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Abstract: Cell transplantation strategies represent a potential therapeutic approach towards repair of congenital
vaginal agenesis. In this study, the efficacy and mechanisms of action of treatment with human umbilical cord-
derived mesenchymal stem cells (UC-MSCs) on vaginal regeneration was explored. UC-MSC transplantation alone,
small intestinal submucosal (SIS) grafting alone, and a combination of UC-MSC transplantation/SIS grafting were
performed with a vaginal defect rat model. Histological analyses of tissue sections were subsequently performed.
UC-MSCs promoted the recovery of keratinizing squamous epithelium and papillae to nearly the same levels as in
normal tissue. Of the treatments tested, UC-MSC transplantation showed optimal performance in inhibiting collagen
deposition and accelerating the synthesis of elastin to maintain tissue elasticity. UC-MSC treatment also increased
Cyclin D1, Ki67, and CD31 expression as assessed by immunohistochemistry. We also investigated the effects of
UC-MSC secretions on keratinocytes in a co-culture model. UC-MSCs significantly stimulated vaginal tissue repair by
promoting vaginal epithelium regeneration via paracrine factors but not by exploiting their keratinocyte differentia-
tion potential. Further, UC-MSCs facilitated epithelial cell viability and promoted cell cycle progression via the AKT/
GSK3B/Cyclin D1 pathway. These results indicate that UC-MSC transplantation is a feasible approach for vaginal
tissue regeneration.

Keywords: Vaginal regeneration, human umbilical cord-derived mesenchymal stem cells, paracrine factors, kerati-
nocytes, tissue repair, AKT/GSK3p/Cyclin D1 pathway

Introduction dure include surgical complexity, remnant scars
at the donor site [7], incorrect vascularization,

Congenital vaginal agenesis is a birth defect graft rejection, fibrosis, and contraction of the

with an incidence that ranges from 1 in 4,000
to 1 in 10,000 [1]. The most common form of
vaginal agenesis is Mayer-Rokitansky-Kuster-
Hauser (MRKH) syndrome, an aplasia or dys-
plasia of the Mullerian duct that causes par-
tial vaginal agenesis [2]. Difficulty with vaginal
intercourse and infertility that result from va-
ginal agenesis frequently lead to personality
problems in patients [3].

Vaginoplasty generates a functional vagina us-
ing grafts from oral mucosa [4], lower abdomi-
nal skin [2], or the pelvic peritoneum [5, 6] and
can improve the quality of life for women with
vaginal absence. Disadvantages of this proce-

neovagina [8]. Several studies have described
successful reconstructions of the vagina using
tissue-engineering techniques, such as recon-
struction with an acellular dermal matrix [9, 10]
and small intestinal submucosal (SIS) grafting
[11]. However, these treatments require pati-
ents to wear a vaginal mold for three to six
months to achieve squamous epithelialization
of the neovagina [12]. Recent studies investi-
gating vaginal recovery have used a combina-
tion of autologous cells and a biological scaf-
fold [13, 14]. However, sources for clinical au-
togenous tissues for vaginal reconstruction is
limited and this can consequently increase the
risk of infection and bleeding.



UC-MSCs for vaginal replacement

Mesenchymal stem cells (MSCs) are easy to
harvest and can be used to accelerate the
native wound repair process. MSCs are there-
fore a reliable and widely used source for cell
implantation [15, 16]. Human umbilical cord
(UC) tissue can also be obtained non-invasive-
ly, possesses a significant proliferation capaci-
ty, and exerts strong immunomodulatory activi-
ty via a paracrine mechanism. The latter prop-
erties are important for tissue engineering [16-
18]; however, there have been relatively few
studies evaluating the use of UC-MSCs for va-
ginal reconstruction.

Here, we performed UC-MSC transplantation
alone, SIS grafting alone, and a combination of
UC-MSC transplantation/SIS grafting in defec-
tive vaginas of female rats immediately follow-
ing partial vaginectomy. The results indicate
that UC-MSCs alone are sufficient to stimulate
repair of the vaginal mucosa in rats and that
UC-MSCs promote viability and cell cycle of epi-
thelial cells through activation of the AKT/GSK-
3B/Cyclin D1 signaling pathway.

