CD71Low/delta1Hi/desmoglein
3Low/EGFR1Low/Lrig1Hi MCSP
+/delta1+

β1 integrinsLow MCSP
−/delta1− Epidermal cells

May represent a new population without any
characterized function

[88–90]

Reg4 Reg4/ribosomal genes
Intestinal
epithelium

TAC populations migrating upward along the
intestinal crypt-villus axis

[87]

β1 integrinHi/keratin14 p63 Hi/
Pp63Low

β1 integrinLow/p63 Low/
Pp63Hi

Clonogenic
cultures and
keratinocytes

cultures

Increased p63 phosphorylation marks the exit
from SC state and could be used to detect

epidermal cell stratification
[16, 18]

Gas1+ in Bu-SCs/SHH− Gas1−/SHH+
Hair follicle in
mammals

TACs act as a signaling center between Bu-SCs
and DP promoting their proliferation. TACs
integrate the timing and frequency for two

populations of SCs

[59]

p63/PCNA in basal cells
p63/PCNA in suprabasal

cells
Zebrafish
epidermis

A proliferation shift from basal to suprabasal
cells marks the stratification process

[46]

Jak-STAT signaling
Drosophila

spermatogonium
The ability of TACs to respond to signals from
the SC niche and dedifferentiate into SCs

[22]

Symmetric cell division (SCD)
MINSC-PAR3- and LGN-
uncoupling of NuMA

Asymmetric cell division
(ACD)

MINSCHi, PAR3Hi,
LGNHi in complex with

NuMA

Epidermis
stratification

Asymmetric division is essential for TACs
formation

[33–39]

p21Hi/p27Hi/RB dephosphorylated
(active form)

CDK2Hi CDK4Hi/p21Low/
RB phosphorylatedDown

(inactive form)

Mouse pituitary
gland and

hematopoietic
cells

Events that may trigger TAC cell proliferation [49–51]

5Stem Cells International



cells (78%), rather than by repopulation with newly formed
cells. At this point, the authors produced epidermal injury
by exfoliation (rubbing dry tissue paper over the skin). Then,
they observed the contribution of cell migration from old
cells in combination with reepithelization by newly formed
keratinocytes. SC activity was monitored by crossing the
skinbow line with an FUCCI-based sensor fish line [62].
The epidermis regenerated first by shedding large amounts
of SECs and by recruiting preexisting SECs from proximal
areas to the wound. After that, there was a cell proliferation
burst producing new SECs that became integrated with old
SECs. They concluded that the epidermis responds rapidly
when suffering from injury by promoting the movement of
neighboring cells to protect the remaining tissue while acti-
vating proliferation in progenitor cells [61]. In the mamma-
lian epidermis, it is known that proliferation of TACs is
activated during regeneration [16, 18, 63]; it is possible that
the same is true for zebrafish.

7. Transit-Amplifying Cells and Differentiation

Transit-amplifying cells possess the capacity to rapidly
amplify the pool of differentiated cells produced at each
stem cell division [19]. Currently, it is not known if each
TAC is committed to differentiate along one specific line-
age or various lineages. In other words, their degree of
pluripotency is unknown. Early on, it was suggested that
TACs could be precursors of “transit populations” with
different fates [11]. In the case of the hematopoietic
lineage, two different populations of TACs coexist [64].
TACs from the hematopoietic system are derived from
bone marrow, and their proliferation depends on
“colony-stimulating factors,” such as erythropoietin, to
produce the erythroid lineage. Hematopoietic TACs could
be divided into CFC-E (colony-forming cells) and BFC-E
(erythrocyte burst-forming cells). CFC-Es require eryth-
ropoietin, for survival and proliferation while BFC-Es
do not; and in the absence of erythropoietin, only
CFC-Es undergo apoptosis whereas the BFC-E popula-
tion remains [64].

In a different tissue, the mammalian cornea, some
experimental data have suggested the existence of two dis-
tinct populations of TACs: one at the peripheral cornea
and another one at the central cornea. Periphery TACs
underwent two rounds of division before becoming post-
mitotic, while central cornea TACs only required one
round of cell division. Then after cornea-induced lessons,
one of the TACs remained dormant, while the other was
active during reepithelization [58]. Many tissues possess
two different populations of SCs, a quiescent population
(qSCs) and a primed population (pSCs) that is more
sensitive to activation. In the hair follicle, pSCs divides
and produces TACs that express SHH that induces qSCs
to proliferate [8]. If there are multiple types of SCs and
different types of TACs in the same tissue, it could be
important to generate a selection protocol to isolate the
more proliferative progenitor cells in a tissue destined for
cell-based transplants.

8. Cell-Based Transplants in the Epidermis for
Therapeutic Uses

Chronic diseases, injury, cancer, and birth defects are the
leading causes of organ malfunction and tissue disruption.
The skin is not an exception, and because it has a prominent
role as a protective barrier and in aesthetics, skin injury or
chronic disease could have great impacts on a person’s phys-
ical and physiological well-being. According to the CDC
(Centers for Disease Control and Prevention), in 2014, close
to 400,000 injuries caused by burning were reported in the
US alone (www.cdc.gov). For many years now, skin graft
transplants have been the lead option to help patients and
heal an injured skin [65]. Skin grafting using autologous tis-
sue is currently used to achieve partial or complete healing in
acute or chronic wounds. However, one of the biggest prob-
lems in this procedure is the damage produced at the donor
site. Therefore, among the things to consider is the success
in reepithelialization from the grafted epidermis, the
capacity of the donor site to heal, and the time required
for complete healing.

To avoid damage to the donor site, in therapeutic skin
grafting, it is ideal to obtain as few donor skin cells as possible
for them to be used to cover larger portions of the skin. For
that reason, epidermal cells are often cultured for 1 to 3 weeks
and then used for treating both the wound and the donor site
[14, 66]. These cells are usually cultured over commercially
available matrices with collagen or with synthetic fibers used
for meshing since this method helps to cover larger areas of
an injured tissue. Sometimes, epidermal cells are cocultured
with dermal cells [67]. Unfortunately, epidermal cultures
take too long to proliferate, and after implantation, there
are long-term durability issues and severe pain at the skin
graft, especially when large surface areas of the body need
to be restored [66]. It is worth mentioning that recent
advances using epidermal cell suspensions seeded or sprayed
at the wound site have shown comparable results to skin
grafts [68].

Using SCs as a source for new cells, to restore damaged
organs to their original condition is currently the top priority
for many researchers and institutions [69-71]. Perfecting
their use in cell-based therapies could close the gap towards
effective wound healing or improving the quality of life in
chronic disease [72, 73]. For example, mesenchymal stem
cells (MSCs) can proliferate and differentiate when trans-
planted to different organs [74]. Notably, when MSCs were
placed at the epidermis, they differentiated into epidermal
cells [75]. MSCs in skin wounds induce dermal fibroblasts
to respond to injury [76]; MSCs also promote vascularization
[77] and improve skin and appendage regeneration, such as
hair follicles or sweat glands [78]. Therefore, in some cases,
MSCs could be a better option than skin grafts that do not
regenerate skin appendages. Currently, there are many clini-
cal trials to use MSCs to treat several disorders [74], but none
are related to skin injuries or diseases. It is worth mentioning
that adipose SCs have similar properties as MSCs in wound
repair [79].

The regenerative capacity of the epidermis is related to its
high cell division rates; the proliferative cells in the epidermis
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consist mainly of TACs [8, 16, 18]. In theory, it would be pos-
sible to enrich the population of TACs obtained from an epi-
dermal sample using the phosphorylated form of the
transcription factor P63 [16, 18] and distinguish them from
SCs based on the decreased expression of B1 integrin [17].
It is compelling to see many possibilities for future therapies
in skin injury and disease treatment that could be derived
from current research from SCs and transit-amplifying cells.

9. Future Directions

Bioinformatics tools have been used in the SC field of biol-
ogy, such as transcriptomic analysis or RNAseq. These data
have been used to describe the molecular identity of progen-
itor cells and to identify new marker genes [80]. Then, these
marker genes could be used to label specific SC or TAC sub-
populations, which can then be identified or even separated
from all other cellular types. Single-cell sequencing (S-CS)
[81-83] is a powerful new tool for investigating cellular diver-
sity in several fields of biology, including cancer research. It
will be of interest to understand how different cells are
involved in tumor progression. Furthermore, it could have
far-reaching applications in resolving intratumor heteroge-
neity, investigating clonality in primary tumors, tracking
metastatic dissemination, deciphering the mutation rates and
mutation phenotypes, and even understanding resistance to
therapy [84]. S-CS has been combined with other approaches,
such as cell lineage tracing, or knockout-knockdown strate-
gies. With this interdisciplinary approach, the genotype-
to-phenotype relationship was better understood for critical
cancer-related genes, such as BRAF (B-rapidly accelerated
fibrosarcoma), KRAS (K-RAS oncogene), P53 (P53 tran-
scription factor), and EGFR (epidermal growth factor recep-
tor), with relevance in cancer therapy studies [85].

RNA-seq by S-CS in combination with bioinformatics
tools has also been used in developmental biology to better
understand the origins of different cell types and how differ-
ent cell types reach their final identity. For example, Satija
et al. used reference datasets, obtained from S-CS RNA-seq
profiles, to build spatial in situ gene expression patterns.
With this tool in hand, they could predict the expression
patterns of multiple genes during zebrafish development
[86]. S-CS has also been used to identify new cell types in
adult tissues; as an example, a rare type of intestinal cell
was recently found. This new cell type is located at intestinal
crypts, in mice, and possesses a hormone-secreting function
[87]. Selected from the RNA-seq dataset, REG4 could now
be used as a biomarker for this new enteroendocrine cell type
that is formed by several subpopulations (Table 2). The
authors suggested that one of these cell subtypes possesses a
TAC-like expression profile [87].

There are several proteins that express in epidermal SCs,
but not in TACs, such as B1-integrin, the NOTCH receptor
DELTA1, and MCSP (melanoma chondroitin sulphate
proteoglycan) (Table 2) [88, 89]. SC-S profiling was
performed from single epidermal cells obtained from a
human keratinocyte culture [90]. From this experiment, it
was possible to detect that SCs have a high expression of
LRIG1 (leucin-rich repeats and Ig-like domains 1), which is

an EGF receptor antagonist. LRIG1 levels are downregulated
for TAC proliferation and further differentiation to occur. SC
and TAC researchers, working in different animal models,
could use these markers to label and follow SC and TAC
dynamics and to identify more specific markers for these
essential but ephemeral cell types. One must assume that
each cell has a unique transcriptome and possesses intrinsic
variations that define its identity, during cell differentiation.
Transcriptomic profiling offers a glimpse into the nature of
cells in homeostasis and disease, including tumor cells. A
better knowledge of the heterogeneity among cells, in the
same tissue, would be essential in understanding the role of
each cell during development or in any physiological condi-
tion [84, 91]. We have emphasized, through this review, that
TAC plasticity and proliferative capacity make them worthy
for exploration, offering open venues as new possibilities in
cell-based transplants for therapeutic use.
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A significant challenge for the development of safe pluripotent stem cell-based therapies is the incomplete in vitro differentiation of
the pluripotent stem cells and the presence of residual undifferentiated cells initiating teratoma development after transplantation
in recipients. To understand the mechanisms of incomplete differentiation, a comparative study of retinoic acid-induced
differentiation of mouse embryonic stem (ES) and teratocarcinoma (EC) cells was conducted. The present study identified
differences in proliferative activity, differentiation, and tumorigenic potentials between ES and EC cells. Higher expression of
Nanog and Mvh, as well as Activin A and BMP4, was found in undifferentiated ES cells than in EC cells. However, the
expression levels of Activin A and BMP4 increased more sharply in the EC cells during retinoic acid-induced differentiation.
Stimulation of the Activin/Nodal and BMP signaling cascades and inhibition of the MEK/ERK and PI3K/Act signaling pathways
resulted in a significant decrease in the number of Oct4-expressing ES cells and a loss of tumorigenicity, similar to retinoic acid-
stimulated EC cells. Thus, this study demonstrates that a differentiation strategy that modulates prodifferentiation and
antiproliferative signaling in ES cells may be effective for eliminating tumorigenic cells and may represent a valuable tool for the
development of safe stem cell therapeutics.

1. Introduction

The cell derivatives of pluripotent stem cells are considered
to be promising cell sources for regenerative therapy. Plurip-
otent stem cells of different origins are capable of unlimited
self-renewal and differentiation into all types of somatic
and germ cells in vitro and in vivo [1–9]. However, complete
implementation of pluripotent potential is only possible
when pluripotent stem cells are reintegrated with the blasto-
cyst [6, 10–13]. In contrast, in vitro differentiation of the
pluripotent stem cells is asynchronous and incomplete; and
therefore, the residual undifferentiated cells can initiate tera-
toma development after transplantation into the tissues of an

adult animal recipient [14–21]. This feature of pluripotent
stem cells is one of the main issues for the development of
safe pluripotent stem cell-based therapy.

Paradoxically, pluripotent embryonic stem (ES) and
embryonic germ (EG) cells are the only types of genetically
normal and nontransformed cells that can form tumors after
transplantation into adult animal recipients. It is believed
that genetically normal pluripotent stem cells form benign
tumors that do not contain undifferentiated cells, whereas
pluripotent stem cells carrying genetic aberrations give rise
to malignant tumors with undifferentiated cells, similar to
spontaneous teratocarcinoma tumors [22–24]. However,
these correlations were found only for some human ES cell
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lines with abnormal karyotypes, whereas mouse ES cells
did not show a strong correlation of their karyotypes or
other genetic modifications (excluding transgenic mice
with E-ras overexpression) and increased tumorigenicity
and malignancy [25–27]. At the same time, mouse and
human teratocarcinoma (EC) cells with different genetic
disorders derived from spontaneous tumors are indeed
capable of forming secondary malignancies after serial
transplantation into recipients [28–34]. It can be assumed
that the high risk of cancer initiation after transplantation
of pluripotent stem cell-derived cells can be associated
with mutations in oncogenes and tumor suppressor genes.
Moreover, numerous studies have shown that long-term
in vitro cultivation leads to the accumulation of genetic
aberrations and abnormal epigenetic changes in the
genome of pluripotent stem cells, including mutations in
oncogenes and tumor suppressors [27, 35–40]. This
property of in vitro-maintained cells is the second major
problem delaying the clinical application of cellular tech-
nologies based on pluripotent stem cells.

Thus, to assess the risks and benefits of cellular technolo-
gies for regenerative medicine, it is necessary to develop a
technological platform for the reliable and reproducible
assessment of the probability of cancer initiation after trans-
plantation of stem cell derivatives that were cultured in vitro
and underwent various manipulations. Undoubtedly, the use
of pluripotent stem cell lines requires regular monitoring of
genetic and epigenetic integrity and testing of malignant
tumorigenicity using adequate animal models.

To solve the problem of residual undifferentiated cells
during in vitro differentiation of pluripotent stem cells, sev-
eral strategies have been proposed to eliminate undifferenti-
ated cells via genetic modification by using “suicide” gene
expression [41–44] and the cytostatic exposure [45–48] to
activate the proliferation arrest and cell death, as in cancer
cells. However, another promising approach aims to cor-
rect the imbalance between proliferative and differentiation
processes by enhancing differentiation with different
combinations of differentiation inducers; this approach
promotes the transformation of malignant teratocarci-
nomas toward benign mature teratomas [30, 49–51]. For
instance, the well-known small molecular inducer of differ-
entiation all-trans-retinoic acid is used for the clinical treat-
ment of acute promyelocytic leukemia, since it intensifies
the differentiation of undifferentiated tumor cells [49, 51].
Considering the substantial similarity of pluripotent stem
and EC cells, a comparative analysis of the mechanisms that
underlie their tumorigenic and carcinogenic potentials can
allow us to find the most effective way of eliminating residual
undifferentiated cells.

In the present study, we conducted a comparative analy-
sis of the dynamics of in vitro and in vivo differentiation of
the mouse ES and EC cells to identify differences in the
mechanisms of differentiation and tumorigenic potentials
of normal pluripotent stem cells and their malignant coun-
terparts. Based on the obtained results, we attempted to
identify ways to eliminate residual undifferentiated cells that
are capable of initiating tumors after transplantation into
immunodeficient recipient mice.

