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Local endometrial stem cells play an important role in regu-
lating endometrial thickness, which is an essential factor for
successful embryo implantation and pregnancy outcomes.
Importantly, defects in endometrial stem cell function can be
responsible for thin endometrium and subsequent recurrent
pregnancy losses. Therefore, many researchers have directed
their efforts toward finding a novel stimulatory factor that
can enhance the regenerative capacity of endometrial stem
cells. Sonic hedgehog (SHH) is a morphogen that plays a key
role in regulating pattern formation throughout embryonic
limb development. In addition to this canonical function, we
identified for the first time that SHH is actively secreted as a
stem cell-activating factor in response to tissue injury and sub-
sequently stimulates tissue regeneration by promoting various
beneficial functions of endometrial stem cells. Our results also
showed that SHH exerts stimulatory effects on endometrial
stem cells via the FAK/ERK1/2 and/or phosphatidylinositol
3-kinase (PI3K)/Akt signaling pathways. More importantly,
we also observed that endometrial stem cells stimulated with
SHH showed markedly enhanced differentiation and migratory
capacities and subsequent in vivo therapeutic effects in an
endometrial ablation animal model.

INTRODUCTION

Reciprocal interactions between the endometrium (the inner layer of
the uterine cavity) and embryo is a pivotal step in embryo implanta-
tion and a subsequent successful pregnancy.' The human endome-
trium is one of the most dynamic mucosal tissues that undergoes
cyclic growth of up to 7 mm within 1 week during the normal men-
strual cycle for potential embryo implantation.” The destruction and
regeneration of the upper functional endometrium layer is repeated
for approximately 500 cycles at approximately monthly intervals in
fertile females.®> Similar to other human tissues, local endometrial
stem cells are responsible for dynamic cyclic growth and regeneration
of endometrial stratum functionalis.»” Successful embryo implanta-
tion also requires the constant recruitment and activation of resident
endometrial stem cells that can differentiate into specialized uterine
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cell types, including endometrial epithelial and stromal cells.® Recent
work has also shown that accelerated senescence of local endometrial
stem cells limits the regenerative potential of the inner lining of the
uterus and subsequently decreases pregnancy rates.’ Therefore,
many researchers have directed their efforts toward investigating
novel regulatory molecules that can improve the regenerative capacity
of endometrial stem cells.

Sonic hedgehog (SHH) signaling was first identified as a morphogen
that plays a key role in regulating pattern formation throughout
embryonic limb development.”® Interestingly, in addition to this ca-
nonical function, particular attention has been devoted to the nonca-
nonical functions of SHH as a regulatory signaling molecule in
various human uterine diseases, such as endometriosis’ and endome-
trial hyperplasia,'” because of its abnormal activation during the initi-
ation and development of these diseases. Moreover, Palma et al.l!
showed that SHH regulates self-renewal and lineage differentiation
of stem cells in post-natal and adult brains.'* Therefore, we hypoth-
esized that SHH is actively released as a stem cell-activating factor in
response to tissue injury and subsequently stimulates tissue regener-
ation of damaged tissues by promoting multiple beneficial functions
of endometrial stem cells. However, the molecular mechanisms un-
derlying the noncanonical stem cell-activating effects of SHH
signaling remain poorly understood. Interestingly, we showed for
the first time that SHH is actively secreted from the site of injury in
response to various damage signals both in vitro and in vivo and
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then acts as a potent promoting factor that stimulates the differenti-
ation, self-renewal, and migratory capacities of endometrial stem cells
to repair damaged tissues. Moreover, we investigated the underlying
mechanism of the promoting effects of SHH on various functions of
endometrial stem cells. Interestingly, SHH was shown to activate
multifunctional signaling pathways, such as FAK/ERK1/2 and phos-
phatidylinositol 3-kinase (PI3K)/Akt signaling pathways, which are
involved in diverse physiological roles, including self-renewal,'”"*
transdifferentiation,'>'>'® and migratory capacities of stem cells.'>"”
Importantly, suppression of these signaling activities with specific in-
hibitors significantly decreased the SHH-induced promoting effects
of endometrial stem cells. These results suggest that SHH promotes
the self-renewal, differentiation, and homing potential of endometrial
stem cells via the FAK/ERK1/2 and/or PI3K/AKkt signaling pathways.
Another key result from our study is that the in vivo therapeutic ef-
fects of endometrial stem cells were markedly enhanced upon stimu-
lation with exogenous SHH in an endometrial ablation animal model.
Overall, these results suggest that, in addition to its well-known ca-
nonical functions, SHH is actively secreted in response to tissue dam-
age as a stem cell-activating factor and subsequently promotes the
therapeutic effects of endometrial stem cells by activating various
beneficial functions via the FAK/ERK1/2 and/or PI3K/Akt signaling
pathways.

RESULTS

SHH Is Actively Secreted in Response to Various Injury Signals
from Endometrial Stem Cells In Vitro and In Vivo

To isolate human endometrial stem cells, we minced endometrial tis-
sue into small pieces, and then the small pieces were digested with
type I collagenase. The digestion mixture was then filtered through
a 40-um cell strainer to separate spindle-shaped endometrial stem
cells from epithelial gland fragments and undigested tissue (Fig-
ure S1A); then their biological properties were characterized using
various stem cell surface markers, including CD34, CD44, CD45,
CD?73, CD105, CD140b, CD146, and W5C5 (Figure S1B). Four pos-
itive surface markers were mostly expressed (CD44, CD73, CD105,
and CD140b), whereas a small percentage of some positive marker
(CD146 and W5C5) positive cells was detected in the whole cell pop-
ulation. Therefore, it is possible that our endometrial stem cells are a
mixed-cell population consisting of at least two types of cells. The
transdifferentiation capacity of endometrial stem cells into different
cell types was evaluated by inducing adipogenesis and osteogenesis
in vitro (Figure S1C). These results suggested that isolated endome-
trial stem cells may be a heterogeneous population but have clear
stem cell characteristics. A schematic of the main hypothesis
regarding the noncanonical stem cell-activating effects of SHH is
shown in Figure 1A. To investigate whether SHH is secreted from
endometrial stem cells in response to various injury signals, endome-
trial stem cells were exposed to multiple cell-damaging conditions,
such as radiation (4 Gy), serum depletion, and oxidative stress
(H,0,). Interestingly, endometrial stem cells actively secreted SHH
into the surrounding culture medium in response to various types
of cellular stress or damage in vitro (Figures 1B-1D). Additionally,
to determine whether SHH is secreted in response to various injury

