',\' frontiers
in Genetics

ORIGINAL RESEARCH
published: 04 February 2021
doi: 10.3389/fgene.2020.603683

OPEN ACCESS

Edited by:

Christiani A. Amorim,

Catholic University of Louvain,
Belgium

Reviewed by:

lonel Sandovici,

University of Cambridge,

United Kingdom

Isabelle Demeestere,

Université libre de Bruxelles, Belgium

*Correspondence:

Fu Yang
yangfusq1997@smmu.edu.cn
Wen Li

liwen@smmu.edu.cn

T These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Genetics of Aging,

a section of the journal
Frontiers in Genetics

Received: 07 September 2020
Accepted: 29 December 2020
Published: 04 February 2021

Citation:

Wu' S, Wang Y, Ding H, Sun N,
Liu'Y, Wang L, Sheng F, Zhang H,
Yang F and Li W (2021) The Efficacy
and Safety of the mTOR Signaling
Pathway Activator, MHY1485,

for in vitro Activation of Human
Ovarian Tissue.

Front. Genet. 11:603683.

doi: 10.3389/fgene.2020.603683

Check for
updates

The Efficacy and Safety of the mTOR
Signaling Pathway Activator,

MHY 1485, for in vitro Activation of
Human Ovarian Tissue

Shuang Wu?t, Yining Wang?t, Haixiang Ding?t, Ningxia Sun?, Yan Liu?, Liang Wang?,
Fei Sheng?, Honghong Zhang?, Fu Yang®* and Wen Li™*

" Shanghai Key Laboratory of Embryo Original Diseases, International Peace Maternity and Child Health Hospital, School of
Medicine, Shanghai Jiao Tong University, Shanghai, China, 2 Department of Reproductive Medicine Center, Changzheng
Hospital, Second Military Medical University, Shanghai, China, ¢ Department of Medical Genetics, Second Military Medical
University, Shanghai, China

Background: Premature ovarian insufficiency (POI) is characterized by abnormal
ovarian function before the age of 40. POI showed that primordial follicles developed
in disorder. mTOR signaling plays a vital role in the process of follicle development. It
has been verified that the mTOR signaling pathway activator, MHY1485, can promote
primordial follicle development in mice. We considered that MHY1485 would be a
promising fertility preservation method for POI patients.

Methods: The fragmented ovarian tissues of normal woman was cultured with activator
MHY1485 in vitro, and then the control and activated ovaries were transplanted into the
kidney capsules of ovariectomized mice. We then used the Infinium Human Methylation
EPIC BeadChip to verify the DNA methylation level of ovarian tissues, thus exploring the
effectiveness of them.

Results: MHY 1485 stimulated mTOR, S6K1, and rpS6 phosphorylation. Cultured with
MHY1485, ovarian weights increased and endocrine function was restored. The number
of growing follicles was increased. The in vitro activation process did not induce
histological changes or abnormal DNA methylation occurrence.

Conclusion: MHY1485 for in vitro activation (IVA) is effective for ovarian rejuvenation
and is a potential therapeutic treatment for POI patients.

Keywords: premature ovarian insufficiency, mTOR signaling pathway, MYH1485, in vitro activation, safety, DNA
methylation

INTRODUCTION

Premature ovarian insufficiency (POI) is a clinical syndrome in women (age <40 years old),
characterized by menstrual disturbance with an elevated FSH level and low estradiol content.
Most POI patients develop follicular dysfunction or the premature exhaustion of the follicle pool
(De Vos et al., 2010; Webber et al., 2016). The pregnancy rate of POI patients is only about

Abbreviations: POIL, Premature ovarian insufficiency; ART, Assisted reproductive technology; IVA, In vitro activation; SCID,
Severe combined immune-deficiency; FSH, Follicle stimulating hormone; AMH, anti-Mullerian hormone; HE, hematoxylin
and eosin; ELISA, Enzyme-linked immunosorbent assay.
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1-5% (van Kasteren and Schoemaker, 1999; Bidet et al., 2011),
even with conventional assisted reproductive technology (ART).
Some POI patients of childbearing age still have a difficult time
conceiving a baby. In vitro activation (IVA) of ovarian tissue is
a new assisted reproductive therapy method for women. This
study aims to meet POI patients’ fertility needs by using IVA of
ovarian tissue. Kawamura et al. (2013) have reported that Hippo
signaling disruption by ovarian tissue fragmentation combined
with AKT stimulation of ovarian follicles contributed to the
first successful pregnancy in POI patients. Additionally, mTOR
pathway activators could both activate primordial follicles and
stimulate secondary follicle growth (Adhikari et al., 2010; Ren
et al., 2015; Sun et al., 2015).