2. Materials and Methods

2.1. Cell Line Maintenance.Mouse ES R1 cell line was kindly
provided by A. Nagy (Mount Sinai Hospital, Toronto,
Canada), and mouse EC F9 cell line was obtained from the
Russian Cell Culture Collection (http://www.rccc.cytspb.rssi.
ru/). Mouse ES R1 cells were maintained on a mouse embry-
onic fibroblast feeder inactivated by mitomycin C (Sigma) or
in a feeder-free system in a medium containing 10 ng/ml of
leukemia inhibitory factor (Sigma). The ES R1 and EC F9
cells were cultivated in DMEM supplemented with 2mM
L-glutamine, 1% nonessential amino acids (HyClone),
0.1mM β-mercaptoethanol (Sigma), and 15% Character-
ized Fetal Bovine Serum (HyClone) or 15% knockout
serum replacement (Invitrogen).

2.2. Induction of ES and EC Cell Differentiation with Retinoic
Acid and Exposure to Activin A, BMP4, PD98059, and
LY294002. The differentiation of ES R1 and EC F9 cells was
stimulated with retinoic acid (10−6M, all-trans-retinoic acid,
RA, Sigma). At the beginning of the experiment, the undiffer-
entiated cells were plated in a density of 10,000 cells/cm2 and
cultured overnight to facilitate adherence in a medium con-
taining 1mM L-glutamine, 1% nonessential amino acids,
and 15% Characterized Fetal Bovine Serum (HyClone). The
next day, the medium with serum was replaced with a
medium supplemented with 15% knockout serum replace-
ment and 10−6M RA. Medium changes were conducted daily
during experiments. After 5 days of RA stimulation, the ES
R1 and EC F9 cells were dissociated using a 0.05% trypsin-
EDTA solution (HyClone), transferred into new culture
plates or flasks at a ratio of 1:3 and exposed to RA for the next
5 days (RA10). After 10 days of RA exposure, the cells were
cultured in a standard medium without retinoic acid for 3
days (RA10+3).

In the next series of experiments to improve ES R1 cell
differentiation, human Activin A (100 ng/ml, Invitrogen),
human BMP4 (100 ng/ml, Sigma), PD98059 (50μM, Sigma),
and LY294002 (25μM, Sigma) were added together with
RA from day 5 to day 10. The differentiating ES R1
cells were then cultured in a medium without RA for
3 days.

2.3. Preparation of Cells for Transplantation. Before subcuta-
neous transplantation, differentiated ES R1 and EC F9
cells were dissociated using a 0.05% trypsin-EDTA solu-
tion (HyClone), and 106 graft cells were concentrated in
50–70μl of Hanks solution (HyClone). For intraperitoneal
transplantations, 5× 105 cells on day 10 of RA stimulation
were plated onto acetate-cellulose membranes (CA-mem-
brane, 1.2 cm2) and cultured in an 8-well Lab-Tek II
Chamber Slide System (Nalge Nunc International) in a
standard culture medium for 3 days.

2.4. Flow Cytometric Analysis of the Cell Cycle Distribution
and Oct4-Expressing Cells. The cellular probes were analyzed
using a Cytomics FC500 flow cytometer (Beckman Coulter).
The cell suspensions (106/ml) were prepared using the 0.05%
trypsin-EDTA (HyClone) treatment. To analyze the cell
cycle distribution, the cells were fixed with cold 70% ethanol.
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After fixation and triple washing with PBS the cells were
incubated in PBS containing 20μg/ml of propidium iodide
(Invitrogen/Molecular Probes) and 200μg/ml of RNAse A
(Fermentas) for 30min. After staining, the probes were ana-
lyzed immediately. The histograms were analyzed using the
MultiCycle AV Software (Phoenix Flow Systems, USA).

For the flow cytometry analysis of Oct4-expressing cells,
the suspensions of cells (106/ml) were fixed with 3% parafor-
maldehyde in PBS for 15min, washed with PBS, and treated
with 0.5% Triton X-100, 3% bovine serum albumin, Fraction
V (Sigma), and rabbit anti-Oct4 antibodies (1 : 200, Santa
Cruz Biotechnology) in PBS for 40min. After washing, the
cells were incubated in a PBS solution containing 0.5% Triton
X-100, 3% bovine serum albumin, and secondary chicken
anti-rabbit antibodies conjugated with Alexa-488 (1 : 1000,
Molecular Probes) for 30min. For the negative control, the
cells were treated with normal rabbit IgG (sc-3888, Santa
Cruz Biotechnology) and then with the same secondary anti-
body solution described above.

2.5. Detection of Alkaline Phosphatase Activity (ALP) and
Immunostaining. The ES R1 and EC F9 cells were fixed with
2% paraformaldehyde in phosphate-buffered saline, PBS,
pH7.0, within 15min. ALP activity was detected after incu-
bation in a solution containing 10ml 0.02M Tris-HCl buffer
(pH8.7), 1mg Naphtol-AS-B1-phospate, and 5mg fast red
dye Texas Red (all from Sigma) at 37°C for 1 h.

For immunofluorescence analysis, cells fixed in 4% para-
formaldehyde in PBS for 1 h were washed and permeabilized
with 0.5% Triton X-100. Nonspecific reactions were blocked
by 10% chicken serum (Gibco/Invitrogen). Primary rabbit
anti-Oct4 and goat anti-Gata4 antibodies (Santa Cruz
Biotechnology) were used at a dilution of 1 : 100. The cells
were incubated in a solution of primary antibodies in PBS-
Tween 20 at 4°C overnight. Secondary chicken anti-rabbit
and donkey anti-goat antibodies conjugated with Alexa Fluor
594 and Alexa Fluor 488 (Molecular Probes) were diluted at
1 : 800 in a blocking buffer and applied to the cells for 4 h at
room temperature. DAPI (Molecular Probes) was applied
for 15min for nuclear staining. The cells were mounted and
examined under a Leica DMRXA2 fluorescence microscope
(Leica Microsystems GmbH). For negative controls, the
primary antibodies were omitted, and the same staining
procedure was used.

2.6. RNA Isolation and Quantitative Real-Time PCR Analysis
(qRT-PCR). Total RNAs were extracted frommouse ESC and
ECC samples using the TRIzol® Reagent (Invitrogen). The
samples were treated with TURBO DNase (Ambion/Invitro-
gen) according to the manufacturer’s recommendations. The
RNA yield and quality were analyzed using the NanoDrop
2000 system (Thermo Scientific). cDNAs were synthesized
using 1–1.5μg of total RNA, oligo-dT18 primer, andMaxima
Reverse Transcriptase (Fermentas) according to the manu-
facturer’s protocols.

A relative quantitative analysis of gene expressionwas car-
ried out using the Applied Biosystems Real-Time PCR System
7500 (Life Technologies). The probes were prepared using the
qRT-PCR master mix with SYBR Green and ROX passive

reference dye (Evrogen, Russia). The following amplification
protocols were used: denaturation at 95°C for 5min, followed
by 40 cycles at 95°C for 15 sec and at 60°C for 1min. All exper-
iments were run in triplicate. The expression levels of target
mRNAs were normalized to the expression of the housekeep-
ing gene hypoxanthine guanine phosphoribosyltransferase
(Hprt). The relative levels of target gene expression were
calculated using the comparative 2−ΔΔCt method (ABI Rela-
tive Quantification Study software, Applied Biosystems).

Specific primers were designed using GenBank and
Ensemble data for the annotated sequences of the target
genes using the Beacon Designer 8.0 software (PREMIER
Biosoft, USA) and Primer 3. The primer sequences and
sizes of their expected products are represented in Table
S1 (Supplemental information available online at https://
doi.org/10.1155/2017/7284872). The gene expression data
were subjected to statistical analysis using the R v.3.2.3 soft-
ware (http://www.r-project.org). The averages of the gene
expression data obtained from three independent experi-
ments were used for statistical analysis using one-way
ANOVA followed by a Tukey’s post hoc test.

2.7. Teratoma and Teratocarcinoma Assay. To study the
development of teratomas and teratocarcinomas, 10–12-
week-old immunodeficient nude mice (Nu/Nu) delivered
from the Animal Breeding Facility-Branch “Pushchino” of
Shemyakin and Ovchinnikov Institute of Bioorganic Chem-
istry, Russian Academy of Sciences (stock line was obtained
from the Charles River Laboratories Inc., Wilmington, MA)
were used as recipients. Nude mice were kept under
pathogen-free conditions. The animal keeping and all experi-
ments were approved by the Ethics Committee of the Institute
of Developmental Biology, Russian Academy of Sciences, and
performed in accordance with the Russian Federation legisla-
tion (Order of theMinistry of Health and Social Development
of the Russian Federation Number 708n, August 28, 2010)
based on the European Convention for the Protection of
Vertebrate Animals used for Experimental and Other Scien-
tific Purposes. Before the subcutaneous and intraperitoneal
cell transplantation procedures, the animals were anesthe-
tized with an intraperitoneal injection of 100mg/kg ketamine
(MEZ, Russia) and 10mg/kg xylazine (Rometar, Spofa, Czech
Republic). In subcutaneous transplantation experiments, dif-
ferentiating ES R1 and EC F9 cells (0.5–1× 106 cells per
mouse) were injected under the skin of the neck area of
nude mice using 1ml syringes with 27G needles (Becton
Dickinson). During intraperitoneal cell transplantation, mid-
line incisionsweremade in the skin and bodywall to get access
to the peritoneal cavity. The cells on the CA-membrane were
transferred into the peritoneal cavity using tweezers.

At the end of the experiments (6–30weeks after transplan-
tation), the animals were sacrificed by cervical dislocation or
by injection of a lethal dose of intravenous barbiturates.
Autopsies were performed for all mice. The developed terato-
mas and teratocarcinomas were isolated and fixed with 10%
paraformaldehyde (Sigma), dehydrated according to the
standard method, and embedded in paraffin for sectioning.
Histological preparations were stained with hematoxylin
and eosin and examined under a LeicaDMRXA2microscope.
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3. Results

3.1. Dynamics of RA-Induced Differentiation of ES and EC
Cells. To clarify the mechanisms that regulate the balance of
proliferation and differentiation processes in normal plu-
ripotent and malignant teratocarcinoma cells, the prolifer-
ative activity and dynamics of in vitro differentiation of ES
R1 and EC F9 cells were analyzed after RA stimulation
(Figure 1(a)). During 10 days of RA-induced differentia-
tion, there is a gradual decrease in the number of cells
in the S-phase of the cell cycle (from 60% to 10–30%)
and an increase of the number of cells in the G1/G0-phase
(from 10–20% to 45–60%) in both the ES R1 and EC F9 cell
populations (Figures 1(b) and 1(d)). However, the number of
cells in the S-phase of the cell cycle is significantly lower in
the populations of differentiating ES R1 cells than in the EC
F9 cell populations on day 5 (30.7% versus 44.6%, resp.)
and day 10 (10.8% versus 32.8%, resp.) of RA exposure
(Figures 1(b) and 1(d)). On day 3 after RA withdrawal
(RA10+ 3), the number of cells in the in the S-phase of the
cell cycle is similar in both cell lines, while the number of cell
in the G1/G0-phase is significantly higher in differentiating
ES R1 cells (Figures 1(b) and 1(d)). Similarly, lower expres-
sion levels of C-myc are detected in the ES R1 cells than in
the EC F9 cells on days 5 and 10 of RA-induced differentia-
tion (Figure 2).

An analysis of differentiation dynamics identified a grad-
ual decrease in the number of Oct4- and ALP-expressing cells
in the ES R1 and EC F9 cell populations (Figures 1(c) and
1(e), Figure 3). However, the numbers of Oct4-expressing
cells differ between the ES R1 and EC F9 cell populations
on day 5 of RA-induced differentiation (52% versus 78.8%,
resp.) and on day 3 after RA withdrawal (45.2% versus
2.7%, resp.). No significant differences are detected on day
10 (Figures 1(c) and 1(e)). These dynamics were confirmed
by qRT-PCR analysis of Oct4 expression in differentiating
ES R1 and EC F9 populations (Figure 2). Thus, during
the early stages of RA stimulation, proliferation and dif-
ferentiation dynamics of ES R1 and EC F9 cells are simi-
lar, but from the 5th to the 10th day of the experiment,
there are significant differences in the studied cellular
characteristics, which become most pronounced on day 3
after RA withdrawal.

3.2. Gene Expression Analysis of Embryonic Lineage
Commitment in the Course of RA-Induced Differentiation of
ES and EC Cells. To investigate early embryonic lineages dur-
ing RA-induced differentiation of ES R1 and EC F9 cells, gene
expression of pluripotency (Oct4 and Nanog) and lineage
markers (Mvh, Gata4, Pax6, Afp, and Bry) was studied
(Figures 2 and 3). Moreover, endogenous expression of TGFβ
family factors (TGFβ1, Activin A, Nodal, and BMP4), which
play a key role in the early lineage differentiation, was also
examined (Figure 2). There is higher expression of Nanog
and Mvh (germ line marker) in the ES R1 cell populations
than in the EC F9 cells at all stages of RA-induced differentia-
tion. Higher expression of Oct4 is detected in the EC F9 cells
on day 5 of RA stimulation and in the ESR1 cells on day 3 after
RAwithdrawal (Figure 2). The expression ofmost somatic cell

lineage markers increases significantly during the differentia-
tion of the ES R1 and EC F9 cells (Figure 2). The strongest
increase in expression is observed for markers of extraem-
bryonic endoderm (Gata4) and neuroectoderm (Pax6) in dif-
ferentiating ES R1 and EC F9 cells. Gata4 expression
significantly differs between the ES R1 and EC F9 cells on
day 5 of RA stimulation and on day 3 after RA withdrawal,
while Pax6 expression differs between ES R1 and EC F9 cells
during late stages of differentiation (RA10 and RA10+3).
However, no significant differences in the expression of endo-
derm and mesoderm markers (Afp and Bry, resp.) are found
between differentiating ES R1 and EC F9 populations
(Figure 2).

In undifferentiated and differentiated ES R1 and EC F9
cells, endogenous expression of TGFβ family factors that
initiate the corresponding signaling pathways also differs
significantly. The most substantial differences are revealed
in patterns of endogenous expression for Activin A and
Nodal. In differentiating ES R1 and EC F9 cell popula-
tions, the expression of Activin A is upregulated, while
the expression of Nodal is downregulated. Activin A is
expressed at high levels in undifferentiated ES R1 cells,
but the expression of this factor increases sharply and
becomes higher in EC F9 cells during all stages of RA-
induced differentiation (Figure 2). In contrast, Nodal is
expressed at similar levels in undifferentiated ES R1 and
EC F9 cells but decreases more strongly during differenti-
ation of the ES R1 cells (Figure 2). Endogenous expression
of TGFβ1 gradually increases during differentiation in
both cell lines but differs significantly between ES R1
and EC F9 cells only during the final stage (RA10+3).

In contrast, the expression pattern of BMP4 differs from
the Activin A and Nodal patterns during the differentiation
of ES R1 and EC F9 cells. Endogenous expression of BMP4
is upregulated on days 3 and 5 and downregulated during
the late stages of differentiation in both studied cell lines
(Figure 2). These data show that differences in the endoge-
nous expression of Activin, Nodal, and BMP that activate
corresponding signaling pathways can contribute to differ-
ences in the dynamics of RA-induced lineage differentiation
of ES R1 and EC F9 cells.