signals from other non-stem cell types, such as fibroblasts and
vascular endothelial cells, these cells were exposed to multiple cell-
damaging conditions. Consistent with stem cells, these non-stem cells
also actively secreted SHH into the surrounding culture medium in
response to various types of cellular stress or damage in vitro (Figures
S2A-82C). These results suggest the autocrine and/or paracrine ef-
fects of SHH in response to various injury signals. To further deter-
mine whether local tissue damage can promote SHH secretion into
the blood circulation in vivo, we analyzed systemic SHH levels in
mice peripheral blood samples after acid solution-induced endome-
trial injury. Histological examination of uterine lesions showed that
acidic TCA (trichloroacetic acid) solutions significantly decreased
the thickness of the functional layer of endometrium and increased
degenerative vacuoles and apoptosis (Figure 1E). The endometrial
damage resulted in increased SHH secretion into the peripheral circu-
lation compared with the uninjured control group (Figure 1F). These
results indicate that SHH is actively secreted from endometrial stem
cells in response to multiple injury signals both in vitro and in vivo.

SHH Significantly Stimulates Multiple Beneficial Functions of
Endometrial Stem Cells In Vitro

Because SHH is actively secreted from endometrial cells in response to
tissue damage, we investigated whether exogenous SHH can stimulate
various beneficial functions of endometrial stem cells as a stem cell-
activating factor. First, we evaluated the effect of SHH treatment on
the in vitro self-renewal capacity of endometrial stem cells. The treat-
ment concentration of SHH was assessed based on our two previous
articles that revealed the stimulating effects of SHH signaling on the
various stem cell functions.'®'”
eration rates in endometrial stem cells treated with SHH compared
with the nontreated control cells (Figure 2A). To further confirm
whether enhanced SHH signaling integrity is positively correlated
with stem cell self-renewal capacity, we investigated the gene expres-
sion profiles of a large clinical database using Ingenuity Pathway Anal-
ysis (IPA) software. Positive regulators of SHH, such as early growth
response protein 1 (EGR1) (Z score = 2.035, p = 2.11E—1) and hyp-
oxia-inducible factor 1-alpha (HIF1A) (Z score = 2.208, p =
1.00E00), were activated in proliferative stem cells (Figure 2B). We
also analyzed the GEO database to further verify the correlation be-
tween SHH signaling and stemness. Consistently, the expression levels
of SHH were markedly decreased in differentiated cells compared with
undifferentiated stem cells (Figures S3A and S3B). More strikingly,
SHH significantly increased the migratory capacity of endometrial
stem cells (Figure 2C). To further confirm the stimulatory effect of
SHH on the migratory capacity of endometrial stem cells, we conduct-
ed western blot analysis to measure the expression levels of matrix
metalloproteinase-2 (MMP-2) and MMP-9, which play important
roles in regulating cell migration and invasion (Figure 2D). Previous
studies have suggested that branched actin-filament networks regulate
cell migration by pulling or pushing on the leading edge of the plasma
membrane.” Interestingly, phalloidin staining for actin filaments
showed a clear correlation between SHH exposure and increased actin
filament disorganization (Figure 2E), indicating that the significantly
enhanced migratory capability of SHH-treated endometrial stem cells

We observed steadily increased prolif-
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Figure 1. SHH Actively Secreted in Response to Various Injury Signals

SHH is considered a morphogen that regulates pattern formation during embryonic limb development. In addition to this canonical function, we hypothesized that SHH is
selectively secreted under specific cell-damaging conditions as a stem cell-activating factor (A). Endometrial stem cells were incubated in standard culture medium with or
without H>O, (10 mM) for 30 min, after which the medium was replaced with serum-free medium, and the cells were cultured for 48 h (B). Endometrial stem cells were
exposed to acute X-ray radiation at a dose of 4 Gy, after which the medium was replaced with serum-free medium, and the cells were cultured for 48 h (C). Endometrial stem
cells were cultured with or without serum for 48 h (D). The 2% TCA treatment (150 ulL, administered directly into uterine horn) caused significant histological uterine
endometrial ablation. The acute TCA treatment caused significant histological endometrial damage with increased degenerative vacuoles and apoptosis (E). After albumin/
immunoglobulin depletion, the proteins in the serum samples were precipitated with 10% TCA and subjected to SDS-PAGE. To prove that media samples are not
contaminated with cytosolic or nuclear content during the TCA precipitation procedure, the levels of actin in the culture medium were analyzed. Compared with the uninjured
control mice, TCA-induced acute endometrial ablation resulted in a significant increase in SHH secretion into the peripheral circulation (F). B-Actin was used as the internal
control. The results are presented as the mean + SEM from three independent experiments.

could be related to the disorganization of actin filament networks.
Moreover, SHH treatment significantly enhanced the multilineage dif-
ferentiation capacity of endometrial stem cells toward osteoblasts
in vitro (Figure 2F). Consistent with these results, the expression levels
of transcription factors associated with stemness and pluripotency,
such as C-MYC, KLF4, NANOG, and SOX2, were markedly increased
by SHH treatment (Figure 2G). In addition, SHH also significantly
increased the proliferation (Figure S4A) and migration (Figure S4B)
potential of other stem cell types, such as human umbilical cord
blood-derived stem cells and adipose tissue-derived stem cells. Over-
all, these results indicate that SHH significantly increases various
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beneficial functions of endometrial stem cells, such as the self-renewal,
migratory, and multilineage differentiation capacities in vitro.

