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HEP14-activated PKC-ERK1/2 pathway
boosts HEP14-empowered hADSCs for
ovarian regeneration and functional

restoration
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Premature ovarian insufficiency (POI) and age-related natural-aging ovarian insufficiency (ARNA-OI)
pose pressing global health challenges, necessitating effective therapeutic strategies and a deep
understanding of their underlying mechanisms. This study investigates how HEP14, a PKC pathway
activator, boosts the regenerative potential of human adipose-derived stem cells (hHADSCs) for ovarian
regeneration. Transcriptome analysis reveals that HEP14 modulates gene expression profile in
hADSCs, enhancing their regenerative capacity. In mouse models of POl and ARNA-OI, co-
administration of HEP14-empowered hADSCs (h-hADSCs) with HEP14/PLGA microspheres
significantly improves ovarian regeneration and function. These effects are attributed to increased
h-hADSC retention and transdifferentiation, enhanced antifibrotic and proangiogenic capability, along
with an optimized dosing strategy. The upregulation of MMP1, PDGFD, and STC1 through the HEP14-
activated PKC-ERK1/2 signaling pathway is crucial for these effects. Our findings highlight the pivotal
role of h-hADSCs and the HEP14-activated PKC-ERK1/2 pathway in ovarian regeneration and provide

a promising advancement in treating ovarian insufficiency.

Ovarian insufficiency (OI) is caused by a reduction or depletion of the
follicular pool and stromal fibrosis within the ovaries, leading to diminished
ovarian function and associated complications'”. This includes premature
ovarian insufficiency (POI) and age-related natural-aging ovarian insuffi-
ciency (ARNA-OI). POI frequently arises as a significant complication of
anticancer therapies and results in infertility, affecting approximately 1-6%
of women under the age of 40**. ARNA-OI, on the other hand, represents
the natural aging process of the female reproductive system, which typically
declines a decade earlier than other organs in women and affects multiple
systems of the body*”. Current therapeutic interventions demonstrate
limited efficacy and/or carry potential risks®’. As a results, the quest for
efficacious treatments for OI and an understanding of their underlying
mechanisms has become a focal point of research.

Mesenchymal stem cells (MSCs)-based therapies have shown pro-
mising prospects in regenerative medicine. However, this field still faces
numerous challenges, primarily stemming from an incomplete under-
standing of MSCs’ therapeutic mechanisms, compounded by issues such as
low stem cell survival rates, inconsistent differentiation, cellular senescence,
limited tissue receptivity, and the need to optimize administration routes®”.
To tackle these impediments, research has increasingly focused on devel-
oping tissue-targeted therapies and elucidating their therapeutic mechan-
isms, aiming to create highly efficient treatment systems utilizing MSCs.
Various methods have been reported to enhance the therapeutic efficacy of
MSCs through genetic engineering, chemical modification, pretreatment,
and magnetic targeting in the context of other diseases. Nevertheless, these
approaches exhibit notable limitations and challenges® . It is noteworthy
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that there is a considerable lack of pertinent research focused on enhancing
the therapeutic efficacy of MSCs and thoroughly elucidating their under-
lying mechanisms responsible for their potential in addressing OI. Cur-
rently, there is no Food and Drug Administration (FDA)-approved stem cell
therapy specifically tailored for OI. Therefore, continued attention to both
basic research and clinical trials is imperative to propel the field of OI
treatment forward.

HEPI14 is a natural small molecule and novel activator of Protein
Kinase C (PKC) pathway"". Activation of PKC and its downstream signaling
molecules such as extracellular regulated protein kinases 1/2 (ERK1/2) are
implicated in the regulation of a wide variety of cellular processes, including
cell growth, differentiation, and survival/apoptosis'>. Nowadays, the concept
of precision medicine has taken firm root. Human adipose-derived stem
cells (hADSCs), isolated from fat tissue, currently represents a more prac-
tical source of MSCs compared to other source”’. Our preliminary experi-
ments suggested that HEP14 treatment enhanced hADSC viability and
stemness in primary culture, and these cells were designated as HEP14-
empowered hADSCs (h-hADSCs). Bulk RNA-sequencing analysis uncov-
ered that the differentially expressed genes (DEGs) enriched in the biological
processes, including extracellular matrix (ECM) remodeling, angiogenesis,
cell fate commitment, ovarian steroidogenesis, and the activation of MAPK
activity in h-hADSCs. These processes may be strongly involved in ovarian
tissue remodeling and regeneration. Furthermore, single-cell RNA-
sequencing analysis revealed that h-hADSCs highly expressed key genes
characteristic of ovarian granulosa cells (GCs) and theca cells (TCs), as
previously reported'. This suggests that HEP14 may predispose hADSCs to
transdifferentiate into ovarian cell-like cells. The regulation of PKC pathway
is a recognized method of physiologically changing cells”, however, its
application in the context of stem cell therapy remains underexplored. In
this study, we investigate the therapeutic efficacy of h-hADSCs alone or in
combination with HEP14 loaded Poly (lactic-co-glycolic acid) (PLGA)
microspheres (HEP14/PLGA microspheres) and underlying action
mechanisms by using mouse models of chemotherapy drug doxorubicin-
induced POI and ARNA-OI PLGA particles, FDA-approved and known
for excellent drug loading and safety, are ideal carriers for achieving ther-
apeutic goals and enhancing clinical success'®”. As shown in our previous
work'®, PLGA was utilized as a drug carrier to fabricate HEP14/PLGA
microspheres for ensuring a sustained release of HEP14 for in vivo
applications.

Stem cell-based therapy relies critically on the quantity of transplanted
stem cells and their ability to differentiate into functional cells and to secrete
vital growth factors”. A delicate interplay of autocrine, endocrine, and
paracrine pathways regulate folliculogenesis and ovarian regeneration,
stressing the importance of direct interaction among follicles, transplanted
stem cells, and altered secretome components for effective tissue regen-
eration and functional restoration”’. We therefore administered h-hADSCs
via intraovarian (i.0.) injection either alone or in combination with HEP14/
PLGA microspheres via intraperitoneal (i.p.) injection in mice with OI
These selected delivery routes for h-hADSCs and HEP14/PLGA micro-
spheres were specifically designed to circumvent the constraints of ovarian
receptivity and to ensure a sustained release of HEP14 from the HEP14/
PLGA microspheres in vivo, thereby augmenting the therapeutic efficacy of
the transplanted h-hADSCs. This strategy led to a marked improvement in
ovarian remodeling by HEP14-activated PKC-ERK1/2-MMP1, -PDGFD,
and -STC1 pathways in model mice with either POI or ARNA-OIL The
therapeutic approaches developed based on these findings are set to make
significant contributions to the field of reproductive and regenerative
medicine.

Results

HEP14 enhanced the viability and stemness of human adipose-
derived stem cells

hADSCs, isolated using a modified, previously established method”,
exhibited a fibroblast-like morphology (Fig. S1A). Flow cytometry con-
firmed their identity, with >96% expressing CD73, CD90, CD105 and

CD29, while being negative for CD31 or HLA-DR (Fig. 1A). Their osteo-
genic and adipogenic potential was verified by Alizarin red and oil red
staining (Fig. S1B and C). HEP14’s chemical structure is shown in Fig. S1D.
CCKS8 assays revealed that HEP14 treatment enhanced the viability and
proliferation of hADSCs in a dose- and time-dependent manner compared
to vehicle-treated hADSCs as control. Among the tested concentrations, a
HEP14 concentration of 2.5 uM was identified to be the most effective in
promoting hADSC viability and proliferation (Fig. 1B and C). This optimal
concentration was therefore selected for subsequent experiments. Flow
cytometry showed an increased S phase and decreased G2/M phase in
HEP14-treated hADSCs (Fig. S1E and F). Growth kinetics analysis indi-
cated a shorter population doubling time for HEP14-treated hADSCs
(19.2h) and vehicle-treated hADSCs (21.1 h) (Fig. 1D). Real-time qPCR,
western blot, and immunofluorescence (IF) staining confirmed upregulated
expression of pluripotency marker NANOG and mesenchymal stem cell
proliferative marker NUCLEOSTEMIN in HEP14-treated hADSCs
(Fig. 1E-G). These findings suggest that HEP14 enhances the viability and
stemness of hADSCs. Hereafter, hADSCs treated with HEP14 are referred
to as h-hADSCs, while those treated with vehicle are termed as c-hADSCs.