3.3. Tumorigenic Potential of RA-Simulated ES and EC Cells
after Transplantation into Nude Mice. To evaluate tumori-
genic potential, differentiating ES R1 and EC F9 cells were
transplanted subcutaneously or intraperitoneally into nude
mice. According to our previous data on the dynamics of
tumor development [21], the formation of teratomas and
teratocarcinomaswasmonitored in two tissue transplantation
sites for 6–30 weeks (Table 1). Within 5-6 weeks, teratomas
and teratocarcinomas develop in all nude mice (100%) after
the transplantation of ES R1 and EC F9 cells on day 5 of RA
stimulation in vitro (Figure 4, Table 1). Only teratomas
develop in all mice after the transplantation of ES R1 cells on
day 3 after RA withdrawal (RA10+3), and no teratocarci-
nomas form within 30 weeks after the transplantation of EC
F9 cells at the same stage of in vitro differentiation (Figure 4,
Table 1). The formation of tumors outside the transplantation
sites is not observed after the transplantations of the studied
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Figure 1: Proliferative activity and differentiation dynamics of ES R1 and EC F9 cells after 10 days of RA stimulation and 3 days after
RA withdrawal. (a) Experimental design of RA-induced differentiation of ES R1 and EC F9 cells. (b and d) Flow cytometric analysis of
the distributions of the cell cycle stages in the populations of RA-stimulated ES R1 and EC F9 cells. (c and e) Flow cytometric analysis
of the number of Oct4-expressing cells in the populations of RA-stimulated ES R1 and EC F9 cells. The data are represented as the
mean± s.e., ANOVA.
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cells. Teratomas that develop after the transplantation of
differentiating ES R1 cells contain different cell derivatives
of three germ layers (Figure 4(c)). In contrast, the teratocar-
cinomas formed by the EC F9 cells on day 5 of in vitro RA
stimulation (RA5) consist of entirely undifferentiated terato-
carcinoma cells (Figure 4(c)). These experiments demonstrate
different tumorigenic and differentiation potentials of the ES
R1 and EC F9 cell populations after RA stimulation in vitro.

3.4. Effects of Stimulation of the Activin A/Nodal and BMP
Signaling Pathways and Inhibition of the MEK/ERK and
PI3K/Act Signaling Pathways on RA-Induced Differentiation
of ES R1 Cells. Based on our findings concerning the differ-
ences in in vitro and in vivo differentiation of the ES R1 and
EC F9 cells, we hypothesized that the tumorigenic potential

of ES R1 and EC F9 cells on day 10 after RA stimulation could
be associated with different activity levels of TGFβ family
signaling pathways, as well as the MEK/ERK and PI3K/Act
signaling cascades that counterbalance TGFβ family signaling
pathways. The effects of modulation of these signaling path-
ways on the differentiation and tumor potential via enhancing
the activity of Activin A and BMP4 signaling pathways and
inhibiting of MEK/ERK and PI3K/Act signaling pathways in
RA-stimulated ES R1 cells were studied in the next series of
experiments. The ES R1 cells were exposed to factors (Activin
A and BMP) and inhibitors (PD98059 and LY294002) from
day 5 to day 10 of RA stimulation cells, because the most sig-
nificant differences between differentiating ES R1 and ECF9
cells are detected during these stages. The design of the exper-
iment is shown in Figure 5(a).
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In all experimental variants, small numbers of Oct4- and
ALP-positive cells are identified at the final stage of experi-
ments. The numbers are similar to that observed on day 10
of RA stimulation alone (Figure 3 and Figure 5(b)). More-
over, the expression levels of Oct4, Nanog, and Mvh are
significantly lower in differentiating ES R1 cell populations
exposed to RA and additives than that in controls (ES R1
RA10+ 3) and are comparable to the expression levels in
differentiating EC F9 cells (EC F9 RA10+ 3) (Figure 5(c)).
An analysis of the tumorigenic potential of ES R1 cells differ-
entiated with exposure to RA and additives shows that no
tumors develop in either tissue site of nude mice 30 weeks

after transplantation of all differentiating ES cell populations
(Table 2 and Figure 6).

4. Discussion

Our study of the differentiation dynamics of normal pluripo-
tent stem andmalignant teratocarcinoma cells was conducted
to answer the following questions: (i) Why do residual
undifferentiated cells remain after induced in vitro differ-
entiation of ES and EC cells? (ii) Are the residual undiffer-
entiated cells tumorigenic and carcinogenic? (iii) What
possible mechanisms underlie incomplete differentiation
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100 �휇m

100 �휇m

Figure 3: ALP activity and expression of Oct4 and Gata4 in differentiating ES R1 and EC F9 cells after RA stimulation for 10 days and 3 days
after RA withdrawal. Nuclei were counterstained with DAPI. A significant number of the ES R1 and EC F9 cells expressed both Gata4 and
Oct4 at all stages of RA-stimulated differentiation. Scale bar = 100μm.
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Table 1: Tumor development after transplantations of RA-stimulated ES R1 and EC F9 into immunodeficient nude mice.

Transplantation sites ES R1 +RA5 ES R1 +RA10 EC F9 +RA5 EC F9 +RA10

SC 3/3 (100%), 6wk 4/4 (100%), 6wk 3/3 (100%), 6 wk 0/6 (0%), 30wk

IP 3/3 (100%), 6wk 4/4 (100%), 6wk 3/3 (100%), 6 wk 0/8 (0%), 30wk

The percentage and number of animals are indicated in which tumors were found in the transplantation sites during autopsy. SC: subcutaneous transplantation;
IP: intraperitoneal transplantation (the cells grown on acetate cellulose membranes).

T(ES R1 RA5)
SC

T(EC F9 RA5)T(ES R1 RA10 + 3) T(EC F9 RA10 + 3)

(a)

IP

(b)

(c)

Figure 4: Tumorigenic and differentiation potential of RA-simulated ES R1 and EC F9 cells after transplantation into nude mice. (a and b)
teratomas and teratocarcinomas developed in nude mice after subcutaneous (SC) and intraperitoneal (IP) transplantation of ES R1 and EC F9
cells on day 5 RA stimulation (T(ES R1 RA5), T(EC F9 RA5)) and on day 3 after RA withdrawal (T(ES R1 RA10 + 3), T(EC F9 RA10 + 3)). (c)
Sections through teratomas and teratocarcinomas formed by RA-simulated ES R1 and EC F9 cells after transplantation into nude mice. The
teratomas contain derivatives of three germ layers while the teratocarcinomas consisted entirely of undifferentiated cancer cells. No
teratocarcinomas have formed during 30 weeks after the transplantation of EC F9 cells on day 3 after RA withdrawal (RA10 + 3). Scale
bar = 100μm.
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Figure 5: Stimulation of the Activin A/Nodal and BMP signaling pathways and inhibition of theMEK/ERK and PI3K/Act signaling pathways
in ES R1 cells during the course of RA-induced differentiation. (a) Design of experiments on the induced differentiation of ES R1 cells with RA
and exposure to Activin A, BMP4, PD98059, and LY294002. (b) ALP activity and Oct4 and Gata4 expression in differentiating ES R1 cells
after exposure to RA, Activin A, BMP4, PD98059, and LY294002 on day 3 after RA and additive withdrawal. Nuclei were counterstained
with DAPI. ActA: Activin A; BMP: BMP4; PD: PD98059; LY: LY294002. Scale bar = 100μm. (c) The expression of Oct4, Nanog, and Mvh
in differentiating ES R1 after exposure to RA, Activin A, BMP4, PD98059, and LY294002 on day 3 after RA and additive withdrawal. The
gene expression levels of each gene in all experimental variants of differentiating ES R1 cells were calculated relative to the gene expression
levels in control ES R1 cells on day 3 after RA withdrawal (ES R1 RA10 + 3) and statistically evaluated relative to the gene expression
levels in control EC F9 cells on day 3 after RA withdrawal (EC F9 RA10 + 3). The data are represented as the mean± s.d.; significant
differences were estimated using ANOVA.
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of ES and EC cells? And (iv) how can we reduce the num-
ber of residual undifferentiated cells in differentiating ES
cell populations that are capable of forming tumors after
transplantation into recipients?

The present study revealed significant differences in pro-
liferative activity and differentiation dynamics between the
ES R1 and EC F9 cells from day 5 to day 10 of RA-induced
differentiation. However, despite similar numbers of residual
Oct4-expressing cells in both ES and EC cell populations on
day 10, the tumorigenic potential of these cells is strikingly
different. Unexpectedly, differentiating ES R1 cell popula-
tions retain the ability to form tumors (teratomas), whereas
the EC F9 cell populations lose tumorigenicity, as reported
previously [30]. These findings indicate a different status of
residual Oct4-expressing cells in differentiating ES and EC
cell populations.

A gene expression analysis of pluripotent and lineage
markers reveals significantly higher expression levels of
Nanog andMvh in ES R1 cells than in EC F9 cells at all stages
of differentiation indicating a possible role of these genes in
the maintenance of differentiation and tumorigenic poten-
tials. Previously, we suggested that Mvh, which is a regulator
of embryonic and adult germ cell development, may play a

role in maintaining of the naive pluripotent state of mouse
and human ES cells [52–56]. In this context, the residual
undifferentiated ES cells with high expression of Oct4,
Nanog, and Mvh can be considered to be the earliest precur-
sors of germ cells, similar to primordial germ cells before
their colonization of the gonadal ridges. This assumption is
supported by data that demonstrate the easy in vitro conver-
sion of primordial germ cells into EG cells, which are very
similar to ES cells [55, 57–60]. Consequently, higher expres-
sion of Mvh may indicate a stronger ability of the 10-day RA-
stimulated ES R1 cells to differentiate into primordial germ
cells, which also easily form teratomas after transplantation
into nude mice. Therefore, we propose that the ability of
pluripotent stem cells to differentiate into primordial germ
cells is associated with their ability to develop teratomas con-
taining all types of embryonic cell derivatives. The residual
undifferentiated ES cells cannot be considered to be cancer-
ous because unlike EC cells, these cells are capable of differ-
entiation into precursors of three germ layers in teratomas
and even in secondary teratomas after recloning and
secondary transplantation [21]. Presumably, the residual
undifferentiated ES cells represent an intermediate cell type
between pluripotent and primordial germ cells which are both

SC

IP

ES R1 RA10 + 3 ES R1 RA + ActA ES R1 RA + BMP4 ES R1 RA + PD ES R1 RA + LY

Figure 6: Assessment of the tumorigenic potential of ES R1 cells stimulated to differentiate with RA, Activin A, BMP4, PD98059, and
LY294002 after transplantation into nude mice. No tumors were detected in nude mice after subcutaneous (SC) and intraperitoneal (IP)
transplantation of ES R1 cells on day 3 after RA and additive withdrawal. Teratomas formed only after subcutaneous transplantation of ES
R1 cells on day 3 after RA withdrawal (ES R1 RA10 + 3). ActA: Activin A; BMP: BMP4; PD: PD98059; LY: LY294002.

Table 2: Tumor development in nude mice after transplantations of ES R1 stimulated with RA in combination with Activin A, BMP4,
PD98059, and LY294002.

Transplantation sites ES R1 +RA+ActA ES R1 +RA+BMP4 ES R1+RA+LY ES R1 +RA+PD

SC 0/5 (0%), 30wk 0/5 (0%), 30 wk 0/5 (0%), 30wk 0/5 (0%), 30wk

IP 0/5 (0%), 30wk 0/5 (0%), 30 wk 0/5 (0%), 30wk 0/5 (0%), 30wk

The percentage and number of animals are indicated in which tumors were found in the transplantation sites during autopsy. SC: subcutaneous transplantation;
IP: intraperitoneal transplantation (the cells grown on acetate cellulose membranes).
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able to develop teratomas. In contrast, EC F9 cells expressing
low levels of Mvh can differentiate after RA-stimulation only
in the somatic nontumorigenic derivatives (Figure 7).

The mechanisms of RA-induced differentiation of EC
and ES cells have been studied extensively [30, 49, 61–67].
To investigate the possible mechanisms underlying various
tumor and differentiation potentials of ES R1 and EC F9
cells, we focused on TGFβ family factors that play a key
role in the regulation of lineage fate during the early
development and the earliest stages of pluripotent stem
cell differentiation [68–70]. The observation that the
expression levels of Activin A, Nodal, and BMP4 were
higher in the EC F9 cells than in the ES R1 cells, particu-
larly between the 5th and 10th day of RA-stimulation, led
us to propose that additional stimulation of these signaling
pathways might enhance the differentiation of the ES
R1cells. Indeed, modulation of the Activin/Nodal and
BMP signaling cascades via exposure to exogenous Activin
A and BMP4 factors or by inhibiting the MEK/ERK and
PI3K/Act-signaling pathways that counterbalance canonical
TGFβ family factor signaling pathways resulted in reduced
expression of Mvh in all experimental cell populations and
a loss of tumorigenicity after transplantation into nude
mice. Thus, these data show that the differentiation strategy
of modulating prodifferentiation and antiproliferative sig-
nals by stimulating the Activin A/Nodal or BMP signaling

pathways or inhibiting the MEK/ERK and PI3K/Act signal-
ing pathways during the time window from 5 to 10 days of
ES cell differentiation may be effective for significantly
reducing of the number of cells that initiate teratoma devel-
opment (Figure 7). Interestingly, this strategy is also effec-
tive for EC F9 cells, which express higher endogenous
levels of Activin A and BMP4 in response to RA
stimulation.

Most of the developed protocols for the in vitro dif-
ferentiation of pluripotent stem cells are based on the
knowledge of the molecular mechanisms that regulate
the commitment and differentiation of early embryonic
and extraembryonic cells during development. The modu-
lation of the MEK/ERK, PI3K/Act, Wnt, and TGFβ fam-
ily signaling pathways using various cocktails of growth
factors and inhibitors, as well as small molecular
inducers, for a different time of exposure is an effective
approach for deriving the required differentiated cell
types [68–77]. In most cases, the cell populations differ-
entiated in vitro are heterogeneous and require cell sort-
ing. However, the residual undifferentiated cells are a
minor subpopulation; therefore, to remove these cells,
negative selection methods are used that involve activat-
ing cell death in target cells via a “suicide” gene approach
and chemical inducers [41–48, 78]. Nevertheless, the
application of these technologies may have negative effects
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Figure 7: Tumorigenic and differentiation potentials of ES R1 and EC F9 cells during the course of RA-induced differentiation.
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on the viability of the desired differentiated cells and may
cause uncontrolled genetic rearrangements due to inser-
tional mutagenesis [43–45, 79]. Therefore, the strategy of
modulating signaling pathways to enhance differentiation
may be safer and more effective. Our study demonstrates
the effectiveness of this strategy for inhibiting the tumori-
genicity of residual undifferentiated ES cells. However, this
strategy requires additive efforts to create the most effec-
tive protocols for increasing the effectiveness of directed
differentiation and reducing the number of residual undif-
ferentiated cells.

5. Conclusions

The present comparative study of RA-induced differentiation
the ES R1 and EC F9 cells aimed to clarify the possible mech-
anisms underlying the incomplete in vitro differentiation of
these cells and to determine a new approach eliminating
residual undifferentiated ES cells, which can form tumors
after transplantation into recipients. During 10 days of
RA-induced differentiation, ES R1 and EC F9 cells were
found to exhibit differences in proliferative activity and
differentiation dynamics in vitro, as well as different tumori-
genic potential after transplantation into nude mice. Impor-
tantly, differentiating ES R1 cell populations retain the
ability to form teratomas, while the EC F9 cell populations
lose tumorigenicity. Gene expression analysis revealed higher
expression of Nanog and Mvh, as well as Activin A and
BMP4, in undifferentiated ES R1 cells in comparison to EC
F9 cells. However, the expression levels of Activin A and
BMP4 increase more sharply in the EC F9 cells after RA stim-
ulation. Moreover, the stimulation of the Activin/Nodal and
BMP signaling cascades after exposure to exogenous Activin
A and BMP4 factors and inhibitors of the MEK/ERK and
PI3K/Act signaling pathways results in a reduction of the
number of residual Oct4-expressing ES R1 cells and a loss
of tumorigenicity. Thus, our study demonstrates that a dif-
ferentiation strategy that enhances the Activin A/Nodal
and BMP signaling pathways or inhibits the MEK/ERK
and PI3K/Act signaling pathways in ES cells may be effec-
tive for reducing the number of tumorigenic cells. This
approach may promote progress in the development of
safe stem cell therapeutics.
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Differentiating human adipose-derived stem cells (ASCs) towards Schwann cells produces an unstable phenotype when stimulating
factors are withdrawn. Here, we set out to examine the role of glial growth factor 2 (GGF-2) in the maintenance of Schwann-like
cells. Following ASC differentiation to Schwann-like cells, stimulating factors were withdrawn such that cells either remained in
media supplemented with all stimulating factors, GGF-2 alone, or underwent complete withdrawal of all factors. Furthermore,
each stimulating factor was also removed from the growth medium individually. At 72 hours, gene (qRT-PCR) and protein
(ELISA) expression of key Schwann cell factors were quantified and cell morphology was analysed. Cells treated with GGF-2
alone reverted to a stem cell morphology and did not stimulate the production of brain-derived neurotrophic factor (BDNF),
regardless of the concentration of GGF-2 in the growth medium. However, GGF-2 alone increased the expression of Krox20, the
main transcription factor involved in myelination, relative to those cells treated with all stimulating factors. Cells lacking
fibroblast growth factor were unable to maintain a Schwann-like morphology, and those lacking forskolin exhibited a
downregulation in BDNF production. Therefore, it is likely that the synergistic action of multiple growth factors is required to
maintain Schwann-like phenotype in differentiated ASCs.

