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Single-cell profiling of mouse
and primate ovaries identifies high levels
of EGFR for stromal cells in ovarian aging
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Increased ovarian fibrosis and an expanded stromal cell
compartment are the main characteristics of aging ovaries.
However, the molecular mechanisms and the key factor of stro-
mal cells underlying ovarian aging remain unclear. Here, we
explored single-cell transcriptomic data of ovaries from the
adult mouse (4,363 cells), young (1,122 cells), and aged
(1,479 cells) non-human primates (NHPs) to identify expres-
sion patterns of stromal cells between young and old ovaries.
An increased number of stromal cells (p = 0.0386) was observed
in aged ovaries of NHPs, with enrichment processes related to
the collagen-containing extracellular matrix. In addition,
differentially expressed genes of stromal cells between young
and old ovaries were regulated by ESR1 (p = 7.94E-08) and
AR (p = 1.99E-05). Among them, EGFR was identified as the
common target and was highly expressed (p = 7.69E-39) in
old ovaries. In human ovaries, the correlated genes of EGFR
were associated with the process of the cell-substrate junction.
Silencing of EGFR in human ovarian stromal cells led to the
reduction of cell-substrate junction via regulating phosphory-
lation modification of the AKT-mTOR signaling pathway
and stromal cell marker genes. Overall, we identified high levels
of EGFR for stromal cells in ovarian aging, which provides
insight into the cell type-specific molecular mechanisms under-
lying ovarian aging at single-cell resolution.
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INTRODUCTION
The ovary is an indispensable female reproductive organ for female
reproductive development, fertility maintenance, and endocrine ho-
meostasis, which produces oocytes and steroid hormones.1,2 The
structure of the ovary is complex, composed of multiple heteroge-
neous cell types at different stages, including follicles, oocytes, and
surrounding granulosa cells and/or membranous cells.3 The aging
of the female reproductive system is a common fertility problem,
because women’s childbearing age is gradually delayed, resulting in
a higher incidence of infertility, miscarriage, and birth defects.4 In
Molecular
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addition to its indispensable function in female fertility, ovaries also
play a regulatory role in health.5 Other diseases, such as ovarian
cancer, type 2 diabetes, breast cancer, cardiovascular disease, osteopo-
rosis, and fractures could be also related to ovarian aging.6 An in-
depth understanding of the mechanisms that drive ovarian aging is
essential.

Although functional decline along with ovarian aging has been recog-
nized, the molecular changes are not well defined. There is an urgent
need to understand the physiological and cellular mechanisms of fe-
male reproductive system aging.7With age, the number and quality of
oocytes decrease, the number of follicles decreases, and the number
and function of granulosa cells are abnormal.8 In addition, increased
inflammation, accumulation of reactive oxygen species, and aging-
related anatomical and physiological changes, including altered extra-
cellular matrix, changes in medulla and cortex volume, and extensive
tissue fibrosis, are closely associated with ovarian aging.9,10

Fibrosis is characterized by the accumulation of collagen I and III and
organ dysfunction, which is a common hallmark of several aging
organs.11 Like other organs, the ovaries of mammals become increas-
ingly fibrotic with age, which is conserved between mice and
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humans.9 Fibrosis in aged ovaries was related to increased ovarian
stromal cells, which could affect the shape of follicles.8 Ovarian
stroma is composed of a population of cells commonly described as
stromal cells,12 including the populations of fibroblast-like cells, spin-
dle-shaped cells, or interstitial cells.13 In general, extracellular matrix
(ECM) was produced by stromal fibroblast-like cells, such as collagen
I, III, IV, and VI.14 Theca interstitial cells showed a fibroblast-like
appearance when primary cultured in vitro,15 and interstitial cells
are responsible for the features of steroid production in the human
fetal gonads.16 However, the key factor of stromal cells in ovarian ag-
ing remained to be determined.

Because of the heterogeneous population of the ovary, conventional
RNA sequencing (RNA-seq) has difficulties in identifying cell type-
specific changes in young and old ovaries.17 In addition, ethical re-
strictions and the limited access to obtain disease-free human young
ovaries make it difficult to study ovarian aging. An appropriate model
could help scientists to identify the risk factors and molecular mech-
anisms underlying ovarian aging.18 Fortunately, with the develop-
ment of single-cell RNA sequencing technology, it is possible to
analyze expression patterns of heterogeneous tissues at the single-
cell level.2 Furthermore, because non-human primates (NHPs) share
similar genomic and physiological characteristics with humans,
young and old ovaries of NHPs were generated as a model for study-
ing ovarian aging in vivo.19 With advances in the single-cell RNA
sequencing of primate ovaries, the single-cell transcriptomic atlas of
young and old ovaries of NHPs was used to study the molecular
mechanisms underlying ovarian aging.20 These single-cell RNA-seq
data were generated using certified methods with high quality in
gene expression and were published in top academic journals,2,20

which would effectively explore the cell type-specific molecular mech-
anisms of stroma cells underlying ovarian aging.

