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ABSTRACT

Primary ovarian insufficiency (POI), also known as premature ovarian failure, is an ovarian defect in
humans characterized by the premature depletion of ovarian follicles before the age of 40. However,
the mechanisms underlying POI remain largely unknown. Here, we show that knockout of Epg5
(ectopic P-granules autophagy protein 5 homolog (C. elegans)) results in subfertility in female mice,
which exhibit a POI-like phenotype. Single-cell RNA sequencing analysis revealed that the knockout
of Epg5 affected the differentiation of granulosa cells (GCs). Further investigation demonstrated that
knockout of Epg5 blocks macroautophagic/autophagic flux, resulting in the accumulation of WT1
(WT1 transcription factor), an essential transcription factor for GCs, suggesting WT1 needs to be
selectively degraded by the autophagy pathway. We found that the insufficient degradation of WT1
in the antral follicular stage contributes to reduced expression of steroidogenesis-related genes,
thereby disrupting GC differentiation. Collectively, our studies show that EPG5 promotes WT1
degradation in GCs, indicating that the dysregulation of Epg5 in GCs can trigger POl pathogenesis.

Abbreviations: 3-MA, 3-methyladenine; CHX, cycloheximide; CQ, chloroquine; EPGS5, ectopic
P-granules autophagy protein 5 homolog (C. elegans); GC, granulosa cell; MAP1LC3/LC3, microtubule-
associated protein 1 light chain 3; MIl, metaphase II; POI, primary ovarian insufficiency; PB1, polar
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Introduction

Premature ovarian insufficiency (POI) refers to a continuum
of decreasing ovarian function disorders, and occurs in 1% of
women under 40 years of age [1,2]. POI is a highly hetero-
geneous disorder, with isolated or syndromic forms caused by
genetics or other unknown factors [3]. However, the molecu-
lar pathophysiology of POI remains unexplained in the
majority of cases.

Mutations of meiotic and DNA repair genes are responsi-
ble for syndromic and nonsyndromic POI in oocytes. There
are reports of associations between POI and mutations in
STAG3, SMCI1B, REC8, SYCE1l, MCM8, MCM9, DMCI,
HFM1, and XRCC4 [4-11]. Recent studies have also uncov-
ered genes involved in the establishment of the primordial
follicles pool and the maturation of primary follicles [12-14].
Granulosa cells (GCs), which are follicular somatic cells that
provide essential nutrients and growth factors, they are also
known to secrete the steroids needed for the progression of

folliculogenesis. GC dysfunction can initiate follicle atresia
and apoptosis and can eventually lead to POI [15,16].

Autophagy is the major biological process for the degrada-
tion and recycling cytosolic components and damaged orga-
nelles, and it is evolutionarily conserved from yeast to
mammals [17,18]. The lysosomal degradation pathway of
macroautophagy/autophagy performs essential functions in
cellular physiology. In this pathway, the autophagosome
fuses with the lysosome, forming an autolysosome, which
then degrades the enclosed materials [19]. Autophagy pro-
ceeds through several tightly regulated steps, starting from the
formation of phagophores to autophagosomes, whose fusion
with lysosomes results in the final structures for degradation,
thereby providing raw materials for the survival of cells under
stress conditions [20].

EPG5 (ectopic P-granules autophagy protein 5 homolog
(C. elegans)) was (initially identified in the nematode
Caenorhabditis elegans; EPG5 is a RAB7A effector that mediates
the specificity of fusion occurring between autophagosomes and
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late endosomes or lysosomes [21,22]. In the immune system,
EPGS5 functions as a carrier between separate vesicular compart-
ments to control the intracellular trafficking of nucleic acids,
thus linking autophagy to innate and adaptive immunity [23].
Deubiquitination of EPG5 by USP8 (ubiquitin specific pepti-
dase 8) regulates autophagic flux in mouse embryonic stem cells
to maintain their stemness [24]. Previous studies of mammalian
reproduction have demonstrated that autophagy is essential for
both spermatogenesis and folliculogenesis [25-29]; however, the
conventional knockout of most autophagy-related genes results
in rapid post-natal mortality (at least in mice) [30-34], thus,
several aspects of autophagy’s functional roles in male and
female infertility remain unclear.

In the present study, we show that epg5 knockout blocks
autophagic flux and leads to a POI-like phenotype in female
mice. We also found that the protein level of a transcription
factor (WT1) was dramatically increased in epg5 knockout
mice, which, in turn, decreased steroidogenic gene expression
in antral follicle GCs. Thus, our study reveals an essential role
for EPG5 in regulating follicle development by facilitating
WT1 degradation, suggesting that mutations in EPG5 in
humans may be associated with POL

Results

Epg5 knockout results in subfertility due to premature
ovarian failure in mouse

Unlike many other autophagy related genes, the knockout of
the recently discovered autophagy-related gene Epg5 does not
cause infant death in mice [35,36], thus enabling investiga-
tions of its role in fertility. We initially examined Epg5 expres-
sion in various mouse tissues, and found it prominently
expressed in the ovaries (Figure S1A). At the protein level,
EPG5 was highly expressed in GCs which was confirmed by
western blot (Figure S1B). Immunohistochemical staining of
ovaries revealed a strong EPG5 signal in GCs of primordial,
primary, secondary, and antral follicles (Figure S1C). These
results suggest that EPG5 might be involved in some func-
tions of GCs.

To further investigate EPG5's potential functions in
reproduction, we examined epg5 knockout mice. The
knockout efficiency was first confirmed by immunoblotting
using ovary samples (Figure la). Examination of ovary
morphology in 8-week-old epg5 knockout mice showed
obviously reduced ovary size compared to control mice
(Figure 1b). Additionally, we found that the ovary weight:
body weight ratio was also significantly decreased in the
epg5 knockout mice (Figure 1c). To investigate the effect of
epg5 knockout on female fertility, a breeding assay was then
carried out wherein the control or epg5 knockout female
mice were mated with males of proven fertility for
6 months. epg5 knockout females had reduced fertility
compared to the control females (Figure 1d). The epgh
knockouts had fewer pups per litter than the WT controls;
the average litter size of the epg5 knockouts was 2.1 + 0.59
compared to 7.6 + 1.41 in WT (Figure le). Finally, our
observation of transverse sections of 16-week-old mouse
ovaries using hematoxylin and eosin (H&E) staining
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found that there was aberrant follicle developments in
epg5 knockout ovaries compared to the controls
(Figure 1f,g).