The FAK/ERK1/2 and/or PI3K/Akt Signaling Cascade Mediates
SHH-Induced Stimulating Effects on Various Beneficial
Functions of Endometrial Stem Cells

To investigate the underlying molecular mechanisms of the promoting
effects of SHH on the multiple functions of endometrial stem cells, we
evaluated the effects of SHH on the FAK/ERK1/2 and/or PI3K/Akt
signaling components, which have been associated with the multi-
lineage differentiation,” self-renewal,”” and migratory”’ capacities of
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Figure 2. SHH Promotes Various Functions of Endometrial Stem Cells In Vitro

The stimulation of endometrial stem cell viability by SHH (4 uM) treatment for 72 h was determined by an MTT assay. Endometrial stem cell viability (%) was calculated as a
percent of the vehicle control (A). Differentially expressed genes from nonproliferative cells and proliferative cells (GEO: GSE63074) were analyzed using Ingenuity Pathway
Analysis (IPA) software (https://www.ingenuity.com/) to predict the activation state (either activated or inhibited) of the SHH (B). Endometrial stem cells were treated with SHH
for 24 h, and the effect of SHH on the migration ability was then evaluated using a Transwell migration assay. The SHH treatment significantly increased stem cell migration
across the membrane compared with the negative control (C). The relative expression levels of key positive regulators of cell migration (MMP-2/-9) were analyzed using
western blotting (D). SHH-induced actin filament disorganization and the morphological transition of endometrial stem cells were observed by staining the actin filaments with
phalloidin (E). The effects of SHH on osteoblast differentiation were determined by alizarin red staining. The relative quantification of calcium mineral content was determined
by measuring the absorbance at a wavelength of 570 nm (F). The real-time PCR results showed changes in the expression of the stem cell markers C-MYC, KLF4, NANOG,
and SOX2 after SHH treatment for 24 h (G). DAPI staining was used to label the nuclei. B-Actin was used as the internal control. The results are presented as the mean + SEM

from three independent experiments.

multiple types of stem cells. A schematic of the main hypothesis is
shown in Figure 3A. Using western blot analysis, we evaluated whether
the FAK/ERK1/2 or PI3K/Akt signaling components are upregulated
in SHH-treated endometrial stem cells. Importantly, the activation
states of these signaling cascades were significantly upregulated in
response to SHH treatment (Figures 3B and 3C). To further confirm
whether enhanced Akt and ERK1/2 signaling integrity is positively
correlated with stem cell self-renewal capacity, we investigated the

gene expression profiles of a large clinical database using IPA software.
The IPA results showed that positive regulators of Akt, such as
epidermal growth factor (EGF) receptor (EGFR; Z score = 3.122,
p value = 9.87E—1), hepatocyte growth factor (HGF; Z score =
2422, p = 9.73E—1), and OCT4 (Z score = 2.118, p = 9.92E—1),
were activated in proliferative stem cells (Figure 3D). Negative
regulators of ERK1/2, such as TTP53 (Z score —5.543/
—1.880, p = 9.45E—1/8.68E—1) and transforming growth factor B1
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Figure 3. SHH-Induced Promoting Effects on Endometrial Stem Cells Are Mediated through the FAK/ERK1/2 and/or PIBK/Akt Signaling Pathways

A schematic showing an overview of the molecular mechanisms of SHH-mediated effects on endometrial stem cells (A). Endometrial stem cells were stimulated for 10 min
with or without SHH (4 uM) treatment. The endometrial stem cells were then lysed, and the protein expression was analyzed by western blotting using antibodies targeting the
phosphorylated forms of FAK, ERK1/2, PI3K, and Akt. The phosphorylation levels of these signaling molecules were significantly increased in cells treated with SHH (B and C).
Differentially expressed genes from nonproliferative cells and proliferative cells (GEO: GSE62564 and GSE85047) were analyzed using Ingenuity Pathway Analysis (IPA)
software (https://www.ingenuity.com/) to predict the activation state (either activated or inhibited) of the Akt (D) and ERK1/2 (E) signaling pathways. The GEO database
(https://www.ncbi.nlm.nih.gov/geo/) was analyzed to further verify the significant correlation between stemness and the activation state of Akt and ERK1/2 signaling
pathways (F-H). B-Actin was used as the internal control. The data represent the mean + SEM from three independent experiments.

(TGE-B1; Z score = —3.103/—1.774, p = 9.39E—1/9.51E—1), were in-
hibited in proliferative stem cells (Figure 3E). We also analyzed the
GEO database to further verify the correlation between Akt or
ERK1/2 signaling and stemness. Consistently, the expression levels
of Akt and ERK1/2 were markedly decreased in differentiated and
aged cells (Figures 3F-3H). Next, to confirm whether the inhibition
of these signaling components downregulated the stimulating effects
of SHH on various beneficial functions of endometrial stem cells, we
evaluated the attenuating effects of the ERK1/2 inhibitor PD98059 or
the Akt inhibitor V on the proliferation, migratory, and differentiation
capacities of endometrial stem cells with or without SHH treatment. A
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schematic of the main hypothesis is shown in Figure 4A. Importantly,
SHH-induced stimulating effects on self-renewal capacity were signif-
icantly attenuated by PD98059 or Akt inhibitor V treatment (Fig-
ure 4B). The stimulating effects of SHH on migratory capacity (Figures
4C and 4D) and MMP-2/-9 expression (Figures 4E and 4F) were also
markedly disrupted by PD98059 or Akt inhibitor V treatment. Consis-
tently, the SHH-mediated multilineage differentiation capacity toward
osteoblasts (Figures 5A and 5B) and expression levels of the transcrip-
tion factors associated with stemness and pluripotency, such as
NANOG and SOX2 (Figures 5C and 5D), were significantly attenuated
by PD98059 or Akt inhibitor V pretreatment. In addition, to evaluate
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Figure 4. Inhibition of the Akt or the ERK1/2 Pathway with Specific Inhibitors Significantly Attenuated SHH-Mediated Stimulating Effects on the Growth and