HEP14 changed the transcriptomic profile of hADSCs

To gain insight into the action mechanism of HEP14 on h-hADSCs, bulk
and single-cell RNA-sequencing were performed on h-hADSCs and
c-hADSCs. HEP14 altered the transcriptomic profile of h-hADSCs. Bulk
RNA-seq (GSE273949) identified 1003 DEGs in h-hADSCs vs c-hADSCs,
with 573 upregulated genes and 430 downregulated genes (Fig. 2A and B),
implicated in ECM organization, angiogenesis, tissue remodeling, cell fate,
ERK1 and 2 cascade, positive regulation of MAPK cascade and steroid
metabolic process in the biological processes (Fig. 2C). A sub-heatmap of the
key DEGs was reconstructed in the h-hADSCs that are closely associated
with tissue remodel and regeneration (Fig. 2D). Real-time qPCR validated
the expression of key genes, as shown in Fig. 2E and F. In support, gene set
enrichment analysis (GSEA) correlated HEP14-regulated genes with ECM-
receptor interaction, cell fate, blood vessel formation, ovarian ster-
oidogenesis, and MAPK activity (Fig. 2G-K). scRNA-seq revealed 14
clusters in h-hADSCs vs 9 clusters in c-hADSCs (GSE273950), indicating
diverse cell fate transitions (Fig. S2A). Analysis of representative marker
genes at single-cell level indicated that h-hADSCs showed high expression
of representative key genes for ovarian granulosa cells, theca cells, and tissue
remodeling compared with c-hADSCs (Fig. 2L). These results were vali-
dated through uniform manifold approximation and projection analysis
(Fig. S2B). These findings support the potential role of HEP14 in enhancing
the effects of h-hADSCs on ovarian regeneration and functional restoration.

h-hADSCs coupled with HEP14/PLGA microspheres enhanced
ovarian regeneration and functional restoration in POl mice

To investigate the therapeutic effects of h-hADSCs alone or in combination
with HEP14/PLGA" microspheres on doxorubicin-induced POI in mice,
we established a POI model using single intraperitoneal injections of three
doxorubicin doses (8 mg/kg, 12 mg/kg, and 16 mg/kg). The 16 mg/kg dose
caused significant weight loss and poor health in 2 out of 6 mice within
4 weeks, leading to euthanasia. In contrast, the 8 mg/kg and 12 mg/kg doses
did not induce such severe effects. Histopathological analysis showed
minimal ovarian changes with 8 mg/kg doxorubicin, while 12 mg/kg
resulted in pronounced ovarian atrophy and up to 80% follicular degen-
eration by 4 weeks post treatment, along with significant hormonal
imbalances and abnormal estrous cycles (Fig. S3A-F). Therefore, a single
12 mg/kg doxorubicin injection was selected to induce POI Liquid
chromatography-mass spectrometry (LC/MS) analysis was performed to
confirm that no HEP14 residues were present in the saline containing
h-hADSC:s (Fig. S3G). Preliminary experiments indicated that HEP14 alone
did not significantly improve ovarian structure or function in POI and aging
mice, as evidenced by Hematoxylin & Eosin (H&E) staining and serum
hormone levels (Fig. S4A-C). Based on these findings, mice were divided
into four groups for the subsequent study: normal control (CTL), POI mice
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Fig. 1 | Enhanced viability and stemness of primary hADSCs after HEP14
treatment. A Surface markers of hADSCs by flow cytometry. B Cell viability was
measured by CCKS8 assay. C Effect of HEP14 on hADSC proliferation was deter-
mined by CCK8 assay. D Population doubling time (PDT) of vehicle-treated
hADSCs as control and HEP14-treated hADSCs. E mRNA expression of
NUCLEOSTEMIN and NANOG by real-time gPCR. F NUCLEOSTEMIN expres-
sion and quantification by western blot. G NANOG protein levels of by IF staining

intensity

Mean fluorescence

o
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and quantification in vehicle-treated hADSCs and HEP14-treated hADSCs 48 h
post-HEP14 treatment. A HEP14 concentration of 2.5 uM was used in (D to G). Data
are means = SEM, n = 3, except for n = 4 in (B) and (C). P values calculated by one-
way ANOVA, followed by Tukey-Kramer test in (B) and (C); P values determined by
unpaired two-tailed Student’s t-test in (D to G). Changes were considered statisti-
cally significant when P < 0.05. Scale Bar, 100 um.
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Fig. 2 | Molecular characterization of h-hADSCs at transcriptome levels.

A Volcano plot showed the differentially expressed genes (DEGs) between
h-hADSCs and c-hADSCs. DEGs were identified according to the criteria: [log2FC|>
1 and adj p < 0.05. B Heat map of DEGs in h-hADSCs and c-hADSCs. C 30 enriched
terms of DEGs for the biological processes were analyzed by clusterprofiler 3.8.1.
D Sub-heatmap of the key DEGs by clusterprofiler 3.8.1. E, F mRNA expression
levels of the key DEGs by real-time gPCR. G-K GSEA analysis was conducted to

evaluate the influence of HEP14 on GO and KEGG pathways by gsea v4.0. ECM-
receptor interaction (G). Regulation of blood vessel formation (H). Cell fate deter-
mination (I). Ovarian steroidogenesis (J). Activation of MAPK activity (K).

L Dotplot displayed expression levels of representative key genes for ovarian gran-
ulosa, theca cells and tissue remodel in h-hADSCs and c-hADSCs. Data are
means = SEM, n = 3. P values determined by unpaired two-tailed Student’s ¢-test in
(E) and (F). Changes were considered statistically significant when P < 0.05.

treated with saline (POI), POI mice treated with h-hADSCs alone
(h-hADSCs mice), and POI mice treated with the combined therapy of
h-hADSCs via intraovarian injection and HEP14/PLGA microspheres via
intraperitoneal injection (h-hADSCs/HEP14 mice) (Fig. 3A). Compared

with POI mice, both groups treated with h-hADSCs and h-hADSCs/HEP14
exhibited signs of ovarian recovery at 2 and 4 weeks post treatment, with the
group treated with h-hADSCs/HEP14 demonstrating better outcomes. This
was evidenced by representative images and quantitative measurements of
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ovarian size (Fig. 3B). Additionally, the h-hADSCs/HEP14 mice had a
higher abundance of healthy follicles than the h-hADSCs mice, and the
h-hADSCs mice still had significantly more follicles than the POI mice
(Fig. 3C and D). Ki67 and TUNEL staining revealed increased proliferation
and decreased apoptosis in treated ovaries, particularly in h-hADSCs/
HEP14 mice (Fig. 3E). IHC staining revealed higher expressions of FSHR,
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ERp, and AMH in treated ovaries, with h-hADSCs/HEP14 mice showing
nearly normal levels (Fig. 3F). Hormonal analysis revealed significantly
higher E2 and AMH levels but lower FSH levels in h-hADSCs/HEP14 mice
and h-hADSCs mice compared to POI mice, with h-hADSCs/HEP14 mice
nearly matching normal controls (Fig. 3G). Estrous cycle evaluation showed
that most h-hADSCs/HEP14 and h-hADSCs mice regained regular cycles,
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Fig. 3 | Combined therapy exhibits superior therapeutic efficacy in promoting
ovarian regeneration and restoring ovarian function in POI mice. A Timeline of
experimental procedures. B Comparison of ovarian size among four groups of
normal control mice (CTL), vehicled-treated (POI)-, h-hADSCs-treated
(h-hADSCs)-, and h-hADSCs/HEP14-treated (h-hADSCs/HEP14) POI mice at

4 weeks post-treatment. C Morphological changes of ovaries from four groups of
POI mice at 2 weeks and 4 weeks post-treatment, assessed by H&E staining
(annotations indicate follicles, PrF, primordial follicle; PF, primary follicle; SF,
secondary follicle; AF, antral follicle; CL, Corpus Luteum). D Comparison of total
follicle count and follicle numbers at various developmental stages in the right
ovaries from four groups of POI mice, assessed at 2 weeks and 4 weeks post-
treatment. E IF staining of ovarian sections with Ki67 and TUNEL, and quantifi-
cation of fluorescence intensity for Ki67 and TUNEL among four groups at 4 weeks

post-treatment. F IHC staining of ovarian sections demonstrating the expression of
FSHR, ERP, and AMH in the ovaries of four groups at 4 weeks post-treatment
(arrows indicate positive expression areas of FSHR, ERp, and AMH in follicles of
different stages). G Comparison of serum E2, FSH, and AMH levels among four
groups at 2 weeks and 4 weeks post-treatment. H Pregnancy rates among four
groups. I Total number of litters per mouse delivered via cesarean section from the
right side of the uterus, corresponding to the treated ovaries from four groups. Data
are presented as means + SEM. Sample sizes: # = 6 for (Bto D), n = 3-4 for (G),n =4
for (E), n =3 for (F),and n = 10 in (H), n = 10 for CTL and h-hADSCs/HEP14,n =2
for POL, and n = 7 for h-hADSCs groups in (I). P values were calculated by one-way
ANOVA, followed by Tukey-Kramer post hoc test. Changes were considered sta-
tistically significant when P < 0.05. Scale bar = 200 pum.

unlike POI mice which showed prolonged cycles (Fig. $4D). Overall, both
therapies enhanced ovarian regeneration and restored endocrine function
in POI mice, with the combined therapy outperforming the standalone
h-hADSCs therapy.