To study how the loss of Epg5 impedes fertility, we
compared the morphology of ovaries at different ages. We
found no apparent morphological differences between epg5
knockout and 3-week-old control ovaries: the ovaries of
both genotypes had similar numbers of various staged fol-
licles, including small oocytes surrounded by flattened
pregranulosa cells (Figure S2A, B, arrows), as well as acti-
vated follicles containing enlarged oocytes (Figure S2A,
arrowheads). However, there was an obvious difference
when we examined 6-week-old mice, the numbers of pri-
mordial, primary, and antral follicles were dramatically
reduced in the epg5 knockout ovaries (Figure S2C, D).
These results collectively demonstrate that loss of Epgh
results in dysfunctional ovarian follicle development and
subfertility in females.

Epg5 knockout has no influence on the developmental
competence of mouse oocytes

In mammals, the reproductive capacity of females is main-
tained based on regulated development of both oocytes and
follicles [37]. Given that we have detected age related sub-
fertility and ovary morphology abnormality in epg5 knockout
mice, we explored whether dysfunction in oocytes might
help explain our observations. The number of ovulated MII
oocytes in epg5 knockout mice were decreased compared to
the control mice (Figure 2a); however, there was no differ-
ence in the extent of polar body-1 (PB1) extrusion between
the epg5 knockout and the control groups (Figure 2b).

To evaluate the developmental potential of EPG5-null
oocytes, germinal vesicle (GV) oocytes isolated from
3-week-old epg5 knockout and the control mice were cul-
tured in vitro. Similar to the in vivo maturation results, the
MII rate in epg5 knockout oocytes did not differ from the
control oocytes (Figure 2¢,d). Immunofluorescence and
confocal microscopy also showed that the epg5 knockout
oocytes could extrude PBI successfully (Figure 2e), and
there were no changes in the ratio of abnormal MII
between epg5 knockout and the control oocytes
(Figure 2f). To further investigate the developmental poten-
tial of oocytes of the epg5 knockout mice, IVF was per-
formed as previously described [38]. We found that there
was no significant difference in the rate of formation of
two-cell embryos and blastocysts between the epg5 knock-
out and the control mice (Figure S3A, B, C). These results
indicate that the subfertility of epg5 knockout females
results from defective follicular development and ovulation
rather than from altered oocytes development.

Epg5 knockout result in GCs aging and cell death

GCs provide necessary nutrients and steroids to oocytes,
playing essential roles in ovarian follicle development [39].
We assessed whether dysregulated GC function may underlie
the POI-like phenotype of the epg5 knockout mice.
Senescence-associated GLB1/B-galactosidase (SA GLB1/B-gal)
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Figure 1. Epg5 knockout female mice are subfertile. (a) Immunoblotting of ovary samples for the EPG5 protein and ACTB (internal control). (b) Images of ovaries from
control and epg5 knockout mice at 8 weeks. Scale bars: 2 mm. (c) The ovary-to-body weight ratio of the control and epg5 knockout mice. (d) Subfertility of female
epg5 knockout mice. Both control (n = 5) and epg5 knockout (n = 5) females were mated with WT male mice; continuous breeding showed the cumulative number
of progeny per female mouse. The asterisks indicate statistically significant differences. (e) the average litter size of control (n = 5) and epg5 knockout (n = 5) females.
(f) Representative histology of ovaries sections from 16-week-old epg5 knockout females stained with hematoxylin and eosin. (g) Numbers of follicles at different
stages in ovary sections from 16-week-old control and epg5 knockout mice (n = 4 for each group). Follicles were counted; black arrowheads in F point to follicles at
different stages. PmF, primordial follicle; PF, primary follicle; SF, secondary follicle; AF, antral follicle. CL: Corpus luteum. Scale bars: 100 um. Data are expressed as the

mean * S.EM. *P < 0.05, **P < 0.01. ***P < 0.001.

assays revealed significantly increased SA GLB1/f-gal activity
in epg5 knockout GCs compared with controls (Figure 3a,b).
We also examined the proliferation rates and cell death in
GCs of developing follicles based on PCNA (proliferating cell
nuclear antigen) and terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) staining assays, respec-
tively. The 6-week-old epg5 knockout ovaries had significantly
more TUNEL-positive cells than the controls (Figure 3c-g),
and the epg5 knockout GCs had significantly decreased

proliferation (Figure 3d-h). Meanwhile, the immunostaining
signal for the cell death marker cleaved CASP3 (caspase 3)
was quite strong in the GCs of secondary and antral follicles
(Figure 3e-i). Further, given that GCs are known to exhibit
nuclear changes at the later stages of cell death - including
DNA fragmentation [40] - we wondered if loss of EPG5 may
cause DNA damage in GCs. The levels of y-H2AX were
significantly elevated in epg5 knockout GCs, indicating accu-
mulated DNA double-strand breaks (Figure 3f-j). These
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Figure 2. Oocytes from epg5 knockout mice are able to complete meiotic maturation. (a) The average number of ovulated eggs were evaluated in control and epg5
knockout mice (n = 7 for each group). (b) Quantitative analysis of first polar body (Pb1) extrusion rate in epg5 knockout and control (n = 234) oocytes. (c)
Representative images of oocytes from WT and epg5 deficiency mice after 14 h culture. scale bars: 100 um. Immature GV oocytes isolated from 3-week-old control
and epg5 knockout mice were cultured in vitro to check the maturational progression. (d) Quantitative analysis of mii oocytes of control and epg5 knockout mice
after 14 h culture. (e) Confocal microscopy results showing spindle assembly collected from cultured MIl oocytes of control and epg5 knockout mice. (f) Quantitative
analysis of abnormal MIl with a deformed spindle and misaligned chromosomes. Scale bar: 20 pm. Data are expressed as mean + S.E.M. n.s., nonsignificant.

results show that loss of EPG5 reduces the proliferation of Autophagic flux is blocked in epg5 knockout GCs
GCs and induces GC death, suggesting that dysregulated GC

function (i.e., steroidogenesis) may drive the defective follicu-
lar development observed in epg5 knockout ovaries.