In this study, we used public single-cell transcriptomic data of ovaries
from the adult mouse (4,363 cells), young (1,122 cells), and aged
(1,479 cells) non-human primates to identify expression patterns
and specific markers of stromal cells in young and old ovaries.
Tans-omics data of chromatin immunoprecipitation sequencing
(ChIP-seq), RNA-seq, and proteomics were analyzed to demonstrate
the roles of EGFR in ovarian stromal cells. Primary cultured stromal
cells of the ovary were used to verify the biological role of EGFR in
ovarian stromal cells, which provides insight into the cell type-specific
molecular mechanisms underlying ovarian aging at single-cell
resolution.

RESULTS
Single-cell transcriptome analysis of the adult mouse ovary

Because the ovary is a complex organ that consists of numerous cell
types, including oocytes, luteal cells, stromal cells, smooth muscle
cells, immune cells, and others,2 understanding the gene expression
patterns and identifying specific marker genes of each cell type is
necessary. We analyzed single-cell transcriptomic data of the adult
mouse ovary from the mouse cell atlas20; 4,363 cells were clustered
into 14 sub-types according to the gene expression of each cell (Fig-
2 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
ure 1A). There were 484 stromal cells, accounting for 11% of all ovary
cells (Figure S1A). By analyzing marker genes of stromal cells, we
identified 280 marker genes of stromal cells (Table S1) and found
that the expression markers were enriched in the processes related
to an extracellular matrix organization, focal adhesion, smooth mus-
cle contraction, and so on (Figure 1B; Figure S1B). In transcription
factor (TF) analysis, these markers were mainly regulated by RELA,
SP1, NFKB1, and ESR1 (Figure S1C). The top marker genes of stro-
mal cells were shown in Figure 1C, such as Acta2, and Bgn, with spe-
cific expression in the C4 cluster (Figure 1C). In addition, the specific
gene expression patterns were validated by immunofluorescence in
adult mouse ovaries (Figure 1D).

Single-cell transcriptome analysis of primate ovaries identified

the increased stromal cells in ovarian aging

To identify the characteristics of young and old ovaries, we explored
the single-cell transcriptomic data of ovaries from young (n = 4, 4–5
years old) and old (n = 4, 18–20 years old) non-human primates.2 In
total, 2,601 cells from primate ovaries were clustered into 8 clusters
according to the gene expression of each cell (Figure 2A). There
were 1,203 stromal cells, accounting for 46% of all ovary cells (Fig-
ure S2A). When analyzing the specific marker genes with the mouse
stromal cells, we found 60 overlapped markers between them (Fig-
ure 2B; Table S2), which were significantly enriched in the disease
of fibrosis (Figure 2C). Importantly, we found that stromal cells
were increased in old ovaries (p = 0.0386) compared with young
ovaries (Figure 2D). Although smooth muscle cells were also the
mesenchymal components (9%) in primate ovaries, there were no sta-
tistical differences in the smooth muscle cell cluster between the
young and old ovaries (Figure 2E). By analyzing differentially ex-
pressed genes (DEGs) of stromal cells between young and old ovaries,
63 DEGs were identified (Table S3), with the enrichment in the pro-
cesses related to extracellular matrix binding, collagen binding, and
collagen-containing extracellular matrix, and so on (Figures 2F and
S2B). In transcription factor analysis, these DEGs were enriched in
ESR1 and AR (Figure 2G). Moreover, the expanded ovarian fibrosis
was validated byMasson’s staining in ovaries of young and old ovaries
(Figures 2H and 2I).

Integrative analysis identified EGFRwas highly expressed in old

ovaries

AR and ESR1 are steroid-activated TFs that play key roles in cellular
biology.21 To further analyze the gene expression patterns of stromal
cells between young and old ovaries of NHPs, we compared the DEGs
of stromal cells with targets of ESR1 and AR, and we found that there
were 3 overlapped genes (EGFR, BTG2, andMYC) among them (Fig-
ure 3A). In single-cell transcriptomic data of young and old ovaries,
EGFR (p = 7.69E-39), BTG2 (p = 7.30E-09), and MYC (p = 3.03E-
11) were highly expressed in stromal cells of old ovaries (Figure 3B).