1. Introduction

Tissue engineering strategieshave sought toharness the regen-
erative potential of Schwann cells (SCs) to aid peripheral
nerve repair [1]. Much focus has been on the use of
stem cells, particularly those derived abundantly from
adipose tissue [2, 3]. Adipose derived stem cells (ASCs)
differentiate into Schwann-like cells (dASC) when treated
with a combination of forskolin, glial growth factor 2
(GGF-2), fibroblast growth factor (FGF-2), and platelet-
derived growth factor (PDGF) [2, 3]. dASC possess

many SC characteristics, including a spindle-shaped mor-
phology, a similar secretome, and the ability to induce
neurite regeneration [2–4].

Whilst rat dASCs have been used successfully in rodent
in vivo models, evidence is lacking regarding the efficacy
of human dASCs [4]. Given that the original differentiation
protocol was developed for rat bone marrow stem cells, it is
unsurprising that human dASCs revert to their stem cell
phenotype upon withdrawal of stimulating factors [4].
Thus, further characterisation of dASCs is required prior
to clinical translation.
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GGF-2 is a soluble form of neuregulin 1 (NRG1), and
in SCs, NRG1 allows for the survival of SC precursors and
is involved in producing myelinating cells [5, 6]. It has
recently been shown that mouse ASCs lacking GGF-2
reduce their expression of SC phenotype markers [7].
Here, we examine whether GGF-2 is sufficient alone to
maintain critical Schwann-like properties by examining
dASCs ability to maintain a Schwann-like morphology,
produce brain-derived neurotrophic factor (BDNF), and
express Krox20 (the main transcription factor involved in
myelination) [5].

2. Materials and Methods

2.1. Cell Harvest, Isolation, and Differentiation. Adipose
tissue was harvested from female surgical patients at the
University Hospital of South Manchester, UK. Patients were
fully consented, and procedures were approved by the
National Research Ethics Committee (NRES 13/SC/0499).
A previously described protocol was used for the isolation
and differentiation of ASCs [4]. Briefly, adipose tissue was
first minced with a razor blade and then underwent 60
minutes of enzymatic digestion using 0.2% (w/v) collagenase
(Life Technologies, Paisley, UK). A 100 μm nylon mesh
(Merck Millipore UK, Watford, UK) was then used to filter
the dissociated tissue, and stromal vascular fraction (SVF)
was obtained by centrifugation at 300g for 10 minutes. SVF
was incubated for 1 minute with red blood cell lysis buffer
(Sigma-Aldrich) to remove red blood cells, recentrifuged
(10 minutes at 300g), and the resulting pellet of ASC was
plated in 75 cm2

flasks in stem cell growth medium (SCGM)
consisting of alpha minimum essential medium [αMEM
(Sigma-Aldrich)] supplemented with 10% (v/v) fetal bovine
serum [FBS (LabTech, Uckfield, UK)], 2mM L-glutamine
(GE Healthcare UK, Little Chalfont, UK), and 1% (v/v)
penicillin–streptomycin solution. For Schwann cell differen-
tiation, subconfluent ASC cultures were supplemented with
1mM β-mercaptoethanol (Sigma-Aldrich) for 24 hours
and preconditioned for 72 hours with 35ng/mL all-trans-
retinoic acid (Sigma-Aldrich). Following preconditioning,
the cell culture medium was replaced with SCGM supple-
mented with 14μM forskolin (Sigma-Aldrich), 5.46 nM
GGF-2 (a gift from Acorda Therapeutics, Ardsley, NY,
USA), 10 ng/mL basic fibroblast growth factor [FGF-2
(Peprotech EC, London, UK)], and 5ng/mL platelet-
derived growth factor [PDGF (Peprotech EC, London,
UK)] for 14 days. This same supplemented media was
used for cell maintenance during culture and passaging
until further experimentation.

2.2. Experimental Setup. dASCs were plated onto 12-well
plates at a density of 100,000 cells per well (unless other-
wise stated) and maintained in growth medium with all
stimulating factors for 48 hours. Media was then replaced
according to the individual experiment (see below), and
cells were cultured for 72 hours, after which outcome
measures described below were assessed. Experimental
and technical triplicates were used throughout. Media
was replaced at 48 hours with αMEM supplemented with

only GGF-2 (dASC−/+GGF) at concentrations of 0.273 nM,
2.73 nM, 5.46 nM, and 10.92 nM. Withdrawal of each fac-
tor individually (dASC+/−[forskolin, GGF, FGF, or PDGF]) was
also carried out, and in each case, a positive control of
normal growth medium (dASC+) and negative control of
withdrawal of all factors (dASC−) were used.

2.3. Morphology Analysis. Light microscopy and phalloidin
staining of cells were undertaken at the experimental end-
point. Staining was carried out according to previously
described methods [4]. Briefly, 5000 cells per well were
plated in order to better visualize individual cell morphol-
ogy. At the endpoint, cells were washed with phosphate
buffer saline (PBS) solution and fixed with 4% (w/v)
paraformaldehyde for 15 minutes at room temperature.
Following permeabilisation with 0.2% (v/v) Triton X-100
(Sigma-Aldrich) for 20 minutes, cells were stained for
20 minutes in the dark with Alexa 488-conjugated phal-
loidin (1 : 40, Life Technologies, USA). After PBS washes,
cells were imaged using an Olympus IX51 fluorescent
microscope at 4x magnification. 15 images of cells in
each experimental condition were taken, and aspect ratio
(AR) for each cell (longest cell length/narrowest cell
width) was determined using Image J (National Institutes
of Health, USA).

2.4. Real-Time Polymerase Chain Reaction (qPCR). Cells
were collected in RNAprotect reagent, and RNA was
extracted using an RNeasy Plus Mini Kit according to
manufacturer’s instructions (Qiagen). RNA was quantified
using a NanoDrop ND-100 spectrophotometer (Thermo-
Fisher Scientific, USA). The RT2 First Strand kit (Qiagen)
was then used to reverse transcribe RNA. RT2 qPCR
SYBR Green Mastermix and a Corbett Rotor Gene 6000
real-time cycler (Qiagen) were used to perform qPCR.
Primer sequences are Krox20 [forward sequence: 5′-AAC
GGAGTGGCCGGAGAT-3′, reverse sequence: 5′-ATGG
GAGATCCAACGACCTCT T-3′ (Sigma-Aldrich)], 18s
[Qiagen (Cat number PPH05666E-200)] and BDNF [Qiagen
(Cat number PPH00569F-200)]. All reactions were carried
out in quadruplicate, and the following protocol was used:
activation of HotStart DNA Taq polymerase by heating at
95°C for 10 minutes and followed by 45 cycles of 95°C
for 15 seconds, 55°C for 30 seconds, and 72°C for 30
seconds. Melting curve analysis was performed in order
to confirm specificity of primers. To analyse the qPCR
data, the ΔΔCt method was employed, normalising data
to the housekeeping gene, 18s.

2.5. Enzyme-Linked Immunosorbent Assay (ELISA). ELISA
kits to detect BDNF in cell culture supernatant (RayBiotech,
USA) were used according to manufacturer’s instructions.
Plates were read at 450nm using an Asys UVM-340 micro-
plate spectrophotometer (Biochrom). Protein concentrations
of the samples were calculated by interpolating their
absorbency values on the standard curve obtained using
recombinant BDNF protein.

2.6. Statistical Analysis. One-way analysis of variance
(with Tukey test) and unpaired t tests were performed
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using Graphpad Prism 7.0 software (Graphpad Software
Inc., USA). P values of <0.05 were considered statisti-
cally significant.

3. Results

3.1. dASC−/+GGF Revert to a Stem Cell Morphology.
Undifferentiated ASC (uASC, Figure 1(a)) stimulated to
dASC+ (Figure 1(b)) produced cells with an elongated,
spindle-shaped morphology. dASC−/+GGF reverted to a
stem cell-like morphology, as did dASC+/−FGF and
dASC− (Figures 1(c), 1(d), and 1(e)), whilst dASC+/−GGF,

dASC+/−forskolin, and dASC+/−PDGF retained their spindle
shape (Figures 1(f), 1(g), and 1(h)).

There were more spindle-shaped dASC+ (Figure 2(a))
compared to dASC-/+GGF (Figure 2(b)). dASC+ had a
significantly higher AR when compared to dASC−/+GGF

(Figure 2(c)). The relative frequencies of cells of each AR
confirm that in dASC−/+GGF, there is a reduced frequency
of cells with AR > 5 (Figure 2(d)).

3.2. dASC−/+GGF Have a Phenotype Similar to dASC−.
dASC−/+GGF upregulated Krox20 expression compared to
dASC+ (Figure 3(a)) but failed to maintain BDNF production
levels regardless of GGF-2 concentration (Figure 3(b)). In

uASC

(a)

dASC+

(b)

dASC‒/+GGF

(c)

dASC+/‒FGF

(d)

dASC–

(e)

dASC+/‒GGF

(f)

dASC+/‒forskolin

(g)

dASC+/‒PDGF

(h)

Figure 1: GGF-2 is not sufficient alone to maintain a spindle-shaped morphology, and FGF-2 is necessary to produce the Schwann-like
morphology. (a) Undifferentiated cells display a flattened, fibroblast-like appearance. (b) dASC+ elongate and take on a spindle
shape. (c) dASC−/+GGF revert to a stem-like morphology, as do (d) dASC+/−FGF and (e) dASC−, whilst (f) dASC+/−GGF, (g) dASC+/−forskolin,
and (h) dASC+/−PDGF all retain a spindle-shaped appearance. All cells were photographed at 10x magnification.
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each case, the pattern of expression was similar to that
in dASC−.

3.3. Forskolin Is Necessary for BDNF Production.
dASC+/−forskolin and dASC+/−PDGF had significantly reduced
gene expression of BDNF when compared to all other
groups (Figure 4(a)). dASC+/−forskolin also had significantly
reduced BDNF protein production compared to all other
groups (Figure 4(b)).

4. Discussion

The use of ASCs in peripheral nerve injury has demonstrated
real promise in experimental models [2, 3]; however, clinical
translation is hindered by a rapid lack of stability in human
dASCs when growth factor treatment is withdrawn [4].
Given the importance of NRG1 signalling in SC biology, we
postulated that GGF-2 would be sufficient to maintain
dASCs after withdrawal of other growth factors. Our results

suggest that the maintenance of this phenotype is much more
complex and relies on the synergistic actions of multiple
growth factors. This will be crucial to understand prior to
potential clinical use of this stem cell therapy for peripheral
nerve injury.

We found that GGF-2 alone was unable to maintain the
spindle-shaped morphology of dASCs. Interestingly, cells
lacking FGF-2 also reverted to a uASC-like morphology.
Stimulating rat SCs with FGF-2 in vitro induces the
characteristic spindle shape, and ASCs cultured with
FGF-2 maintain a spindle-shaped morphology [8, 9].
This suggests that FGF-2 may be involved in producing
a Schwann-like morphology.

We found that dASC−/+GGF had reduced BDNF produc-
tion when compared to dASC+, as did dASC+/−forskolin. We
can therefore suggest that GGF-2 is not sufficient alone
to produce BDNF, but that forskolin, acting synergistically
with other factors may be necessary for BDNF production.
Forskolin acts through intracellular cyclic adenosine
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Figure 2: Cells treated with all stimulating factors have an increased aspect ratio compared to those treated with GGF-2 alone.
(a) Spindle-shaped cells are clearly visible in dASC+ phalloidin-stained cells. Cells were photographed at 4x magnification. (b) dASC−/

+GGFphalloidin-stained cells exhibit fewer spindle-shaped cells. (c) dASC+ had a significantly higher AR when compared to dASC−/

+GGF (4.752± 0.144 in dASC+ versus 4.248± 0.107 in dASC−/+GGF, ∗∗P < 0 01, n = 3). (d) A total of 249 dASC+ cells and 304 dASC−/+GGF

cells were analysed, and the relative frequency of each AR was determined. There was a higher percentage of cells with AR < 5 in
the dASC−/+GGF group (63% versus 53% in dASC+) and a higher percentage of spindle-shaped cells (AR≥ 5) in the dASC+ group
(47% versus 37% in dASC−/+GGF).
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monophosphate (cAMP), and a recent study found that
cAMP response element-binding protein (CREB) is instru-
mental in allowing for BDNF production by ASCs [10, 11].
The authors found that rat ASCs stimulated with forskolin

rapidly increased their BDNF production and expression of
phosphorylated CREB [11]. Hence, forskolin is likely to be
involved in BDNF production [10, 11]; however, the mecha-
nism in human ASCs remains to be elucidated.

dA
SC

−

0.
27

3 
nM

2.
73

 n
M

5.
46

 n
M

10
.9

2 
nM

dA
SC

+

0

2

4

6

dASC−/+GGF

Fo
ld

 ch
an

ge
 (K

ro
x2

0)
⁎⁎⁎⁎

⁎⁎⁎⁎

⁎⁎⁎

⁎⁎⁎

(a)

0

5

10

15

BD
N

F 
co

nc
en

tr
at

io
n 

(n
g/

m
L)

⁎⁎⁎⁎

dA
SC

–

0.
27

3 
nM

2.
73

 n
M

5.
46

 n
M

10
.9

2 
nM

dA
SC

+

dASC–/+GGF

(b)

Figure 3: Krox20 gene expression and BDNF production in cells maintained in GGF-2 alone is similar to that of cells in which all
stimulating factors have been withdrawn. (a) dASC− had a 4.351± 0.552-fold increase in the expression of Krox20 (∗∗∗∗P < 0 0001,
n = 3, N = 3); dASC−/+GGF [0.273 nM] cells had a 4.599± 0.568-fold increase (∗∗∗∗P < 0 0001, n = 3, N = 3); dASC−/+GGF [2.73 nM] cells a
4.23± 0.527-fold increase (∗∗∗∗P < 0 0001, n = 3, N = 3); dASC−/+GGF [5.46 nM] cells a 3.657± 0.468-fold increase (∗∗∗P < 0 001, n = 3,
N = 3); and dASC−/+GGF [10.92 nM] cells a 3.648± 0.148 (∗∗∗P < 0 001, n = 3, N = 3) in Krox20 expression compared to dASC+ cells.
There was no significant difference in expression between dASC−/+GGF and dASC−. (b) dASC+ secrete 10± 0.440 ng/mL BDNF
compared to 4.32± 0.184 ng/mL in dASC−, 3.673± 0.314 ng/mL in dASC−/+GGF [0.273 nM], 3.695± 0.266 ng/mL in dASC−/+GGF [2.73 nM],
4.351± 0.257 ng/mL in dASC−/+GGF [5.46 nM], and 4.243± 0.208 ng/mL in dASC−/+GGF [10.92 nM] (∗∗∗∗P < 0 0001 for all experimental
groups compared to dASC+, n = 3, N = 3).
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Figure 4: Forskolin may be involved in the production of BDNF. (a) PCR analysis of BDNF expression shows that both dASC+/−forskolin and
dASC+/−PDGF downregulate their expression of BDNF compared to all other groups (fold change 0.705± 0.051 in dASC−, 0.302± 0.047 in
dASC+/−forskolin, 0.761± 0.035 in dASC+/−GGF, 0.749± 0.037 in dASC+/−FGF, and 0.41± 0.017 in dASC+/−PDGF compared to 1± 0.044 in
dASC+. (b) ELISA protein analysis shows that dASC+/−forskolin have a large downregulation of BDNF production compared to all other
groups (4.354± 0.120 ng/mL in dASC+/−forskolin versus 7.784± 0.413 ng/mL in dASC−, 12± 0.435 ng/mL in dASC+/−GGF, 10.33± 0.197 ng/mL
in dASC+/−FGF, 12.46± 0.158 ng/mL in dASC+/−PDGF, and 14.48± 0.128 ng/mL in dASC+; ∗∗∗∗P < 0 0001, n = 3).
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NRG1 controls many aspects of myelination in SCs
[6, 12, 13]. NRG1 signalling allows for myelination with
low level stimulation but initiates demyelination with
sustained activation [6, 14–16]. We investigated whether
a similar effect would be seen in dASCs by stimulating
cells with GGF-2 at increasing concentrations and quan-
tifying Krox20 expression. dASC−/+GGF had a significant
increase in Krox20 expression compared to dASC+; how-
ever, there was no difference in expression between
dASC−/+GGF and dASC− cells. This suggests that other
growth factors may have an inhibitory action on Krox20
which requires further enquiry.