The Mammalian Target of Rapamycin (mTOR) pathway is
a downstream signaling pathway that can be regulated by the
AKT, and was widely studied in the field of cancer for issues
such as tumorigenesis, metastasis, and therapy (Saxton and
Sabatini, 2017; Mossmann et al., 2018). The mTOR signaling
pathway activator MHY 1485 would increase the phosphorylation
of downstream ribosomal S6 kinase (S6K1) and ribosomal
protein S6 (rpS6) in the ovarian tissue of mice. Culturing ovaries
with MHY1485 promoted follicle development and MHY1485-
treated mice could deliver healthy pups (Cheng et al., 2015).
Therefore, we speculated that MHY1485 might be an effective
activator for the IVA of human ovarian tissue. IVA is expected
to be a promising infertility treatment strategy that enables POI
patients to conceive their own genetic children. Unfortunately,
the magnitude of risk for IVA is still poorly understood, so an
evaluation of its safety is truly necessary.

DNA methylation regulates gene expression in many ways
and is of great significance for gametogenesis and early
embryogenesis (De Munck et al, 2015). DNA methylation
abnormalities can affect the growth of offspring, leading to
genetic diseases (Greenberg and Bourc’his, 2019). Also, ART can
increase the risk of gene-related diseases. Follicles are vulnerable
during the time window where they are abnormally sensitive to
external factors (El Hajj and Haaf, 2013). Professor Qiao et al.
and De Munck et al. have found that DNA methylation alters the
oocytes in different situations (Yan et al., 2014; De Munck et al,,
2015), although whether the culture and activation of ovarian
tissue will affect global DNA methylation patterns in ovarian
tissues has not yet been determined.

Our study aimed to establish a standardized mouse model of
a human ovarian tissue activation-xenograft and then use this
model to verify the efficacy and safety of the mTOR signaling
pathway activator MHY1485 for human ovarian primordial
follicle activation.

MATERIALS AND METHODS

Materials in vitro Culture and Activation

The ovary tissue of patients (n = 11) of non-ovarian factors
containing primordial follicles were collected using excision
surgery at the Department of Obstetrics and Gynecology
in Shanghai Changzheng Hospital. All the participants are
transsexual patients that had normal ovarian function and

were not under hormonal treatment before the surgery. This
study is approved by the Institutional Medical and Ethical
Review Committee of Second Military Medical University.
Clinical characteristics of cases were shown in Table 1. After
being cut into 1 mm?® cubes, cortical tissues were placed on
culture plate inserts (Millipore) and cultured in 400 pl of
DMEM/F12 (Gibco) containing 10% human serum albumin
(CSL Behring), 1% penicillin-streptomycin solution (HyClone),
0.3 IU/ml FSH, and 0.05 mg/ml L-ascorbic acid under a
membrane insert to cover ovaries with a thin layer of medium.
Ovaries were treated with 1-20 uM MHY1485 (10 mM in 1 ml
DMSO, APExBIO, United States) and cultured for 3 h before
immunoblotting analysis. Control ovaries were treated with
solvent only. Other pairs of ovaries were cultured for 2 days with
a medium change after 24 h of culture. Ovaries were fixed with
formalin for histological analysis or prepared for transplantation
before weighing.

Immunoblotting Analysis

Pairs of ovarian tissue were cultured for 3 h, and proteins
were extracted using RIPA buffer containing a protease inhibitor
cocktail (APExBIO, United States) and phosphatase inhibitors
(Roche, Switzerland). Protein concentrations were determined
by BCA protein assay (Beyotime Institute of Biotechnology,
China). Equal amounts of protein lysates were separated on 12%
PAGE Bis-Tris gels (Epizyme) and transferred onto nitrocellulose
membranes. Proteins were visualized, and images were obtained
using an Odyssey infrared imager.

