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Abstract
Granulosa cells (GCs) play a critical role in driving the formation of ovarian follicles and building the cumulus-oocyte
complex surrounding the ovum. We are particularly interested in assessing oocyte quality by examining the detailed
gene expression profiles of human cumulus single cells. Using single-cell RNAseq techniques, we extensively
investigated the single-cell transcriptomes of the cumulus GC populations from two women with normal ovarian
function. This allowed us to elucidate the endogenous heterogeneity of GCs by uncovering the hidden GC
subpopulation. The subsequent validation results suggest that CD24(+) GCs are essential for triggering ovulation.
Treatment with human chorionic gonadotropin (hCG) significantly increases the expression of CD24 in GCs. CD24 in
cultured human GCs is associated with hCG-induced upregulation of prostaglandin synthase (ARK1C1, PTGS2, PTGES,
and PLA2G4A) and prostaglandin transporter (SLCO2A1 and ABCC4) expression, through supporting the EGFR-ERK1/2
pathway. In addition, it was observed that the fraction of CD24(+) cumulus GCs decreases in PCOS patients compared
to that of controls. Altogether, the results support the finding that CD24 is an important mediator of ovulation and
that it may also be used for therapeutic target of ovulatory disorders.

Introduction
In humans, ovarian folliculogenesis is a complex phy-

siological process that underlies the health of the sub-
sequent embryo and offspring1,2. Oocyte quality is central
to female fertility, and oocyte developmental competence
is a key rate-limiting factor in the modern practice of
assisted reproductive technology3. Oocyte maturation and
ovulation involve multiple intertwined intra-ovarian and
endocrine processes4,5. Bidirectional somatic granulosa
cell-oocyte signaling plays an important role in deter-
mining an oocyte’s developmental fate. Oocyte-derived

proteins of the transforming growth factor superfamily
(i.e., bone morphogenetic protein 15 [BMP15] and growth
differentiation factor 9 [GDF9]) interact with surrounding
granulosa cells (GCs), which subsequently produce para-
crine factors, i.e., glial-derived neurotrophic factor
(GDNF) and prostaglandin metabolites, to mediate oocyte
maturation, GC proliferation, and differentiation6–9.
Considering the bidirectional GC-oocyte signaling, it

has been proposed to assess the competence of the oocyte
and embryonic development potential by assessing the
quality of the GCs. Previous studies indicate that
increasing cumulus GC apoptosis is accompanied by
impaired oocyte competence and reduced pregnancy
outcomes10,11. Cumulus GCs obtained from high-quality
oocytes have greater expression levels of HAS2, GREM1,
and PTGS2 than cumulus GCs from poor-quality
oocytes12,13. Some investigators have proposed a non-
invasive test by scanning gene expression profiles of
human cumulus GCs14,15. Nonetheless, which genes in
GCs are related to and thus able to serve as biomarkers of
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oocyte competence or embryo potential remains an
interesting but unsolved problem.
Compared with healthy ovulations, oocyte competence

and embryo potential are oftentimes altered in women
with polycystic ovary syndrome (PCOS)16. GC dysfunc-
tion may contribute to the aberrant folliculogenesis
observed in PCOS17,18. Altered epigenetics and gene
expression have been shown to contribute to the aberrant
function of GCs from PCOS patients18,19. These studies
uncover the molecular alterations associated with the
progress of follicle development. Nonetheless, the authors
did not address the contributions of the putative GC
subsets or individual cells, nor did they account for the
cellular heterogeneity of GCs. This leaves a major gap in
our understanding of the molecular mechanisms con-
trolling follicle development.
Single-cell RNA sequencing (scRNA-seq) is a new

technique that enables us to dissect heterogeneous
multiple-cellular tissues such as cancer cells20 and
immunocytes21. In this study, we performed scRNA-seq
and analyzed hundreds of GCs from two healthy women.
It was found that CD24(+) GCs triggered ovulation and
that the fraction of CD24(+) cumulus GCs decreased in
PCOS patients. This study allows us to elucidate the
endogenous heterogeneity of GCs in the human oocyte-
cumulus complex and uncover novel GC subpopulations
with specific markers.