Four weeks post-treatment, mating trials revealed that pregnancy rates
and litter sizes from the right side of treated ovaries were illustrated in
Fig. 3H and Fig. 31. POI mice had a significantly low pregnancy rate (2/10)
compared to 7/10 in h-hADSCs mice, 10/10 in h-hADSCs/HEP14 mice,
and 10/10 in controls via cesarean section (Fig. 3H). POI mice averaged only
one fetus per litter, significantly lower than the 2.1, 4.6, and 5.7 fetuses
observed in h-hADSCs, h-hADSCs/HEP14, and control mice, respectively
(Fig. 31). Interestingly, the h-hADSCs/HEP14 group witnessed a case of
monozygotic twins (Fig. S4E), suggesting superior fertility outcomes with
the combined therapy compared to the standalone h-hADSCs therapy.
Collectively, these results indicate that both h-hADSCs and combined
therapies effectively promoted ovarian fertility restoration in POI mice, with
the combined therapy demonstrating more effective than the standalone
h-hADSCs therapy.

h-hADSCs coupled with HEP14/PLGA microspheres sub-
stantially improved ovarian endocrine function in aging mice
We further assessed the therapeutic efficacy of h-hADSCs and
h-hADSCs/HEP14 in 12-month-old aging mice, a model representing
human ages 40 ~ 42%. These aging mice were administered h-hADSCs,
h-hADSCs/HEP14, or saline, and were subsequently categorized as
h-hADSCs aging mice, h-hADSCs/HEP14 aging mice, and control aging
mice, respectively. Histopathological examination revealed that ovaries
from both h-hADSCs/HEP14- and h-hADSCs aging mice were larger
than controls, with h-hADSCs/HEP14 aging ovaries being the largest
(Fig. 4A). Ovaries from h-hADSCs/HEP14 aging mice also contained
more follicles at various stages compared to h-hADSCs aging mice, while
control aging ovaries showed predominantly atretic follicles (Fig. 4B
and C). IHC staining revealed higher FSHR, ERp, and AMHR?2 expres-
sions in treated groups, with h-hADSCs aging ovaries showing inter-
mediate levels (Fig. 4D). PCNA and TUNEL staining demonstrated
increased proliferation and reduced apoptosis in treated ovaries, parti-
cularly in h-hADSCs/HEP14 aging mice (Fig. 4E). Hormonal analysis
demonstrated that, compared to the controls, both the h-hADSCs/
HEP14-treated and h-hADSCs-treated aging mice exhibited markedly
increased serum concentrations of E2, AMH, inhibin-A (INH-A), and
inhibin-B (INH-B), along with decreased levels of FSH (Fig. 4F and G).
Notably, E2, AMH and FSH serum hormone levels in the h-hADSCs/
HEP14 aging mice more closely resembled those of control young mice
than those in the h-hADSCs aging mice (Fig. 4F). These findings indicate
an enhancement in endocrine function in both h-hADSCs/HEP14 and
h-hADSCs aging mice compared to those in control young mice.
Additionally, most h-hADSCs/HEP14 aging mice regained regular estrus
cycles, unlike h-hADSCs aging mice with irregular cycles and control
aging mice lacking estrus (Fig. 4H). In conclusion, both treatments
appear to improve ovarian function in aging mice, with the combined
therapy demonstrating better therapeutic efficacy.

HEP14 enhances retention, anti-fibrotic and pro-angiogenic
effects, and promotes transdifferentiation of h-hADSCs
Transplanted h-hADSCs labeled with CM-Dil or QTracker dyes were
traced using a human-specific anti-vimentin antibody, which demonstrated
no cross-reactivity with mouse tissues, ensuring specific detection of the
transplanted cells. IF staining confirmed the presence of these transplanted
cells within the ovaries by demonstrating co-localization of vimentin
staining with the cell tracker signals (Fig. 5A and B). At four weeks post-
transplantation, we observed significant engraftment of labeled h-hADSCs
in the ovaries. Specifically, ovaries treated with h-hADSCs/HEP14/PLGA
exhibited extensive integration of h-hADSCs into both the follicular gran-
ulosa and theca layers. In contrast, ovaries from POI or aging mice treated
with h-hADSCs alone showed minimal integration, primarily confined to
the theca layers (Fig. 5A and B). These results indicate that intraperitoneal
injection of HEP14/PLGA microspheres enhances h-hADSCs retention,
survival, and transdifferentiation.

Picrosirius red (PSR) staining and polarized microscopy revealed
thinner, uniformly distributed collagen fibrils in normal ovaries, whereas
thicker, clustered fibrils were observed in POI and aging ovaries. Masson
trichrome staining demonstrated a higher abundance of collagen fibers
(stained blue) in POI and aging ovaries, thereby indicating an elevated
collagen content in POI and aging ovaries compared to the treated groups
(Fig. 5C and D; Fig. S5A and B). Treatment with either h-hADSCs/HEP14
or h-hADSCs alone reduced the thickness and clustering of these fibrils
(Fig. 5C and D). IHC and IF staining showed that h-hADSCs/HEP14
treatment decreased the expression of a-SMA, a marker of fibrosis®, and
increased the expression of CD31, an endothelial cell marker”, in POI
(Fig. 5E and F) and aging ovaries (Fig. 5G and H) compared to untreated
ovaries, which exhibited higher a-SMA and lower CD31 levels. Mice treated
with h-hADSCs alone showed intermediate effects (Fig. 5E-H). The results
indicate that intraperitoneal injection of HEP14/PLGA microspheres
facilitates the improvement of the ovarian microenvironment by enhancing
the anti-fibrotic and pro-angiogenic effects of h-hADSCs. Collectively, these
findings demonstrate that HEP14 enhances the therapeutic efficacy of
h-hADSCs by improving the ovarian microenvironment, promoting the
retention and transdifferentiation of h-hADSCs, thereby leading to ovarian
regeneration and functional restoration in POI and aging mice.

HEP14-activated PKC-ERK1/2-MMP1 and -PDGFD pathways

enhanced anti-fibrotic and pro-angiogenic effects of h-hADSCs
To elucidate the mechanisms underlying the anti-fibrotic and pro-
angiogenic effects of h-hADSCs by HEP14, we investigated the involve-
ment of the PKC-ERK1/2-MMP1 and PDGFD signaling pathways by the
use of specific PKC and ERK1/2 inhibitors. Western blot analysis confirmed
that HEP14 treatment activated PKC and ERK1/2 phosphorylation in
HEP14-treated hADSCs (Fig. 6A) and significantly increased the expression
of MMP1, PDGFD, and PDGFRp compared to vehicle-treated hADSCs
(Fig. 6B). These effects were reversed by the PKC inhibitor (Bis I) and the
ERK1/2 inhibitor (PD98059) in hADSCs treated with either HEP14+Bis I
or HEP14 + PD98059 (Fig. 6A and B). THC and double IF staining revealed
higher expression levels of pPKC, pERK1/2, MMP1, PDGFD, and PDGFR{
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in ovaries treated with h-hADSCs/HEP14 compared to those treated with
h-hADSCs alone and controls in both POI (Fig. 6C and D) and aging mice
(Fig. 6E and F). Expression levels in the h-hADSCs groups were inter-
mediate. No significant differences were observed between h-hADSCs/
HEP14 ovaries and control ovaries in POI and aging mice (Fig. 6C-F).
Together, these data indicate that HEP14 enhances the antifibrotic and
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proangiogenic effects of h-hADSCs via the HEP14-PKC-ERK1/2-MMP1
and -PDGFD pathways.