Migration of Endometrial Stem Cells

A schematic showing an overview of the molecular mechanisms of SHH-mediated effects on endometrial stem cells (A). Endometrial stem cells were pretreated with inhibitor
V (10 uM) or PD98059 (20 uM) for 1 h prior to an additional 48-h treatment with 4 uM SHH, and subsequent changes in cell viability were analyzed by an MTT assay (B). The
attenuating effects of Akt (C) or ERK1/2 (D) inhibition on SHH-induced changes in migratory capacity were analyzed by a Transwell assay (C and D) and western blotting for
MMP-2 (E) and MMP-9 (F). B-Actin was used as the internal control. The data represent the mean + SEM from three independent experiments.

whether Akt or ERK1/2 inhibitor treatment induces cell-cycle arrest or
growth inhibition, we cultured endometrial stem cells with or without
Akt or ERK1/2 inhibitor treatment. Interestingly, Akt or ERK1/2 in-
hibitor treatment suppressed cell growth (Figures S5A and S5B) but
barely affected the cell-cycle stages in endometrial stem cells (Figures
S5C and S5D). These results suggest that the FAK/ERK1/2 and/or
PI3K/Akt signaling cascade may be involved in the stimulating effects
of SHH on multiple beneficial functions of endometrial stem cells, such
as self-renewal, migratory, and differentiation capacities.

Proteomic Analysis of SHH-Mediated Protein Secretion and
Their Interconnected Signaling Networks Responsible for the
Promoting Effects of SHH

To identify the key secretory proteins and their interconnected
signaling networks responsible for the promoting effects of SHH on

endometrial stem cells, we analyzed the SHH-induced secretion of
multiple growth factors or cytokines using antibody array kits with
or without SHH treatments. In the present study, we observed
some expression changes in SHH-treated endometrial stem cells.
The expression levels of five growth factors, including FGF-2 (fibro-
blast growth factor-2),* EGF,”® EGFR,*® HGF,”” and IGFBP-6 (insu-
lin-like growth factor-binding protein-6),”> were substantially
increased by SHH treatment, whereas the expression levels of other
proteins showed limited changes or only slight increases (Figures
6A and 6B). Interestingly, these SHH-induced proteins can function
as potent upstream signaling regulators of the FAK/ERK1/2 and
PI3K/Akt signaling pathways in endometrial stem cells. Therefore,
we further evaluated the correlation between the activation states of
the FAK/ERK1/2 and PI3K/Akt signaling pathways and the expres-
sion levels of FGF-2, EGF, EGFR, HGF, and IGFBP-6 using
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Figure 5. Inhibition of the Akt or the ERK1/2 Pathway with Specific Inhibitors Significantly Attenuated SHH-Mediated Stimulating Effects on the

Differentiation Capacity and Stemness of Endometrial Stem Cells

The downregulating effects of Akt or ERK1/2 signaling inhibition on SHH-induced stimulating effects on the differentiation potential (A and B) and the expression of the
pluripotency-associated factors NANOG and SOX2 (C and D) were analyzed by alizarin red staining and real-time PCR, respectively. The data represent the mean + SEM

from three independent experiments.

GeneMANIA (http://genemania.org/) to confirm that the intercon-
nected signaling networks regulate self-renewal, migratory, and dif-
ferentiation capacities (Figure 6C). These results suggest that five
SHH-induced proteins could be at least partly responsible for SHH-
mediated FAK/ERK1/2 and PI3K/Akt signaling pathways and their
subsequent beneficial effects on endometrial stem cells. We also
analyzed the GEO database to further verify the correlation between
SHH signaling and five SHH-induced proteins. Both bioinformatics
analyses consistently showed that the expression levels of five SHH-
induced proteins were markedly increased by SHH treatment
(Figure 6D).

SHH Significantly Increases the Therapeutic Potential of
Endometrial Stem Cells In Vivo by Promoting Migratory and
Differentiation Capacities

Our in vitro results suggested that SHH may act as an activating factor
that stimulates various beneficial functions of endometrial stem cells,
such as their self-renewal, migratory, and multilineage differentiation
potential. Therefore, we further evaluated whether SHH stimulates
multiple beneficial functions of endometrial stem cells in vivo and
their subsequent therapeutic potential in animal models of human dis-
ease. After 7 consecutive days of intravenous SHH (1 mg/kg) injection,
stem cells were isolated from mouse adipose tissues (Figure S6A), and
their multilineage differentiation capacity was evaluated by inducing
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adipogenesis (Figure S6B) and osteogenic (Figure S6C) differentiation.
Consistent with our in vitro data, the in vivo results indicated that
SHH significantly increased the self-renewal capacity of stem cells
(Figure 7A). Moreover, a Transwell-based cell migration assay (Fig-
ure 7B) and western blot analysis of the cell migration regulators
MMP-2/-9 (Figure 7C) also indicated the significant promoting effect
of SHH on the migratory capacity of stem cells in vivo. Strikingly, SHH
markedly increased the multilineage differentiation capacity of stem
cells toward osteoblasts in vivo (Figure 7D). The expression levels of
transcription factors associated with stemness and pluripotency,
such as C-MYC, KLF4, NANOG, and SOX2, were significantly
increased by exogenous SHH administration in vivo (Figure 7E).
Furthermore, we also evaluated whether SHH can promote not only
the in vivo homing potential of exogenous stem cells to sites of injury
but also their subsequent therapeutic potential in an animal model of
endometrial ablation. First, to evaluate the stimulating effect of SHH
on the homing potential of exogenous endometrial stem cells to the
site of endometrial damage in vivo, we labeled endometrial stem cells
with a GFP (green fluorescent protein)-expressing vector to monitor
the transplanted cells in the animals. Endometrial stem cells were sta-
bly transfected with a GFP-expressing vector (Figure S7). GFP-labeled
and SHH-prestimulated endometrial stem cells were intravenously in-
jected into NOD/SCID/IL-2Rynull (NSG)-immunodeficient mice,
and the in vivo homing potential of the endometrial stem cells to
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Figure 6. SHH Treatment Induces the Secretion of Multiple Growth Factors or Cytokines, which Are Associated with the FAK/ERK1/2 and/or PI3K/Akt