Next, we explored the correlation between ESR1 or AR and target
genes in RNA-seq data of human ovaries (n = 180) and found that
the expression of EGFR showed positive correlation with that of
ESR1 (p = 1.00E-07, R = 0.53) andAR (p = 0.0087, R = 0.28) in human



Figure 1. Single-cell transcriptome analysis of the adult mouse ovary

(A) t-SNE map of single-cell transcriptomic data of the adult mouse ovary. Cells were clustered into 14 types with different colors, and each dot represents a cell. (B)

Enrichment and pathway analysis of specific markers of cluster 4 (stromal cells). (C) Gene expression level of each cell cluster in the adult mouse ovary, with p value in C4

cluster. The y axis represents the log2 (cluster mean expression TPM + 1). (D) Immunofluorescence staining of Acta2, Col1a1, Col1a2, and Col3a1 in the mouse ovary.
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ovaries (Figures 3C and 3D). In transcription factors analysis from
Toolkit,22 AR and ESR1 showed a high regulatory potential score in
the EGFR gene (Figure 3E), and the high scores of AR and ESR1
were not observed in BTG2 andMYC (Figures S3A and S3B). Further-
more, we downloaded and analyzed ChIP-seq data of AR and ESR1
from the public datasets and found that peaks of AR and ESR1
were enriched in the same region of the EGFR gene (Figure 3F).
The ChIP-seq peak enrichment region of EGFR was found to be a
promoter of the EGFR gene via analyzing the cis-regulatory elements
from all cell types (Figure 3G). These results indicated that EGFR was
highly expressed in old ovaries, which was associated with the expres-
sion of AR and ESR1 in ovaries.

High expression of EGFR in stromal cells was associated with

the cell-substrate junction process in human ovaries

In single-cell transcriptomic data of the mouse ovary, Egfr showed a
higher expression level in stroma cells (cluster 4, Figure 4A). Accord-
ing to previous studies of The Jackson Laboratory, the mouse age
range of 3–6 months is defined as a young age that is correlated
with 20–30 years of age in humans, and the mouse age range of
18–24 months is defined as an old age that is correlated with 56–69
years of age in humans. Therefore, we performed immunofluores-
cence staining of young (4 months) and old (20 months) mouse
ovaries, and we found that Egfr, Acta2, Ar, and Esr1 were highly ex-
pressed in oldmouse ovaries, with the reduction of the primordial fol-
licle, primary follicle, secondary follicle, and antral phase follicle in
old mouse (Figures 4B, 4C, and S4A).

To identify themolecular roles ofEGFR in human ovaries, we explored
proteomics data of human ovaries (n = 8) from GTEx Portal and per-
formed a correlation analysis of EGFR in human ovaries and
compared themwith themarker genes of primate ovarian stromal cells
(Figures 4D–4G). The positively correlated genes of EGFR in stromal
cells were associated with the processes related to the cell-substrate
junction, cell adhesion molecule binding, cadherin binding, cell-sub-
strate adherens junction, focal adhesion, and so on (Figure 4E). Pro-
tein-protein interaction networks of the positively correlated genes
of EGFR in stromal cells were associated with functional enrichment
of mRNA splicing, cell cycle, and so on (Figures S4B and S4C).
Although CAMK2N2 was identified as an EGFR negatively correlated
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Figure 2. Single-cell transcriptome analysis of primate ovaries identified the increased stromal cells in ovarian aging

(A) t-SNEmap of single-cell transcriptomic data of non-human primate ovaries. (B) Venn diagram of stromal cell markers between primate ovaries and the adult ovary, with 60

overlapped genes. (C) Enrichment analysis of 60 overlapped genes in DisGeNET. (D) Cell number of stromal cells in old and young primate ovaries. (E) Cell number of smooth

muscle cells in old and young primate ovaries. (F) Enrichment and pathway analysis of DEGs of stromal cells between young and old primate ovaries. (G) Enrichment analysis

of DEGs in TRRUST. (H and I) Masson’s trichrome staining (H) and statistical analysis (I) between young and old ovaries. Data are presented as mean ± SD. *p < 0.05,

**p < 0.01, and ***p < 0.001.
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gene, it was not a marker gene of stroma cells in NHP and mouse
ovaries (Figure 4F). The negatively correlated genes of EGFR in stro-
mal cells were associatedwith the processes related to the transcription
factor complex and RNA polymerase II transcription factor complex
(Figure 4G).