5. Conclusions

GGF-2 alone is insufficient to maintain Schwann-like
properties achieved in dASCs. Cells lose their characteristic
morphology and downregulate BDNF. However, we noted
that cells treated with only GGF-2 increase their expression
of Krox20 relative to those treated with all factors, suggesting
that other factors have an inhibitory action on Krox20
expression. Forskolin appears necessary for BDNF produc-
tion, and FGF-2 is likely responsible for Schwann-like
morphology. Therefore, it is likely that the synergistic action
of growth factors sustain the Schwann-like properties of
dASC and further work in this field is required prior to
clinical use of these cells.
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Muscular dystrophies, myopathies, and traumatic muscle injury and loss encompass a large group of conditions that currently have
no cure. Myoblast transplantations have been investigated as potential cures for these conditions for decades. However, current
techniques lack the ability to generate cell numbers required to produce any therapeutic benefit. In utero stem cell
transplantation into embryos has been studied for many years mainly in the context of hematopoietic cells and has shown to
have experimental advantages and therapeutic applications. Moreover, patient-derived cells can be used for experimental
transplantation into nonhuman animal embryos via in utero injection as the immune response is absent at such early stages of
development. We therefore propose in utero transplantation as a potential method to generate patient-derived humanized
skeletal muscle as well as muscle stem cells in animals for therapeutic purposes as well as patient-specific drug screening.

1. Introduction

Skeletal muscle is the most abundant tissue in the human
body, comprising 40–50% of body mass and playing vital
roles in locomotion, heat production, and overall metabo-
lism. Loss of muscle is a serious consequence of many chronic
diseases including muscular diseases such as Duchenne
muscular dystrophy (DMD) and aging-related sarcopenia
because it leads to muscle weakness, loss of independence,
and increased risk of death. In addition, traumatic muscle
injury and loss caused by accident, surgery, and wartime
injuries needs prolonged recovery.

Muscular dystrophies are a large and diverse group of
genetic disorders that are associated with progressive loss of
muscle mass and strength. The most common forms, DMD
and Becker muscular dystrophy (BMD), are a result of muta-
tions of the DMD gene on the X chromosome that code for
the large sarcolemmal protein dystrophin. The rate of occur-
rence of DMD is reported to be in between 1 : 3802 and
1 : 6291 male births [1] and that of BMD is about 1 : 18,450
male births [2]. DMD is a more severe form and is caused

by a complete absence of the dystrophin protein, whereas
BMD is a milder form associated with lower levels of expres-
sion of dystrophin or a truncated dystrophin protein. DMD
patients experience a loss of ambulation and are normally
wheelchair dependent by 12 years of age followed by cardiac
and respiratory failure in the second decade of life that are
the main causes of death [3]. The dystrophin protein is one
of the largest proteins produced in the human body contain-
ing several distinct domains. The N-terminus sequences are
highly homologous to actin-binding domain responsible for
interaction with the cytoskeleton. The central region consists
of 24 rod-shaped spectrin-like repeats made up of triple heli-
ces. Each repeat is separated by nonhelical regions called
hinges. The C-terminus region shows homology with utro-
phin and is responsible for binding and interacting with mul-
tiprotein dystrophin-associated protein (DAP) complex and
the extracellular matrix (ECM) [4]. The large size and multi-
ple domains of the dystrophin protein signify that it is capa-
ble of binding to multiple proteins and may perform a variety
of functions. A common belief is that it acts as a spring that
disperses the forces experienced by the sarcolemma during
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muscle contractions and prevents membrane damage [5, 6].
The lack of dystrophin in DMD prevents this force disper-
sion causing excessive damage to the sarcolemma which is
responsible for the progressive degeneration of the muscle
fibers with age. While the skeletal muscle possesses a tremen-
dous capacity for regeneration, this potential ultimately
declines with DMD. No treatments are currently available
for DMD, terminal muscle diseases.

Most organs in the body contain a population of tissue-
resident stem cells that are able to proliferate and differenti-
ate to repair the organs in the case of damage while undergo-
ing self-renewal to maintain a constant pool of stem cells. In
the skeletal muscle, this cell population is known as satellite
cells due to their anatomic location between the myofiber
and the basal lamina [7]. They proliferate in response to
damage to give rise to muscle progenitor cells or myoblasts
that then fuse to existing muscle fibers to repair the damage
or give rise to new fibers [8], while myoblasts also possess
adipogenic and osteogenic differentiation potential in vitro
[9]. Apart from satellite cells, many atypical cell types such
as side population cells, neural stem cells, hematopoietic stem
cells, mesoangioblasts, pericytes, CD133+ circulating cells,
and mesenchymal stem cells (MSCs) have been shown to
possess myogenic differentiation potential [10–15]. One of
the most promising uses for stem cells is the possibility to
treat muscle diseases including those that have their origins
in genetic anomalies and traumatic muscle injury and loss
caused by accident, surgery, and wartime injuries.

2. Myoblast Transplantation for DMD Therapy

Due to the highly proliferative capacity of satellite cells, their
transplantation has been investigated for the treatment of
muscular dystrophies. In some of the earliest myoblast trans-
plantation studies performed by Partridge in the late 1980s,
they transplanted mononuclear cells isolated by disaggrega-
tion of normal neonatal muscle into nude, phosphorylase
kinase- (PhK-) deficient mice. Upon harvesting the muscles
and checking for PhK expression, they found that the trans-
planted cells contributed to the formation of new myofibers
as well as fused to existing myofibers enabling them to
express PhK. Different isoenzymes of glucose-6-phosphate
isomerase (GPI) in donor versus recipient muscle were used
to determine the animal of origin [16]. Similar experiments
performed in the mdx mouse model for DMD showed
dystrophin-positive fibers in injected muscle. Interestingly,
they observed higher levels of engraftment compared to the
previous study, indicating that actively regenerating muscle
may be important for better engraftment of transplanted cells
[17]. Experiments performed by Morgan et al. showed long-
term engraftment and regenerative capacity of transplanted
myoblasts. Their experiments showed better engraftment in
irradiated muscle when compared to nonirradiated contra-
lateral controls [18]. Furthermore, myoblast transplantation
performed in nonhuman primates using an immunosup-
pressive agent (tacrolimus) showed significant levels of
survival and engraftment of transplanted cells when com-
pared to control [19]. However, the prolonged use of
tacrolimus is toxic, and therefore, to reduce the effective

dosage, Skuk et al. combined it with mycophenolate mofetil
(MMF), another immunosuppressive, and observed fewer
levels of serum antibodies and CD8+ T cells at the sites of
injection in their nonhuman primate experiments [20].

The above experiments taken together provide compel-
ling evidence for the potential of myoblast transplantation
as a therapeutic technique for the treatment of muscular
dystrophies in humans. These inspired multiple clinical
trials in the early 90s that did not prove to be very suc-
cessful due to insufficient amounts of research done in
preclinical trials to determine the best protocol for myo-
blast transplantation [21]. Among the many reasons for
the failure of the trials were the large amounts of cell
death observed in the transplanted myoblasts as well as
immune reactions against the donor myoblasts and fibers
that were previously thought to not express the MHC class
II. Furthermore, the limited migration of the transplanted
myoblasts from the sites of transplantation added to the
inefficiency of the procedure [22].

3. iPSC-Derived Myogenic Cells for Muscular
Dystrophy Therapy

Recently, pluripotent stem cells have been investigated as
sources of muscle progenitor cells for therapy due to their
ability to differentiate into all three germ layers as well as
their ease of expansion. The discovery of induced pluripotent
stem cells (iPSCs), which enable the conversion of somatic
cells to pluripotent cells by the introduction of a specific tran-
scription factors, makes it possible to generate patient-
specific stem cells, thus bypassing complications associated
with immune rejection in case of transplants. Additionally,
the iPSCs can be genetically corrected before transplantation,
thus providing long-term cures for conditions like muscular
dystrophies [15]. To overcome the problem of immune reac-
tions and the large quantities of cells required to observe
therapeutic benefits in large muscles, the use of autologous
patient-derived iPSCs that can be proliferated indefinitely
can be used for transplantation (Figure 1(a)). There are mul-
tiple methods including utilizing forced expression of myo-
genic transcription factors such as Pax3, Pax7, and MyoD
and step-by-step induction methods which recapitulate
embryonic myogenesis [23]. These protocols have been
investigated to derive a variety of cell types having myogenic
potential that has been reviewed by Darabi and Perlingeiro
[24]. They identified some of the major hurdles to the use
of iPSCs in therapeutic applications, such as the heavy
dependence on gene overexpression to derive the myogenic
precursors and the safety concerns associated with the use
of these cells. However, efficient myogenic differentiation
and the scale-up of myogenic differentiation remain elusive
and must be developed further in order to generate effective
cellular therapies. In addition, in vitro-induced myogenic
cells from pluripotent stem cells only show embryonic mus-
cle phenotypes but not mature muscle phenotype [23], limit-
ing the use of iPSC-derived myogenic cells for clinical
situation. It is therefore essential to develop alternative
approaches to induce and obtain large numbers of satellite
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cells if the potential of myoblast transplantation as a thera-
peutic method is to be realized.

4. In Utero Stem Cell Transplantation (Table 1)

In utero transplantation (IUT) is based on the idea that the
introduction of donor cells into a fetus at an early stage of
development can result in the development of chimerism
without the risk of rejection of the donor cells due to the
undeveloped fetal immune system. The first evidence for this
came in 1945 with Owen’s observations on the blood types of
bovine twins [25]. In his observations, Owen noticed that

when a twin sire mated, it failed to transmit some of the anti-
gens present on its own blood cells in any of his twenty prog-
enies. Examination of the antigens present in his twin
pointed to the possibility that these antigens could be derived
from the twin. In a second observation of a case of superfe-
cundation, he noticed that the twins possessed two antigens
each that could not have been inherited from their respective
sires or the dam but could have been obtained from the
cosire. These observations led him to conclude that the cells
containing these antigens were derived from a subset of cells
that were interchanged during early embryonic development
and were able to give rise to these erythrocytes throughout

Patient with muscle 
disease or injury

hiPSC
Oct4
Sox2
Klf4

cMyc

Fibroblast

Myoblast/satellite cell

Transplantation

Biopsy

Myogenic
induction

DNA correction
and expansion

Reprogramming

(a)

Transplantation

Biopsy

Isolation of 
myogenic cell

DNA correction

Reprogramming

In utero injection hiPSC

Oct4
Sox2
Klf4

cMyc
Fibroblast

Myoblast/satellite cell

Chimeric animal

Embryo with 
myogenic defect

Myogenic progenitor

Patient with muscle 
disease or injury

Generation of 
chimera

(b)

Figure 1: Current and new approaches for iPSC-derived stem cell transplantation for muscle diseases. (a) Patient-derived skin fibroblasts will
be reprogramed into iPSCs by reprogramming factors. Patient-derived iPSCs will be used for DNA correction of dystrophin mutation by
DNA-editing technologies. These corrected iPSCs will be induced to myogenic differentiation to generate myogenic progenitor cells which
will be used for autologous cell therapy for patients suffering from muscle diseases and traumatic muscle injury and loss. (b) Patient-
derived skin fibroblasts will be reprogramed into iPSCs by reprogramming factors. Patient-derived iPSCs will be used for DNA correction
of dystrophin mutation by DNA-editing technologies. These corrected iPSCs will be used for myogenic progenitor cell induction followed
by in utero injection into animal embryos carrying a defect of myogenic master genes such as MyoD, Myf5, and MRF4, allowing chimeric
animal to develop human skeletal muscle. Chimeric animal-derived patient-specific myoblasts or satellite cells will be used for autologous
cell therapy for muscle diseases and traumatic muscle injury and loss.
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their lives. We now know these cells to be hematopoietic stem
cells (HSCs).

Following these observations, a series of experiments
were performed by Billingham and colleagues in which they
grafted a variety of skin combinations in between monozy-
gotic and dizygotic twins with the aim to use this as a method
to distinguish between the two types of twins [26, 27]. Their
experiments were unable to find a significant difference in
response to homografts between dizygotic and monozygotic
twins, and they also observed varying levels of tolerance to
the homografts in the dizygotic twins. These results further
bolstered evidence for acquired for tolerance towards the
homograft during early embryonic development. The final
study that showed that exposure to antigens early in fetal
development could result in the acquisition of tolerance
towards those antigens was performed by Billingham et al.
Here, they injected tissue homogenates from the spleen, tes-
tes, and kidneys of adult mice from A-line mice into 6
embryos of CBA mice. Five embryos survived and were
grafted with the skin of A-line mice at eight weeks of age.
Two of the five mice showed complete tolerance of the graft,
whereas one mouse showed prolonged tolerance followed by
rejection after 90 days. The two mice that showed complete
tolerance were then injected with lymph nodes of CBA mice
that were previously immunized against A-strain mice which
resulted in rapid rejection of the previously tolerated skin
grafts showing that the tolerance was due to tolerance of
the graft by the mice and not due to antigenic modifications
by the graft [28].

With this evidence in mind, a number of experiments
were carried out to demonstrate the feasibility of IUT for
therapeutic purposes. Hematopoietic stem cells (HSCs)
being easy to isolate and the most well-studied stem cells
were used most commonly in these studies. Moreover,
tests for engraftment of HSC could be easily performed
through blood draws and biopsies of the spleen, liver,
and thymus to check for progeny of the transplanted cells.
The first attempt to show the feasibility of IUT of HSCs
(IUT-HSCs) was conducted by Fleischman and Mintz
[29] who utilized W/W mice that are lethally anemic as
well as Wv/Wv mice that are viably anemic. They injected
C57BL/6 fetal liver HSCs into the W/W mice and DBA/2
fetal liver HSC into the Wv/Wv mice at gestational day 11.
Blood tested at different time points for the type of hemo-
globin in the RBCs that showed most of the RBCs were of
donor origin indicating successful engraftment of the fetal
liver HSCs. Engraftment of in utero-transplanted cells into
normal mice was also shown in another study using PCR
to detect donor cells, which proved to be a more sensitive
assay [30]. They were also able to transplant allogeneic
skin grafts onto the chimeric mice and observe varying
degrees of tolerance towards the grafts. Further studies
have shown that the mode of injection [31] is also impor-
tant for improving engraftment in IUT-HSCs. IUT-HSCs
have also been shown to be successful in dogs [32], sheep
[33], and monkeys [34, 35]. Following these studies, IUT-
HSCs have been used in a number of experimental treat-
ments in humans to treat diseases like SCID [36–39] and
bare lymphocyte syndrome [40].

IUT has also been shown to be successful for other cell
types. Human MSCs have also been shown to successfully
engraft in multiple tissues in sheep following in utero intra-
peritoneal transplantation and could be detected over a
period of 13 months [41]. Similar results have been shown
for fetal liver-derived MSCs in sheep and human placenta-
derived MSCs in rats [42, 43]. Due to the multipotentiality
of MSCs, they can possibly be used to treat a variety of con-
ditions. In rats, MSCs injected into the spinal cord of fetuses,
which were induced to have spina bifida by the administra-
tion of retinoic acid, engrafted and expressed markers of
motor neurons, neurons, sensory neurons, and neural pre-
cursor cells while inducing the expression of neurotrophic
factors from the surrounding tissue [44, 45]. Transplanted
MSCs also showed improved bone mineralization in mouse
models of osteogenesis imperfecta and could be detected in
a human patient suffering from the same disease after trans-
plantation, indicating their potential as a possible therapeutic
avenue for osteogenesis imperfecta [46, 47]. Engraftment
post IUT has also been shown for amniotic fluid-derived cells
[48, 49] and hepatocytes [50, 51].