EPGS5 is recruited to autophagosomes through direct interac-
tion with RAB7 and binding to the VAMP7 (vesicle-
associated membrane protein 7)-VAMP8 complex on late
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Figure 3. Epg5 knockout results in GCs aging and cell death. (a) Histoenzymatic detection of GLB1/B-gal. The blue indigo precipitates (resulting from X-Gal lysis by
GLB1/B-gal) are evident in the GCs of 12-week-old epg5 knockout mice. The red asterisks indicate follicles positive for GLB1/B-gal signals. Scale bar: 200 um. (b)
Quantification of GLB1/B-gal-positive GCs in ovary sections (n = 5 for each of the indicated groups). (C) TUNEL assay to evaluated GC apoptosis in 12-week-old epg5
knockout and control ovaries. The white asterisks indicate follicles positive for TUNEL. Scale bars: 200 pm, 20 pm. (g) Quantitative analysis of TUNEL-positive cells of
ovary sections in C (n = 4 for each group). (d) PCNA immunofluorescence assays and (h) the quantification of PCNA positive granulosa cells in epg5 knockout and



endosomes/lysosomes [41]. We next examined whether Epg5
is essential for basal autophagy activity in mouse ovaries.
Consistent with epg5 knockout in mouse brain and muscle
cells [35], immunoblotting of 6-week-old ovaries showed
a significant increase in the levels of the autophagy markers
MAPILC3/LC3 (microtubule-associated protein 1 light
chain 3)-II and SQSTM1/p62 (sequestosome 1) in epg5
knockout ovaries compared to controls, suggesting that auto-
phagic flux was blocked (Figure 4a-c). In support of the
immunoblotting results, immunostaining with anti-LC3B
antibody showed that the number of LC3-positive GCs was
markedly increased in all follicular stages of the 6-week-old
epg5 knockout ovaries (Figure 4d). We also detected obvious
accumulation of a SQSTM1 puncta signal in epg5 knockout
GCs at antral follicles that was not evident in the controls
(Figure 4e). We further investigated whether the impaired
autophagic flux in epg5 knockout ovaries contributes to the
increased number of LC3 puncta in epg5 knockout GCs.
Immunoblotting of isolated GCs from 6-week-old ovaries
revealed significantly higher LC3 and SQSTM1 levels in epg5
knockout GCs compared to controls (Figure 4f-h). To further
examine the effect of epg5 knockout on autophagic flux, we
monitored the autophagic flux in epg5 knockout GCs by time-
lapse microscopy. We found that the autophagosomes, which
were visible as LC3 puncta, fused with the lysosome in the
control GCs (Figure 4i, k, I, Video S1), whereas LC3 puncta
dramatically accumulated in epg5 knockout GCs, albeit in
close proximity to the lysosome (Figure 4i, k, 1 ,j Video S2).
These results confirm that autophagic flux is blocked in epg5
knockout GCs.

Single-cell RNA sequencing analysis reveals the abnormal
differentiation of epg5 knockout GCs

To investigate the regulatory mechanism of Epg5 during folli-
culogenesis, Single-Cell RNA Sequencing (scRNA-seq) analy-
sis was performed on dissociated cells from whole ovaries of
6-week-old epg5 knockout and control mice (Figure 5a). We
obtained 6328 and 4950 single-cell transcriptomes among the
somatic cells of ovaries in control and epg5 knockout mice
after quality control, respectively (Figure S4A). Unsupervised
clustering analysis of the 10x genomics data with Uniform
Manifold Approximation and Projection (UMAP) revealed
seven main cell types (Figure S4B), and we calculated the
top 30 ranking differentially expressed genes (DEGs) from
each cell type, filtered for genes with average loge fold change
> 0.5, sorted by their adjusted p-values (Wilcoxon rank sum
test) (Table S1). To visualize, we plotted one representative
DEG per cluster (Figure S4C).

Next, we clustered the data based on the 50 most variably
expressed genes per cluster and were able to distinguish five
major cell types: GC (four clusters), theca and stromal cells
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(six clusters), smooth muscle cells (one cluster), endothelial
cells (one cluster), immune cells (three clusters), and luteal
cells (one cluster) (Figure S4D). To confirm the identity of
these cell types in the UMAP, we colored the single cells
according to the expression levels of expected marker genes:
Ambh, Hsd3bl, Fshr, Wtl for GC; Pdgfrb, Lum for stromal cell;
Tagln and Rgs5 for smooth muscle cells; Pecam1 and Cdh5 for
endothelial cells; Cd68 and Ptprc for immune cells; and Epdrl
and AvplI for luteal cell (Figure S4E).