Materials and methods
Rats

All animal experiments were approved by the
animal ethics committee of Fudan University
Medical School and all protocols were per-
formed in accordance with the Guidelines for
the Ethical Treatment of Experimental Animals
(Ministry of Science and Technology, China,
revised 2006). Adult female Sprague-Dawley
rats weighing 240 to 260 g were supplied with
food and water in a constant-temperature room
under a 12 h-12 h light-dark cycle.

Culture of UC-MSCs

UC-MSCs were obtained from the Alliancells
Institute of Stem Cells and Translational Re-
generative Medicine (Tianjin, China) and used
from passages 2 to 8 in all experiments. UC-
MSCs were cultured in DMEM/F12 (1:1) with
10% fetal bovine serum (FBS), 1% penicillin-
streptomycin, 1% glutamine, and 10 ng/ml epi-
dermal growth factor.

Phenotype analysis of UC-MSCs using flow cy-
tometry

UC-MSCs were incubated with monoclonal anti-
bodies against the following proteins: CD11b,
CD19, CD34, Cbh45, CD73, CD90, CD105, and

3763

HLA-DR. Standard isotype controls were per-
formed along with all studied markers. The
UC-MSCs were then analyzed using flow cyto-
metry.

Osteogenic and adipogenic differentiation

The osteogenic differentiation of UC-M can im-
prove the quality of life for women with vaginal
absence SCs were confirmed with alizarin red S
staining after incubation with complete osteo-
genesis differentiation medium (ThermoFisher
Scientific, Waltham, MA, USA) for 14-17 days.
The adipogenic differentiation of UC-MSCs was
confirmed with Oil Red O staining after incuba-
tion with complete adipogenesis differentiat-
ion medium (ThermoFisher Scientific, Waltham,
MA, USA) for 21 days.

Culture and identification of rat keratinocytes

Rat vaginal tissues were cut and floated der-
mis-side down in dispase Il (Sigma, St. Louis,
USA) and digested into single-cell suspens-
ions. The cells were maintained in a keratino-
cyte serum-free medium (Defined Keratinocy-
te-SFM, Invitrogen, Carlsbad, CA). Mouse mo-
noclonal antibodies against rat AE1/AE3 and
cytokeratin 14 were used to confirm the kerati-
nocyte phenotypes.

Surgical procedures

To perform the partial vaginectomy, the vaginal
epithelium was cut along the exterior entrance
to the upper vagina. Either UC-MSC suspension
or PBS (control) was injected into the subcuta-
neous tissue at multiple points.

Histological staining

The vaginal sections were stained with hema-
toxylin-eosin (HE), Masson trichrome, and Wei-
gert-Van Gieson stain. For immunohistochemi-
cal analysis, the tissues were incubated with
mouse anti-CD31 (1:50, Abcam, Hong Kong,
China), anti-Ki67 (1:100, Abcam, Hong Kong,
China) and anti-Cyclin D1 (1:50, CST, Massach-
usetts, USA) antibodies followed by incubation
with secondary labeled antibodies. Expression
levels of Ki-67 and Cyclin D1 in neovagina were
reported as ratios of the number of brown-col-
ored cells to the total number of vaginal epithe-
lial cells multiplied by 100. The mean CD31+
vessel densities (each microvessel comprised
fewer than six endothelial cells) was assessed
in sections of the central area of the vagina.
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UC-MSC labeling with CM-Dil

UC-MSCs were labeled with CM-Dil fluorescent
dye (Invitrogen, Carlsbad, CA) at the working
concentration of 2.5 yg/ml through incubation
for 5 min at 37°C and then for 15 min on ice.
The cells were then isolated by centrifugation
prior to resuspension in PBS at 1 x 108 cells/
ml.

Immunofluorescent staining

On Day 21 after the transplantation, we as-
sessed the survival of UC-MSCs by identify-
ing the red fluorescent cells in the neovaginal
sections. The differentiation of the CM-Dil-
stained UC-MSCs in the neovagina was detect-
ed by performing fluorescence immunohisto-
chemistry staining by incubation with a mono-
clonal mouse AE1/AE3 antibody (1:50, Abcam,
Hong Kong, China) followed by incubation with
an anti-mouse Alexa488-labeled secondary
antibody.