A recent study conducted by Cohen et al. [52] further
added to the growing body of studies proving the feasibility
of IUT of human stem cells. In their study, they utilized pri-
mary mouse neural crest cells (NCCs) obtained from E8.5
GFP expressing embryos from C57BL/6 background and
injected these cells into a nonpigmented Wsh/Wsh c-Kit
mutant mouse lacking endogenous melanoblasts. They then
examined the coats of postnatal mice for pigmentation which
would arise only from the donor cells, which was confirmed
by checking for GFP. They were also able to obtain similar
results from mouse ESC-derived NCCs and rat iPSC-
derived NCCs. To prove that human cells could obtain sim-
ilar levels of chimerism, they used hESC-derived NCCs and
hiPSC-derived cells from an African American donor that
were transfected with GFP. They examined the mice between
E10.5 and E13.5 as well as postnatally for human chimerism
and using immunohistochemistry, microscopy, and qPCR
for analyzing human mitochondrial DNA. They obtained
around 35% human chimerism at lower efficiencies than
the mouse-mouse chimeras. However, this study highlights
the potential for generating human tissue in animal models
that can then be used as a model to study disease develop-
ment, used to determine a cure for the condition, or used as
a source of cells/tissue for transplantation.

5. Potential for Use of IUT in Treatment of
Muscle Diseases

Prenatal diagnosis allows for the detection of genetic dis-
eases early in gestation. While parental genetic screening
and testing to identify carriers of mutations that can cause
myopathies followed by in vitro fertilization (IVF) and
preimplantation genetic screening could prevent many
cases of BMD or DMD from occurring, these will only
lead to a reduction and not an eradication of the disease
since a third of DMD cases occur due to de novo muta-
tions and cannot be preemptively screened for [53]. To
combat this prenatal screening of fetuses could provide
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an avenue to identify fetuses that carry mutations that can
cause BMD or DMD. Traditionally, this is done through
chorionic villus sampling (CVS) and amniotic fluid sam-
pling which are invasive procedures and pose a 0.5% to
1% risk of embryonic death [54]. Moreover, these procedures
often involve ex vivo culturing of the cells isolated to get a
sufficient amount of DNA to be tested which can introduce
variabilities and culture-associated abnormalities. Recent
advances in these technologies however have made it easier
to detect these diseases with lower risks of mortality. For
example, the discovery of cell-free fetal DNA (cffDNA) pres-
ent in maternal plasma enabled new noninvasive techniques
of detection to be researched. Using this cffDNA and cou-
pling it with relative haplotype dosage analysis (RHDA),
Parks et al. have been able to accurately predict the occur-
rence of DMD and BMD [54]. In spite of the limitation of
using cffDNA in the case of twins, or if the mother has
been the recipient of transplants, the technique is a step
forward in enabling earlier diagnoses of congenital diseases
which can then be coupled with in utero interventions to
cure the condition.

Naturally, the logical step following early detection of a
disease-causing mutation is the early remediation of the
mutation. To this end, many groups have investigated the
potential of in utero gene transfer or in utero gene correction
as a potential method to treat monogenic myopathies. VSV-
G-, Mokola-, and Ebola-pseudotyped lentiviral vectors, ade-
noviral vectors, and adeno-associated viral vectors have been
shown to be highly efficient in targeting cardiac muscle and
skeletal muscle including satellite cells following intramuscu-
lar or intraperitoneal injections in utero [55–57]. Utilizing an
equine infectious anemia virus (EIAV) of the VSV-G pseudo-
type, the β-galactosidase (lacZ) gene was successfully deliv-
ered to most of the respiratory muscles and limb skeletal
muscle via combined intrathoracic, intraperitoneal, and
intramuscular injections, and notably, no immune responses
were detected towards the viral proteins for up to 5months of
age [58]. To prevent the chances of deleterious mutations due
to nonspecific integration of the transgene into the genome,
nonintegrating viral vectors may be a better option. The
delivery of the HC-Ad adenovirus that has a large insert
capacity into the muscles of E16 mouse limbs showed stable
expression of lacZ up to 5 months of age and was also able
to successfully deliver dystrophin cDNA and restore dystro-
glycan complex expression in the limbs of mdx mice; how-
ever, functional recovery was meagre [59, 60]. Similar
results were observed utilizing AAV8 vectors carrying the
minidystrophin gene [61, 62]. For a large animal model, a
protocol for in utero ultrasound-guided adenoviral vector
delivery to the sheep fetal muscle has been published for skel-
etal muscle repair. Finally, in utero delivery of oligodeoxynu-
cleotides into mdx mice has been examined for dystrophin
gene correction [63].

Following the success of IUT-HSCs, many groups have
tried to replicate similar successes for myogenic tissue
repairs. Multiple cell types have been utilized for these stud-
ies. Liechty et al. were able to show successful engraftment of
normal human MSCs following in utero intraperitoneal
transplantation into fetal sheep. They observed human cells

in multiple organs including skeletal muscle and cardiac tis-
sue [41, 64, 65]. Mackenzie et al. also transplanted bone mar-
row (BM) cells and fetal liver cells isolated from Rosa26
donor mice (transgenic for lacZ) into mdx mouse embryos
(E14) and characterized their chimerism and engraftment
at 4 weeks after birth. After determining hematopoietic chi-
merism, they discovered the presence of donor derived myo-
genic cells in the diaphragm, cardiac, and skeletal muscles of
the chimeric mice but were unable to show dystrophin
expression due to the low levels of engraftment [66]. Utilizing
a more primitive group of cell type isolated from the somites
of E11.5 mice and a less invasive procedure of injection into
the uterine continuation of medial circumflex femoral veins
ofmdxmice, Torrente et al. were able to show the restoration
of dystrophin expression in various skeletal muscles [67].
Surprisingly, the transplanted cells were able to cross the pla-
centa and migrate to the sites of myogenesis. More recently,
human fetal MSCs have been shown to successfully differen-
tiate into cardiac and skeletal muscle following IUT intomdx
mice [68]. In this study, different routes of cell transplanta-
tion (intramuscular, intraperitoneal, and intravascular) were
compared, and the authors identified that intraperitoneal
injection allows for the most widespread distribution of the
cells while intravascular injection led to complete mortality
of the embryos. Intramuscular injection resulted in more
localized engraftment and reduced differentiation of the cells.
Although this method was not tested in the mdx mice, the
limitation might be overcome by matching the transplanted
cells to the developmental stage of the embryos.

Although IUT may not be an ideal method in the case of
muscular dystrophies and myopathies due to the complexity
of myogenesis and the enormity of the tissue, it could be used
to generate an unlimited source of myoblasts for transplanta-
tion into patients, addressing one of the main limitations to
myoblast transplantation previously discussed in this paper.
The generation of humanized organs in a host animal is a
potential approach for regenerative medicine to repair mus-
cle in patients suffering frommyopathic diseases. For the cre-
ation of humanized organs in animals, it is essential to
selectively knock out genes in the blastocysts that are critical
for organ development [69]. MRFs, Pax3, or Lbx1 mutant
mice provide an ideal model since mice carrying the gene
mutation(s) display a complete absence of muscle as a whole
or at the level of the limb, respectively [70–72], supplying the
empty niche for myogenesis. However, since injection of
human stem cells into pregastrulation embryos has an ethical
issue [73], IUT of stem cells into genetically modified mouse
embryos is a potential approach for generating humanized
organs. The clinical significance of this approach is the pro-
duction of humanized muscle using specific gene mutant
mouse embryos via IUT of iPSCs, which are developmentally
vacant of the limb muscle. These humanized organs created
in mice will serve as an animal model to study human muscle
diseases and responses to pharmacological agents. In addi-
tion, muscle engineered in these strategies holds potential
as a source for muscle stem cell transplantation for patients
suffering from myopathic diseases. Therefore, they can be
used as a platform to develop IUT for the purposes of gener-
ating human limb muscle in these mice. Translation to large
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animal models following these studies can result in the
generation of patient-specific myoblasts that can then be
harvested and transplanted as a possible therapeutic option
(Figure 1(b)). Our preliminary results in normal mice show
that transplanted myoblasts or iPSC-derived myogenic cells
can survive in the developing embryo post IUT; however,
their contribution to myogenesis is currently undetermined.
If successful, IUT of gene-corrected iPS-derived precursors
into growing fetuses of animals like pigs, sheep, or goat can
be used to generate patient-specific muscle for a source of
autologous myoblast transplantation.

The generation of patient-specific myogenic cells in host
animals can be directly used for stem cell-based therapeutic
transplantation in DMD and myopathic diseases. In addi-
tion, we can develop personalized muscle model carrying
individual disease-associated mutations in the humanized
animals. Potentially, such insights and developments will
lead to new therapeutic interventions for myopathic diseases
including DMD. With respect to expected outcomes, the
work proposed in the aims of this study is collectively
expected to provide new therapeutic interventions that will
aid the growing number of people in this country who suffer
from muscle degenerative diseases and traumatic muscle
injury and loss. In addition, it is expected that the results will
fundamentally advance the fields of muscle regeneration and
stem cell biology.
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The use of human telomerase reverse transcriptase-immortalized bone marrow mesenchymal stromal cells (hTERT-BMSCs) as
vehicles to deliver antinociceptive galanin (GAL) molecules into pain-processing centers represents a novel cell therapy strategy
for pain management. Here, an hTERT-BMSCs/Tet-on/GAL cell line was constructed using a single Tet-on-inducible lentivirus
system, and subsequent experiments demonstrated that the secretion of rat GAL from hTERT-BMSCs/Tet-on/GAL was
switched on and off under the control of an inducer in a dose-dependent manner. The construction of this cell line is the first
promising step in the regulation of GAL secretion from hTERT-immortalized BMSCs, and the potential application of this
system may provide a stem cell-based research platform for pain.

1. Introduction

Treatment of chronic neuropathic pain resulting from
peripheral nerve injury is one of the most difficult problems
in modern clinical practice. Although current treatments,
such as traditional pharmacological approaches, are often
effective for limited periods, these therapies have no practical
significance for the progression of pain and can even induce
tolerance and unacceptable systemic side effects. Diminished
inhibitory neurotransmission in the superficial dorsal horn,
particularly when there is an imbalance of excitatory and
inhibitory systems, is the likely mechanism underlying the
induction and development of neuropathic pain following
nerve injury [1, 2]. Therefore, alternative methods targeting
mechanisms of neuropathic pain are needed.

The use of cell lines as “biological minipumps” to
chronically deliver antinociceptive molecules into the

pain-processing centers of the spinal cord represents a newly
developed technique for the treatment of pain [3]. Galanin
(GAL) is a neuropeptide of 29 or 30 (in humans) amino acids
that is proteolytically processed from the peptide precursor
preprogalanin. GAL is widely distributed throughout the
central and peripheral nervous system and is involved in a
variety of physiological and pathophysiological activities,
including pain signaling [4]. Extensive research has demon-
strated that this molecule plays a gatekeeper role in the inhi-
bition of neuropathic pain [5, 6]. Previous studies have
demonstrated that immortalized astrocytes are not only eas-
ily manipulated, reproducible, and nontumorigenic but are
also safe potential vehicles for the delivery of therapeutic
genes (galanin) for chronic pain therapy [7–9].

However, obtaining primary neuronal cells from adult
tissue is difficult and faces major ethical issues in clinical
practice. Studies have increasingly focused on the potential
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therapeutic effects of stem cell transplantation for neurologi-
cal diseases [10]. Bone marrow stem cells, including the plu-
ripotent hematopoietic stem cells (HSCs) and bone
mesenchymal stem cells (BMSCs), are being considered as
potential targets for cell and gene therapy-based approaches
against a variety of different diseases. Although human HSCs
as vehicles to treat metachromatic leukodystrophy (MLD)
has been used to treat patients with early onset MLD in a
phase I/II trial, the HSCs give rise to all different blood cell
lineages, such as the myeloid and lymphoid cell lineages
[11]. In contrast, BMSCs are capable of differentiating into
mesenchymal lineages such as osteoblasts, chondrocytes, adi-
pocytes, and even neurons and astrocytes [12]. BMSCs can
also be engineered to secrete a variety of different proteins
in vitro and in vivo that could potentially treat a variety of
serum protein deficiencies and other genetic or acquired
diseases [13]. Indeed, the potent pathotropic migratory prop-
erties of BMSCs and ability to circumvent both the complica-
tions associated with immune rejection of allogenic cells and
many of the moral reasons associated with embryonic stem
cell use suggest that BMSCs are most promising stem cells
as a potential target for the clinical use of genetically engi-
neered stem cells [14, 15]. However, BMSCs have a low pro-
liferative ability with a finite lifespan in vitro; this limitation
has been overcome via ectopic expression of human telome-
rase reverse transcriptase (hTERT), the catalytic component
of telomerase, to produce large quantities of these cells as
an attractive source for cellular transplantation [16–18].

The ability to switch on and off the expression of trans-
genes delivered via lentiviral vectors is desirable in a number
of experimental and therapeutic situations in which the trans-
gene product must be regulated in a timely manner. An ideal
lentiviral-based system should be contained within a single
vector to avoid the need for multiple transductions of the tar-
get cells with high multiplicities of infection (MOI), which
would increase the risk of insertional mutagenesis [19]. The
most widely studied system for gene regulation in eukaryotic
cells is the tetracycline- (Tet-) regulated transgene expression
system, which employs a Tn10 Tet resistance operator
derived from Escherichia coli [20]. The Tet-inducible system
has been extensively used to control transgene expression in
stem cells. Therefore, to enhance the consistent and control-
lable exogenous expression of the GAL gene, a new stem
cell-based approach was developed by transfecting a single
inducible Tet-On lentiviral vector- (LV-) mediated GAL
gene delivery system into hTERT-immortalized BMSCs.
We hypothesized that these newly developed stem cells
will serve as efficient and controllable pools for GAL
expression within the CNS for further pain study.

2. Materials and Methods

See supplemental information available online at https://doi
.org/10.1155/2017/6082684 for detailed descriptions.

2.1. Ethic Statement. All procedures were conducted in
accordance with the Ethical Guidelines of the International
Association for the Study of Pain (1983) and approved by
the Administrative Committee of Experimental Animal

Care and Use of Sun Yat-sen University (permit number:
2013-A-001).

2.2. Lentiviral Vector Construction and Production. The
plasmid pCI-Neo-hTERT containing hTERT cDNA was
kindly provided by Professor William C. Hahn (Dana-Farber
Cancer Institute, Harvard Medical School, USA). Using
Gateway® Recombination Cloning Technology [21], the
specific fragments of EF1α-hTERT containing the attB adap-
tor were PCR amplified using Phusion® high-fidelity DNA
polymerase (New England BioLabs, Singapore). In the subse-
quent BP recombination reaction (between attB and attP
sites), the PCR product containing attB was transferred to a
kanamycin-resistant donor vector (pENTR). Finally, the
lentiviral vector pLV.ExSi.P/Puro-EF1α-hTERT was con-
structed after cloning the EF1α-hTERT-specific gene into
pLV.ExSi.P/Pgk-Puro expression vectors via an LR recom-
bination reaction (between attL and attR sites) (Cyagen
Biosciences Inc., Guangzhou, China) (Figures 1(a) and
1(b)). The EF1α promoter-dependent lentiviral expression
vector was used instead of the more potent and widely
used CMV promoter because the EF1α promoter is less
prone to silencing and provides more stable long-term
expression. The single Tet-inducible lentiviral vector
(pLV.TetIIP-GAL-EGFP-/Ubi-TetR), expressing rat galanin,
and the reporter gene EGFP with the neomycin resistance
gene under the control of the TetII promoter (PTetIIP) was
constructed from TetR-based pLV.TetIIP-EGFP-/Ubi-TetR
(GV347) lentiviral backbone vector system (Genechem Co.
Ltd, Shanghai, China) (Figure 2). Briefly, GAL cDNA from
the construct pBS KS(+)-GAL was obtained by PCR amplifi-
cation using the following primer pairs: P1: 5′-AACC
GTCAGATCGCACCGGCGCCACCATGGCCAGGGGCA
GCGTTATCC-3′ and P2: 5′-TCACCATGGTGGCGACC
GGGGACTGCTCTAGGTCTTCTG-3′ (418 bp). Subse-
quently, the cDNA was cloned into the linear expression
vector GV347, and the transformants were identified by
PCR using the primer pair and TetIIP-F: 5′-TGTCGA
GGTAGGCGTGTA-3′ and EGFP-N-R: 5′-CGTCGCCGTC
CAGCTCGACCAG-3′ (532 bp).