Given our earlier results (Figure S1B, C and Figure 3), GCs
were selected for further analysis to further elucidate the
effect of EPGS5 loss on cellular responses in the ovary. The
relative proportion of GCs weighed by the percentage of total
cells in both genotypes showed that the ratio of GCs in
ovaries dropped from 44.68% in the control to 33.07% in
the epg5 knockouts (Figure S4F, G). There were 25 differen-
tially expressed genes (1 upregulated and 24 downregulated
genes) in the GCs of epg5 knockout mice (Table S2), includ-
ing Cypllal and Cypl9al, which encode sex hormone bio-
synthetic enzymes [42] (Figure 5b). Gene Ontology (GO)
analysis indicated that the downregulated genes were
enriched for functional annotations related to “positive reg-
ulation of transcription”, “transcription factor binding cellu-
lar”, “response to hormone stimulus”, “estrogen signaling
pathway”, “positive regulation of apoptotic process”, and
“protein processing in endoplasmic reticulum” (Figure 5c).
To identify the master regulator(s) within GC, we constructed
transcriptional regulatory networks with transcriptional reg-
ulators and their target genes by implementing single-cell
regulatory network inference and clustering (SCENIC) analy-
sis [43]. The DEGs in GC cluster were input for SCENIC to
set up the regulatory network. We identified 20 significant
regulons containing 868 genes (Figure 5d and Table S3).
Noteworthy, key regulons in regulatory networks indicated
high expression of regulons including Bclafl, Atf4, Fos, Wtl,
Jun and Foxol regulons, all of which were well-defined reg-
ulators in the maintenance of GCs differentiation and folli-
cular atresia process [40,44-46]. While the western blot
results showed that the protein levels of BCLAF1, ATF4,
FOS, JUN/c-JUN, and FOXO1 were not changed compare
with the control group (Figure 5e,f, g, h, j , k). Among the
enriched regulons, the protein levels of WT1 were dramati-
cally increased in epg5 knockout ovaries (Figure 5e,i).
Altogether, scRNA-seq analysis revealed that knockout of
Epg5 substantially disturbs the expression of GC differentia-
tion genes.

Epg5 regulates GCs differentiation by degrading WT1

It is known that WT1 functions as a transcriptional repressor
for multiple steroidogenic genes to inhibit the differentiation
of GCs during folliculogenesis [46]. To investigate how

control ovaries are shown (n = 4 for each group). Scale bars, 20 um. (e) CASP3 Immunofluorescence analysis of epg5 knockout and control ovaries sections. Scale
bars: 50 um, 20 pm. (i) Quantitative analysis of CASP3-positive cells of ovary sections in E (n = 3 for each group). (f) y-H2AX immunofluorescence assays and J the
quantification of y-H2AX positive GCs in epg5 knockout and control ovaries are shown (n = 5 for each group). Scale bars: 20 um. Data are expressed as the mean + S.

EM.
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Figure 4. Accumulation of the autophagy maker LC3-Il and SQSTM1 aggregates in epg5 knockout mice ovaries. (a) Immunoblotting for the LC3, SQSTM1 protein, and
GAPDH (internal control) levels in ovaries. (b-c) Summary of quantification data from LC3 and SQSTM1 activity assays (relative to control). All experiments were
repeated at least three times. (d) LC3 aggregates were accumulated dramatically in epg5 knockout GCs compared to the control groups. The white arrow shows LC3
puncta in antral follicular GCs. Scale bars: 5 pm, 7.5 um, 10 pm, 25 um. (e) SQSTM1 puncta aggregation was observed in the epg5 knockout GCs compared to the
control groups. The white arrow shows SQSTM1 puncta in antral follicular GCs. Scale bars: 5 um, 10 pm, 25 um. (f) Immunoblotting for the LC3, SQSTM1 protein, and
GAPDH (internal control) levels in GCs. (g-h) Summary of quantification data from LC3 and SQSTM1 activity assays (relative to control) in GCs. (i) GFP-LC3 puncta
colocalize with Lysotracker puncta in control but not epg5 knockout GCs. Scale bars: 4 pm, 1 um. (j) Quantification of the number of GFP-LC3 punctate structures in
control and epg5 knockout GCs (n = 10 for each group). (k) In control cells, an LC3 punctum (arrows) originally associates with Lysotracker puncta structures, while in
epg5 knockout GCs, an LC3 punctum did not fusion with Lysotracker punctum. Scale bars: 1 pm. (I) The percentage of LC3-stained puncta colocalizing with
Lysotracker punctate structures in control and epg5 knockout GCs (n = 10 for each group). All experiments were repeated at least three times. PmF, primordial
follicle; PF, primary follicle; SF, secondary follicle; AF, antral follicle. Data are expressed as the mean + S.EM.

autophagy deficiency affects GC differentiation, we further 6-week-old epg5 knockout GCs compared to that of the con-
examined WT1 protein levels by immunofluorescence, and trol groups (Figure 6a, S5B). Moreover, immunoblotting
found that there was an obvious accumulation of WT1 in showed that the amount of WT1 dramatically increased in
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Figure 5. Single-cell RNA-seq analysis uncovers altered functions in epg5 knockout GCs. (a) Schematic representation of ovarian tissue preparation for the single-cell
transcriptome analysis. (b) Heatmap showing the expression levels of DEGs in GCs. (c) GO enrichment showing the terms associated with downregulated genes (with
adjusted P value lower than 0.01) from epg5 knockout GCs. (d) Regulatory network visualizing potential key transcriptional regulators in DEGs in GCs. The node size
indicates the number of target genes associated with corresponding transcription factor. The edge size indicates the weight of the connection. (e) Immunoblotting
for the BCLAF1, ATF4, FOS, WT1, JUN and FOXO1 protein, and TUBA (internal control) levels in ovaries. (f-k) Summary of quantification data from E. All experiments
were repeated at least three times. Data are expressed as the mean + S.E.M. n.s., nonsignificant.
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Figure 6. The degradation of WT1 in GCs dependents on autophagy. (a) WT1 immunofluorescence of isolated 6-week-old epg5 knockout and control GCs. Scale bars:
20 pm. (b) Immunoblotting for the WT1 protein, and GAPDH (internal control) levels in 6-week-old GCs. (c) Quantification of WT1 protein relative to control in
6-week-old GCs. (d) Immunoblotting for the WT1 protein, and GAPDH (internal control) levels in 2-week-old ovaries. (e) Immunoblotting for the WT1 protein, and
GAPDH (internal control) levels in 3-week-old eCG/PMSG-treated ovaries. (f) Quantification of WT1 protein relative to control in D (n = 3 for each group). (g)
Quantification of WT1 protein relative to control in F (n = 3 for each group). (h) Treatment with the autophagy/lysosome inhibitor 3-MA resulted in the accumulation
of WT1. CHX chase assay of WT1 in HEK293T cells in the absence or presence of 3-MA. (I) Quantification of the relative WT1 levels in panel G. (J) WT1 interacts with
SQSTM1. pCMV-tag2b-FLAG-Wt1 and pMXs-puro-GFP-SQSTM1, pMXs-IP-GFP-NBR1(38,283), pEGFP-TOLLIP, or pEGFP-LC3 were co-transfected into HEK293T cells. 24 h
after transfection, cells were collected for IP with an anti-GFP antibody and then analyzed via blotting with an antibody against GFP. (k) Immunofluorescence staining
of WT1 (green) and SQSTM1 (red) of epg5 knockout and WT ovaries sections. The white arrow shows WT1 (green) and SQSTM1 (red) puncta respectively in antral
follicular GCs. The yellow arrow shows the co-localization of WT1 (green) and SQSTM1 (red) puncta in antral follicular GCs. PmF, primordial follicle; PF, primary follicle;
SF, secondary follicle; AF, antral follicle. Scale bars: 5 pm, 10 pm, 20 um. Data are expressed as the mean + S.E.M. *P < 0.05.