Co-culture of UC-MSCs and rat primary kerati-
nocytes

5 x 10* rat primary keratinocytes were placed
in the lower chambers of Transwell inserts and
2 x 10* UC-MSCs were seeded onto the upper
chambers. Rat primary keratinocyte monocul-
tures at the same density as what was used in
the lower chambers of the Transwell inserts
were used as controls. All cells were cultured in
with a 1:1 ratio of Defined Keratinocyte-SFM to
MSC complete medium.

Cell proliferation assay

The keratinocytes and indirectly co-cultured
keratinocytes/MSCs were maintained under
the culture conditions described above for O,
12, 24, 48, and 72 h. At these time points,
cell proliferation was evaluated with a CCK8
(Dojindo Laboratories, Kumamoto, Japan) as-
say kit following the manufacturer’s instruc-
tions. Absorbance was quantified at 450 nm
using a microplate reader (F-2500 Fluorescen-
ce Spectrophotometer, HITACHI).

Cell apoptosis assay

The effect of UC-MSCs on keratinocyte apopto-
sis was analyzed via an Annexin V-FITC Apopto-
sis Detection Kit | (BD Biosciences, San Jose,
CA, USA) and flow cytometry. Primary keratino-
cytes indirectly co-cultured with UC-MSCs for
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72 h constituted the experimental group. Mo-
no-cultured keratinocytes were used as the
control group.

Cell cycle analysis

Following incubation for 72 hours, the co-cul-
tured and mono-cultured keratinocytes were
treated with PI/RNase Staining Buffer (BD Bio-
sciences, San Jose, CA, USA) and analyzed us-
ing a FACS Calibur flow cytometer.

Western blot

Following incubation for 72 hours, the co-cul-
tured and mono-cultured keratinocytes were
lysed in radioimmunoprecipitation (RIPA) buf-
fer with protease inhibitor cocktail and PhosST-
OP (Roche). Mono-cultured keratinocytes were
used as the control group. The total amount
of protein extracted was determined using a
BCA quantitation kit (Beyotime, Beijing, China)
following the manufacturer’s instructions. Pro-
teins were subjected to SDS-PAGE electropho-
resis with a 4-12% gradient in polyacrylamide
concentration and then transferred to a PVDF
membrane with primary antibodies for AKT,
p-AKT, GSK3B, p-GSK3p, Cyclin D1, and GAP-
DH. Horseradish peroxidase (HRP)-linked sec-
ondary antibodies (Abcam, Hong Kong, China)
and enhanced chemiluminescence (ECL)-bas-
ed detection reagents (Millipore Corp., Billerica,
MA, USA) were subsequently added.

Statistical analysis

All statistical analyses were performed using
GraphPad Prism 5.0. The data are expressed
as the mean + standard deviation (SD). Stu-
dent’s t test was performed for the quantitat-
ive variance analysis between two groups; vari-
ance (ANOVA) and a Tukey’s test were applied
to compare values among multiple groups. A
P-value < 0.05 was considered significant. NS
indicated no difference. All experiments were
repeated three times.

Results

Characteristics of cultured UC-MSCs and rat
primary keratinocytes

The cultured UC-MSCs expressed mesenchy-
mal stem cell markers (i.e., CD73, CD90, and
CD105) but did not express hematopoietic
markers (i.e., HLA-DR, CD11b, CD19, CD34,
and CD45), as demonstrated via flow cytome-
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Figure 1. Characteristics of UC-MSCs and keratinocytes. (A) Cell surface markers of UC-MSCs were assessed using
flow cytometry. UC-MSCs expressed CD73, CD9O, and CD105 but not HLA-DR, CD11b, CD19, CD34, and CD45.
(B) Image of UC-MSCs at the fourth passage. UC-MSCs showed a typical fibroblast-like appearance. (C) Osteogenic
differentiation of UC-MSCs was confirmed by the presence of calcifying nodules stained with alizarin red S. (D) Ad-
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ipogenic differentiation of UC-MSCs was confirmed by the presence of lipid droplets stained with Oil Red O. (E, F)
Confocal microscopy images of primary rat keratinocytes expressing AE1/AE3 (green) and CK14 (red). Scale bars

in (B-D) 100 ym, (E and F) 25 pm.

try (Figure 1A). Confluent cell populations were
homogeneous with fibroblastic, spindle, and
rhomboid morphologies (Figure 1B). The osteo-
genic and adipogenic differentiation potentials
of the UC-MSCs were confirmed using alizarin
red S (Figure 1C) and Oil Red O (Figure 1D)
staining, respectively. Primary rat keratinocytes
showed a typical cobblestone-like appearance
and were found to express AE1/AE3 and kera-
tin 14 (Figure 1E and 1F).