Ovarian Transplantation

Pairs of fragmented ovarian tissue (with or without MHY1485
treatment) from the same donor were cultured for 2 days in vitro
with a medium change every 24 h. Then, the host animals
were anesthetized and fragments were randomly transplanted
under separate sides of the kidney capsule in the same
ovariectomized adult (6-8-week-old) SCID mice. Three days
after transplantation, hosts received daily i.p. injections of FSH
(1 TU/day) for 28 days to promote follicle development. Thirty
days after transplantation, grafts from the same recipient were
recovered and weighed before histological analyses. Furthermore,
we transplanted the activated fragments into ovariectomized
adult SCID mice so that we could dynamically monitor
the hormone levels.

TABLE 1 | Clinical characteristics of transsexual patients.

Patients, n = 11 Mean + SEM
Age, years 30.54 £+ 3.50
Menstrual cycles, days 28.18 +£ 1.66
BMI 21.32 + 3.03
Endocrinology

FSH, miu/ml 4.99 +1.40
Estradiol, pg/ml 195.04 + 157.78
LH, miU/ml 10.55 £ 14.70
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Histological Analysis

Two days after IVA and 1 month after transplantation, some
ovaries were fixed with formalin, paraffin-embedded, and then
cut into continuous 8-pum-thick sections. One fragment was
collected for calculation of the number of follicles and the
experiment was repeated three times. Sections were stained with
hematoxylin and eosin (HE) reagent for further observation.
Then we selected one slide of every five and each sample was
chosen 15 pieces in the lump to calculate total follicles and the
percentage of different phases of follicles to total follicles, thus
avoiding counting the same slide twice or missing a follicle.

Enzyme-Linked Immunosorbent Assay
(ELISA)

Hormone levels in mice were monitored dynamically before and
after ovariectomy and ovary transplantation by ELISA. Venous
blood samples were collected from the eye socket veins in mice.
Serum was extracted at three time points: before castration,
after castration, and 30 days after transplantation. Serum was
separated and stored at —80°C until use. Repeated freeze/thaw
cycles were avoided. Serum FSH and AMH levels were measured
by using an ELISA kit for mice following the manufacturer’s
instructions (Westang, Shanghai, China).

Genome-Wide DNA Methylation Profiling

Genomic DNA (gDNA) was extracted from ovarian tissues
using a QIAamp DNA Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s protocol. Approximately
1 pg of high-quality gDNA was bisulfite-converted using
the EZ DNA methylation kit (Zymo Research, Cambridge
Bioscience, Cambridge, United Kingdom) according to the

manufacturer’s instructions. Genome-wide DNA methylation
profiles were generated with an Infinium Methylation EPIC
BeadChip Array (Illumina, San Diego, CA, United States).
Bisulfite-converted DNA was used for the whole-genome
amplification reaction, enzymatic fragmentation, precipitation,
and resuspension in hybridization buffer. Subsequent steps
were carried out according to the standard Infinium HD
Assay Methylation Protocol Guide. The BeadChip images were
captured using the Illumina iScan system (Illumina, San Diego,
CA, United States).

Statistical Analysis

The results are presented as the mean £ SEM of three or
more independent assays. Statistical significance was analyzed
using Student’s ¢ test, one-way analysis of variance (ANOVA),
the Shapiro-Wilk W test, or Bartlett’s test for equal variances.
DNA methylation data were analyzed with Bayesian modeling.
P-values < 0.05 were considered to be statistically significant.