GCs of the epg5 knockout (Figure 6b,c). We speculated that For context, most follicles in the ovaries of 2-week-old
the strong WT1 accumulation we observed in epg5 knockout mice are primary or secondary, in which WT1 protein levels
GCs likely results from disrupted degradation of the WT1 are high [47]. The WT1 levels subsequently starts a gradual
protein. reduction from primary toward antral and then preovulatory



follicles [46,48]. We constructed a follicular synchronization
model to detect changes in the WT1 level after epg5 knockout.
Preovulatory follicles were presented in the ovaries of equine
chorionic gonadotropin (eCG)/pregnant mare serum gonado-
tropin (PMSG)-treated  3-week-old  female  mice.
Accumulation of the WT1 protein was observed in eCG/
PMSG-treated 3-week-old epg5 knockout ovaries, which was
obviously distinct from the sharp decline in the WT1 level
observed in the WT ovaries (Figure 6d, e, f, g). Moreover, we
observed no degradation of WT1 in the antral follicles of the
epg5 knockout mice (Figure S5A). These results indicate that
primary and secondary follicles of the epg5 knockout mice
have normal WT1 accumulation, but that impaired WT1
degradation leads to aberrantly high WT1 accumulation in
antral and then preovulatory follicles.

Recalling our result showing blocked autophagic flux in
epg5 knockout GCs, and considering this finding of disrupted
WT]1 protein degradation in antral and preovulatory follicles,
we conducted a series of in vitro experiments with HEK293T
cells. The autophagy/lysosome inhibitor 3-methyladenine
(3-MA) [29] was added to the media of HEK293T cells trans-
fected with a plasmid for WtI expression. During the cyclo-
heximide (CHX) chase experiment, WT1 degradation was
strongly delayed after 3-MA treatment (Figure 6h,i). Further,
coimmunoprecipitation experiments in HEK293T cells
showed that WT1 can physically interact with SQSTMI1 but
not NBR1, LC3 and TOLLIP (toll interacting protein) [49]
(Figure 6j). We also found that in the control mice, WT1 and
SQSTM1 colocalized with each other in relatively large puncta
in the cytoplasm of antral follicle GC cells (Figure 6k, upper
panel). Whereas in epg5 knockout GCs, SQSTM1 did not
colocalized with WT1 (Figure 6k, lower panel), suggesting
a defect in WT1 degradation in GCs of the epg5 knockout.
Collectively, these results suggest that WT1 is degraded via
the autophagy-lysosome pathway.

Expression of steroidogenic genes in epg5 knockout GCs
can be partially rescued by Wt1 knockdown

Loss of WT1 function has been shown to cause transforma-
tion of pregranulosa cells to steroidogenic cells [50], so we
examined the levels of known steroidogenic proteins in epg5
knockout GCs. Gao et al. (2014) demonstrated that the
expression of genes including FSHR (follicle stimulating hor-
mone receptor), HSD3B1/3B-hydroxysteroid dehydrogenase
(hydroxy-delta-5-steroid dehydrogenase, 3 beta-and steroid
delta-isomerase 1), Cypllal, and Cypl9al was inhibited by
Wt1 in GCs. Furthermore, Chen et al. (2017) demonstrated
that WT1 represses Sfl expression by directly binding to the
Sfl1 promoter region and showed that inactivation of Wtl
causes upregulation of SfI, which in turn activates
a steroidogenic program. Our immunoblots showed decreased
FSHR, HSD3B1, CYP11A1, and CYP19A1 levels in the eCG/
PMSG-treated 3-week-old epg5 knockout ovaries compared to
the eCG/PMSG-treated 3-week-old control ovaries (Figure 7a-
e). To explore the effect of autophagy on GC differentiation,
GCs from 5- to 6-week-old mice were isolated and cultured
from epg5 knockout and control females. Chloroquine (CQ)
was used to inhibit autophagy in GCs [51]. Immunoblotting
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of CQ-treated GCs revealed a significant increase in the levels
of LC3-IT and WT1I, similar to that of the epg5 knockout GCs
(Figure 7f, g, h). In addition, we observed an obvious decrease
in the levels of GC differentiation associated proteins in both
epg5 knockout and CQ-treated GCs (Figure 71, i, j, k). These
results suggest that blocking autophagy significantly affects
GC differentiation. To test whether the downregulation of
steroidogenic genes in epg5 knockout GCs is due to accumu-
lated WT1, we used siRNA to downregulate the expression of
WTT1 in epg5 knockout GCs (Figure 71, m). As predicted, the
knockdown of WT1 partially rescued the expression of GC
differentiation associated genes (Figure 71, n, o, p, q), suggest-
ing that WT1 is a major autophagy target in GC differentia-
tion. Taken together, these results support that the blocking of
autophagy in epg5 knockout GC results in the abnormal
accumulation of WTI, leading to aberrantly low levels of
GC differentiation associated proteins.