UC-MSC transplantation in a rat model stimu-
lates vaginal tissue repair by reducing fibrosis
and promoting vaginal epithelium regenera-
tion and angiogenesis

Animal experiments and histological analyses
were used to assess the efficacy of UC-MSCs in
vaginal replacement. Forty rats were randomly
assigned to five groups: 1) the “intact control”
group received sham operations and no treat-
ment; 2) the “negative control” group under-
went partial vaginectomies to induce vaginal
defects, received 100 pl PBS, and wore vaginal
molds; 3) the “SIS” group underwent the same
vaginectomies as the negative control group,
rolling SIS grafts (1 cm x 1.2 cm, Cook) were
implanted during the surgery, and the SIS
meshes were fixed on the outer surfaces of the
vaginal molds with absorbable sutures; 4) the
“UC-MSCs” group underwent the same vagi-
nectomies as the negative control group and
were injected with UC-MSCs (1 x 107 cells per
rat) immediately after surgery at the site of the
surgical resection; and 5) the “UC-MSC/SIS”
group underwent the same vaginectomies as
the negative control group, SIS scaffolds were
implanted during the surgery, and UC-MSCs
were injected at the same concentration as
the US-MSC group. The intact control group dis-
played a normal vaginal morphology, and the
negative control group displayed a morphology
similar to that observed in an MRKH model.
PBS and the UC-MSC suspension injections
were made into the subcutaneous tissue.

As shown in Figure 2A, treatment with UC-MSCs
alone resulted in enhanced epithelial growth,
the appearance of dermal papillae, hallmarks
of healing, and a nearly normal vaginal morpho-
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logy. As assessed with the intact control group,
the normal vaginal mucosa is comprised of a
keratinized stratified squamous epithelium and
dermal tissue. The SIS and UC-MSC/SIS gr-
oups showed a restoration of certain papillae
and increased epithelium thickness. In con-
trast, in the negative control group, which best
resembled MRKH, the epithelium was found to
be highly irregular and thin/absent and papillae
in the connective tissue were not observed.

Relative to the negative control group, the UC-
MSC, SIS, and UC-MSC/SIS groups displayed
significantly fewer collagen fiber bundles (Fig-
ure 2B). Compared to the intact control group,
collagen content was significantly higher in the
negative control, SIS, and UC-MSC/SIS groups
but nearly the same in the UC-MSC group. Thus,
the UC-MSC, SIS, and UC-MSC/SIS treatments
all reduced collagen deposition; however, only
UC-MSC treatment alone effectively decreased
fibrosis and reduced tissue damage.

As indicated in Figure 2C, based upon Weigert-
Van-Gieson Staining, the elastin fiber-fiber con-
tent was significantly higher after UC-MSC ad-
ministration than that observed in the negative
control group. Further, in the UC-MSC group,
the elastin fibers were configured in a wavy
pattern, forming an extensive elastin network
under the epithelium. In contrast, the number
of elastin fibers did not differ among the SIS,
UC-MSC/SIS, and negative control groups, and
the broken elastin fibers resulted in the typical
appearance of tissue damage. Compared with
that in the intact group, the content of resilient
fiber in the negative control group after partial
vaginal resection was decreased. Thus, only
UC-MSC treatment alone promoted the growth
of elastin fibers in vivo.

As shown in Figure 3A, although slight incre-
ases in Ki67 were observed in the SIS and
UC-MSC/SIS groups than in the negative con-
trol group, the greatest increase occurred in
the UC-MSC group. The expression of Ki67 did
not differ between the negative and intact
control groups. Therefore, only UC-MSC treat-
ment alone promoted epithelial cell prolifera-
tion in vivo.