Results
Identification of the hidden CD24(+) GC subpopulations
We performed scRNA-seq on freshly collected GC

samples from two healthy women (control 1 and control
2) using a 10x single-cell RNAseq platform (Fig. 1a). The
high-dimension scRNA-seq gene expression data were
transformed and visualized using dimensional reduction
and unsupervised clustering algorithms. We identified
three reproducible clusters of cells visualized on the cell
layouts based on the t-SNE algorithm (Fig. 1b, c). The
three signature gene sets (gene sets 1-3, Supplementary
Tables 1–3) were identified to distinguish each sub-
population from the other cells in both samples (Fig. 1b,
c). To test the concordance between gene set 1 of control
1 (C1) and gene set 1 of control 2 (C2), we use a Venn
diagram for illustration and perform a hypergeometric
test on the gene sets. A total of 58 common genes were
identified in gene set 1 of C1 and C2 (Fig. 1d). The p-value
of the hypergeometric test is 2.4 × 10−87. Also, in gene set
3 of C1 and C2, we identified 25 common genes (Fig. 1e).
The p-value is 3.38 × 10−34. All of these results indicate
the concordance of clusters in both samples and repro-
ducible subpopulations.
We cross-compared the gene sets defined in Reactome

annotations22 and tried to correlate the annotated gene
sets to the signature genes of the putative subpopulations

(Fig. 1f, g). For gene set 1 (combined from both C1 and
C2), we had two hits involved in steroid biosynthesis, i.e.,
metabolism of lipids and lipoproteins and cholesterol
biosynthesis, that are highly expressed in the first GC
cluster (Fig. 1f). The hits indicate that lipid metabolism
and steroid biosynthesis may be active in this GC sub-
population. The genes involved in the significant path-
ways are listed in Supplementary Table 4.
To identify the GC subpopulation involved in the

human ovulatory cascade and final oocyte maturation, we
reviewed the scRNA-seq data based on the results of a
previous comparison of GC transcriptomes before and
after ovulation triggering using microarray23. Nine pairs
of transcriptomes from bulk GCs before and after
recombinant human chorionic gonadotrophin (hCG)
administration were compared. A total of 552 genes were
found to be upregulated (hCG upregulated genes) and 614
genes were downregulated (hCG downregulated genes) by
selecting differential genes with a p-value cutoff < 0.0001
(paired t-test, with FDR < 0.0012) and fold difference > 2.
Using a Venn diagram and hypergeometric test, we found
that the corresponding gene set 1 of both samples is
enriched in recombinant human chorionic gonadotrophin
(rhCG) upregulated sets (Fig. 2a, b). We further examined
the transcriptional dynamics in the subpopulations based
on the expression of previously described genes correlated
to the human ovulatory cascade and oocyte maturation
including CD2423, ID424, PLA2G4A25, PTGES25,
PTGS225, ARK1C125, SLCO2A19, ABCC425, SFRP426,
GDNF27, IRS128, and IGFBP529 (Fig. 2c–e and Supple-
mentary Fig. S1). It is interesting to find that hCG upre-
gulated genes, including CD24 (a heavily glycosylated
mucin-type glycosylphosphatidylinositol-anchored cell
surface molecule), prostaglandin synthases (AKR1C1,
PLA2G4A, PTGES, and PTGS2), and prostaglandin
transporters (SLCO2A1 and ABCC4), were highly
expressed in one GC cluster (Fig. 2c–e and Supplemen-
tary Fig. S1). Considering the specific overexpression of
CD24 in this GC subpopulation, we named it CD24(+)
GCs. Meanwhile, SFRP4, GDNF, IRS1, and IGFBP5 are
highly expressed in another GC cluster (Fig. 2c and
Supplementary Fig. S1a). We defined IGFBP5(+) GCs and
double-negative GCs based on their CD24 and
IGFBP5 signal.
To further explore the in vivo regulation of granulosa