Discussion

The development of ovarian follicles is a dynamic process
comprising PGCs development, follicle formation, follicular
activation and follicle development and maturation [52,53].
The GCs in antral follicles express gonadotropin receptors.
Before ovulation, granulosa cells begin to express steroido-
genic enzymes that are necessary for progesterone and estra-
diol synthesis [54]. In this study, we show that EPGS5 is
required for normal female follicle development, as EPG5-
knockout female mice are subfertile, owing to age-related
decreases in follicle number. We show that epg5 knockout
interferes with autophagy in GCs, resulting in accumulation
of WTI1, which represses the transcription of Cypllal,
Hsd3bl, Cypl9al, and Fshr, leading to defective differentia-
tion of GCs (Figure 8). Our study thus illustrates
a mechanism for WT1 degradation in GCs through autopha-
gy-lysosome pathway during folliculogenesis.

Autophagy is an intracellular catabolic process that delivers
cell components, including proteins, lipids, and whole orga-
nelles, to lysosomes for degradation and recycling [55,56].
Increasing evidence illustrates that autophagy is involved in
a broad range of cellular events within the reproductive process
[25,27-29,57]. In the ovary, autophagy protects oocytes from
excessive loss in neonatal ovaries [58]. Germ cell-specific knock-
out of atg7 in mice led to POI, resulting in significantly reduced
numbers of follicles in the adult mutant animals [25]. In Becnl™
ovaries, disrupting autophagy led to a 56% reduction in the
number of germ cells in the murine primordial follicle pools at
postnatal day 1 [58]. During folliculogenesis, only 1% of all
follicles develop up to the maturation stage and eventually the
fertilization stage; the remainder undergo atresia at different
developmental stages. It has been shown that autophagy also
participates in follicle atresia by regulating the death of GCs [59-
61]. Although EPGS5 is highly expressed in GCs (Figure S1B, C),
we cannot exclude unforeseen systemic (ie. secondary) effects
from its loss in other tissues. In the future, generation of condi-
tional knockout mice with either Cyp19a1-Cre [62,63] or Amh-
Cre [64] to specifically eliminate Epg5 in GCs, could be used to
address this issue. The proper proliferation and differentiation of
the surrounding GCs is essential for oocyte development and
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Figure 7. Wt1 knockdown partially rescue the expression of steroidogenic genes in epg5 knockout GCs.

maturation [65]. Autophagy has a functional link to both folli-
cular atresia and follicular development; however, in vivo
genetic-based validation studies in GCs have rarely been
reported. A previous study used Cypl9al-Cre to knockout the
Becnl gene in mouse precursor follicular GCs, which ultimately
terminally differentiated into the lipid-rich steroidogenic luteal
cells, lacked sufficient progesterone synthesis, yet showed no
obvious follicle development abnormalities [66]. In our study,
an increased LC3-II:LC3-I ratio and accumulated SQSTMI1 indi-
cated insufficient autophagy activation and disrupted autophagic
flux in both whole ovaries and GCs.

WTT1 is a transcription factor expressed in ovarian GCs and
testicular sertoli cells. The function of WT1 was initially
elucidated in studies of sex determination [67,68]. WT1 is
required for steroidogenesis in Leydig cells, and deletion of
the WtI gene resulted in defects of testosterone biosynthesis
and downregulation of steroidogenic gene expression [69].
WT1 has a role in POI through missense mutations [68].
Deletion of Wtl in GCs led to subfertility in female mice
due to the aberrant development of follicles caused by the
premature differentiation of GCs [46]. In vitro studies demon-
strated that the expression of follicle FSHR, HSD3BI1, and
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CYP19A1 was inhibited by WT1 in GCs. We further demon-
strated that the autophagic defect in the epg5 knockout might
result from blocking the degradation of WT1, resulting in the
decreased expression of genes associated with GC differentia-
tion (eg. Cyp19al, Cypllal, Fshr, and Hsd3bI). In summary,
we have demonstrated that Epg5 is required for female repro-
duction, and have implicated that GCs differentiation might
be affected by disrupted WT1 degradation. Although auto-
phagy has been shown to play a role in maintaining nuclear
components [70], future experiments should delve more dee-
ply into how the nuclear protein WT1 engages in a physical
interaction with SQSTM1 in the cytoplasm. We validated that
EPG5 promotes WT1 degradation in both a mouse model and
cells. Recently, Prof. Zhao has shown deficient autophagy is
highly associated with POI by using cultured human and
mouse granulosa cells, which is a close validation of the
reliability of our study [71]. Our investigation reveals how
autophagy affects WT'1 degradation, which regulates follicular
development and could represent a driver of POI pathogensis
in some human patients.

Materials and methods
Mice

Epg5* mice were obtained from the Institute of Biophysics,
Chinese Academy of Sciences, Beijing, China [35]. Epg5™ mice
were maintained with C57/BL6 genomic background, and
were backcrossed to ICR background mice which were
obtained from the specific pathogen-free (SPF) mice center

for 10 generations. Animal experimental procedures in our
study were approved by the Animal Research Committee of
the Institute of Zoology, Chinese Academy of Sciences. Mice
were first anesthetized with CO,, then sacrificed by cervical
dislocation, and all efforts were made to minimize suffering.

Single-cell suspension preparation

The ovaries were isolated and immediately immersed in M2
medium (Sigma, M7167). Then, the fat and other adherent
tissues were removed under a dissection microscope to obtain
a “clean” ovary. Every sample was shredded into small pieces
with tweezer and then was incubated with 2 mL of trypsin
(Solarbio, 8049-47-6), 1 ml of collagenase VI (Thermo,
17,104,019) and 100 pL of DNase (Macklin, 9003-98-9) for
20 min at 37°C with shaking on thermomixer (200 g).
Subsequently, 500 uL M2 medium containing 10% bovine
serum albumin (BSA; Solarbio, A8010) was used to stop
digestion, and then the next steps were conducted as pre-
viously described [72].