RESULTS

MHY1485 Activate the mTOR Signaling

Pathway in Human Ovary

Given that MHY1485 could activate the mTOR pathway in
mouse ovaries and lead to the birth of offspring mice, we
investigated the activation of the mTOR signaling pathway
in human ovarian tissues treated with MHY1485. Human
ovarian cortices were fragmented and incubated for 3 h with
different concentrations of MHY1485 (1 puM, 3 uM, 10 uM,
and 20 wM) before immunoblotting analyses. As shown in
Figures 1A,B, treated with MHY 1485, the phosphorylation levels
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FIGURE 1 | MHY 1485 treatment can stimulate the phosphorylation of proteins in the mTOR pathway. (A) Treatment of 1 uM, 3 pM, and 10 uM MHY1485 led to a
dose-dependent increase in the phosphorylation of mMTOR as well as downstream RSP6 protein levels without affecting total mMTOR rpS6 expression. Treatment of
20 nM did not increase those protein levels further in comparison to 10 uM MYH1485. (B) Experiments were repeated three times. All data were compared with that
of the control group. Data was applied to non-parametric tests for statistical analysis and presented as the mean + SEM *P < 0.05, **P < 0.01, and the differences
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of downstream mTOR and RPS6 protein were augmented with
the additive amount, however, the total protein level of mTOR
and RPS6 were not altered. It is worth noticing that there is
no significant difference between the 10 uM MYH1485 group
and 20 pnM MYHI1485 group, which indicates that 10 uM
may be the maximal activation concentration of MYH1485 to
the mTOR pathway. Therefore, these results demonstrated that
MHY1485 could effectively activate the mTOR signaling pathway
in the human ovary.

MHY 1485 Effectively Promote Human
Follicle Growth and Restore Endocrine

Functions

Next, we examined whether MYH1485 could lead to histological
abnormalities of human ovarian tissues in vitro and in vivo.
Firstly, we treated fragmented human ovarian tissues with
10 pM MHY1485-added culture media (activated group) or
culture media only (control group) for 2 days in vitro.
The subsequent histological results showed that there was
no obvious necrosis or morphological change in both the
control group and activated group (Figure 2A). In vivo,
fragmented ovaries from the above activated and control
groups were then transplanted under the bilateral kidney
capsule in the same ovariectomized adult (6-8-week-old) severe
combined immune-deficiency (SCID) mice, which received
daily intraperitoneal (i.p.) injections of follicle stimulating
hormone (FSH) (1 IU/day) to promote follicle development.
One month after transplantation, we observed that all the
ovarian tissue survived in the mice and there was no
obvious tissue necrosis (Figure 2B). Therefore, MHY1485
treatment showed no abnormal histological effects on human
ovarian tissues.

Then, we explored the effects of MYH1485 on the growth
of human follicles. We recovered and weighed the paired
grafts (activated and control groups) again 1 month after
transplantation. Before transplantation, the mean value of
activated group and control group achieved very similar
performances (P > 0.05, N = 6). While after treatment of
MHY 1485, as shown in Figure 2C, the graft’s weight significantly
increased compared with the control group (**P < 0.01). The
histological analyses indicated that the development of larger
growing follicles (Figure 2D) was apparent in the MYH1485-
treated ovarian tissue, while the primary follicles (Figure 2D)
remained dormant in the untreated ovarian tissue. Moreover,
follicles counting results showed that the treatment of MYH1485
effectively increased the number of growing follicles (Figure 2E).
Furthermore, we examined the serum levels of anti-Mullerian
hormone (AMH) and FSH in the ovariectomized adult SCID
mice before and after being transplanted with MHY1485-
activated human ovarian tissues by ELISA assays. The results
showed that ovariectomy remarkably increased the FSH level
and decreased the AMH level (Figure 2F[[AQ19]]), however, the
FSH level (Figure 2F) significantly decreased and the AMH level
slightly elevated after the transplantation. Together, treatment of
MHY 1485 could effectively promote human follicle growth and
restore endocrine functions.

The Culture and Activation Process of
Ovarian Tissue in vitro Did Not Cause

Abnormal DNA Methylation

We further used a human high-throughput DNA methylation
microarray (Infinium Human Methylation EPIC BeadChip: 850k
chip) to analyze the effects of the activator MHY1485 on the
methylation status of the human genome in the ovary. We
designed the three following groups: the normal group (normal
human ovarian fragment), control group (treated with culture
media only), and activated group [treated with activator (10 uM
MHY1485)]. The samples of group A, B, and C were derived
from the same patient. We randomly selected one tissue of
three patients, respectively for repeated experiments. We used |
Delta Beta] > 0.12 (P < 0.01) as the cutoff value to indicate
a difference; Delta Beta > 0.12 indicated that the degree of
methylation was increased, and Delta Beta < —0.12 indicated that
the degree of methylation was decreased. The results showed that
there were no significant differences in the whole-genome DNA
methylation patterns of the three groups of human ovarian tissues
(Figure 3A). As shown in Figure 3B, we measured the similarity
between the samples by decreasing dimensions and found that
the three groups could not be clustered together, indicating that
there were no significant differences among the three groups.