To further validate these findings, we collected conditioned media
(CM) from hADSCs cultured under various treatments. Specifically, we
obtained CM from hADSCs treated with vehicle only (c-hADSCs-CM),
with HEP14 alone (h-hADSCs-CM), with a combination of HEP14 and
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Fig. 4 | Combined therapy demonstrates superior therapeutic efficacy in ovarian
regeneration and functional restoration in aging mice. A Comparison of ovarian
size among three groups of aging ovaries in vehicle-treated- (as control)-, h-
hADSCs-treated (h-hADSCs)-, and h-hADSCs/HEP14-treated (h-hADSCs/
HEP14) aging mice at 4 weeks post-treatment. B Morphological changes in three
groups of aging ovaries in mice with ARNA-OI at 4 weeks post-treatment, assessed
by H&E staining. C Comparison of total follicle count and follicle numbers at various
developmental stages among the three groups of aging ovaries. D IHC staining of
ovarian sections demonstrating the expression of FSHR, ERB, and AMH in the three
groups. EIF staining of ovarian sections with PCNA and TUNEL, and quantification
of fluorescence intensity for PCNA and TUNEL in the three groups (arrows indicate

proliferating granulosa cells and follicles). F Comparison of serum E2, AMH, FSH,
levels among the four groups of young-, aging-, h-hADSCs-treated (h-hADSCs)-,
and h-hADSCs/HEP14-treated (h-hADSCs/HEP14) aging mice. G Comparison of
serum INH-A and INH-B levels among the three groups of aging-, h-hADSCs-
treated aging (h-hADSCs)-, and h-hADSCs/HEP14-treated (h-hADSCs/HEP14)
aging mice. H Evaluation of estrous cycles in the three groups. Data are presented as
means + SEM. Sample sizes: n = 6 for (A to C); n =3 for (D to G) and n =5 for (G).
P values were calculated by one-way ANOVA, followed by Tukey-Kramer post hoc
test. Changes were considered statistically significant when P < 0.05. Scale bar
=100 um.

PKC inhibitor Bis I (h-hADSCs+PKCi-CM), or with a combination of
HEP14 and an ERK1/2 inhibitor PD98059 (h-hADSCs+ERKi-CM).
ELISA analysis confirmed that HEP14 increased MMP1 secretion in h-
hADSCs-CM compared to c-hADSCs-CM (Fig. 6G). This increase was
effectively reversed by Bis I and PD98059, confirming the involvement of
the PKC-ERK1/2 signaling pathway in HEP14-induced MMP1 secretion.
Next, we assessed the angiogenic potential of these CMs using human
umbilical vein endothelial cells (HUVECs). HUVECs were cultured with
the various CMs and a PDGFD neutralizing antibody (PDGFD Nab).
The results showed that h-hADSCs-CM significantly enhanced tube
formation in HUVECs compared to c-hADSCs-CM, as evidenced by
increased total tube length and branching points (Fig. 6H). This pro-
angiogenic effect was nearly abolished by h-hADSCs+PKCi-CM,
h-hADSCs+ERKi-CM, and PDGFD Nab, indicating that the enhanced
tube formation was mediated by HEP14-activated PKC-ERK1/2 pathway
and PDGFD secretion. IF staining for CD31 further corroborated these
findings (Fig. 6I). Collectively, these data demonstrate that the co-
administration of h-hADSCs with HEP14/PLGA microspheres enhances
the secretion of MMP1, PDGFD and PDGFRp via the HEP14-activated
PKC-ERK1/2 signaling pathway. This enhancement significantly aug-
ments the anti-fibrotic and pro-angiogenic effects of the combined
therapy, thereby improving the ovarian microenvironment and pro-
moting follicular regeneration in POI and aging mice.

The transdifferentiation of h-hADSCs mediated by HEP14-PKC-
ERK1/2-STC1-CYP19A1 promoted ovarian regeneration and
functional restoration

In parallel, we investigated the signaling mechanisms underlying the efficacy
of combined therapy in promoting ovarian follicular regeneration and
endocrine function. Guided by RNA-seq analysis data, we focused on the
roles of STC1 and CYP19A1, which are expressed in ovarian GCs. Western
blot analysis validated that HEP14 increased the expression levels of STC1
and CYP19A1 in HEP14-treated hADSCs compared to those in vehicle-
treated hADSCs (Fig. 7A). Co-culture with either the PKC inhibitor Bis I or
the ERK1/2 inhibitor PD98059 abrogated these effects, indicating that
HEPI14 upregulates STC1 and CYP19A1 via the PKC-ERK1/2 signaling
pathway (Fig. 7A). In vivo, IHC staining revealed higher STC1 expression in
h-hADSCs/HEP14 and h-hADSCs ovaries compared to controls, with
intermediate expression in h-hADSCs ovaries in both POI and aging mice
(Fig. 7B and C). Triple IF staining showed overlapped vimentin signals in
transplanted h-hADSCs with FSHR (a marker for ovarian cells) and
CYP19A1 (a marker for granulosa cells) in GC layers™*, and FSHR and
CYP17A1 (a marker for theca cells)”® in TC layers, in h-hADSCs/HEP14
ovaries of POI mice (Fig. 7D and E) and aging mice (Fig. 7F and G). This
suggests transdifferentiation of h-hADSCs into functional GC-like and TC-
like cells. To further validate STC1’s regulation of CYP19A1, we conducted a
knockdown experiment in KGN cells”’**. Suppression of STC1 by specific
siRNA reduced CYP19A1 expression (Fig. 7H), confirming STCI’s reg-
ulatory role. Collectively, our findings indicate that the combined therapy
facilitates h-hADSC transdifferentiation into functional GC-like and TC-
like cells via the PKC-ERK1/2-STC1-CYP19A1 pathway, thereby promot-
ing follicular regeneration, development, and restoring endocrine function
in POI and aging mice.

Discussion

MSCs, particularly hADSCs, play a pivotal role in the regeneration of
injured tissues”’, making them a promising therapeutic option for the
treatment of OI. Our in vitro findings revealed that HEP14 enhances the
viability and stemness of h-hADSCs, modulates their gene expression
profiles, and predisposes these cells to transdifferentiate into ovarian cells at
the transcriptomic level. In our in vivo study, we introduced an innovative
approach where h-hADSCs were administered via o.i. injection, coupled
with HEP14/PLGA microspheres via ip. injection. Remarkably, we
observed more pronounced ovarian regeneration and functional restoration
in the ovaries of mouse models of POI and ARNA-OI that received the
h-hADSCs/HEP14 combination therapy, compared to those that received
only h-hADSCs. These improvements were attributed to the enhancement
of anti-fibrotic and pro-angiogenic effects, as well as the improved retention
and transdifferentiation of h-hADSCs into ovarian cells. Mechanistically,
the marked upregulation of key genes, including MMP1, PDGFD, and
STC1 by HEP14-activated PKC-ERK1/2 signaling pathways, were tightly
involved in the improved biologic processes leading to ovarian regeneration.
It is important to note that other relevant pathways, such as PI3K-AKT and
Wnt/B-catenin, also play important roles in the proliferation, apoptosis, and
differentiation of ovarian granulosa cells”™'. For example, PI3K-AKT
activation enhances cell survival and reduces apoptosis, potentially com-
plementing the anti-fibrotic and pro-angiogenic effects observed in our
study. Meanwhile, Wnt/B-catenin signaling can promote the differentiation
of stem cells into specific cell types, potentially enhancing the transdiffer-
entiation of h-hADSCs into ovarian cells. Future studies should explore the
interplay between the HEP14-activated PKC-ERK1/2 pathway and these
other pathways to better understand their combined effects on ovarian
regeneration. This is the first report demonstrating the transdifferentiation
of h-hADSCs into functionally active ovarian cells in vivo. To our knowl-
edge, this therapeutic strategy represents a novel intervention in the treat-
ment of POI and aging mouse models. This finding holds profound
implications for the advancement of therapeutic strategies for OI and its
associated complications, potentially paving the way for new treatment
options in the future.

Doxorubicin, a prevalent first-line chemotherapeutic and adjuvant
therapy”, was used to establish a mouse model of POL This treatment
caused ovarian tissue damage, substantially reducing the follicular pool, and
inducing fibrous tissue growth and collagen deposition. A 12-month-old
mouse is physiologically comparable to a 40~42-year-old human™. As mice
age and undergo ovarian cycles, ovarian fibrosis develops, marked by fibrous
tissue growth and collagen deposition™*. This fibrosis, a fundamental
pathological change from chemotherapy or aging, leads to reduced tissue
receptivity and ischemia, grafted cell loss, ultimately causing cell treatment
failure™. Successful ovarian tissue regeneration critically hinges on key triad
elements: the ovarian microenvironmental cues that guide cell growth and
differentiation, the vital role of transplanted h-hADSCs in regeneration
(including their activity, number, and secreted proteins), and the intricate
structural characteristics of the ovary along with its inherent limitations on
transplant acceptance in damaged and aging ovaries. Modulation of PKC
pathway is a recognized strategy for physiologically modifying cells”. In this
study, distinct administration routes were adopted for h-hADSCs and
HEP14/PLGA  microspheres. This approach allowed for the
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accommodation of a larger volume of transplanted h-hADSCs, enabling
them to adapt directly to the dynamic ovarian microenvironment and
facilitating interactions among HEP14, h-hADSCs, follicles, secreted pro-
teins by h-hADSCs, and the ECM. Consequently, embedding h-hADSCs
within h-hADSCs/HEP14 ovaries significantly enhanced their therapeutic
efficacy, enabling them to play a more efficacious role in treating POI and
ARNA-OI in mice. PLGA, with its long history of safe human use and

P=00003

P=00049

Mean fluorescence
intensity of CD31

tunable biodegradation rate, has been widely recognized, with twelve PLGA-
based microsphere drug products approved by the U.S. FDA'*". However, it
is important to note that the murine model may not fully replicate the
complexity of POI and ARNA-OI in humans. Therefore, it is crucial to
validate the efficacy and safety of our therapeutic approach in diverse
populations and models. When comparing HEP14 to other PKC activators
such as bryostatin, distinct profiles in both efficacy and safety emerge.
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Fig. 5 | HEP14 enhances h-hADSC-mediated anti-fibrotic, pro-angiogenic,
retention, and transdifferentiation effects in POI and aging ovaries.