Signaling Pathways

Human growth factor antibody array analysis was performed using SHH-treated or nontreated control samples. The membrane was printed with antibodies for 40 growth
factors, cytokines, and receptors, with four positive and four negative controls in the upper and lower left corners. Five growth factors or related proteins (FGF-2, EGF, EGFR,
HGF, and IGFBP-6) were markedly enriched in the SHH-treated groups compared with the control groups (A and B). Signaling network analysis was performed using
GeneMANIA (http://genemania.org/) to predict the connections between five markedly upregulated growth factors and the FAK/ERK1/2 and/or PI3K/Akt signaling pathway.
The results revealed a positive relationship between each of the six prominent factors (FGF-2, EGF, EGFR, HGF, and IGFBP-6) and the FAK/ERK1/2 and/or PIBK/Akt
signaling pathway (C). The GEO database (https://www.ncbi.nim.nih.gov/geo/) was analyzed to further verify the significant correlation between the five upregulated growth
factors and the activation state of Akt and ERK1/2 signaling pathways (D). The data represent the mean + SEM from three independent experiments.

the injured site of the endometrium was monitored. GFP-labeled fluo-
rescent endometrial stem cells were counterstained with hematoxylin
and eosin (H&E) staining to determine their precise homing location
within the injured site of mouse endometrium. The number of GFP-
labeled cells on 5-um-thick endometrial sections was counted and
quantified using fluorescent microscope. Importantly, compared
with nonstimulated endometrial stem cells, we observed markedly
enhanced recruitment of SHH-prestimulated endometrial stem cells
toward the site of endometrial injury (Figure 7F), indicating that
SHH treatment significantly stimulated the in vivo migratory capacity

of exogenous endometrial stem cells to the injured site. Consistent
with these results, the loss of the endometrial functional layer with se-
vere degenerative changes was markedly relieved by intravenous
administration of SHH-prestimulated endometrial
compared with unstimulated endometrial stem cells (Figure 7G).
Although we did not confirm the direct transdifferentiation capacity
of our endometrial stem cells into various endometrial cell types
in vitro, the significant restoration of damaged endometrial functional
layer by intravenously administrated endometrial stem cells indirectly
suggests the endometrial reconstitution abilities of our endometrial

stem cells
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Figure 7. SHH Stimulates the Therapeutic Potential of Endometrial Stem Cells by Promoting Migratory and Differentiation Capacities In Vivo in an

Endometrial Ablation Animal Model

Mice were treated daily for 7 days with SHH (1 mg/kg, intravenously) or vehicle (PBS). Stem cells were isolated from mouse adipose tissue, and the changes in cell viability
were analyzed by an MTT assay (A). The in vivo effects of SHH on the migratory capacity of the stem cells were analyzed by a Transwell assay (B) and western blotting for
MMP-2 and MMP-9 (C). The changes in osteoblast differentiation were analyzed by alizarin red staining. The relative quantification of calcium mineral content was performed
by measuring the absorbance at a wavelength of 570 nm (D). The real-time PCR results showed changes in the expression of the mouse stem cell markers C-MYC, KLF4,
NANOG, and SOX2 after SHH treatment in vivo (E). The 2% TCA treatment (150 ul, administered directly into the uterine horn) caused significant histological uterine
endometrial ablation compared with the vehicle (PBS) control. SHH-stimulated or nonstimulated endometrial stem cells (1 x 10° cells) were labeled with GFP and injected
intravenously into the tail veins of 7-week-old immunodeficient NSG mice with acute TCA-induced endometrial ablation. The mice were sacrificed 7 days after the GFP-
labeled endometrial stem cells were injected. Green fluorescent images of consecutive sections showed the presence of GFP-labeled cells (F). Uterine endometrial tissue was
collected and subjected to hematoxylin and eosin (H&E) staining. TCA-induced loss of the endometrial functional layer with degenerative changes was significantly more
alleviated by the transplantation of SHH prestimulated endometrial stem cells (G). B-Actin was used as the internal control. The data represent the mean + SEM from eight

independent experiments.

stem cells. Overall, these results suggest that SHH significantly pro-
motes the therapeutic potential of endometrial stem cells in vivo by
increasing their migratory and differentiation capacities.

DISCUSSION

Despite recent advances in in vitro fertilization (IVF), the successful
implantation of embryos and subsequent pregnancy rates remain
relatively low. Sufficient growth and appropriate endometrial thick-
ness are essential factors for successful embryo implantation and
pregnancy outcomes,”””’ and previous studies have shown that low
pregnancy rates can be associated with a thin endometrial functional
layer.’'** However, in fertility treatment, increasing the endometrial
thickness in patients with thin endometrium is very challenging.
Although various therapeutic approaches, such as growth
hormones,”> chemokines,”* tamoxifen,>> and granulocyte colony-
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stimulating factor,”® have been investigated to increase the thickness
of the endometrium, these approaches have not been able to suffi-
ciently increase endometrial thickness and subsequent clinical preg-
nancy rate. Previous studies have shown that endometrial stem cells
are present in the basal layers of the endometrium, and these local
stem cells play an important role in regulating endometrial thickness
and function throughout the menstrual cycle in humans.* Similarly,
defects in endometrial stem cell function can be responsible for
thin endometrium (<7 mm)®" and recurrent pregnancy losses.’
Therefore, increased efforts have been directed toward regenerating
the endometrium by administering diverse exogenous stem cells in
various endometrial-deficient animal models. Kilic et al.’® showed
that the effects of adipose tissue-derived mesenchymal stem cells
(MSCs) stimulate angiogenesis and endometrial proliferation in ani-
mal models of endometrial ablation. Similarly, Zhao et al.* effectively
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improved endometrial thickness in a rat model of thin endometrium
by administering bone marrow-derived MSCs. Furthermore, Zhang
et al."’ also demonstrated that the transplantation of umbilical
cord-derived MSCs can improve endometrial regeneration in animal
models of thin endometrium. There are few clinical cases regarding
human endometrial regeneration using autologous adult stem cells
in patients with severe endometrial deficiency.*'** Despite some
promising initial results, these stem cell-based therapies did not suf-
ficiently improve embryo implantation rates and subsequent preg-
nancy outcomes in most cases. The limited therapeutic effects of these
stem cell-based therapies can be attributed to the following reasons:
(1) transplanted stem cells were not cognate endometrial stem cells,
which are optimal stem cells for endometrium repair or regeneration;
and (2) the therapeutic effects of the transplanted stem cells were not
sufficient for the proper regeneration of the endometrium. Recently,
Tersigni et al.** found higher levels of pro-inflammatory cytokines in
endometrial tissues of recurrent pregnancy loss patients than normal
women. These results suggested that the increased levels of circulating
pro-inflammatory cytokines may be able to induce endometrial
inflammation, which in turn may lead to miscarriage. Therefore,
further investigation is required to uncover the detailed mechanisms
underlying how SHH regulates inflammatory response in endome-
trial tissues.