DISCUSSION

A very small number of etiologies for POI can be clearly
diagnosed in POI patients, and the treatment for them is not
always effective. Earlier studies revealed that IVA technology
could be a new infertility treatment strategy for POI patients to
conceive their own genetic children (Kawamura et al., 2013; Zhai
etal., 2016).

Recent studies have demonstrated that the mTOR activator
MHY 1485 is able to promote primordial follicle growth in mice.
However, its efficacy and safety in humans is uncertain. Our
studies have finally illustrated that the mTOR activator MYH1485
could increase the phosphorylation of mTOR downstream
proteins and stimulate human follicle growth. One month after
the transplantation and gonadotropin injections, we found that
MYH1485 could increase the graft's weight compared with the
control treatment. Larger growing follicles were apparent in
MYH1485-treated ovarian tissues, while dormant follicles were
present in the untreated ovarian tissue. The above results showed
that short-term exposure to an appropriate concentration of
MHY1485 could activate human primary follicles.

In our study, we initially performed an ovary castration
surgery on SCID mice, which was confirmed a success by the
altered serum FSH level and AMH level. FSH was elevated after
the ovariectomy while the AMH is declined. Compared with the
control group, the activated group displayed a reverse effect of
the FSH and AMH levels, manifesting the survival of human
ovarian tissue in them. Adding MHY1485 to the normalized
human ovarian tissue xenograft model could help to restore
endocrine functions. In clinical practice, we usually use FSH
and AMH to predict ovarian function in women. Increased FSH
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FIGURE 2 | Treatment of MHY 1485 can effectively promote human follicle growth and restore endocrine functions. Human ovarian fragments were cultured with
10 M MHY1485-added media (activated group) or culture media only (control group) in vitro. Histological analyses showed that there was no obvious necrosis or
morphological change when the two groups were compared. (A) Control group treated without MYH1485, Bars: 100 wm. Activated group treated with MYH1485,
Bars: 100 um. (B) No abnormal histological affected on human ovarian tissues after transplantation. (C) Graft weight changed. After treatment of MHY 1485 one
month, grafts weight increased compared with the control group. Data was applied paired ¢ test for statistical analysis and presented as the mean + SEM
**P < 0.01, N = 6. (D) Following histological analyses, the development of larger growing follicles was observed in the MYH1485-treated ovarian tissues, Bars:
50 wm. Whereas primary follicles remained dormant in the untreated ovarian tissues, Bars: 50 um. (E) Follicle counting results (right: total follicle numbers per
fragment; left: follicle dynamics), showed that the number of growing follicles increased after activation with 1 month. Data was applied paired t test for statistical
analysis and presented as the mean + SEM *P < 0.05, N = 6. (F) FSH (ng/ml) elevated after the surgical castration of the SCID mice and decreased 1 month after
activated grafts were transplanted into host mice, **P < 0.01, N = 6. AMH (ng/ml) dropped after surgical castration and slightly increased 1 month after activation
(normal:untreatment; castrated:after castrated without other treatment; control:castrated with normal medium treatment; MHY1485: castrated with MHY 1485
medium treatment). Data was applied ANOVA for statistical analysis and presented as the mean + SEM **P < 0.01, ****P < 0.0001, N = 6.
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FIGURE 3 | The culture and activation process of ovarian tissue in vitro did not cause abnormal DNA methylation. (A) No significant differences in total genome DNA
methylation between three groups of human ovarian tissues were observed: normal group A (A1, A2, A3) (normal human ovarian fragment), control group B (B1, B2,
B3) (treated with culture media only), and activated group C (C1, C2, C3) (treated with 10 .M activator MHY1485). The abscissa indicates the nine sample names,
and the ordinate represents the methylation level (standardized beta value). (B) The PCA chart indicates the similarity between the samples by the method of
decreasing dimensions. The three groups did not cluster together, indicating that the similarity of the samples within the same group was poor, and there were no
significant differences between the three groups. | Delta Beta] > 0.12 (P < 0.01) is used to screen out the different sites, Delta Beta > 0.12 indicates that the degree
of methylation is increased, and Delta Beta < —0.12 indicates that the degree of methylation is decreased. Three volcano plots between groups show the differential

of the methylation sites.