RNA-sequencing and analysis

Cell capturing, cDNA amplification and library preparation
were carried by Chromium Single Cell 3° GEM, Library & Gel
Bead Kit v3 (10 x Genomics, 1,000,075) according to the
manufacturer’s instructions. Single-cell suspensions were
loaded onto a Chromium Single-Cell Controller Instrument
(10 x Genomics) to generate single-cell gel beads in emulsions
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(GEMs). Every library was sequenced on a HiSeq X Ten plat-
form (IITumina Novaseq 6000), and 150 bp paired-end reads
were generated. Libraries were constructed using TruSeq
Stranded mRNA LT Sample Prep Kit (Illumina, RS-122-
2101). Differentially expressed genes (DEGs) analysis was
conducted to explore gene expression patterns using DESeq2
based on the reads counts file. Gene ontology (GO) enrich-
ment analysis of DEGs were performed by using the
clusterProfiler R package [73]. Transcriptome analysis and
sequencing were completed by OE Biotech Co., Ltd.
(Shanghai, China).

Superovulation and fertility testing

For superovulation, female mice were injected i.p. with 10 ITU
of eCG/PMSG (Ningbo Second Hormone Company,
110,254,564) and 44-48 h later with 10 IU hCG (Ningbo
Second Hormone Company, 110,251,281). After an additional
16 h, oocyte/cumulus masses were surgically removed from
oviducts and the numbers of MII oocytes were collected from
oviducts.

To determine female mouse fertility, five 7- to 8-week-old
epg5 knockout and the control females were mated with
proven fertility control males for 6 months. The number of
offspring from each pregnant female was recorded after birth.

In vitro fertilization in mice

Female mice 5- to 9-weeks-old were injected with 10 IU of
eCG/PMSG, and 44-48 h later with 10 IU hCG. The cumulus
oophorus cells (COCs) from donors were collected 13 to 14 h
after hCG injection. Before this, sperm from cauda epididymis
were released, and incubated in HTF (human tubal fluid) for
capacitation for an additional hour. The COCs were then
transferred to a 200 uL drop of HTF fertilization media con-
taining sperm for at least 3 h. Next, the fertilized oocytes were
examined and removed to 80 uL HTF, then incubated over-
night at 37°C in 5% CO,. Two-cell embryos were counted and
incubated in KSOM medium (Millipore, MR-121-D). Embryo
development was examined every 12 h and the developmental
rates of the embryos were calculated.

Tissue collection and histological analysis

Ovaries were washed with PBS (Solarbio, P1020) twice and
fixed in 4% paraformaldehyde (PFA; pH 7.5) overnight at 4°C,
dehydrated by using an ascending series of graded ethanol
solutions, and then embedded in paraffin and serially sec-
tioned at 5-pum. The slices were then held at 37°C overnight.
Following deparaffinization with xylene and graded ethanol
solutions, and then stained with hematoxylin and
eosin (H&E).

Quantification of ovarian follicles

Ovaries were dehydrated, embedded in paraffin, and 5-pum
serial sections were stained with H&E using standard protocol
as described previously [25]. The slides were scanned using
a Leica Aperio VESA8 microscope. Primordial follicles were

counted in every fifth section and multiplied by five to calcu-
late the number of all primordial follicles in each ovary.
Growing follicles were counted by scanning all sections and
only the follicles with clear oocyte nuclei were counted to
exclude the effect of residual structures after oocyte ablation
in the ovaries. The total number of follicles for each ovary was
determined by counting the follicles containing oocytes with
a visible nucleus. Briefly, primordial follicles were defined as
an oocyte surrounded by a single layer of squamous GCs.
Primary follicles possessed an oocyte surrounded by a single
layer of cuboidal GC layer. Secondary follicles consisted of an
oocyte surrounded by two or more layers of cuboidal GCs
with no visible antrum. Antral follicles contained four or
more layers of GCs with a clearly defined single antral space.

Primary GCs isolation, culture, transfection and
knockdown

Female mice at 5 weeks to 6 weeks of age were used for
isolation of primary GCs. The ovaries were rapidly isolated
and washed with PBS three times. The large antral follicles
were punctured using an insulin injector needle in M2 med-
ium to extrude GCs which were then filtered through a 40-um
filter and collected by centrifugation. The GCs were cultured
in DMEM/F12 medium (Gibco, 11,330,032) complemented
with 5% FBS and 1% penicillin-streptomycin and incubated
at 37°C and 5% CO,. Oocytes that were unable to attach to
the dish were removed during the medium change after 12 h.
GCs were confirmed by immunofluorescence staining with
the GC marker FOXL2 (Figure S6A), and GC purity was
confirmed at 94.43% + 1.915. To inhibit autophagy in vitro,
GCs were incubated in DMEM/F12 medium containing
50 uM CQ (Sigma C6628) for 48 h. GCs were transfected
with the relevant plasmid DNA using Lipofectamine 3000
(Invitrogen, L300015) according to the manufacturer’s
instructions. For knockdown experiments, siRNA for silen-
cing the expression of Wt1, as well as negative control siRNA,
were purchased from Thermo Fisher Scientific (4,392,420).
They were transfected into GCs with Lipofectamine 3000
without P3000. Cells were harvested 48 h after transfection
for preparation of lysates.

Live-cell imaging

GCs were plated on glass-bottom dishes (NEST, 801,001) and
transfected with the indicated plasmids. After 24 h of trans-
fection, GCs were stained with 50 nM Lysotracker Red
(Beyotime, C1046) for 10 min and imaged at 37°C and 5%
CO, using a 100 X objective (CFI Plan Apochromat Lambda,
NA 1.45, Nikon) with oil on an inverted fluorescence micro-
scope (Andor Dragfly 200, Nikon). Images were captured
every 2 s for 15 min and analyzed with Imaris software
(Oxford Instruments NanoScience).

Immunofluorescence

The ovaries were immediately embedded in optimum cutting
temperature compound (OCT, Tissue-Tek), and cut into
5-pum sections using a microtome-cryostat (Leica, EG1150H).