A Representative IF-stained ovarian sections showing vimentin co-localized with
CM-Dil in four groups of normal control ovaries, vehicle-treated (POI)-, h-
hADSCs-treated (h-hADSCs)-, and h-hADSCs/HEP14-treated (h-hADSCs/
HEP14) POI ovaries from POI mice at 4 weeks post-treatment. B Representative IF-
stained ovarian sections showing Vimentin co-localized with QTracker in three
groups of control aging (aging)-, h-hADSCs-treated (h-hADSCs)- and h-hADSCs/
HEP14-treated (h-hADSCs/HEP14) aging ovaries in mice with ARNA-OI C PSR-
stained ovarian sections and quantification of fibrotic areas in four groups of POI
ovaries. Polarized light microscopy images depict collagen I (red) and collagen III

(green) fibrils. D PSR-stained ovarian sections and quantification of fibrotic areas in
three groups of aging ovaries. Polarized light microscopy images depict collagen I
(red) and collagen III (green) fibrils. E Representative IHC images of a-smooth
muscle actin (a-SMA) and quantification in four groups of POI ovaries.

F Representative IHC images of a-SMA and quantification in three groups of aging
ovaries. G Representative IF-stained images of CD31 and quantification in four
groups of POI ovaries. H Representative IF-stained images of CD31 and quantifi-
cation in three groups of aging ovaries. Data are presented as means + SEM. n = 6 for
(C),n=3for (D), n =3 for (EtoF) and (H), n = 4 for (G). P values were calculated by
one-way ANOVA, followed by Tukey-Kramer post hoc test. Changes were con-
sidered statistically significant when P < 0.05. Scale bar = 100 pum.

Bryostatin is known for its anticancer effects across multiple cancer types
and its role in aiding Alzheimer’s cognition through the activation of PKC
8/e. However, it exhibits a dose-dependent safety profile in Alzheimer’s trials
and is highly toxic in some cancer trials”. In contrast, HEP14 selectively
activates PKCa/8'". This selectivity may help reduce adverse reactions,
thereby potentially enhancing the therapeutic efficacy and safety profile of
HEPI14. Nevertheless, the clinical efficacy and safety of HEP14 remains
unclear due to limited current data, highlighting the need for further
investigation. To facilitate the clinical translation of HEP14, our future work
should focus on optimizing cell preconditioning strategies, establishing
standardized protocols, and conducting long-term follow-up studies. By
addressing these challenges effectively, we can advance the clinical trans-
lation of this treatment strategy for managing POI and ARNA-OL

Ovarian regeneration is a complex and dynamic process, relying on
intricate mechanisms of tissue remodeling, angiogenesis, and cell pro-
liferation. Bulk RNA-seq analysis revealed that HEP14 modulated the
transcriptomic landscape of h-hADSCs. The most prevalent GO terms in
the biological process category and GSEA analysis associated with DEGs
were related to ECM organization, angiogenesis, tissue remodeling, cell fate
determination, and ERK1/2 signaling cascades. The scRNA-seq data pro-
vided additional support that h-hADSCs highly expressed representative
key genes for ovarian granulosa cells and theca cells compared with c-
hADSCs, indicating that HEP14 may prime h-hADSCs for transdiffer-
entiation into ovarian-like cells. These findings are pivotal in facilitating
ovarian tissue regeneration. The key DEGs intricately involved in this
process in h-hADSCs include MMP1, PDGFD, and STCI. These genes
encode proteins that exert distinct functions: MMP1 catalyzes the degra-
dation of collagen types I, II, and III, modifying the tissue microenviron-
ment to foster regeneration”**; PDGFD, a potent angiogenic growth factor,
stimulates angiogenesis through its interaction with PDGFRB” and STC1, a
peptide hormone, modulates the differentiation of granulosa cells***'. Col-
lectively, our findings uncover a previously unreported result that HEP14
has the capacity to reset the transcriptional pattern of h-hADSCs, pro-
moting ovarian tissue remodel.

The reduction of collagen deposition within the ovarian stroma is
essential for promoting ovarian regeneration*>". In vivo studies revealed a
marked upregulation of Mmp1, Pdgfd, Pdgfrf, Stcl and CD31 alongside a
downregulation of collagen fibril and a-SMA in h-hADSC/HEP14- and
h-hADSCs ovaries, compared to control ovaries from both POI and aging
mice. h-hADSCs ovaries exhibited intermediate levels of collagen fibril
content and gene expression. MMP1 was one of the most highly expressed
DEGs in h-hADSCs, and ELISA assay results further validated that HEP14
increased MMP1 expression in h-hADSCs via the PKC-ERK1/2 signaling
pathway. Additionally, HEP14 significantly stimulated the expression of
PDGEFD and PDGFRp in h-hADSCs. HUVEC tube formation assays and
western blot analysis strongly support that HEP14 enhanced angiogenesis
through the HEP14-PKC-ERK1/2-PDGEFD signaling pathway. The speci-
ficity of this pathway was confirmed by the significant reduction in tube
formation induced by h-hADSC-CM upon PDGFD neutralization. Col-
lectively, these findings indicate that h-hADSCs alone or in combination
with HEP14/PLGA microspheres foster a more favorable microenviron-
ment for ovarian follicular regeneration. This is accomplished through two

distinct mechanisms via the HEP14-PKC-ERK1/2-MMP1 and -PDGFD
signaling pathways.

STCI is the most prominently upregulated DEG in h-hADSCs
potentiated by HEP14. Literature indicates that STCI, a peptide hormone,
extensively expressed in the granulosa cells of follicles across various species,
including rodents, swine, and humans, where it functions as an autocrine or
paracrine regulator of follicle development'"*. STC1 augments expression
of CYP19A1 within granulosa cells”, thereby catalyzing estradiol produc-
tion, which is crucial for recruitment theca cells and AMH synthesis*. The
estradiol-mediated effects in rodent granulosa cells are transduced via the
activation of estrogen receptor 3 (ERB)”. In both POl and ARAN-OI model
mice, the expression levels of STC1, CYP19A1, AMH and ERp were found
to be elevated in the h-hADSC/HEP14 ovaries compared to h-hADSCs
ovaries. Western blot revealed that the HEP14-activated PKC-ERK1/2 sig-
naling pathway upregulated STC1 expression in h-hADSCs. Additionally,
knockdown experiments substantiated that the silencing of STC1 led to a
downregulation of CYP19A1 expression in KGN cells. Collectively, these
findings underscore the synergistic interplay between the elevated levels of
STC1, CYP19A1, and estradiol in promoting the proliferation of granulosa
and theca cells through the HEP14-PKC-ERK1/2-STC1 signaling cascade.
This highlights the potential therapeutic effects of this combined therapy for
the restoration of ovarian function.

To date, the literature on the effects of stem cells in the treatment of
ARNA-OI remains limited*. Earlier studies have suggested that the ther-
apeutic benefits of MSCs in treating POI is predominantly attributed to
paracrine effects; nevertheless, the precise mechanisms are not fully eluci-
dated. Sporadic reports have noted the presence of MSCs in the theca cell
layers of follicles following transplantation®. In line with these earlier
findings, a modest number of h-hADSCs were detected in the interstitial
tissues and theca layer of ovarian follicles in POI mice four weeks following
h-hADSC transplantation. In contrast, a substantial quantity of trans-
planted h-hADSCs were found in the ovaries of both POI and aging mice
when co-administered with HEP14/PLGA microspheres via i.p. injection.
This indicates that intraperitoneal injection of HEP14/PLGA microspheres
significantly augmented the retention and proliferation of h-hADSCs within
ovaries. Importantly, these transplanted h-hADSCs integrated into granu-
losa cells or theca cell layers of developing follicles. These incorporated
h-hADSCs expressed FSHR, Cyp19A1, and Cypl17Al, implying that they
underwent transdifferentiation into granulosa-like or theca-like cells cap-
able of producing E2 and AMH. Consistent with this, the ovarian hormone
levels in h-hADSCs/HEP14 mice with ARNA-OI were markedly restored to
levels akin to those of young control mice, although the serum levels of
ovarian hormones were significantly elevated in the h-hADSCs/HEP14
mice and hADSCs mice compared to untreated POI or aging mice. Fur-
thermore, an inverse correlation between FSH and Inhibin A/B levels was
observed in aging mice, indicative of enhanced endocrine function and a
rejuvenated ovarian state. Additionally, scRNA-seq analysis results suggest
that HEP14 treatment predisposed hADSCs to transdifferentiate into
ovarian granulosa/theca cell-like cells. This transdifferentiation is crucial for
promoting follicle development and restoring ovarian function. To our
knowledge, no previous reports have demonstrated that h-hADSCs directly
and substantially differentiate into granulosa cells in vivo.
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The restoration of fertility stands as a critical metric in evaluating the
therapeutic effectiveness for POIL Our findings reveal that h-hADSCs
therapy successfully restored fertility in POI mice, and notably, the com-
bined therapy exhibited a markedly enhanced therapeutic effect compared
to the h-hADSCs therapy alone, as well as outperforming results previously
reported in the literature. Specifically, the combined therapy remarkably
increased the pregnancy rate to a normal level of 10 out of 10 in h-hADSC/