levels are commonly observed in women with various conditions,
including POF, hyperpituitarism, and Turner syndrome. Serum
AMH has a strong relationship with the number of antral follicles
(Fanchin et al., 2003; Nardo et al., 2007; Majumder et al., 2010),
and can improve cycle-to-cycle reproducibility (Aflatoonian
et al,, 2009). Together, the present findings suggested that short-
term exposure to the mTOR signaling activator might be a
promising therapeutic approach for infertile POI patients.
Several pregnancies have been reported due to the application
of IVA-transplantation technology to human ovaries (Kawamura
et al., 2013; Zhai et al, 2016). However, the biosafety of the
drug and the possible effect on any resulting offspring have
not been strongly confirmed. A system review in animals have
suggested that ART can lead to adverse pregnancy outcomes,
such as an increased risk of birth defects and an increased rate
of low-birth-weight infants (Hansen et al., 2013). The normal
maintenance of DNA methylation played an important role in
oocyte and embryo development through the regulation of gene
expression (El Hajj and Haaf, 2013). The application of additional
ART can perturb gene regulation, which can lead to abnormal
epigenetic phenotypes and genetic defects (Grace and Sinclair,
2009; Laprise, 2009; Denomme and Mann, 2012), though the
vast majority of ART children appear to be healthy. A study
has successfully activated neonatal mouse ovaries through short-
term IVA using an inhibitor of PTEN and a PI3K activating
peptide without abnormal epigenetic changes (Li et al., 2010).
But long-term monitoring of the progeny mice was absent in the
study. In 2012, another researcher, via long-term monitoring of
the IVA-mice, found that the progeny mice were reproductively
active and did not have any overt symptoms of chronic diseases
(Adhikari et al., 2012). All experiments using IVA have indicated

that IVA is a safe and effective method for infertility therapy.
The human high-throughput DNA methylation microarray was
performed to analyze the effects of MHY 1485 on the methylation
status of the human genome in the ovary. We have not found
obvious abnormal DNA methylation changes among group A,
B, and C. However, MHY 1485 may affect ovaries in other ways,
such as protein modification, alternative splicing, and so on,
which deserves further research. Moreover, oocytes are preferred
to detect DNA methylation level, however, mature oocytes are
difficult to obtain. In addition, the number of oocytes is limited
and not enough to complete DNA methylation experiments.
Therefore, we selected ovarian tissue to analyze the effects
of MHY1485 on the methylation levels. We could perform
Single cell DNA methylation sequencing in future research.
Furthermore, it has been demonstrated that stem cells could
promote follicular development, granulosa cell proliferation, and
secretion function by improving the local microenvironment of
the ovary (Liu et al., 2019). Therefore, we thought that in vitro
treatment may not affect DNA methylation and also may have a
relatively small effect on the oocytes.

Our study aimed to establish a human ovarian tissue
activation-xenograft animal model and verify the efficacy and
safety of the mTOR signaling pathway activator MHY1485
for human ovarian primordial follicle activation. We explored,
for the first time, the effect of IVA on DNA methylation in
ovarian tissue. Then, we conducted a preliminary assessment
of the safety of the procedure and provided experimental
evidence for the IVA technique for clinical application in
terms of fertility preservation in POI patients. Unfortunately,
due to a lack of conclusive research, many decisions in
human ART thus far have not been based on evidence.
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Genome-wide methylation analysis based on next-generation
microarrays will hopefully better explain the effects of ART-
based manipulations. Our study evaluated the safety of IVA
in ovarian tissue in terms of epigenetic effects, namely DNA
methylation, but there are several limitations. Patients will
accept long-term superovulation and IVF-ET therapy after
the transplantation of in vitro activated ovarian tissue. It is
difficult to assess whether IVA will actually induce increased
birth risks.

We will further obtain mature human eggs through long-
term superovulation of IVA grafts, analyze the epigenetic effects
in activated and control eggs, and then use the data to
supplement the evidence for the assessment of safety. The genetic
safety and epigenetic effects of IVA technology remain to be
further explored.
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