Am J Transl Res 2018;10(11):3762-3772
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Figure 2. Reparative effects of UC-MSCs on the vagina around the site of implantation in rats 21 days after surgery.
A. Representative neovaginal sections stained with H&E. Green arrow = epithelium, black arrow = dermal papillae.
Dermal papillae, a fingerlike projection, is the uppermost layer of the dermis. It intertwines with the epidermis and
is composed of loose collagen fibers. B. Representative neovaginal sections stained with Masson’s trichrome. Red
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areas = smooth muscle cells or epithelium, blue areas = collagen, blue-black = nuclei. Lower right: Quantitative
analysis of collagen area normalized to the total connective area. C. Representative neovaginal sections stained
with Weigert-Van Gieson. Red = collagen, black arrow = elastin. Lower right: Quantitative analysis of elastin area
normalized to the total connective area. Scale bars: 50 um. All values are expressed as mean + SD and compared
by variance (ANOVA) followed by Tukey’s post hoc test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 3. Reparative effects of UC-MSCs on the vagina around the site of implantation in rats 21 days after surgery
(n = 8 per group). A. Representative neovaginal sections stained with Ki67. Brown = Ki67. Lower right: Quantifica-
tion of the percentage of Ki67-positive vaginal epithelial cells. B. Representative neovaginal sections stained with
CD31. Brown = CD31. Lower right: Quantification of the mean CD31+ vessel density per HPF (microvessels were
those comprising fewer than six endothelial cells). Scale bars: 50 um. All values are expressed as mean + SD and
compared by variance (ANOVA) and a Tukey’s test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. C. CM-Dil-labeled UC-
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MSCs were observed engrafted in the dermal region of neovaginal sections by fluorescent staining. Red = CM-Dil,
blue = DAPI. D. Fluorescent staining of undifferentiated UC-MSCs in neovaginal sections. Red = CM-Dil, green =

AE1/AE3, blue = DAPI.

Compared with the negative control group, only
the UC-MSC group yielded significantly higher
CD31 expression (Figure 3B). Taken together,
the results suggest that optimal reparative
effects were observed after UC-MSC adminis-
tration, as evidenced by reduced fibrosis and
enhanced epithelial regeneration and angioge-
nesis.

UC-MSCs induce repairing process of vagina
through the paracrine pathways

In the dermal tissues of recipient rats, CM-Dil-
stained UC-MSCs were found 21 days after
transplantation (Figure 3C). There was no visi-
ble overlap of UC-MSCs (red) and keratinocytes
(green), indicating that the UC-MSCs did not
directly convert into keratinocytes (Figure 3D).
UC-MSCs seeded in the subepithelial connec-
tive tissue of the neovaginas survived but fail-
ed to differentiate into epithelial cells, implying
that UC-MSCs exert trophic effects on the epi-
thelium rather than by undergoing true differ-
entiation.

UC-MSCs facilitate epithelial cell viability and
influence the cell cycle in vitro, likely by releas-
ing paracrine factors

The CCK8 assay revealed that the conditioned
medium from UC-MSCs promoted epithelial cell
viability (Figure 4A). Cell cycle analysis showed
that UC-MSCs increased the percentage of
keratinocytes in the S and G2/M phases and
decreased the percentage in the GO/G1 phase
(Figure 4B and 4C). The apoptosis assessment
indicated that UC-MSC exposure had no signifi-
cant effects on the apoptosis of keratinocytes
(Figure 4D and 4E). UC-MSC factors significant-
ly upregulated p-AKT, p-GSK3B, and Cyclin D1
expression in epithelial cells (Figure 4F). Cyclin
D1 was significantly increased in the new epi-
thelia of UC-MSC group compared to that of the
negative control (Figure 4G) group. Thus, the
UC-MSC microenvironment markedly enhanced
keratinocyte viability through activation of the
AKT/GSK3p/Cyclin D1 signaling pathway.