To obtain lentiviral particles, the 293T packaging
producer cells were cotransfected with the pLV/helper
packaging plasmid mix (Invitrogen Life Technologies, USA)
and the expression lentivector containing ExSi.P/Pgk-
Puro, ExSi.P/Puro-EF1α-hTERT, TetIIP-EGFP−/Ubi-TetR,
orTetIIP-GAL-EGFP−/Ubi-TetRplasmid, respectively, using
Lipofectamine™ 2000 (Invitrogen Life Technologies, USA).
After 48h, the 293T cells were lysed and replication-
incompetent lentivirus was harvested. The lentivirus was
filtered using a 0.45mm pore size filter (Corning Inc., Corn-
ing, NY, USA) and concentrated approximately 1000-fold by
ultracentrifugation (Beckman Coulter Inc., USA). The titers
of infectious viral particles were determined by puromycin
screening with crystal violet staining (Cyagen Biosciences
Inc. Guangzhou, China). The viral stocks were aliquoted
and stored at −80°C until further use.

2.3. Establishment and Identification of hTERT-Immortalized
Rat BMSCs. Routine in vitro maintenance cultures were
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established using sterile frozen finite-lifespan Sprague
Dawley (SD) rat BMSCs (RASMX-01001) (Cyagen Biosci-
ences Inc., Guangzhou, China). The nature of these cells
was confirmed based on positivity for CD90, CD29, and
CD44 and negativity for CD34, CD11b, and CD45. The cells
were cultured in a humidified incubator with 5% CO2 at 37

°C
in OriCell™ SD BMSCGrowthMedium without a pH indica-
tor (RASMX-90011, Cyagen Biosciences Inc.) and passaged
(1 : 4) at 80% confluence. The medium was replaced at 3-
day intervals. At passage 5 (P5), cultured rat BMSCs
(5× 104 cells/mL) were seeded onto a 24-well dish. The next
day, lentiviral particles (ExSi/Puro-EF1A-hTERT or ExSi/

PGK-Puro) were added at a MOI (multiplicity of infection)
of 20 in the presence of 4μg/mL polybrene (Sigma-Aldrich,
St. Louis, MO, USA # 52495). After 8 h, the cells were washed
and cultured with fresh medium containing 2μg/mL
puromycin (Gibco, USA). After 2-3 weeks of selection, the
surviving clones were isolated.

Following harvest of P10-transfected and P5-
untransfected BMSCs, total RNA was isolated using TRIzol
reagent (Invitrogen, USA). Reverse transcriptase polymerase
chain reaction (RT-PCR) was performed using the following
primer pairs for hTERT and the housekeeping gene GAPDH:
5-GGCTTCAAGGCTGGGAGGAAC-3 (forward) and 5′-A
GCACACATGCGTGAAACCTG-3′ (reverse) for hTERT
and 5′-CCTTCCGTGTTCCTA CCC -3′ (forward) and 5′-
CAACCTGGTCCTCAGTGTAG-3′ (reverse) for GAPDH.
The expected amplicon sizes for hTERT and GAPDH were
164 and 150 bp, respectively.

In order to detect the telomerase activity, total RNA
was extracted from P11 BMSCs and P30 hTERT-BMSCs
(105-106) lysates using the TRAPeze XL Telomerase Detec-
tion Kit (Chemicon, Temecula, CA, USA) according to the
manufacturer’s instructions. The fluorometric telomeric
repeat amplification protocol (TRAP) was used to quantify
telomerase activity. Briefly, the cell lysates were mixed with
TRAPeze® XL reaction mix containing Amplifluor® primers
and incubated at 30°C for 30min. The amplified telomerase
products were quantified using a fluorescence plate reader
(Molecular Devices, LLC, Sunnyvale, CA, USA). Telomerase
activity was subsequently calculated after comparing the
ratio of telomerase products to an internal standard for each
lysate (ΔFL/ΔR), and each sample was examined three times
[22]. Human cervical carcinoma cells (HeLa cells) were
detected as a positive control, whereas heat-inactivated cells
(85°C) and ExSi/PGK-Puro-transduced BMSCs (PGK-
BMSCs) were used as negative controls.
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Figure 1: Plasmid profiles of the pLV.ExSi/Puro-EF1α-hTERT (a) and pLV.ExSi/ PGK-Puro (b) vectors with and without the hTERT gene,
respectively, used for the immortalization of primary rat BMSCs (Cyagen Biosciences).
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Cell proliferation was detected based on the incorpora-
tion of 5-ethynyl-29-deoxyuridine (EdU) using the EdU Cell
Proliferation Assay Kit (Ribobio, Guangzhou, China).
Briefly, P30 hTERT-BMSCs or P14 BMSCs were seeded onto
24-well plates and incubated with 25μM EdU for 24 h prior
to fixation, permeabilization, and EdU staining according to
the manufacturer’s instructions. The cell nuclei were stained
with Hoechst 33342 (Sigma-Aldrich, St. Louis, MO, USA) at
a concentration of 10μg/mL for 10min at room temperature.
The proportion of cells that incorporated EdU was deter-
mined by fluorescence microscopy (Olympus, Tokyo, Japan).
For growth curve analysis, P30 hTERT-BMSCs, P14 BMSCs,
and P14 PGK-BMSCs were seeded onto 96-well plates with
2× 103 cells per well and grown in 200μL culture medium
respectively. Over the following 7 days, cell proliferation
was measured using an MTS assay (The CellTiter 96 kit, Pro-
mega, USA) in triplicate wells each day. The spectrophoto-
metric absorbance of each sample was measured at 490 nm
using a microplate reader (Bio-Rad Laboratories, Hercules,
CA, USA), with blank control wells to zero absorbance. A
standard curve was obtained to display the relationship
between absorbance and cell numbers. A growth curve was
drawn according to the standard curve [23]. The population
doubling time was calculated as (PDT)= (log(Nn/Nn−1))/log2
at passage n, where N is the number of counted cells. Cell
cycle assays were also performed in selected cells. Briefly,
the trypsinized cells were fixed in 70% ethanol, washed with
PBS, and then treated with 20mg/mL RNase (TaKaRa, Otsu,
Shiga, Japan) for 15min at 37°C. DNA was labeled with
50μg/mL propidium iodide (PI; Sigma-Aldrich, St Louis,
MO, USA) in the dark for 30min at 4°C, and DNA content
was assessed by flow cytometry with a Calibur (Becton
Dickinson). Each group was analyzed in triplicate.

2.4. Phenotype and Neural Differentiation of hTERT-BMSCs.
Surface molecules were detected using the monoclonal anti-
bodies CD29, CD34, CD44, and CD45 (Becton Dickinson,
USA) for the corresponding antigens of BMSCs by flow
cytometry according to a standard protocol. In addition, to
determine the neural differentiation of hTERT-BMSCs, the
cells were removed from the flask bottom after the fourth
passage, replated in 35mm culture dishes, and induced after
reaching 70–80% confluency in DMEM/F12 with B-27 sup-
plement medium containing different epidermal growth fac-
tor (10 ng/mL) and basic fibroblast growth factor (20 ng/mL)
for neuronal progenitor cell induction or glial-derived neuro-
trophic factor (10 ng/mL), brain-derived neurotrophic factor
(10 ng/mL), and neurotrophin 3 (10 ng/mL) for neuron
induction [24]. The shape of the induced cells was observed
daily, and the differentiated cells were characterized by
immunocytochemistry using neural-specific markers; undif-
ferentiated hTERT-BMSCs cells were used as a control.

2.5. Tumorigenicity, Anchorage-Independent, and Karyotype
Analysis. Like any genetic modification, cell immortalization
may result in malignant transformation by impairing cell-
cycle regulation. Thus, three four-week-old BALB/c nu/nu
mice were subcutaneously injected with 0.1mL of P40
hTERT-BMSC suspension each, and another 3 mice were

injected with a human colon cancer SW480 cell suspension
(ATCC, Manassas, VA, USA) as a positive control (5× 106
cells/mL each). Animals were maintained under sterile con-
ditions for 4 months and palpated for tumor appearance
once a week. To test for soft agar colony growth capacity,
hTERT-immortalized cells were plated at a density of
1× 105 cells in 3mL of 0.35% agarose over a 0.7% agar base
in a 60mm diameter culture dish. Cultures were fed every
3 days, and colonies with >50 cells were scored after 4 weeks
in cultures under a dissecting microscope. Moreover, to
determine if the abnormal karyotype resulted from
ectopic hTERT, the cells were fixed using fresh station-
ary liquid (methanol : glacial acetic acid = 3 : 1), spread
onto slides, and stained with Giemsa’s solution, and the chro-
mosome images were captured under an immersion objective
using an Olympus BX51 High Class System Microscope
(Olympus Corporation).

2.6. Determination of Tet-On Lentiviral Transfection
Efficiency. The optimal transfection efficiency in the
hTERT-BMSCs was determined based on the MOI and per-
centage of EGFP-positive cells using flow cytometry 2 days
after LV.TetIIP-EGFP-/Ubi-TetR or LV.TetIIP-GAL-EGFP/
Ubi-TetR transfection and doxycycline (Dox, Sigma-Aldrich,
St. Louis, MO, USA) induction. The fraction of viral load to
cell number was calculated as the MOI.

To directly observe the controllable gene expression, sin-
gle Tet-on-inducible bicistronic lentiviral particles (LV.Te-
tIIP-GAL-EGFP−/Ubi-TetR) expressing EGFP and GAL
were used to infect hTERT-BMSCs, and viral supernatants
at a MOI of 30 were added to fresh culture medium supple-
mented with 8μg/mL polybrene and 400μg/mL neomycin
(Sigma-Aldrich, St. Louis, MO, USA). After 12 h, the cells
were resuspended in fresh culture medium and then trans-
ferred to RPMI medium (Gibco, USA) containing 1μg/mL
Dox (Sigma Aldrich, St. Louis, MO, USA) and supplemented
with 10% Tet system-proved FCS (BD Biosciences, Clontech,
USA), an optimal tetracycline-free serum for tetracycline-
controllable expression systems. EGFP expression was
observed under a fluorescence microscope after 48 h.

2.7. Detection of Inducible GAL Secretion from hTERT-
BMSCs/Tet-on/GAL. Subconfluent hTERT-BMSCs were
exposed to freshly filtered LV.TetIIP-GAL-EGFP-/Ubi-TetR
viral supernatant at MOI 30 in the presence of 8μg/mL
polybrene. After 12 h, the medium was replaced with fresh
medium. At 48 h postinfection, the cells were subsequently
placed in medium under neomycin selection (800μg/mL)
for 10–14 days. The resulting neomycin-resistant cell clones
were separated into cultures with and without Dox
(0–10000ng/mL) induction. A total of 16 positive clones
were assessed using an EGFP fluorescence assay. Clone 4
was selected for its high induction of EGFP expression
in response to Dox and low leakiness (activity in the
absence of Dox) and subsequently named hTERT-BMSCs/
Tet-on/GAL.

The kinetics of rat GAL protein levels secreted from
neuronal differentiated hTERT-BMSCs/Tet-on/GAL under
different concentrations of Dox was assayed using a
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galanin enzyme-linked immunosorbent assay (ELISA) kit
(JM-E1001) according to the manufacturer’s instructions
(TSZ Biological Trade Co. Ltd, NJ, USA). Briefly, subcon-
fluent neuronal differentiated hTERT-BMSCs/Tet-on/GAL
(5× 104) were incubated in the presence of Dox at 0, 10,
100, 1000, 5000, and 10000ng/mL for 48h or incubated
for various times in 12h intervals with the administration
of 1μg/mL Dox and removal of Dox. The supernatant
from the cell culture medium was collected, centrifuged
at 1000 rpm for 5min at 4 °C, and subsequently incubated
on a microplate precoated with a rat GAL monoclonal anti-
body for 45min at 37°C (5 wells for each). After the second
antibody conjugated with HRP was added and bound to the
captured GAL, the HRP substrate TMB (tetramethylbenzi-
dine) was added to the wells. The OD450 was measured to
generate a standard curve and calculate the GAL con-
centration using a microplate reader (Molecular Devices,
Sunnyvale, CA, USA). The secretion level was standardized
and expressed in pg/mL of supernatant. hTERT-BMSCs were
used as a control.

2.8. Statistical Analysis. Statistical analysis was performed
using GraphPad Prism 5.01 for Windows (San Diego, CA,
USA) via repeated measures one-way analysis of variance
(ANOVA) followed by Bonferroni’s multiple comparison
test (telomerase activity) or two-way ANOVA followed by
Bonferroni’s posttests for evaluating the growth features
and effects of Dox on GAL levels over time. Statistical signif-
icance was determined as P < 0 05. All data are presented as
the mean± standard error of the mean (SEM).

3. Results

3.1. Transcription of hTERT Gene and Telomerase Activity.
mRNA expression of the hTERT gene was detected using
RT-PCR with specific hTERT primers. For hTERT-
transfected cells (hTERT-BMSCs), 164 bp-specific amplifica-
tion bands of hTERT were detected, whereas for untrans-
fected cells (BMSCs) and cells (PKG-BMSCs) transfected
with the control vector, no specific band was detected
(Supplemental information Figure S1(A)). Moreover, as
internal reference fragments, a 150 bp-specific amplification
band of GAPDH was detected in all cell groups (Supplemen-
tal information Figure S1(B)). These findings suggest that the
hTERT gene was integrated into the genomic DNA of rat
BMSCs and transcribed into mRNA. Subsequently, telome-
rase activity was also detected using TRAP for the sensitive
measurement of telomerase activity. As shown in Figure 3,
the immortalized population (hTERT-BMSCs) stably
displayed higher telomerase activity (2.4± 0.5-fold) com-
pared with their primary counterparts (BMSCs) and the neg-
ative control, even after extensive proliferation (up to 30
PDT), whereas much higher activity was observed in the
positive control (HeLa cells). These results confirm the
functionality of the implemented human telomerase gene
in hTERT-BMSCs.

3.2. Growth Feature and EdU Proliferation Assay of hTERT-
BMSCs. To confirm that rat BMSCs expressing hTERT had
an extended lifespan, we monitored the growth features of
the cells (i.e., hTERT-BMSCs expressing hTERT and
untransfected BMSCs and PGK-BMSCs not expressing
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Figure 3: Telomerase activity of HeLa cells, BMSCs, PGK-BMSCs, and hTERT-BMSCs (TRAP assay) after disposed with or without heat.
There was little telomerase activity in all heat-treated negative control cells; however, in unheated cells, despite extensive doublings, the
immortalized cells (hTERT-BMSCs) displayed significantly higher telomerase activity than their primary counterparts and PGK-BMSCs,
except the positive control cells (HeLa) and the telomerase activity of the immortalized population remained stable (assessed at P30).
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hTERT). The cell growth curves showed that immortalized
BMSCs expressing hTERT vigorously proliferated for at least
6 days and subsequently reached a growth plateau due to
inhibition of proliferation by cell-cell contact. In contrast,
BMSCs and PGK-BMSCs without hTERT transduction grew
slowly after plating and displayed growth retardation and
senescence at 3-4 days after passage (Supplemental informa-
tion Figure S2(A)). The PDT values for hTERT-BMSCs at
P30, BMSCs, and PGK-BMSCs at P14 were approximately
25, 53, and 58 h, respectively. The results of flow cytometry
revealed that most of the hTERT-transfected BMSCs at P30
showed a distinctive accumulation of G2/M and S phases,
while, in striking contrast, untransfected or control
PGK-BMSCs at P14 did not accumulate in G2/M and
S phases, which implied most of cells ceased at senescence
stage (see Supplementary Figure S2(B)).