Silencing of EGFR inhibited cell-substrate junction and

promoted cellular senescence in ovarian stromal cells via the

AKT-mTOR signaling pathway

To demonstrate the roles of EGFR in ovarian stromal cells, we isolated
primary cultured stromal cells from the human ovary and validated
the markers of stromal cells (Figure 5A). We then performed an
ECM cell adhesion assay of ovarian stromal cells by interfering
with the expression of EGFR (si-EGFR) compared with normal con-
trol (si-NC), and we found the reduction of ovarian stromal cells after
interfering with the expression of EGFR (Figures 5B and 5C). In addi-
tion, the increased cellular senescence of ovarian stromal cells was
observed in the si-EGFR groups (Figures 5D and 5E).
4 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
Previous studies have shown that PI3K/AKT signaling is a key down-
stream mechanism of EGFR in an aging model.23,24 Therefore, we per-
formed an ECM cell adhesion assay and cultured them for 24 h before
immunofluorescence staining. After validating the expression of EGFR
and ACTA2, we found that the expression of p-AKT and p-mTORwas
inhibited after si-EGFR in stromal cells (Figure 5F). In addition, the
phosphorylation modification of the AKT-mTOR signaling pathway
was validated by western blot, and the expression of stromal cell
markers (ACTA2, COL1A1, COL1A2, COL3A1) were down-regulated
after si-EGFR (Figure 5G). Taken together, our results showed that
silencing of EGFR inhibits cell-substrate junction and promoted
cellular senescence via the AKT-mTOR signaling pathway.

RNA-seq data demonstrated that silencing of EGFR was

associated with aging and cell-cell adhesion in ovarian stromal

cells

To validate the role of EGFR in ovarian stromal cells, we performed
RNA-seq analysis of primary cultured ovarian stromal cells by



Figure 3. Integrative analysis identified that EGFR was highly expressed in old ovaries

(A) Venn diagram of DEGs of stromal cells between young and old primate ovaries, targets genes of AR and ESR1, with 3 overlapped genes. (B) Gene expression levels of

EGFR, BTG2, andMYC in stromal cells of young and old primate ovaries. (C and D) Correlation analysis of target genes (EGFR, BTG2, andMYC) with ESR1 (C) and AR (D) in

human ovaries. (E) The regulatory potential score of transcription factors in the EGFR genes. (F) ChIP-seq peaks of ESR1 and AR in the EGFR gene. (G) cis-Regulatory

elements analysis of EGFR gene region from UCSC Genome Browser.
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si-EGFR and si-NC. By interfering with EGFR of ovarian stromal cells,
500 DEGs were significantly identified between the two groups
(Table S4). Among the DEGs, EGFR was significantly inhibited in
the si-EGFR group (Figure 6A). By analyzing the enriched pathway
and process of DEGs form Metascape, signaling by GPCR (R-HSA-
372790), cell activation (GO:0001775), positive regulation of cell
migration (GO:0030335), aging (GO:0007568), and cell-cell adhesion
(GO:0098609) were enriched (Figure 6B).

We then explored the RNA-seq data of NIH3T3 (a stromal cell line)
with Egfr mutants (Del1, L858R, L861Q),25 and we found that PI3K-
AKT signaling pathway was enriched after Egfrmutant’s transfection
compared with wild-type and empty vector (Figures S5A–S5C). In
addition, extracellular matrix organization, degradation of the
ECM, and ECM regulators were enriched in gene set enrichment
analysis (GSEA) (Figure 6C). In addition, by analyzing single-cell
RNA-seq data from young and old ovary tissue and RNA-seq data
of si-EGFR. EGFR was observed in si-EGFR down-regulation group
and the old ovary up-regulation group (Figures S5D–S5F). The over-
lapped genes were associated positive regulation of biological process
(GO:0048518), biological regulation (GO:0065007), and cellular pro-
cess (GO:0009987) (Figure S5E). Importantly, the genes related to
aging (GO:0007568) and cell-cell adhesion (GO:0098609) were an-
alyzed, which was mentioned to be related ovarian aging in the pre-
vious analysis (Figures 6D and 6E). Moreover, genes related to aging
(GO:0007568) and cell-cell adhesion (GO:0098609) were validated to
be down-regulation after interfering with EGFR in ovarian stromal
cells (Table S5; Figures 6F and 6G).