HEP14 mice, with one case resulting in the birth of monozygotic twins. This
outcome contrasts sharply with the pregnancy rates observed in 7 out of 10
h-hADSCs mice, 2 out of 10 untreated POI mice, and the rates reported in
other studies. For instance, a 7 out of 9 pregnancy rate was observed in TG-
induced POI rats and treated with ADSCs on soluble collagen scaffolds®, 4
out of 6 in POI mice receiving embryonic stem cell-derived MSCs™**', and 3
out of 6 in POI mice administered bone marrow-derived MSCs™. Of note,
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Fig. 6 | HEP14 intensified the anti-fibrotic and pro-angiogenic effects of
h-hADSC:s via activating PKC-ERK1/2-MMP1 and -PDGEFD signal cascades.

A Expression and quantification of PKC, pPKC, ERK1/2 and ERK1/2 in h-hADSCs
and c-hADSCs by Western blot. B Expression and quantification of MMP1, PDGFD
and PDGFRp in HEP14-treated hADSCs and vehicle-treated-hADSCs as control by
Western blot. C Representative images of IHC-stained ovarian sections and quan-
tification with pPKC, pERK1/2 and MMP1 in four groups of normal control (CTL),
vehicle-treated (POI)-, h-hADSCs-treated (h-hADSCs), and h-hADSCs/HEP14-
treated (h-hADSCs/HEP14) POI ovaries in POI mice. D Representative images of
ovarian sections co-stained for PDGFD and PDGFRP, along with quantification of
fluorescence intensity in four groups of POI ovaries. E Representative images of
IHC-stained ovarian sections and quantification with pPKC, pERK1/2 and MMP1
in three groups of control aging-, h-hADSCs-treated (h-hADSCs)-, and h-hADSCs/

HEP14-treated (h-hADSCs/HEP14) aging ovaries in aging mice. F Representative
images of ovarian sections co-stained for PDGFD and PDGFRp, along with quan-
tification of fluorescence intensity in three groups of aging ovaries. G The level of
secreted MMP-1 in the various conditioned media, including c-hADSCs-CM (CTL),
h-hADSCs-CM (HEP14), h-hADSCs+PKCi-CM (HEP14+Bis I) and h-hADSCs
+ERKi-CM (HEP14+-PD98059) by ELISA assay. H, I Tube formation of HUVECs
and quantification with various conditioned media described above, assessed by
tube-formation assay, with confirmation by IF staining for CD31 and quantification
of the tube length and numbers of branching points. Data are presented as

means + SEM (n = 3). P values were calculated by one-way ANOVA, followed by
Tukey-Kramer post hoc test. Changes were considered statistically significant when
P <0.05. Scale bar = 100 pum.

there was no statistically significant difference in pregnancy rates between
treatments with collagen/ADSCs (7/9) and ADSCs (8/11), indicating that
addition of ADSCs on soluble collagen scaffolds did not improve pregnant
rate. Collectively, our findings highlight the superior efficacy of the h-
hADSCs/HEP14 combination therapy in restoring fertility in POI mice and
underscore its potential as an innovative treatment option for ovarian
insufficiency. This approach stands out in the context of existing literature,
offering a promising direction for further research and clinical application in
the management of POL

In summary, HEP14 markedly enhances the survival, anti-
fibrotic, and proangiogenic capabilities of h-hADSCs, as well as their
transdifferentiation into functional ovarian cells. Activation of the
PKC-ERK1/2-MMP1, -PDGFD, and -STCI signaling pathways by
HEP14 is identified as the key mechanism underlying these effects.
Both standalone h-hADSCs therapy and the combined therapy using
h-hADSCs with HEP14/PLGA microspheres effectively promote
ovarian regeneration and restore ovarian function in mouse models
of POI and ARNA-OI. Notably, the combined therapy outperforms
h-hADSCs alone, showing superior therapeutic outcomes. This new
strategy holds significant potential for clinical application, pending
further rigorous studies to confirm its safety and efficacy.

Materials and methods

Animal

Female (5~6 week-old and 12 month-old) and male (8~10-week old)
C57BL/6N mice were purchased from the GemPharmatech. Co., Ltd
(Jiangshu, China) and housed in the specific pathogen-free (SPF) envir-
onment with temperature control (22+1°C) and humidity control
(60 + 10%) on a 12 h light/12 h dark cycle with ad libitum access to water
and regular rodent chow. We have complied with all relevant ethical reg-
ulations for animal use. All experimental procedures were approved by the
Shenzhen Perking University-Hong Kong University of Science and
Technology Medical Center of China Animal Care and Use Committee
(Protocol number: 2023-147) and were conducted in accordance with the
National Laboratory Animal Care and Use research committee guidelines.

Chemicals

HEP14 (5B-O-angelate-20-deoxyingenol), derived from Euphorbia peplus
Linn plants by Professor Xiaojiang Hao’s group'', was dissolved in DMSO at
25 mM. Doxorubicin (Sigma) was prepared in DMSO at 50 mg/ml. Both the
PKC inhibitor bisindolylmaleimide I (Bisl, Selleck) and the ERK inhibitor
PD98059 (Selleck) were dissolved in DMSO at 10 mM.

Cell culture and collection of conditioned media

hADSCs were provided by co-author Professor Lin Bai from the
Institute of Laboratory Animal Science, Chinese Academy of Medical
Sciences. These cells were collected from healthy donors undergoing
liposuction surgery. Prior to tissue collection, informed written
consent was obtained from each donor. The study protocol and the
use of hADSCs were approved by the Institutional Animal Care and
Use Committee of the Institute of Laboratory Animal Science

(Beijing, China) (License number: BL18004) and the Medical Ethics
Committee of Plastic Surgery Hospital (Beijing, China) (License
number: (2019)1-121). The investigators strictly adhered to the
Declaration of Helsinki throughout the study. All ethical regulations
relevant to human research participants were followed. hADSCs were
isolated using the previously described method* with modifications
and cultured in DMEM/F-12 medium supplemented with 10% FBS,
1% Glumax, 1% NEAA, and 1% penicillin/streptomycin at 37 °C in a
5% CO, incubator. Passage 4 hADSCs were used for experiments.
Their morphology was observed by inverted microscopy. Osteogenic
and adipogenic differentiation was assessed using inductive media
and stained with Alizarin Red and Oil Red O, respectively. Condi-
tioned media (CM) were collected from passage 4 hADSCs untreated
(CTL-CM) or treated with HEP14 (HEP14-CM), HEP14+Bis
(HEP14/PKCi-CM), or HEP14+PD98059 (HEP14/PG98057-CM).
HUVECs were cultured in 199 media, and endothelial cell medium
was used as a positive control (HUVECs-CM). All media were stored
at —-80 °C, and cells were imaged using light microscopy.

Flow cytometry assays

Human adipose-derived stem cells (hADSCs) were harvested and incubated
with the following antibodies for 30 min at 4 °C: HLA-APC-Cy7 (clone
LN3), CD34-PE-Cy7 (clone WM59), CD90-FITC (clone eBio5E10), CD73-
PE (clone AD2), CD29-PerCP (clone MAR4), and CD105-APC (clone
SN6). Flow cytometry data were collected using a FACS Aria II instrument
(BD Biosciences, USA). The gating strategy was established based on the
negative control and the forward scatter (FSC) and side scatter (SSC) profiles
of hADSCs. Data analysis was performed using FlowJo software (BD
Biosciences). All antibodies used are listed in Supplementary Table S2,
unless noted otherwise.