cellular CD24, AKR1C1, PLA2G4A, PTGES, PTGS2,
SLCO2A1, and ABCC4 expression, we used the pregnant
mare serum gonadotropin (PMSG)-primed/hCG-trig-
gered immature mouse superovulation model. As shown
in Fig. 3, whole mouse cumulus GC Cd24a, Pla2g4a,
Ptgs2, and Slco2a1 transcripts increased after the
administration of hCG. These results show the time-
dependent induction of Cd24a, Pla2g4a, Ptgs2, and
Slco2a1 in mouse periovulatory follicles. The expression
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Fig. 1 Single-cell transcriptomes recapitulate the major cumulus GCs. a Workflow for obtaining and analyzing scRNA-Seq data from human
cumulus GCs. b Spectral t-SNE plots of all cumulus GCs analyzed from the first woman with normal ovarian function (control 1, C1), annotated by cell-
type identity (left). Hierarchical clustering of cells (column) using the differentially expressed gene (rows) sets that distinguish each subpopulation
from the remaining cells in C1. Cells are classified into three clusters (bottom bars) (Right). c Spectral t-SNE plots of all cumulus GCs analyzed from the
second woman with normal ovarian function (control 2, C2), annotated by cell-type identity (left). Hierarchical clustering of cells (column) using the
differentially expressed gene (rows) sets that distinguish each subpopulation from the remaining cells in C2. Cells are classified into three clusters
(lower sidebar) (Right). d Venn diagram analysis and hypergeometric test between gene set 1 of C1 and gene set 1 of C2. e Venn diagram analysis
and hypergeometric test between gene set 3 of C1 and gene set 3 of C2. Results of pathway-based analysis of gene set 1 (combined gene set 1 of
C1 and C2, F) and gene set 3 (combined gene set 3 of C1 and C2, G) showing significant pathways in REACTOME
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Fig. 2 Expression levels of known key genes of cumulus GCs. a Venn diagram analysis and hypergeometric test between gene set 1 of C1 and
hCG upregulated genes. b Venn diagram analysis and hypergeometric test between gene set 1 of C2 and hCG upregulated genes. c Heatmap of the
mean expression of known key genes within each subpopulation in C1. Cells are classified into three clusters (bottom bars). d t-SNE plots for
expression of CD24 in C1. Each yellow point represents a single cell. The color gradient in the t-SNE plot represents the relative expression level of
CD24 in a cell across the whole population and subpopulations: (light red) low; (dark red) high. e Violin plots for expression of CD24, prostaglandin
synthases (ARK1C1, PTGS2, PTGES, and PLA2G4A) and prostaglandin transporters (SLCO2A1 and ABCC4) in C1. Each point represents a single cell
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of Ptges decreased after the administration of hCG to a
minimum noted 6 h later. Whole mouse cumulus GC
Abcc4 transcripts did not change after hCG administration,
and the expression of Akr1c1 could not be detected using
real-time PCR. Considering the important regulatory roles
of prostaglandin synthases (PLA2G4A, PTGES and
PTGS2) and prostaglandin transporters (SLCO2A1) in the
human ovulatory follicles9,30, we selected the CD24(+) GCs
as subjects for further research.

CD24 mediates the EGFR and EGFR-ERK1/2 pathways in
GCs
CD24 expression in cancer is related to tumor aggres-

siveness, especially cell invasion31 and cancer cell stem-
ness32. However, the massive upregulation of CD24
expression following rhCG exposure in GCs is unex-
pected (Fig. 3a). We therefore extensively investigated the
role of CD24 in ovulation.
To examine the expression pattern of the Cd24a protein

in the ovary, we subjected histological sections of the
ovaries of normally cycling mice to the immuno-
fluorescence staining. As shown in Fig. 4a, the expression
of the Cd24a protein in GCs of early-growing follicles is
negligible. In contrast, the expression of the Cd24a protein
in GCs of antral follicles and the corpus luteum remarkably
increase (Fig. 4a). These results indicate that the expression
of Cd24a transcripts in GCs may be ovulation-dependent.
It is known that acute upregulation of the EGFR pathway is

an essential component of the ovulatory cascade as it
transmits the luteinizing hormone (LH) signal from the
periphery of the follicle to the cumulus-oocyte complex4.
Previous studies also indicate that CD24 regulated EGFR
signaling by inhibiting EGFR internalization and degrada-
tion in cancer cells33,34. Therefore, we are wondering
whether CD24 and EGFR are physically connected in GCs.
Using co-immunoprecipitation assays, it is shown that
these two proteins can be co-precipitated in KGN and
COV434 cells (Fig. 4b). We next investigated whether there
is physical interaction between CD24 and EGFR. Notably,
CD24 and EGFR showed partial colocalization on the
surface of both KGN (Fig. 4c) and COV434 cells (Fig. 4d).
These results suggest that CD24 is indeed physically con-
nected to EGFR.
We further analyzed the effect of CD24 on EGFR-

related signaling pathways in GCs. The expression of
CD24 was suppressed by the shRNA in COV434 cells (Fig.
5a). Cycloheximide (CHX) is the most common labora-
tory reagent used to inhibit protein synthesis. CHX has
been shown to block the elongation phase of eukaryotic
translation33. Cells infected with the control shRNA or
CD24 shRNA lentivirus were both treated with CHX
(20 ug/mL) over the course of 12 h. Loss of CD24 greatly
reduced the stability of EGFR protein (Fig. 5b). As
expected, the levels of phosphorylated EGFR protein (p-
EGFR) and its downstream effectors phosphorylated
ERK1/2 (p-ERK1/2) were decreased in CD24 shRNA