To further assess the effects of hTERT on BMSCs,
cell proliferation was also examined using an EdU assay,
an immunochemical detection method that measures
nucleotide analog incorporation into newly replicated
DNA. Consistent with the results of the growth features, sig-
nificantly more EdU-positive cells were observed among the
hTERT-modified cells (Figures 4(a) and 4(b)), and the per-
centage of EdU-positive cells was significantly higher in P30
hTERT-BMSCs compared with P14 BMSCs (Figure 4(c)).
These results further implied that ectogenic hTERT sig-
nificantly lengthens the lifespan of cells, promoting DNA
replication and telomere elongation and that hTERT
immortality can favor cell proliferation. Thus, a stable
hTERT-BMSC line with steady proliferation capacity was
successfully generated.

3.3. Characterization of hTERT-BMSCs. In addition to
becoming immortalized, the hTERT-BMSCs also retained

the typical characterization of the parental cells (Figure 5).
To assess cell phenotype, flow cytometry assay indicated that
more than 85% of the hTERT-immortalized BMSCs were
positive for typical surface markers of BMSCs (Figure 5(a)),
including CD44 (85.08%) and CD29 (95.16%), whereas these
cells were almost completely negative for both hematopoietic
markersCD34(0.21%)andCD45(0.09%) (Figures5(b)–5(e)).
The cells retained a phenotype identical to that of their
primary counterparts (Figure 5(f)). To assess neurogenic
differentiation, the isolated hTERT-BMSCs were cultured
in neuronal induction medium. Although the number of
cells did not increase, the development of axon-like and
dendrite-like cells indicated neuronal differentiation. To
further confirm that the differentiated cells were neurogenic,
the differentiated cells were detected with specific neural
markers. Immunofluorescence assays demonstrated that
the cells were positive for the expression of Nestin, a marker
of neuronal progenitor cells, NSE, a marker of neurons,
and GFAP, a marker of glial cells (Figures 5(g)–5(i)), while
undifferentiated hTERT-BMSCs showed no marked expres-
sion of neural markers (data not shown).

The tumorigenicity of the hTERT-immortalized BMSC
line was subsequently investigated in vivo after subcutaneous
injection in the flanks of nude mice. After 2 months postin-
jection, the nude mice injected with SW480 cells developed
tumors; in contrast, malignant transformation did not occur
in mice injected with hTERT-BMSCs for up to 4 months and
no colony growth in soft agar was found (data not shown).
Moreover, karyotype analysis revealed that hTERT-BMSCs
displayed a chromosomal pattern similar to that of the paren-
tal cells (diploid number 42), with no abnormal nuclear pat-
tern observed after genetic modification (Supplemental
information Figure S3), thus demonstrating the homogeneity
and safety of the generated cell line.
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Figure 4: EdU proliferation assay of the effect of hTERT on the growth of BMSCs. The red fluorescent cells are in the S phase of mitosis, and
the blue fluorescent cells represent all cells. (a) and (b) present images of P30 hTERT-BMSCs and P14 BMSCs, respectively. (c) Ratio of EdU-
positive cells. Significance level is P < 0 05, indicated by ∗. Scale bar: 100μm.
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3.4. Construction and Transfection Efficiency of Single Tet-
Inducible Lentiviral Vector. To establish a Dox-dependent
GAL gene expression system with a single lentiviral vector,
we inserted the expression cassettes containing the rat GAL
cDNA fragment (Supplemental information Figure S4A)
from the construct pBS KS(+)-GAL into the single Tet-
regulated lentiviral vector system “GV347” (Figure 2). Trans-
formants of the cloned insert were subsequently identified by
PCR and electrophoresis on a 1% agarose gel. Five positive
transformants with the proper orientation were detected
(Supplemental information Figure S4(B)), and the sequences
were confirmed by DNA sequencing.

The fraction of cells that glowed green, reflecting lenti-
viral gene transfer efficiency, increased dose dependently
as the MOI increased from 0 to 30. The highest infection
rate, approximately 78%, was obtained at an MOI of 30,
and no significant increase was observed when the amount
of virus increased from 30 to 75 MOI. In addition, the
number of dead cells floating in the medium significantly
increased. Therefore, an MOI of 30 was used in subse-
quent experiments.

3.5. Visualization of EGFP Fluorescence under the Dox
Induction. The expression of EGFP in response to Dox
was directly observed in the hTERT-BMSCs transfected

with LV.TetIIP-GAL-EGFP-/Ubi-TetR (Figure 2). The
expression of EGFP was induced using a Dox at concentra-
tions of 1μg/mL, whereas untreated cells (without Dox)
exhibited little green fluorescence (Figures 6(a) and 6(b)).
These results suggested that the functional tetracycline-
controlled transgene can effectively be delivered with higher
inducibility into mammalian cells using the developed single
Tet-on vector system.

3.6. Inducible GAL Secretion from hTERT-BMSCs/Tet-on/
GAL. The inducible secretion of rat GAL from hTERT-
BMSCs/Tet-on/GAL by Dox after neuronal differentiation
was initially confirmed by ELISA using hTERT-BMSCs as
negative controls. After treatment for 48 h with different
concentrations of Dox (Figure 7), low endogenous GAL
secretion (20 pg/mL of supernatant) was observed in the
parental hTERT-BMSCs. However, the secretion of GAL
from hTERT-BMSCs/Tet-on/GAL increased in response to
treatment with an increased concentration of Dox greater
than 10ng/mL in the culture medium, peaking under Dox
induction at 1000 ng/mL (approximately 400 pg/mL of
supernatant) (Figure 7(a)). We also assessed the reversibility
of Dox induction after subjecting the hTERT-BMSCs/
Tet-on/GAL to repeated on-off cycles. When Dox was added
to the culture medium (1μg/mL), GAL secretion gradually
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Figure 5: Identification of surface phenotype and neurogenesis of hTERT-BMSCs. (a–e) Expression of surface molecules detected using flow
cytometry analysis. (f) Typical morphology was observed under an inverted phase contrast microscope. (g–i) The expression of neural specific
markers on hTERT-immortalized BMSCs (note: nuclei were stained with Hoechst 33342 blue). Scale bar: 100 μm.
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increased to 20-fold after 48 h and subsequently returned
to basal levels after Dox removal for approximately 12h.
Comparable results were obtained during the second on-off
cycle (Figure 7(b)). These results suggest that GAL gene
expression from these genetically modified cells (hTERT-
BMSCs/Tet-on/GAL) can be regulated by the addition of
Dox in vitro.

4. Discussion

To explore a novel strategy for establishing controllable
expression of the exogenous GAL gene from hTERT-
BMSCs for pain therapy, we constructed an hTERT-
BMSCs/Tet-on/GAL line using a single Tet-on-inducible len-
tiviral vector. This cell line displayed low baseline activity
coupled with high inducibility in the presence of low doses
of the inducer Dox in vitro.

The management of neuropathic pain after nerve injury
remains a major clinical challenge. The combination of
ex vivo gene transfer and cell transplantation is considered
a potentially useful strategy for the treatment of neurodegen-
erative diseases and traumatic injuries. This approach
requires optimized gene delivery systems for therapeutic
molecules. Several cellular vehicles have been investigated
for ex vivo gene therapy of the CNS [25], and attention has
focused on the therapeutic potential of BMSCs from bone
marrow. BMSCs do not induce an allogenic reaction and
might even suppress host T cell proliferation, suggesting that
cells cultured from a single donor might be expanded to form
a reserve pool that could be used for multiple recipients [26].
However, during in vitro culture, BMSCs undergo replicative
senescence and lose the ability to proliferate over time, as
observed in the present study. This decline has been attrib-
uted to genetic instability after critical shortening of telo-
meres. Lentiviral vectors have been used for the stable
integration and long-term expression of transgenes.

Lentiviral vectors are also favorable for biological research
and gene therapy trials due to their ability to infect both
dividing and nondividing cells and are particularly suitable
for BMSCs [27]. Thus, in the present study, using a lentiviral
system, we introduced the immortalization gene, hTERT,
into primary rat BMSCs. Untransfected BMSCs without
hTERT expression exhibited reduced growth associated with
aging in vitro and failed to proliferate, becoming senescent
after passage 14. In contrast, after transduction with hTERT,
hTERT-immortalized BMSCs exhibited strong proliferation.
The PDT of hTERT-BMSCs is shorter than that of nonim-
mortalized cells. After more than 30 passages, hTERT-
BMSCs retain the potential to divide further. Similarly, sig-
nificantly more EdU-positive cells were observed among
the cells with ectogenic hTERT expression, indicating that
hTERT-BMSCs maintained higher telomerase activity and
proliferated significantly longer than wild type BMSCs.
Moreover, the successive genetic modifications and extensive
proliferation of these cells did not lead to an alteration of the
mesenchymal phenotype, as assessed using conventional
markers. The phenotype and karyotype of hTERT-BMSCs
did not differ significantly from those of untransfected cells.
Moreover, these cells retained the normal morphology and
neuronal differentiation characteristics of stem cells when
cultured in induction media. Based on the negative results
of colony growth in soft agar and the lack of tumorigenicity
in nude mice, our data clearly indicated that the hTERT-
immortalized BMSCs did not exhibit any neoplastic transfor-
mation phenotype at least up to 4 months. Although telome-
rase expression is a hallmark of cancer and spontaneous
tumoral transformation of MSCs expressing hTERT was
reported [28], telomerase overexpression is typically nonon-
cogenic, and hTERT-transduction has not hitherto been
associated with neoplastic transformation. Many previous
studies have investigated the long-term effects of forced
expression of human telomerase catalytic component in

+Dox –Dox

(a) (b)

Figure 6: Regulatable EGFP expression from hTERT-BMSCs/Tet-on/GAL cells in the presence and absence of Dox in vitro (×400). hTERT-
BMSCs transfected with LV.TetIIP-GAL-EGFP-/Ubi-TetR showed strong green fluorescence after treatment with 1 μg/mL Dox for 48 h (a),
whereas very faint fluorescence was observed without Dox induction (b). Scale bar: 200μm.
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normal human fibroblasts or BMSC. In vitro growth require-
ments, cell cycle checkpoints and karyotypic stability in
telomerase-expressing cells are similar to those of untrans-
fected controls. In addition, coexpression of telomerase,
the viral oncoproteins HPV16 E6/E7 (which inactivate
p53 and pRB), and oncogenic Ras does not result in growth
in soft agar. Thus, although ectopic expression of telomerase
in primary cells is sufficient for immortalization, it does
not result in changes typically associated with malignant
transformation that could be served as stem cell-based
vehicles for therapeutic gene delivery in the CNS [29, 30].
But, even so, the possibility of transformation which occurs
after long-term expansion of hTERT-BMSCs still need
further study.

Because of the relationship of the GAL gene to galanin
production and the activation of galanin through central
GAL receptors in the CNS [31], we introduced the GAL gene
into hTERT-BMSCs as a potential treatment for chronic
neuropathic pain. Although previous studies have demon-
strated that IAST genetically modified by the rat preproga-
lanin gene secretes higher levels of galanin in vitro and
efficiently functions to relieve neuropathic pain [8], poten-
tial complications resulting from the continuous secretion
of GAL appear inevitable. In most cases, the successful
application of gene therapy requires the development of
vectors that permit regulated control of therapeutic gene
expression. Tet-regulatable systems have been successfully
used to regulate transgene expression in established cell
lines and transgenic animals. There are two basic variants
of the tetracycline-inducible expression system: the tTA
(Tet-off) system and the rtTA (Tet-on) system [32]. Typi-
cally, if a gene remains predominantly inactive and is only
occasionally activated, then the Tet-on system is more appro-
priate than the Tet-off system. Leaky expression due to both
inherent defects in Tet-based systems and promoter leakiness
resulted from promoter-dependent or integration site-
dependent effects compromises the desired stringent

regulation of transgene expression [33]. Thus, a variety of
methods for integrating Tet-inducible expression compo-
nents into a single vector has recently been described to
obviate the selection of a homogeneous and cotransduced
population [34, 35]. In consideration of most doxycycline-
responsive systems that are based on the TetR-VP16 chy-
meras, in these systems, the promoter is only active when
the tTA or the rtTA transactivators bind the regulated pro-
moter; the expression of the VP16 transactivators in the reg-
ulated cells can have several undesired consequences such as
alteration of the promoter natural activity, activation of cellu-
lar genes, and toxicity [36]. To this end, we engineered a con-
venient TetR-based inducible transgene expression vector as
a single Tet-inducible bicistronic lentivirus system to regulate
EGFP and GAL expression in a single vector, in which EGFP
under the control of the TetII promoter was used as a
reporter. This system is less toxic than the rtTA since it does
not have the transactivator VP16. In the present study, the
inducibility and background EGFP expression of recombi-
nant Tet-on lentiviral particles were determined after trans-
fecting hTERT-BMSCs at an MOI of 30. As shown in
Figure 6, the basal expression of EGFP was nearly absent
from transfected hTERT-BMSCs without Dox, whereas
treatment with Dox (1μg/mL) resulted in marked expression
of EGFP.

Although the expression of transgenes (often EGFP) can
be regulated in stem cells and their differentiated progenies at
an early stage, transgenes are frequently no longer expressed
or regulated in mature cells, including neurons [37]. In our
present study, a low level of GAL secretion from hTERT-
BMSCs/Tet-on/GAL was detected in vitro in the noninduced
state after neuronal differentiation, whereas an extremely low
level of Dox induction (10ng/mL) was able to activate GAL
expression (see Figure 7(a)). The level of GAL secretion was
controlled by Dox in an apparently dose-dependent manner,
with a positive linear trend in GAL production with respect
to the inducer. Additionally, as shown in Figure 7(b), kinetic
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Figure 7: GAL secretion from cells after Dox induction in vitro. (a) The dose response of galanin production in cultured hTERT-
BMSCs/Tet-on/GAL revealed a correlation between the Dox dose and the galanin secretion level. Significance level is ∗∗P > 0 05,
indicated by ∗∗. (b) Time course of galanin secretion from hTERT-BMSCs/Tet-on/GAL under the control of Dox. The arrows
indicate the addition (+Dox) or removal (−Dox) of Dox from the culture medium.
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tests revealed that GAL gene activation could be repeated in
on-off-on cycles, and long-term-regulated GAL expression
was achieved by daily administration of Dox. These observa-
tions indicate that the Dox-based regulation of GAL secre-
tion from hTERT-BMSCs/Tet-on/GAL was controllable,
rapidly reversible, and not lost over time. Transgene regula-
tion was also achieved in mature neurons and astrocytes after
differentiation in vitro, suggesting the potential for effective
function after transplantation into the CNS.

4.1. Study Limitations. Despite of significant differences in
GAL secretion from transfected cells observed in the pres-
ence and absence of Dox, the weak leakage of galanin pro-
tein is problematic, and EGFP expression from hTERT-
BMSCs/Tet-on/GAL was still observed in ELISA and fluo-
rescence assays even in the off state, reflecting the unex-
pected translation in transduced cells in the absence of
Dox [38]. Thus, the Tet-on system used in the present
study still has specific limitations. Fortunately, the leaky
expression of the transgenes was insignificant compared
with the expression in transduced cells exposed to Dox.
Therefore, unless the transgenes can affect cellular pro-
cesses at an extremely low level, these vectors should be
suitable for most target genes in biological research. How-
ever, an improved promoter other than TRE would enable
the further reduction or even elimination of leakiness in
this inducible system. Moreover, the differences in basal
expression between cell lines might reflect the location of
the insertion within the host genome and the influence
of surrounding host genes on target gene expression.
Therefore, this basal level of expression could be decreased
by advanced screening for BMSCs line with low levels of
expression in the off state. Thus, additional studies are
needed to improve the system.

In summary, using a single tetracycline-inducible len-
tivirus delivery system to introduce the therapeutic GAL
gene into rat hTERT-immortalized BMSCs, we generated
an hTERT-BMSCs/Tet-on/GAL cell line with inducible
rat GAL expression to regulate the secretion levels of
GAL in vivo, which is critical for the balance of excit-
atory and inhibitory systems in pain-processing centers.
This strategy is the first promising step toward a novel
stem cell-based “biological mini pump” for potential
use in pain therapy.
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