Cell viability assay

The cell viability was assessed by a CCK-8 assay according to the manu-
facturer’s instruction. Briefly, 6 x 10° cells per well were seeded into 96-well
plates. After culturing overnight, the cells were treated with different con-
centrations of HEP4 for the indicated time. Then, 10 pL. CCK-8 regent
(MCE) was added to each well and incubated for 4 h at 37 °C. The absor-
bance was subsequently measured at 490 nm using a Microplate reader
(Bio-Rad).

Calculation of population doubling time

hADSCs were digested with Tryple (Gibco) and the same number
cells (1.5 x 10*) were plated in each well of 24-well plate for sub-
sequent evaluations. After 24, 48, 72 h of HEP14 treatment, hADSCs
from two wells combined into a single tube before centrifugation to
minimize cell loss and the number of cells were compared with the
number of cells that were originally plated. Doubling time, or the
time required for one cycle of cell division, was calculated using the
following formula: Population Doubling time (h) = Cell culture time
(h) /log2 (Collected cell number Plated cell number/ Plated cell
number).
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RNA-Seq and functional enrichment analysis

The treated hADSCs treated with either HEP14 (h-hADSCs) or DMSO
(c-hADSCs) were collected after three PBS washes, and total RNA was
extracted using TRIzol reagent. RNA sequencing libraries with
370-420 bp inserts were sequenced on the Illumina NovaSeq 6000
platform. Clean data was mapped to the reference genome using

HISAT?2, and gene expression levels were quantified using featureCounts.
FPKM values were calculated for each gene. Differential expression
analysis was performed using DESeq2, with a threshold of [log2 fold
change|> 1 and adj. p<0.05. GO and KEGG analysis of differentially
expressed genes was conducted using clusterProfiler, and GSEA was
performed with gsea v3.0.
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Fig. 7 | h-hADSCs promote ovarian regeneration and functional recovery via
HEP14-activated PKC-ERK1/2-STC1-CYP19A1 pathway. A Western blot ana-
lysis of protein expression and quantification of STC1 and CYP19A1 in h-hADSCs
co-treated with either PKC inhibitor Blis1 or ERK1/2 inhibitor PD98059, compared
to c-hADSCs. B Representative images of ovarian sections stained for STC1 by IF
staining and quantification in four groups: normal control (CTL), vehicle-treated
(POI)-, h-hADSCs-treated (h-hADSCs)-, and h-hADSCs/HEP14-treated
(h-hADSCs/HEP14) POI ovaries in POI mice. C Representative images of ovarian
sections stained for STC1 by IHC staining and quantification in three groups: control
aging-, h-hADSCs-treated(h-hADSCs)-, and h-hADSCs/HEP14-treated
(h-hADSCs/HEP14) aging ovaries in mice with ARNA-OI. D Representative images
of ovarian sections stained for vimentin, FSHR, and Cyp19A1 by triple IF staining

and quantification in four groups of POI ovaries. E Representative images of ovarian
sections stained for vimentin, FSHR, and Cyp17A1 by triple IF staining and quan-
tification in four groups of POI ovaries. F Representative images of ovarian sections
stained for vimentin, FSHR, and Cyp19A1 by triple IF staining and quantification in
three groups of aging ovaries. G Representative images of ovarian sections stained
for vimentin, FSHR, and Cyp17A1 by triple IF staining and quantification in three
groups of aging ovaries. H Protein expression and quantification of STC1 and
CYP19A1 in KNG cells upon STC1 knockdown using STC1-specific siRNA, ana-
lyzed by Western blot. Data are presented as means + SEM. n =4 for (D to E), n=3
for (A to C) and (F to H). P values were calculated by one-way ANOVA, followed by
Tukey-Kramer post hoc test. Changes were considered statistically significant when
P <0.05. Scale bar = 100 pum.

Single-cell RNA sequencing (scRNA-seq)

h-hADSCs and c-hADSCs were digested into single-cell suspensions and
processed using 10X Genomics Chromium microfluidic chips with 30 v2
chemistry. Up to 15,000 cells were used to generate scRNA-seq libraries,
which were sequenced on the Illumina NovaSeq. Raw reads were
demultiplexed and mapped to the reference genome using the 10X
Genomics Cell Ranger pipeline. Downstream single-cell analyses were
performed using Cell Ranger and Seurat’™”’. Digital expression matrices
were constructed by counting unique molecule identifiers for each gene
and cell barcode. Secondary filtration was applied using Seurat, retaining
genes expressed in >3 cells and cells with 2200 expressed genes, while
removing foreign cells. CellRanger reanalyze was used for dimensionality
reduction, clustering, and gene expression analysis. The Seurat package
was used for data normalization, and the CCA method™ was used for
integrated analysis of datasets.

RNA extraction, reverse transcription, and quantitative real-time
polymerase chain reaction

Treated cells were harvested, and total RNA was extracted using TRIzol™
Reagent. cDNA was synthesized using the PrimeScript RT reagent Kit with
gDNA Eraser. mRNA expression was quantified by SYBR Green Real-Time
PCR using specific primers, with RPL19 as an endogenous control. Primer
sequences are provided in Supplementary Data Table S1.

Western blots

Cells were lysed in ice-cold RIPA buffer containing protease and phos-
phatase inhibitors. Lysates were cleared by centrifugation, and protein
concentrations were measured using a BCA kit. Proteins were denatured at
98 °C, and 20 pg per sample was resolved by 12% SDS-PAGE. Proteins were
transferred to PVDF membranes, blocked, and incubated with the indicated
antibodies, followed by detection with HRP-conjugated secondary anti-
bodies. Blot signals were quantified using ImageJ. All antibodies used are
listed in Supplementary Table S2, unless noted otherwise.

Trace of HEP14 residual in the supernatants containing
h-hADSCs

hADSCs were divided into c-hADSCs and h-hADSCs groups. After 36-h
incubation, the cells were washed with saline to remove residual HEP14,
then resuspended and centrifuged in 0.5 mL of saline and centrifuged to
pellet the cells. The resulting supernatants were extracted with ethyl acetate
to quantify residual HEP14. The extracts were evaporated, and the residues
resuspended in methanol for LC/MS analysis using the AB SCIEX Triple
Quad 5500 system. A HEP14 standard in DMSO served as a positive con-
trol, and saline as a negative control. Data were acquired and processed
using Analyst TF1.6 and PeakView software, with mass errors calculated
and tolerated at <0.05 ppm.

Establishment of POl model mice

To establish a Doxorubicin-induced POI mouse model, 6~7-week-old
female C57BL/6N mice were weighed, divided into two groups randomly
(n=18 each) and then treated with a single intraperitoneal injections of

different doses (8 mg/kg, 12 mg/kg and 16 mg/kg) of Doxorucibin (Sigma)
(n =18/group) or an equal volume of saline solution as the control. At 1, 2,
4 weeks after treatment, mice were sacrificed using cervical dislocation for
sample collection. Body weight, ovarian size, estrous cyclicity, serum hor-
mone levels and follicle count and morphology were examined to evaluate
the POI model.

Treatment of POl model mice, sample collection and fertility
evaluation

To track the transplanted h-hADSCs in vivo, the cells were pre-labeled with
5uM of CellTracker” CM-Dil for 30 min (h-hADSCs“™%; Molecular
probes, USA) and observed under fluorescent microscope (Leica). As
indicated in the designed experimental procedures (Fig. 3A), 7~8 week-old
female C57BL/6N mice were used as normal control (CTL mice, n =22).
The POI mice were further divided into three groups (n =22 or 26 each).
Both normal mice and POI mice were treated with saline by i.p. injection
and by intraovarian (i0.) injection, h-hADSCs mice were treated
with h-hADSCs in saline by i.o. injection and saline by i.p. injection (the
h-hADSCs therapy), and h-hADSCs/HEP14 mice were treated with
h-hADSC:s in saline by i.o. injection and HEP14/PLGA microspheres in
saline at a dosage of 10 mg per kg of body weight by i.p. injection (the
combined therapy). To minimize procedure time and variability, i.o.
injections were performed only on the right ovary. At 2 weeks and 4 weeks
following treatments, the samples (1 = 6 or 8 each) were collected to evaluate
changes of ovarian structure and function. At 4 weeks following treatments,
the remaining mice (# = 10/group) were mated with fertile male (2:1) over a
period of 2 weeks. Vaginal copulation plugs were checked in the morning for
2 weeks. Cesarean section was used to remove the fetus at gestation of 18 to
19 days. Fertility was assessed based on the total number of fetuses of each
group and the average number of litters per mouse.