Fig. 3 mRNA expression pattern in superovulated mice. Whole cumulus GC RNA was isolated from 8-week-old female mice primed with 5 U of
PMSG for 48 h at the designated time points after administration of 5 U of hCG. Expression of Cd24a (a), Ptgs2 (b), Pla2g4a (c), Slco2a1 (d), Ptges
(e), and Abcc4 (f) was quantified by real-time PCR and normalized to GAPDH expression (n= 10 mice per group). Data are means ± SEMs. The
Wilcoxon signed-rank test was used. *p < 0.05 and ***p < 0.001
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lentivirus-transfected cells compared with the levels in
controls (Fig. 5c). Taken together, these observations
suggest that CD24 associates with EGFR and supports the
EGFR-ERK1/2 pathway in GCs.

The CD24-EGFR-ERK1/2 pathway increases prostaglandin
synthases and prostaglandin transporters
Our results suggests that CD24, prostaglandin synthases

(PLA2G4A, PTGES, and PTGS2) and prostaglandin trans-
porters (SLCO2A1 and ABCC4) are highly expressed in
CD24(+) GCs (Fig. 2c–e). The expression levels of Cd24a,
Pla2g4a, Ptgs2, and Slco2a1 transcripts are consistent after
the administration of hCG (Fig. 3). A previous study indi-
cates that the activated EGFR-ERK1/2 pathway is required to
induce PTGS2 and SLCO2A1 expression in GCs9. There-
fore, we further examined the role of CD24 supporting the

EGFR-ERK1/2 pathway in the expression of prostaglandin
synthases (ARK1C1, PTGS2, PTGES, and PLA2G4A) and
prostaglandin transporters (SLCO2A1 and ABCC4). To this
end, FSH-pretreated CD24 downregulated primary human
cultured GCs (48 h) were incubated with hCG (5 U/ml) for
24 h. As shown in Fig. 6b–g, CD24 shRNA effectively
abolishes the hCG-induced upregulation of SLCO2A1 (Fig.
6b), PTGS2 (Fig. 6c), PLA2G4A (Fig. 6d), AKR1C1 (Fig. 6e),
PTGES (Fig. 6f), and ABCC4 (Fig. 6g). Further, FSH-
pretreated human cultured GCs (48 h) were initially pre-
treated with or without U0126 [an inhibitor of MEK
(mitogen-activated protein kinase kinase), an upstream
activator of ERK; 10mM] for 1 h and then re-incubated with
hCG (5 U/ml) for 24 h. Finally, pretreatment with U0126
remarkably inhibits the hCG-mediated upregulation of
prostaglandin synthases and prostaglandin transporters

Fig. 4 CD24 forms complexes with EGFR. a Immunofluorescence staining for Cd24a in a mouse early-growing follicle (left), antral follicle (middle)
and corpus luteum (right). Χ200. b Co-immunoprecipitation of EGFR by CD24 was determined. KGN cells (up) or COV434 cells (down) were
immunoprecipitated with anti-CD24 antibody, followed by western blotting assays for EGFR. The second panel shows β-actin bands in samples of
input and immunoprecipitation. Representative micrographs of KGN (c) and COV434 (d) cells stained for CD24 (green) and EGFR expression (red) by
immunofluorescence. The arrow shows colocalization of CD24 and EGFR. Scale bar, 50 μm. n= 3 for all experiments
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(Supplementary Fig. S2). These observations suggest that the
CD24-EGFR-ERK1/2 signaling pathway is involved in the
hCG-induced upregulation of prostaglandin synthase
(ARK1C1, PTGS2, PTGES, and PLA2G4A) and pros-
taglandin transporter (SLCO2A1 and ABCC4) expression in
GCs.