The key challenges of many stem cell therapies are the low differenti-
ation capacity of stem cells into specialized cell types and/or the limited
migratory potential of stem cells to the site of injury.** Therefore, many
researchers have recently been investigating novel activating factors
that can significantly stimulate the homing efficiency or differentiation
potential of various stem cells. Therefore, we aimed to investigate the
noncanonical function of SHH signaling as a stem cell-activating factor
that can stimulate tissue regeneration by promoting various beneficial
functions of endometrial stem cells in accordance with previous results
reported by Palma et al,'' who revealed that SHH regulates the self-
renewal ability of neural stem cells in post-natal and adult brains.
Recently, Pyczek et al.'* also showed that upregulated SHH stimulates
neural stem cell growth and hormone release in the adult pituitary
gland. In the current study, we demonstrated for the first time that
SHH is actively secreted as an endogenous damage signal in response
to various types of injury signals in vitro (Figures 1B-1D) and in vivo
(Figure 1F). Importantly, we also observed that SHH markedly stimu-
lates the therapeutic potential of endometrial stem cells by increasing
their migratory (Figures 2C and 2D) and multilineage differentiation
(Figure 2F) capabilities in vitro. In addition, SHH-stimulated endome-
trial stem cells actively secreted many growth factors and cytokines,
such as FGF-2,”* EGF,”” EGFR,”* HGF,”” and IGFBP-6,”” to stimulate
tissue regeneration (Figures 6A and 6B). These results suggest that the
SHH-mediated beneficial effects on endometrial stem cells for tissue
regeneration may partly be because of the multiple secretory proteins
that promote diverse biological functions, including self-renewal abil-
ity, multilineage differentiation, and wound healing. In addition, the
loss of the endometrial functional layer with severe degenerative
changes was markedly relieved by intravenous administration of hu-
man endometrial stem cells in immunodeficient mice (Figure 7G).

This result also revealed the therapeutic potential of intravenously
administrated human endometrial stem cells in vivo. However, at
this stage, it is unclear whether these therapeutic effects were mediated,
at least partly, by various indirect paracrine factors secreted by stem
cells or direct cell replacement of damaged cells. Therefore, further
studies are needed to confirm the detailed therapeutic mechanism of
endometrial stem cells.

The precise molecular mechanisms involved in noncanonical SHH
functions have not yet been completely elucidated. It has been shown
that ERK1/2*° and PI3K/Akt" signaling is frequently upregulated in
response to various survival-associated cytokines or growth factors.
Indeed, SHH markedly upregulated the FAK/ERK1/2 and PI3K/Akt
signaling pathways in endometrial stem cells (Figures 3B and 3C).
The effect of SHH on upregulating these two signaling pathways is
not surprising, considering previous results in muscle satellite cells,
which showed that SHH promotes proliferation and differentiation
through ERK1/2 and PI3K/Akt signaling. Inhibition of these signaling
pathways with selective inhibitors significantly diminished the SHH-
mediated stimulating effects on the proliferative (Figure 4B), migra-
tory (Figures 4C and 4F), and transdifferentiation capacities (Figures
5A and 5B) of endometrial stem cells, suggesting that SHH exerts pro-
moting effects on endometrial stem cells via the FAK/ERK1/2 and/or
PI3K/Akt signaling pathways.

Overall, these results suggest that, in addition to its previously known
canonical functions, SHH is actively secreted in response to tissue
damage as a stem cell-activating factor and subsequently stimulates
the therapeutic potential of endometrial stem cells by enhancing their
proliferative, migratory, and transdifferentiation capacities through
the FAK/ERK1/2 and/or PI3K/Akt signaling pathways. This study
provides novel insights into the underlying molecular mechanisms
regulating the regenerative potential of endometrial stem cells with
relevance to potential clinical applications. This raises clinically
important roles of SHH in protecting endometrium from age-associ-
ated degeneration during IVF treatment and subsequently increased
pregnancy rates.

MATERIALS AND METHODS

Isolation and Culture of Human Endometrial Stem Cells

Human endometrial stem cells were obtained from endometrial tis-
sues of uterine fibroid patients with written informed consent from
the patients and approval of the Gachon University Institutional Re-
view Board (IRB No: GAIRB2018-134). Endometrial tissue was
minced into small pieces; then the small pieces were digested in
DMEM containing 10% fetal bovine serum (FBS) and 250 U/mL
type I collagenase for 5 h at 37°C in a rotating shaker. The digestion
mixture was then filtered through a 40-pm cell strainer to separate
stromal-like stem cells from epithelial gland fragments and undi-
gested tissue. Isolated cells were then cultured in endothelial basal me-
dium-2 (EBM-2) medium (Lonza) with endothelial basal medium
(EGM-2) supplements at 37°C and 5% CO,. At least three different
human endometrial stem cells were obtained from endometrial tis-
sues and also used for all experiments.
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Isolation and Culture of Mouse Adipose Tissue-Derived Stem
Cells

The isolation of mouse adipose tissue-derived stem cells was
approved and conducted in accordance with the Institutional Animal
Care and Use Committee (IACUC) (LCDI-2018-0015) of the Lee Gil
Ya Cancer and Diabetes Institute of Gachon University. Adipose tis-
sue was minced into small pieces; then the small pieces were digested
in DMEM containing 10% FBS and 250 U/mL type I collagenase for
5 h at 37°C. The digestion mixture was then filtered through a 40-um
cell strainer. Isolated cells were then cultured in EBM-2 medium
(Lonza) with EGM-2 supplements at 37°C and 5% CO.,.