DISCUSSION
The human ovary, a female reproductive organ, exhibits dysfunction
of early-onset aging in the human body after only the age of 30 years.4

In aged ovaries, increased ovarian fibrosis and expanded stromal cell
compartments were known as the main characteristics.26 Herein, we
Molecular Therapy: Nucleic Acids Vol. 31 March 2023 5
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Figure 4. High expression of EGFR in stromal cells was associated with the cell-substrate junction process in human ovaries

(A) Egfr expression level of each cell cluster in the adult mouse ovary. Y axis represents the log2 (cluster mean expression TPM + 1). (B and C) IHC staining (B) and statistical

analysis (C) of Egfr, Acta2, Ar, Esr1, Col1a1, and Col1a2 in young and oldmouse ovaries. Data are presented as mean ± SD. p value was calculated using Student’s t test. (D)

Positively correlated genes of EGFR in the proteomics data of human ovaries and the Venn diagram of positively correlated genes andmarker genes of stromal cells in primate

ovaries. (E) Enrichment and pathway analysis of DEGs of 456 overlapped genes. (F) Negatively correlated genes of EGFR in the proteomics data of human ovaries and the

Venn diagram of negatively correlated genes and marker genes of stromal cells in primate ovaries. (G) Enrichment and pathway analysis of DEGs of 16 overlapped genes.

*p < 0.05, **p < 0.01, ***p < 0.001.
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explored single-cell transcriptomic data of primate andmouse ovaries
to demonstrate the gene expression patterns of stromal cells in young
and old ovaries and identified EGFR as a basis for stromal cells in
ovarian aging. The analysis of aging-associated gene expression
patterns of primate ovaries revealed cell type-specific molecular
mechanisms of stroma cells underlying ovarian aging at single-cell
resolution.

Ovarian aging is associated with the function of various cellular
biology, such as mitochondrial dysfunction, epigenetic dysregula-
tions, and/or metabolic disorders.27 Previous studies have used
DCN, LUM, PDGFRA, COL1A1, COL6A1, STAR, TCF21, COL1A2,
and/or CYP17A1 to characterize the markers of ovarian stromal
cells,28 which were also identified in our single-cell transcriptomic
results from the mouse adult ovary. Organ fibrosis is reputed as a hall-
mark of organ aging and often leads to altered structure and dysfunc-
6 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
tion.29 In our results, common marker genes of stromal cells in
ovaries of the adult mouse and NHPs were associated with disease
in fibrosis. In addition, ovarian aging is reported to be correlated
with increased ovarian fibrosis expanded by changes in ovarian stro-
mal composition, namely, stromal cells and ECM,7 which was consis-
tent with the results that stromal cells were increased in old ovaries of
NHPs than that of young NHPs.

Increasing evidence showed the correlation between EGFR and aging
or aging-related diseases.30–36 However, the roles of EGFR in ovarian
aging remain unclear, especially in stromal cells underly ovarian ag-
ing. Nautiyal et al.30 revealed that aging of the gastrointestinal tract
are associated with the increased tyrosine-phosphorylated EGFR,
and inhibiting EGFR reversed the age-related increment of CD166,
ALDH-1, and miR-21. Earlier studies also found that the rise of
age-related factors in colonic cancer stem-like cells was correlated



Figure 5. Silencing of EGFR inhibited cell-substrate junction and promoted cellular senescence in ovarian stromal cells via AKT-mTOR signaling pathway

(A) The schematic diagram of the stromal cell isolation and ECM cell adhesion assay; validation of ACTA2 immunofluorescence is displayed at the bottom. (B and C) H&E

staining (B) and statistical result (C) of ECM cell adhesion assay between the si-EGFR and si-NC group. (D and e) Cellular senescence staining (D) and statistical result (E) of

ovarian stromal cells between the si-EGFR and si-NC groups. Data are presented as mean ± SD. p value was calculated using Student’s t test. (F) Stromal cells were

performed by ECM cell adhesion assay and cultured for 24 h. Immunofluorescence was conducted to compare the expression of the AKT-mTOR signaling pathway between

the si-EGFR and si-NC groups. (G) Western blot of stromal cells between the si-EGFR and si-NC groups. *p < 0.05, **p < 0.01, and ***p < 0.001.
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with the activation of EGFR.31,32 Siddiqui et al.33 systematically re-
viewed the multidimensional roles of EGFR in the aging of neurome-
tabolic processes. The roles of EGFR in cellular senescence are iden-
tified to be bidirectional effects. In ovarian stromal cells, we found
that silencing of EGFR induced the reduction of the cell-substrate
junction and the increment of cellular senescence in vitro. These
were consistent with the findings that down-regulation of EGFR me-
diates cellular senescence by activation of p53 in some types of cancer
cells.34 However, in IMR90 cells, activation of EGFR induced cellular
senescence via increasing senescence-associated factors.35 In addi-
tion, inhibiting EGFR signaling by gefitinib promoted cellular
senescence of osteoprogenitors and decreased bone formation inmid-
dle-aged mouse models.36

Of note, ovarian stromal cells can produce steroid hormone and ex-
press hormone receptors.13 Estrogen receptors alpha (ESR1) and beta
(ESR2) have been identified in the cytoplasm and nucleus of interstitial
cells in the bovine ovary.37 Progesterone receptor alpha (PRa) has been
documented in stromal cells and interstitial cells in the rabbit ovary.38