Decrease of CD24 expression and the downstream effect in
GCs of PCOS patients
PCOS is a complex endocrine condition characterized

by oligo/anovulation, high androgen levels, and poly-
cystic ovaries. We speculated that the dysfunction of
CD24(+) GCs may contribute to the development of

PCOS. Through flow cytometry analysis, we found that
the fraction of CD24(+) GC subpopulation decreased
significantly in PCOS (n= 7) patients compared to the
control (n= 7) patients (Fig. 7a). We then examined the
relative mRNA abundances of prostaglandin synthases
and prostaglandin transporters using GCs collected from
PCOS (n= 5) over the control (n= 5) patients who
underwent IVF-ET. As shown in Fig. 7b, decreased
mRNA abundances of CD24, PTGS2, SLCO2A1,
PTGES, ARK1C1, PLA2G4A, and ABCC4 were observed
in GCs of PCOS patients compared with those of the
control patients. These results suggested that low
expression levels of CD24, prostaglandin synthases and

Fig. 5 Depletion of CD24 attenuates EGFR/ERK1/2 signaling cascades. a CD24 depletion was verified by western blotting (up) and real-time PCR
(down). MOCK untreated COV434 cells, NC negative control, COV434 cells infected with shRNA lentiviral particles with noneffective scramble shRNA
sequences; shRNA_1 and shRNA_2, COV434 cells infected with shRNA lentiviral particles with CD24 shRNA_1 or CD24 shRNA_2 sequences. b The
effect of CD24 knockdown on the protein stability of EGFR. COV434 cells infected with control shRNA (NC negative control) or CD24 shRNA
(shRNA_2) lentivirus were treated with CHX (20 ug/mL) over the course of 12 h. Loss of CD24 greatly decreased the protein stability of EGFR. c The
effect of CD24 depletion on EGF-driven ERK1/2 signaling cascades in COV434 cells. Western blot analysis showed that knockdown of CD24 led to the
reduction of EGF− induced EGFR/ERK1/2 signaling cascades. Each experiment was performed at least three times
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prostaglandin transporters in GCs is correlated to the
lack of ovulation in PCOS patients and to the develop-
ment of PCOS.

Discussion
Cumulus GCs are closely adjacent to the oocyte. Ample

results in recent studies have shown the predictive power

of some cumulus GC genes for oocyte developmental
potential10–12,15. As cumulus GCs can be easily collected
during the process of intracytoplasmic sperm injection, it
is encouraging to characterize the potential biomarkers
for prediction of oocyte developmental potential in IVF
clinics. In the current study, we acquired single-cell
transcriptome data for over 700 cells and repeatedly

Fig. 6 CD24 loss results in decreased expression of prostaglandin synthases and prostaglandin transporters in GCs. GCs aspirated during IVF
procedures were initially cultured for 4 days and then infected with CD24 shRNA lentivirus. FSH-pretreated cells (another 48 h) were exposed to hCG
(1 U/ml) for 24 h. CD24 (a), SLCO2A1 (b), PTGS2 (c), PLA2G4A (d), AKR1C1 (e), PTGES (f), and ABCC4 (g) mRNA expression was quantified by real-time
PCR and normalized to GAPDH expression. The results are expressed as the fold change with respect to the control. Data are means ± SEMs of three
independent experiments. *p < 0.05

Fig. 7 CD24 is downregulated in GCs of PCOS patients. a Flow cytometry analysis of CD24(+) GCs from the indicated patients (n= 7). b Graph
showing the levels of CD24, SLCO2A1, PTGS2, PLA2G4A, AKR1C1, PTGES, and ABCC4 in five PCOS patients and five healthy controls. The expression
level was detected via real-time PCR and normalized against GAPDH. **p < 0.01, *p < 0.05
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characterized three subpopulations in two samples. In
addition, we used flow cytometry and real-time PCR to
validate the findings from our scRNA-seq studies. For the
first time, we provide evidence to demonstrate the het-
erogeneity of cumulus GCs. Moreover, we discussed the
markers of cumulus GC subgroups, particularly CD24, for
their predictive role in assessment of the potential of
oocyte development.
CD24 is present in a variety of cell types in mamma-