Treatment of aging mice, sample collection and fertility
evaluation

12-month old female mice were divided into three groups (n = 8): control
aging mice were treated with saline by i.p. injection and by intraovarian (i.0.)
injection; h-hADSCs aging mice were treated with pre-labled h-hADSCs in
saline by i.0. injection and saline by i.p. injection (the h-hADSCs therapy),
and h-hADSCs/HEP14 aging mice were treated with pro-labeled hADSCs
in saline by i.0. injection and HEP14/PLGA microspheres in saline at a
dosage of 10 mg per kg of body weight by i.p. injection every 5 days for 30
consecutive days (the combined therapy). At 4 weeks following treatments,
the samples were collected to evaluate changes of ovarian structure and
function. Vaginal copulation plugs were checked in the morning for 2 weeks.

Estrous cyclicity

Vaginal smears were performed at 9:00 am every morning consecutively for
2 weeks to examine the estrous cycle before and after treatment. First, cotton
swabs were moistened with saline, rotated gently in the vagina, and then
smeared on adhesive slides. Next, the detached cells were observed in
microscope to determine the different stages of the estrous cycle, such as
proestrus, estrus, metoestrus and diestrus.
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Hematoxylin-Eosin staining of ovarian sections, morphological
analysis and follicle counts
Ovaries collected at specified time points were fixed in 4% paraformalde-
hyde for 24 h, then embedded in paraffin. To ensure the consistency and
comparability of ovarian follicle counts across various experimental groups,
we applied uniform follicle counting standards and correction factors to all
analyzed samples, drawing on established methodologies™ . This protocol
utilizes systematic sampling, where six-micrometer sections were cut,
beginning from one end of the ovarian tissue. Follicle counting began from
the fifth section and was performed in every fifth section, with a total of eight
consecutive sections being counted. Only those follicles in which the nucleus
of the oocyte is clearly visible were included in the count. Subsequently, the
total number of follicles counted in these eight sections was multiplied by 5
to estimate the total follicle count per ovary. Images were captured using an
Aperio GT 450 microscope (Leica), and morphological characteristics of the
ovarian sections were analyzed, with different follicle stages (primordial,
primary, secondary, antral, atretic) and corpus luteum counted.

hADSCs were cultured on glass coverslips for 48 h, then washed, fixed
with 4% paraformaldehyde, and permeabilized with 0.25% TritonX-100.
Non-specific sites were blocked with 2% BSA in TBST. Slides were incu-
bated with the NANOG primary antibody overnight at 4 °C, followed by
washing and incubation with the goat anti-rabbit IgG (FITC) secondary
antibody and DAPI for nuclei staining. Cells were observed under fluor-
escent microscopy (Leica).

TUNEL assay

Ovarian granulosa cell apoptosis was examined using a TUNEL assay kit
(Servicebio) following the manufacturer’s instructions, as previously
described™. Briefly, deparaffinized tissue sections were incubated with
proteinase K (20 mg/ mL) at 37 °C for 20 min, followed by incubation with
permeabilization buffer at room temperature for 20 min. After equilibration
at room temperature for 10 min, sections were incubated with terminal
deoxynucleotidyl transferase and deoxyuridine triphosphate at 37 °Cfor2 h
in a moist chamber. Nuclei were counterstained with DAPI. Images were
acquired using a Nikon Eclipse Ti-SR microscope.

Immunohistochemistry

Paraffin-fixed ovarian sections were incubated with primary mouse
antibodies, including ER, FSHR, AMH, a-SMA, MMP1, p-PKCa, and
p-ERK at 4 °C overnight. The slides were then incubated with the bio-
tinylated secondary antibody including HRP labeled Goat anti-Rabbit
IgG, HRP labeled Goat anti-mouse IgG at 37 °C for 30 min and devel-
oped with diaminobenzidine (DAB, Servicebio) as chromogen and then
counterstained with hematoxylin. Images were acquired using the Pan-
noramic MIDI scanner (3DHISTECH). The IHC Profiler in ImageJ
software (NIH) was used to analyze staining results. The average
grayscale value (staining intensity) and percentage of positive area
(staining area) of positive cells as IHC measurement indicators, four
scores were ultimately given as High positive, Positive, Low positive, and
Negative. All the antibodies used in this study were listed in the Sup-
plementary Data Table S2, unless otherwise stated.

Multiple immunofluorescence labeling staining

Ovarian sections were incubated with primary mouse antibodies overnight
at 4 °C, followed by incubation with corresponding secondary antibodies at
37°C for 1 h. Nuclei were stained with DAPI, and images were captured
using a Pannoramic MIDI scanner. Fluorophores FITC, SPRed, CY5, and
DAPI emitted green, pink, pink, and blue light, respectively, at specified
excitation and emission wavelengths. All antibodies used are listed in
Supplementary Data Table S2.

Picrosirius red and Masson’s trichrome staining for fibrosis
analysis

Fibrosis in ovarian tissue was analyzed using Picrosirius Red (PSR) staining
and Masson’s Trichrome staining. Ovarian paraffin sections were

deparaffinized by immersing twice in xylene for 5 min each, followed by
sequential hydration in 90%, 70%, and 50% ethanol for 5 min each and twice
in water for 5 min each. The sections were then stained with hematoxylin for
10 min to visualize nuclei, followed by PSR staining for 1h to highlight
collagen fibers. After a quick wash with acetic acid and absolute ethanol, the
slides were rinsed with xylene and mounted with DPX mounting resin. To
further determine the collagen volume fraction (CVF), Masson’s trichrome
staining was performed on the tissue sections using Masson’s trichrome
staining reagent (Solarbio, G1346, China) according to the manufacturer’s
instructions. The sections were stained with hematoxylin for 10 min to stain
nuclei blue-black, followed by Masson’s Trichrome staining to visualize
collagen fibers (stained blue) and muscle/cytoplasm (stained red). Images of
the stained sections were captured using an Aperio GT 450 microscope
(Leica). The fibrotic areas in the PSR-stained ovarian sections were quan-
tified using ImageJ software (NIH). Polarized light scanning was used to
distinguish collagen type I (red) from type III fibrils (green) under a Nikon
Eclipse ci polarized microscope. The CVF was calculated as the ratio of the
blue-stained collagen area to the total ovarian section area, excluding the
follicular cavity and vasculature.

Enzyme-linked immunosorbent assay (ELISA)

Blood samples were collected and serum was obtained by centrifuging at
5000 rpm for 10 min. The levels of serum anti-Miillerian hormone (AMH),
estradiol (E2), Follicle-stimulating hormone (FSH), and the activity of MMP
1 were measured using the ELISA assays following the manufacturer’s
instructions. The ELISA kits for E2, AMH and FSH were purchased from
Meimian industrial Co., Ltd (Jiangsu, China). The Functional sensitivity was
0.1 pg/mL for E2, 11.75 pg/mL for Amh and 0.1 mIU/mL for FSH. MMP1
were measured by ELISA Kit (FY-EH6011, Wuhan Feiyue Biotechnology
Co., Ltd). Functional sensitivity was 0.128 ng/mL. The absorbance was
subsequently measured at 450 nm using a microplate reader (Rayto). The
concentration of these hormones was calculated based on the
standard curve.

Tube formation assay

Matrigel matrix growth factor reduced (BD) was thawed, dispensed in 24-
well plates, and solidified at 37 °C. HUVECs were seeded at a density of
5 x 10* cells, and incubated at 37 °C for 1 h. Cell culture inserts (0.8 um pore;
BD) was placed in each well. HUVECs were resuspended in various con-
ditioned media 18 h. The network-like structures of HUVECs were exam-
ined under a microscope.CD31 expression was detected by IF staining.
Angiogenic activities were quantified by measuring tube length using
Image].

Knockdown using siRNA

RNA oligonucleotides used for siRNA in this study are 5-AUUUGAAU-
GUAAAGGACUCTT-3, 5-AGUAACAAAUUCAUGGCACTT-3’ and
5'-AUUUCAUACAACAGGACGCTT-3". Cells were transfected with
100pmol RNA oligonucleotides twice in 6-well plates using Lipofectamine
3000. The knockdown effect of siRNA was evaluated 24 h after transfection
by western blot.

Statistics and reproducibility

Data were expressed as the mean + standard error of the mean (SEM) and
analyzed using the GraphPad Prism 8.0 statistic software (GraphPad Soft-
ware). Student’s ¢ test is used to compare the means between two groups.
One-way ANOVA was used for the homogeneous variance in three or more
group comparisons followed by the Tukey between groups. The sample sizes
“n” refer to biologically independent samples/experiments, and the exact “n”
values are indicated in the figure legends. A p value of <0.05 was considered

to be a significant difference.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.
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Data availability

RNA-sequencing data in this manuscript are available at NCBI GEO under
the accession numbers GSE273949 and GSE273950. Uncropped blot ima-
ges are provided in Supplementary information as Fig. S6. Source data are
provided in Supplementary Data 2 and 3. All data needed to evaluate the
conclusions in the paper are present in the paper and/or the Supplementary
Materials. Any additional data related to this study can be requested from
the corresponding authors upon reasonable request.
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