In addition, AR was observed in stroma cells from fetal gonad in
the sheep ovary.39 Moreover, steroidogenic enzymes (STAR and
CYP11A1) have been identified in the stromal cell cluster in single-
cell RNA-seq studies.2,28 Women at an advanced age are often marked
by ovarian fibrosis in the stroma, increased androgen production in
stromal cells, and increased levels of basal LH,40–42 with the evidence
that the stromal cells of the postmenopausal ovary are the important
source of androgen.43 In our results, DEGs of stromal cells between
young and old ovaries were regulated by ESR1 and AR in transcription
factor analysis, which might explain the expression changes of stromal
cells underlying ovarian aging regulated by the changes of steroid hor-
mone and/or hormone receptors.

The mouse model has long been used to gain insights into gene func-
tion in human disease development due to the conversed events be-
tween human and mouse tissues.44,45 However, researchers found
that mice with the same genetic changes and/or pathogenic mutations
do not display the human phenotype.46–48 These functional differ-
ences may be the differences in gene expression patterns between
mouse and human tissues.48 In our study, gene expression patterns
of ovarian stromal cells between mice and NHPs showed differences
in single-cell resolution. Most of the maker genes in NHP ovarian
stromal cells were not observed in mouse ovarian stromal cells.
Molecular Therapy: Nucleic Acids Vol. 31 March 2023 7
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Figure 6. RNA-seq data demonstrated that silencing of EGFR was associated with aging and cell-cell adhesion in ovarian stromal cells

(A) Volcano plot of DEGs between si-EGFR and si-NC in ovarian stromal cells. EGFR gene is indicated. (B) Enrichment and pathway analysis of DEGs between si-EGFR and si-

NC in ovarian stromal cells. (C) GSEA of DEGs between si-EGFR and si-NC in ovarian stromal cells. (D and E) Enrichment and pathway analysis of aging-related genes

(GO:0007568) (D) and cell-cell adhesion related genes (GO:0001775) (E). Real-time PCR of aging-related genes (F) and cell-cell adhesion related genes (G) between si-EGFR

and si-NC in ovarian stromal cells (mean±SD). p value was calculated using Student’s t test. *p < 0.05, **p < 0.01, and ***p < 0.001.
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The present findings were based on the descriptive analysis of sin-
gle-cell transcriptome analysis of ovaries, identifying the potential
genes of stromal cells in multi-regulatory networks. Given that
ovary is a complex organ with multi-cell types, it is important to un-
derstand the mechanisms of EGFR in the stroma cell population un-
derlying ovarian aging in vivo. In addition, the molecular roles of
EGFR in ovarian aging may differ from the primary cultured
ovarian stromal cells, which means that the in vivo changes of the
EGFR activation may differ from the cellular responses of EGFR
silencing-mediated changes. The best way to know the role of
EGFR for stromal cells in ovarian aging is to conduct an in vivo
mouse model, such as an ovarian stromal cell-Egfr-knockout mouse
model (Egfrflox+/�, Cyp17a1-Cre). Furthermore, subsequent studies
should be performed to identify which of these mechanisms is
responsible for the expansion of the stromal cell population in
ovarian aging.

In conclusion, this study explored the expression patterns and differ-
ential expression of stroma cells in the mouse and young and old non-
8 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
human primate ovaries at single-cell resolution. The expression
patterns and differential changes were enriched in the process related
to fibrosis and extracellular matrix binding, with the EGFR high
expression in the old ovaries. ChIP-seq analysis demonstrated that
peaks of AR- and ESR1-ChIP-seq were enriched in the promoter
region of target EGFR, which was associated with a high expression
status of EGFR. In aged ovaries, increased expression of EGFR was
associated with cell-substrate junction and was reversed by silencing
of EGFR. These results from our study suggest that EGFR may be a
promising target for ovarian aging.

MATERIALS AND METHODS
Data acquisition and single-cell transcriptomic analysis

Single-cell RNA-seq data of the mouse ovary were downloaded from
GSE108097,20 it was generated by the Microwell-Seq protocol. In
total, 4,363 cells of the adult ovary were processed by Seurat for
dimension reduction (t-distributed stochastic neighbor embedding
[t-SNE]), cell clustering (14 cell clusters), and differential gene exp-
ression analysis. Single-cell RNA-seq data of young (n = 4) and
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aged (n = 4) non-human primates were downloaded from GSE1
30664, which were generated using the STRT-seq protocol.2 In total,
2,601 cells from primate ovaries were processed by Seurat, with the
following criteria: (1) log2 (the mean expression of the cluster (tran-
scripts per kilobase million [TPM]) was greater than 0.5, (2) the po-
wer value was greater than 0.25, (3) the percentage of such cluster cells
(PCT.1) was greater than 0.3. Cells were clustered into 8 types accord-
ing to the previous study,2 C8 cluster (2.04% [53 of 2,601]) was
defined as other cells with no representative markers and are not
shown in the t-SNE map. Differentially expressed genes of stromal
cells between young and aged ovaries were shown in Table S3.
Enrichment analysis in DisGeNET