Cell Proliferation Assay

The MTT assay was used to determine the anti-proliferative capacity
of SHH (ab120933; Abcam), according to the manufacturer’s proto-
col (Cat No: M5655; Sigma). Cells (1 X 10* cells/well) were seeded
in 96-well plates. After 24 h of incubation, the cells were treated
with SHH or vehicle for 72 h. The viable cells were measured at
570 nm using a Versa Max microplate reader.

In Vitro Cell Migration Assay

Cells were plated at 1 x 10° cells/well in 200 pL of culture medium
in the upper chambers of Transwell permeable supports (Corning,
Corning, NY, USA) to track the migration of cells. The Transwell
chambers had 8.0-um pores in 6.5-mm-diameter polycarbonate
membranes and used a 24-well plate format. Non-invading cells
on the upper surface of each membrane were removed by scrubbing
with laboratory paper. Migrated cells on the lower surface of each
membrane were fixed with 4% paraformaldehyde for 5 min and
stained with hematoxylin for 15 min. Later, the number of migrated
cells was counted in three randomly selected fields of the wells un-
der a light microscope at x50 magnification. To calculate the
chemotactic index, the number of cells that migrated in response
to the treatment of SHH was divided by the number of spontane-
ously migrating cells.

Protein Isolation and Western Blot Analysis

The protein expression levels were determined by western blot anal-
ysis as previously described.*® Cells were lysed in a buffer containing
50 mM Tris, 5 mM EDTA, 150 mM NaCl, 1 mM DTT, 0.01% Nonidet
P-40, and 0.2 mM PMSEF. The protein concentrations of the total cell
lysates were measured by using bovine serum albumin as a standard.
Samples containing equal amounts of protein were separated via
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and then transferred onto nitrocellulose membranes (Bio-
Rad Laboratories). The membranes were blocked with 5% skim
milk in Tris-buffered saline containing Tween 20 at room tempera-
ture. Then the membranes were incubated with primary antibodies
against B-actin (ab189073; Abcam), MMP-2 (#4022; Cell Signaling),
MMP-9 (#13667; Cell Signaling), SERPINB2 (ab47742; Abcam), SHH
(SC-373779; Santa Cruz), total PI3K (#4292; Cell Signaling), phos-
pho-PI3K (#4228; Cell Signaling), total Akt (#4491; Cell Signaling),
phospho-Akt (#4060; Cell Signaling), total-ERK1/2 (#9012; Cell
Signaling), phospho-ERK1/2 (#9101; Cell Signaling), total FAK
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(sc-558; Santa Cruz), or phospho-FAK (sc-11765; Santa Cruz)
overnight at 4°C and then with HRP-conjugated goat anti-rabbit
immunoglobulin G (IgG; 554021; BD PharMingen) or goat anti-
mouse IgG (554002; BD PharMingen) secondary antibodies for
60 min at room temperature. Antibody-bound proteins were detected
using enhanced chemiluminescence (ECL) reagents.

Adipogenic Differentiation

Endometrial stem cells were incubated in DMEM low-glucose me-
dium supplemented with 500 uM methylxanthine, 5 pg/mL insulin,
and 10% FBS. Endometrial stem cells were grown for 3 weeks, with
medium replacement twice a week. Lipid droplet formation was
confirmed by oil red O staining. Relative quantification of lipid droplet
formation was determined by absorbance measurement at 500 nm.

Osteogenic Differentiation

Endometrial stem cells were incubated in DMEM high-glucose me-
dium supplemented with 0.1 pM dexamethasone, 10 mM B-glycero-
phosphate, 50 pM ascorbate, and 10% FBS. Endometrial stem cells
were grown for 3 weeks, with medium replacement twice a week.
Differentiated cells were stained with alizarin red S to detect de
novo formation of bone matrix. Alizarin red S in samples was quan-
tified by measuring the optical density (OD) of the solution at 570 nm.

Flow Cytometry

Fluorescence-activated cell sorting (FACS) analysis and cell sorting
were performed using FACSCalibur and FACSAria machines (Becton
Dickinson, Palo Alto, CA, USA), respectively. FACS data were
analyzed using FlowJo software (Tree Star, Ashland, OR, USA). An-
tibodies to the following proteins were used: allophycocyanin (APC)-
conjugated CD44 (Cat. No: 559942, dilution 1/40; BD Biosciences),
phycoerythrin (PE)-conjugated CD133 (MACS; 130-080-081, dilu-
tion 1/40; Miltenyi Biotec), CD34 (MACS; 30-081-002; Miltenyi Bio-
tec), CD44 (MACS; 130-095-180; Miltenyi Biotec), CD45 (MACS;
130-080-201; Miltenyi Biotec), CD73 (MACS; 130-095-182; Miltenyi
Biotec) and CD105 (MACS; 130-094-941; Miltenyi Biotec), CD140b
(MACS; 130-105-279; Miltenyi Biotec), CD146 (MACS; 130-111-322;
Miltenyi Biotec), and W5C5 (MACS; 130-111-641; Miltenyi Biotec).
The FACS gates were established by staining with an isotype antibody
or secondary antibody.

Real-Time PCR

Total RNA from skin cells was extracted using TRIzol reagent (Invi-
trogen) according to the manufacturer’s protocol. Real-time PCR was
performed using a Rotor-Gene Q (QIAGEN). The reaction was sub-
jected to amplification cycles of 95°C for 20 s, 60°C for 20 s, and 72°C
for 25 s. The relative mRNA expression of the selected genes was
normalized to that of peptidylprolyl isomerase A (PPIA) and quanti-
fied using the AACT (threshold cycle) method. The sequences of the
PCR primers are listed in Table 1.