Frozen ovaries sections were washed with PBS twice and then
fixed with 4% PFA for 20 min and washed in PBS for 5 min,
three times (pH 7.4), every time for 5 min. Following blocking
with 5% BSA for 30 min, samples were incubated with pri-
mary antibody in 1% BSA and 0.3% Triton X-100
(Elabscience, E-IR-R122) at 4°C overnight. The samples
were washed with PBS three times, and then incubated with
secondary antibody diluted with PBS for 1 h at 37°C. Next, the
slides were washed with PBS containing 0.1% Triton X-100 3
times, and nuclei were stained with 4',6-diamidino-2-pheny-
lindole (DAPI) for 5 min. Images were taken using SP8
microscope (Leica) or LSM800 confocal microscope system
(Zeiss).

Immunohistochemistry

Deparaffinized ovaries sections were boiled on high for
5 min and low for 15 min in sodium citrate buffer for
antigen retrieval. And then 3% H,0, was added to the
sections to eliminate internal peroxidase activity for 10 min
and washed in PBS for 5 min, three times (pH 7.4), every
time for 5 min. Following blocking with 5% BSA for 30 min,
samples were incubated with primary antibody in 1% BSA
and 0.3% Triton X-100 at 4°C overnight. Negative controls
were prepared without the primary antibody. The sections
were washed with PBS containing 0.1% Triton X-100 three
times, followed by staining with the HRP-conjugated sec-
ondary antibody (Zhong Shan Jin Qiao, ZB-2306) for 1.5 h
at 37°C. The sections’ color was developed with 3, 3’-
diaminobenzidine (DAB; Zhong Shan Jin Qiao, ZLI-9017),
and the nuclei were stained with hematoxylin. Finally, the
sections were dehydrated and mounted with Permount
(Solarbio, G8590).

Western blot analysis

Ovaries and GCs were lysed with cold RIPA buffer (50 mM
Tris-HCI, pH 7.5, 150 mM NaCl, 1% Nonidet P-40 (Thermo
Fisher Scientific, 85,124), 0.1% SDS (Solarbio, S8010), 1%
sodium deoxycholate (Sigma-Aldrich, 30,970-100 G), 5 mM
EDTA) supplemented with 1 mM phenylmethylsulphonyl
fluoride (PMSF; Amresco, 0754) and protease inhibitor cock-
tail (PIC; Roche, 04693116001). Proteins obtained from
lysates were separated by SDS-PAGE and transferred to poly-
vinylidene difluoride (PVDF) membranes (Sigma-Aldrich,
P2938-1ROL). Immunoblots were performed following
a standard procedure by using ODYSSEY Sa Infrared
Imaging System (LI-COR Biosciences, Lincoln, NE).

Antibodies

Goat anti-rabbit FITC (ZF-0311), goat anti-mouse FITC (ZF-
0312), and goat anti-mouse TRITC (ZF-0313)-conjugated
secondary antibodies were purchased from Zhong Shan Jin
Qiao (Beijing, China). Rabbit EPG5 polyclonal antibody was
generated by Mengcheng Luo of Wuhan University.
Antibodies in this study: WT1 (ab89901), PCNA (ab29),
DDX4 (ab27591), FOXL2 (ab5096), MKI67/Ki67(ab15580),
FOS/c-FOS (ab222699), JUN/c-JUN (ab40766), and FOXO1
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(ab179450) were all purchased from Abcam (Cambridge, UK).
Rabbit anti-y-H2AX (05-636) were purchased from Milipore.
Rabbit anti-CASP3 polyclonal antibody (9662S), rabbit anti-
LC3 (4599S) and rabbit anti-SQSTM1 (5114) were purchased
from Cell signaling Technology. Rabbit anti-HSD3B1 (SC-
30820) polyclonal antibody, rabbit anti-CYP11A1 (13,363-
1-AP), rabbit anti-BCLAF1 (67,860-1-Ig), and rabbit anti-
ATF4 (28,657-1-AP) was purchased from Santa Cruz
Biotechnology and Proteintech. Mouse anti-GAPDH antibody
(AC002), mouse anti-TUBA (AC012), rabbit anti-ACTB
(AC026) was purchased from ABclonal (Wuhan, China).

Immunoprecipitation (IP)

Transfected HEK293T cells were lysed in hypersaline lysis
buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 0.5%
Nonidet P-40, 5 mM EDTA) supplemented with protease
inhibitors (Roche, 04693132001) for 30 min on ice and cen-
trifuged at 13,523 g for 15 min and then the supernatant was
precleared by incubation with protein A-Sepharose (GE
Healthcare, 17-1279-03) at 4°C for 2 h. Thereafter, the pre-
cipitants were washed two times with IP buffer (50 mM Tris-
HCl, pH 8.0, 150 mM NaCl, 0.5% Nonidet P-40, 5 mM
EDTA), followed by heating of the precipitated material in
SDS-PAGE sample buffer and immunoblotting analysis.

TUNEL assays

TUNEL assays were analyzed with the In Situ Cell Death
Detection Kit (Roche Diagnostics, 11,684,795,910) according
to the manufacturer’s instructions. Briefly, sections of ovaries
were deparaffinized and boiled on high for 5 min and low for
15 min in sodium citrate buffer for antigen retrieval. After
treated with H,O, for 10 min at room temperature and
sodium citrate for 2 min on ice, the slides were rinsed twice
with PBS, the TUNEL reaction mixture as indicated by the
instructions was applied to sections for 60 min at 37°C in the
dark, followed by immunofluorescence staining as detailed
above.

Statistical analysis

All experiments were repeated at least three times. Results
were expressed as the mean + S.E.M. Statistical analyses were
conducted GraphPad Prism 9 software (GraphPad Software,
La Jolla, CA, United States). For normal groups the statistical
significance of the differences between the various groups was
measured by Student’s t-test with an unpaired, two-tailed
distribution. And for abnormal groups, data were analyzed
using R (http://www.r-project.org). The statistical signifi-
cances were defined as: *, p < 0.05 **, p < 0.01; ***,
p < 0.001; ****, p < 0.0001, n.s., nonsignificant.
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