Discussion

The experiments presented here-in demon-
strate that UC-MSCs have the potential to pro-
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mote vaginal tissue repair in patients diag-
nosed with congenital vaginal agenesis. During
would healing, the efficacy of UC-MSC treat-
ment alone was greater than that of SIS graft-
ing alone and a combination of SIS grafting and
UC-MSC treatment. UC-MSC transplantation
resulted in several reparative effects, including
reduced fibrosis, increased neovascularization,
and a normalized vaginal epithelium appear-
ance (Figures 2 and 3). This result is consistent
with previous studies that used UC-MSC trans-
plantation into wounds to accelerate wound
closure in excisional full-thickness skin murine
models [19, 20]. SIS grafting alone and the
combination of SIS and UC-MSCs only mildly
stimulated vaginal tissue repair. Several stud-
ies have shown that stem cell/SIS implants can
regenerate the vaginal epithelium more rapidly
than SIS alone, suggesting that stem cells/SIS
is a promising method in treating vaginal pro-
lapse [14, 21]. However, based on the present
study, UC-MSCs alone have improved efficacy
over both SIS grafting alone and UC-MSC/SIS
combination treatment in vaginal reconstruc-
tion. In addition, SIS grafting has been shown
to cause chronic inflammation accompanied by
collagen deposition [22, 23] and to confer a
high risk of infection in contaminated surgical
settings [24].

In vivo tracking supported the concept that the
repairing effects of UC-MSCs are mediated by
paracrine signaling rather than by cell replace-
ment and differentiation (Figure 3C and 3D).
Stem cells have previously been shown to en-
hance survival, increase proliferation, and de-
crease apoptosis of corneal epithelial cells that
were chemically induced by stanniocalcin (STC-
1), an antiapoptotic molecule [25]. Stem cells
are recruited to wounds and synthesize proan-
giogenic cytokines that promote endothelial
and epithelial cells growth [26]. Our co-culture
model of UC-MSCs and epithelial cells mim-
icked early epithelial development in the body.
According to previous studies, the heterotypic
mesenchyme is related to the modulation of
epithelial proliferation, apoptosis, and original
differentiation [27]. In the present study, UC-
MSC secretions were shown to extend the rege-
nerative capacity of keratinocytes by accelerat-
ing the cell cycle (Figure 4) via activation of the

Am J Transl Res 2018;10(11):3762-3772
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for keratinocytes cultured for 72 h. E. Quantification of the cell apoptosis rate for keratinocytes cultured for 72 h. F.
Western blot analysis of Akt, p-Akt, GSK3p3, p-GS3[3, and Cyclin D1 levels in keratinocytes cultured for 72 h. G. IHC
analysis of cyclin D1 expression in the neovaginas of the negative control and UC-MSC groups. Scale bars: 50 ym,
n = 8 per group. H. Diagrams of the normal vagina and MRKH syndrome (congenital absence of uterus and vagina).
I. Graphic summary of the present study’s results. UC-MSCs improved vaginal tissue regeneration in vitro mainly
through the release of paracrine factors, corresponding to cytokines, and in a rat model. All values are expressed
as mean * SD and compared by Student’s t test. All experiments were repeated three times. *, P < 0.05; **, P <

0.01; ***, P <0.001.

AKT/GSK33/Cyclin D1 pathway. Further, UC-
MSCs were shown to be involved in epithelial
homeostasis via the regulation of the dynamic
and continuous transition of keratinocytes fr-
om a non-proliferating to a proliferating state.

UC-MSCs showed advantages over cells previ-
ously tested for use in vaginal replacement. For
examples, unlike bone marrow MSCs and autol-
ogous vaginal tissue, UC-MSCs have greater ac-
cessibility and fewer ethical constraints. Conse-
quently, establishing a stem cell bank for future
clinical applications is feasible. Furthermore,
we showed that treatment with UC-MSCs alone
had enhanced therapeutic efficacy compared
to treatment with UC-MSCs in combination with
SIS grafting. By eliminating the need for SIS
grafting, medical costs and difficulties in appli-
cation could be reduced.

This is the first reported study investigating the
use of human UC-MSCs in women or animal
models with vaginal agenesis (Figure 4H and
41). Our data demonstrates the efficacy of the-
se cells in facilitating vaginal tissue healing
through paracrine mechanisms. Future studies
should focus on defining the paracrine factors,
such as cytokines or MSC-derived extracellular
vesicles, involved in the therapeutic potential
of MSCs in vaginal tissue healing. The present
study provides new evidence supporting the
use of UC-MSCs in vaginal reconstruction.
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