DisGeNET (version 4.0) is an online platform with integrated infor-
mation on human disease, which is used to analyze disease-associated
genes.49 DisGeNET contains 429,036 gene and disease associations
and links 17,381 genes to 15,093 diseases, and so on. We analyzed
the DEGs of stromal cells between young and old ovaries in
DisGeNET to identify the disease enrichment.
Isolation and cell culture

Ovarian stromal cells were isolated according to a previous study.50

Ovaries were collected from premenopausal women with hysterec-
tomies and salpingectomies for benign indications at the Department
of Obstetrics and Gynecology, Tongji Hospital approved by the Ethics
Committee of Tongji Hospital (ClinicalTrials.gov identifier
NCT01267851). Briefly, freshly collected samples were washed three
times in sterilized phosphate-buffered saline (PBS), and then tissues
were minced into little fragments and digested with collagenase II
(1 mg/mL; Sigma-Aldrich), hyaluronidase (1 mg/mL; Sigma-
Aldrich), and DNase I (1 U/mL; Thermo Fisher Scientific) in
DMEM (11965084; Gibco) at 37�C for 2 h. Then, they were centri-
fuged, resuspended with red blood cell lysate for 5 min and centri-
fuged again. The tissue fragments were resuspended with DMEM
supplemented with 10% fetal bovine serum (FBS; 16140071; Gibco),
100 U/mL penicillin, and 100 mg/mL streptomycin (15140-122;
Gibco) and transferred to two cell culture flasks. Cells were main-
tained in DMEM at 37�C with 5% CO2, supplemented with peni-
cillin-streptomycin and 10% FBS.
Masson staining

In brief, the formaldehyde-fixed and paraffin-embedded (FFPE) sec-
tions were deparaffinized and rehydrated, and re-fixed in Bouin’s so-
lution. Then, stain in Weigert’s iron hematoxylin working solution
and Biebrich scarlet-acid fuchsin solution sequentially. And the sec-
tions were differentiated in the phosphomolybdic-phosphotungstic
acid solution until the collagen is not red. Transfer sections directly
to aniline blue solution and stain for 5–10min. Then, rinse and differ-
entiate in 1% acetic acid solution. Finally, they were dehydrated very
quickly through 95% ethyl alcohol, absolute ethyl alcohol, and cleared
in xylene.
Cell senescence beta-galactoside enzyme staining

Cell senescence beta-galactoside enzyme staining was performed as
previously reported.51 Initially, fix cells with fixative solution for
10–15 min at room temperature. Then, b-galactosidase staining solu-
tion was added to the wells, and the plate was incubated at 37�C at
least overnight in a dry incubator. Finally, check the cells under a mi-
croscope (200� total magnification) for the development of blue
color.
Immunofluorescence

The animal experiments were approved by the Animal Experiment
Ethics Committee of Tongji Hospital and performed d under the
guidelines of the Laboratory Animal Care Center of Tongji Hospital.
Immunofluorescence was performed as described previously.52 Cells
were transferred on glass overnight, formalin-fixed, permeabilized
with Triton X-100 (9002-93-1; Sigma-Aldrich), blocked, incubated
with target antibody (Table S6), and imaged using Olympus fluores-
cence microscopy (BX53; Olympus). The average fluorescence inten-
sity was analyzed using ImageJ software.
Immunohistochemistry

The 4 mm FFPE sections were deparaffinized and antigen retrieved.
Endogenous peroxidase was inactivated by 3% H2O2 to prevent
false-positive staining. The non-specific binding proteins were
blocked by BSA (5%; Servicebio). The primary antibody was incu-
bated at 4�C overnight, followed by an HRP-linked secondary
antibody for 30 min. The slides were then stained with the DAB kit
(Servicebio). The score was evaluated via Image-Pro Plus.
Western blot