Immunofluorescent Staining
Samples were fixed with 4% paraformaldehyde for fluorescent stain-
ing. Samples were permeabilized with 0.4 M glycine and 0.3% Triton
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Table 1. Primer Sequences for Quantitative RT-PCR

Gene GenBank No. Direction Primer Sequence (5'-3')

F TGCCATCGCCAAGGAGTAG
Human PPIA NM_021130

R TGCACAGACGGTCACTCAAA

F AAAGGCCCCCAAGGTAGTITA
Human C-MYC NM_002467

R GCACAAGAGTTCCGTAGCTG

F GAACTGACCAGGCACTACCG
Human KLF4 NM_001314052

R TTCTGGCAGTGTGGGTCATA

F TGGGATTTACAGGCGTGAGC
Human NANOG NM_024865

R AAGCAAAGCCTCCCAATCCC

F AAATGGGAGGGGTGCAAAAGAGGAG
Human SOX2 NM_003106

R CAGCTGTCATTTGCTGTGGGTGATG

F GCCTAAGATGAGCGCAAGTTG
Mouse HPRT NM_013556

R TACTAGGCAGATGGCCACAGG

F CGCACACACAACGTCTTGGA
Mouse C-MYC NM_010849

R AGGATGTAGGCGGTGGCTTT

F GGTGCAGCTTGCAGCAGTAA
Mouse KLF4 NM_010637

R AAAGTCTAGGTCCAGGAGGT

F GCCTTACGTACAGTTGCAGC
Mouse NANOG NM_028016

R TCACCTGGTGGAGTCACAGA

F GAAGCGTGTACTTATCCTTCTTCAT
Mouse SOX2 NM_011443

R GAGTGGAAACTTTTGTCCGAGA

X-100, and nonspecific binding was blocked with 2% normal swine
serum (DAKO, Glostrup, Denmark). Staining was performed as
described previously,” using the primary anti-phalloidin (Cat.
No: PHDHI; Cytoskeleton) or anti-GFP (Cat. No: V820-20; Invitro-
gen) antibody. Samples were examined by fluorescence microscopy
(Zeiss LSM 510 Meta). The calculation of expression was based on
green fluorescence area and density divided by cell number, as deter-
mined from the number of DAPI-stained nuclei, in three randomly
selected fields for each sample from a total of three independent
experiments.

IPA

An SHH, Akr, or ERK1/2-related genes analysis was performed
with IPA version 2.0 software (Ingenuity Systems, Redwood
City, CA, USA). Differentially expressed genes (t test, p < 0.005)
between non-proliferative cells and proliferative cells were sub-
jected to SHH, Akt, or ERK1/2-related genes analysis (GEO:
GSE63074, GSE62564, and GSE85047). The significance of each
molecule was measured by Fisher’s exact test (p value), which
was used to identify differentially expressed genes from the micro-
array data that overlapped with genes known to be regulated by a
molecule. The activation score (Z score) was used to show the sta-
tus of predicted molecules by comparing the observed differential
regulation of genes (“up” or “down”) in the microarray data rela-
tive to the literature-derived regulation direction, which can be
either activating or inhibiting.

R2 Database Analysis

We used the R2: Genomics Analysis and Visualization Platform
(https://hgserverl.amc.nl:443/cgi-bin/r2/main.cgi/) to analyze the
expression levels of SHH, Akt, or ERK1/2 between non-proliferative
cells and proliferative cells (GEO: GSE63074, GSE62564, and
GSE85047 cohort dataset). The SHH or SERPINB2 value was log2
transformed and median centered. All of the graphics and statistic
values were analyzed by GraphPad Prism 5.0, and p values were calcu-
lated by a two-tailed Student’s t test (p < 0.05).

Growth Factor Antibody Array

The assay was performed following the manufacturer’s protocol
(Abnova AA0089). In brief, SHH or vehicle-treated protein samples
were incubated with antibody membranes overnight at 4°C. After
washing three times with wash buffer, the membranes were incu-
bated with biotin-conjugated anti-cytokine antibodies overnight at
4°C. The membranes were then washed three times and incubated
with HRP-conjugated streptavidin. Chemiluminescence was used
to detect signals of the growth factors spotted on the nitrocellulose
membrane.

GeneMANIA Algorithm-Based Bioinformatics Analysis

To further analyze genes that interact with or directly regulate SHH,
Akt, or ERK1/2 signaling, we imported all identified genes and their
corresponding accession numbers into GeneMANIA (http://
genemania.org/). To find gene interactions, we considered several
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factors including co-expression, co-localization,

interactions.

and genetic

Evaluation of SHH Effects on Normal and TCA-Induced
Endometrial Ablation Animal Models

All of the animal experiments were approved and conducted in accor-
dance with the IACUC (LCDI-2018-0015) of the Lee Gil Ya Cancer
and Diabetes Institute of Gachon University. The mice were randomly
divided into control (vehicle) and SHH treatment groups. Institute of
Cancer Research (ICR) mice were exposed to SHH (1 mg/kg) or
vehicle (PBS) through intraperitoneal injection for 10 consecutive
days. The mice were anesthetized and exsanguinated by cardiac
puncture, and then stem cells were isolated from adipose tissues. In
addition, 7-week-old immunodeficient NSG mice were subjected to
treatment with 2% TCA treatment (150 pL, administered directly
into uterine horn), to induce uterine endometrial ablation, or with
sterilized PBS vehicle as control. SHH-stimulated or nonstimulated
endometrial stem cells (1 x 10° cells) were labeled with GFP and
injected intravenously into the tail veins of 7-week-old NSG mice
with acute TCA-induced endometrial ablation. The mice were sacri-
ficed 7 days after the GFP-labeled endometrial stem cells were injected.
Mice of each group were sacrificed by cervical dislocation. Uterine
endometrial tissue was collected and subjected to H&E staining.

Statistical Analysis

All the statistical data were analyzed in GraphPad Prism 5.0
(GraphPad Software, San Diego, CA, USA) and evaluated using
two-tailed Student’s t tests. The p values <0.05 were considered to
indicate statistical significance.
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