Cells were collected and washed with PBS and then lysed with RIPA
lysis buffer (Beyotime) supplemented with a protease inhibitor cock-
tail (Roche). Total protein amount was measured, and 30 mg total
lysate per sample was subjected to SDS-PAGE followed by immuno-
detection with primary antibody and the corresponding horseradish
peroxidase (HRP)-linked secondary antibody (ab6721; Abcam).
Enhanced chemiluminescence (Pierce) was added for imaging with
ChemiDoc system. High-kilodalton target band were performed by
10% Precast Protein Plus Gel (36233ES10; Yeasen, Shanghai, China).
Interference of EGFR expression

The EGFR was interfered by siRNA (50-GCAAAGUGUGUAACGG
AAUAGGUAU-30; RiboBio Co., Ltd.). Small interfering RNA
(siRNA) was transfected using Lipofectamine 3000 (Thermo Fisher
Scientific) according to the protocols on the user guide. In brief, cells
were seeded to be 70%–90% confluent at transfection. Subsequently,
Lipofectamine 3000 was diluted in the Opti-MEM medium (Gibco).
The siRNA was mixed with Opti-MEM. Following that, mix the
siRNA and Lipofectamine 3000 and incubate for 10–15 min at
room temperature. Then, discard the medium in the plate and add
the siRNA-lipid complex to the cells. After 72 h of incubation at
37�C, the cells were harvested for the following analysis.
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ECM cell adhesion assay

Cell adhesion assay was performed as described previously.53 Briefly,
cells were added into Millicell Hanging Cell Culture Insert
(MCRP24H48; Millipore) that were precoated with collagen I, fibro-
nectin, and laminin (Sigma-Aldrich). Plates were incubated for 1 h at
37�C. Then nonadherent cells were removed by gentle washing with
PBS. The adhesion cells were fixed and embedded with formaldehyde
and paraffin before H&E staining.
RNA-seq and proteomics data of ovaries and correlation

analysis

Proteomics data of ovaries were downloaded from the Enhancing
GTEx (eGTEx) project of GTEx Portal (https://gtexportal.org/
home/). Five human ovaries were sequenced TMT-MS3 based quan-
titative mass spectrometry (Table S7). RNA-seq data of 180 human
ovaries were downloaded from GTEx Portal (https://gtexportal.org/
home/). Correlated analysis between AR or ESR1 and target genes
were performed by Pearson test. We used a non-log expression value
(TPM) for calculation and used the log-scale TPM for visualization.
Pathway and process enrichment analysis

Pathway and process enrichment analysis of DEGs was performed by
Metascape.54 Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) analyses of differentially expressed genes were
performed using GOplot, org.Hs.eg.db, and clusterProfiler packages
and visualized using the ggplot2 package.
Transcription factors analysis

Transcription factors analysis of DEGs of ovaries between young and
aged NHPs were analyzed by the online tool, TRRUST (v2.0) (https://
www.grnpedia.org/trrust/). It includes 8,444 transcription factor-
target regulatory relationships of 800 human transcription factors.55

Transcription factor prediction of EGFR, BTG2, and MYC was per-
formed by Toolkit (http://dbtoolkit.cistrome.org/), which contains
47,000 human and mouse samples with about 24,000 datasets.22 Reg-
ulatory potential (RP) was used to estimate the possibility that the
transcription factor could regulate the target gene.
ChIP-seq visualization

ChIP-seq data of H3K27ac (NHLF, NHEK, K562, HUVEC, HSMM,
H1-hESC, and GM12878), were downloaded and visualized by UCSC
Genome Browser (GRCh38/hg38), region of Chr7:55012320-55
224166. ENCODE candidate cis-regulatory elements (cCREs) of
EGFR (chr7:55012320-55224166) combined from all cell types were
visualized by UCSC Genome Browser (https://genome-asia.ucsc.
edu). ChIP-seq data of AR (GSM696842, GSM1327871, GSM15
86665, GSM1328955, GSM2092844, GSM1358405, GSM1328955,
GSM2092844, GSM1716770, GSM2235689, GSM2235686, GSM141
0768, GSM759660, GSM2058879, GSM759659, GSM2086303) and
ESR1 (GSM2664041, GSM2257820) were downloaded from Cis-
trome Data Browser (http://dbtoolkit.cistrome.org/) and were visual-
ized by WashU Browser.
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Statistical analysis

Data are presented as mean ± SD. All statistical analyses were per-
formed on the statistical package of GraphPad Prism 9 (version
6.02). Spearman correlation analysis was used to assess the correla-
tion. Two experimental groups were compared by using Student’s t
test for unpaired data. Where more than two groups were compared,
a one-way ANOVA with Bonferroni’s correction was used. p values
<0.05 were considered to indicate statistical significance. The chi-
square test was used when the variable in question was categorical.
p values are indicated using asterisks as follows: *p < 0.05,
**p < 0.01, ***p < 0.001, and ****p < 0.0001.
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