lian organisms such as hematopoietic cells and cancer
cells. It serves as an important signaling molecule and
mediates signal transduction by recruiting Src family
protein tyrosine kinases35 or associating with EGFR33,34.
The upregulation of CD24 in GCs was first reported in
hGC exposure23, which defined CD24 as an ovulation-
regulatory gene, though its function remains unclear.
We detected the cumulus GC subpopulation to be
20–30% in women with normal ovarian function (Fig.
7a), whereas a significant decrease in this subpopulation
is found in PCOS patients. This finding may provide a
new clue for PCOS pathogenesis. Second, we uncovered
the binding of CD24 and EGFR on the surface of GCs.
Given the key roles of the epidermal growth factor
network in the regulation of oocyte maturation and
ovulation4, CD24 might be another player in the oocyte-
cumulus complex. As expected, we further discovered
that CD24 is associated with EGFR-ERK1/2 pathway
activation and the expression elevation of the pros-
taglandin synthases (ARK1C1, PTGS2, PTGES, and
PLA2G4A) as well as the prostaglandin transporters
(SLCO2A1 and ABCC4) in GCs. Evidence has shown
that prostaglandins are involved in the female repro-
ductive process, especially ovulation9. These findings are
filling the gap in the understanding of prostaglandin
signaling, enhancing the understanding of ovulatory
disorders, and facilitating the treatment of infertility or
subfertility in women by using nonsteroidal
prostaglandin-based therapeutic approaches.
Overexpression of CD24 has been reported in many

cancer studies31,36,37. CD24 has also been reported to
promote cancer cell angiogenesis33,38. However, over-
expression of CD24 in the corpus luteum is new to us
(Fig. 4a). For the first time, the relationships across CD24
expression, vascularization, and angiogenesis character-
izing corpus luteum formation are unveiled, which
demands extensive studies to understand CD24’s func-
tional role in these processes.
In this study, we demonstrated the power of scRNA-seq

in revealing a hidden subpopulation of seemingly homo-
geneous cells by automatically clustering the overall
similar single-cell transcriptional profiles. In the study of
the GC population, the reproducibility of the CD24(+)
subpopulation in two replicates makes our findings very
convincing. In addition, the counterpart CD24(−)

subpopulation in GCs is another interesting subpopula-
tion whose role is yet to be explored. Functional genes
that are co-expressed in the same population will provide
clues to further explore the function of each subpopula-
tion. In the meantime, we are looking forward to
including more patients/samples to validate the key
molecules discovered at the single-cell resolution.

Materials and methods
Human subjects and GC samples
The ethics committee of Changzheng Hospital of the

Second Military Medical University approved this study,
and informed consent was obtained from all participants.
Twelve PCOS patients, diagnosed according to the revised
Rotterdam diagnostic criteria for PCOS39, and fourteen
women with normal ovarian function (serving as controls)
seeking in vitro fertilization (IVF)-intracytoplasmic sperm
injection (ICSI) treatment (IVF-ICSI) at the Changzheng
Hospital of the Second Military Medical University were
recruited. The control women with normal ovarian
function (control) met the following inclusion criteria: (1)
age between 22 and 30; (2) without ovarian morphological
abnormalities by ultrasound examination; (3) normal
ovarian response; (4) regular menstrual cycles
(26–33 days); (5) no signs of hyperandrogenism; (6) BMI
> 18 and < 25; and (7) without polycystic ovary morphol-
ogy. The GnRH antagonist stimulation protocol for con-
trolled ovarian hyperstimulation was performed as
previously described40. The major anthropometric vari-
ables and endocrine parameters of the women are pre-
sented in Supplementary Table 5. We performed
transvaginal oocyte aspiration with ultrasound guidance
under local anesthesia 36 h after injection of hCG. The
GCs were obtained from MII-stage cumulus-oocyte
complexes (COCs) by follicular aspiration from the
women undergoing oocyte retrieval for IVF-ICSI and
rinsed in G-MOPS medium (Vitrolife, Sweden). The cells
were dispersed by gentle pipetting in 1% hyaluronidase
enzyme and washed with G-MOPS. Then, they were
transported on ice to the laboratory and resuspended in
ice-cold Red Blood Cell Lysis Buffer (Beyotime institute of
Biotechnology, China) for 2 min. Next, the cells were
washed with PBS and centrifuged at 550 × g for 5 min. The
isolated GCs were immediately used for scRNA-seq, flow
cytometric analysis, cultured or stored at −80 °C, for real-
time PCR analysis. For culture of primary GCs, 1 × 106

cells were cultured in a 24-well culture plate in DMEM:
F12 (Gibco, USA) supplemented with 10% fetal bovine
serum (Gibco, USA) and antibiotics (100 U/ml penicillin,
100mg/ml streptomycin, and 0.25 mg/L amphotericin B)
in a humidified atmosphere of 5% CO2 and 95% air at 37 °
C. The average follicular diameter used for the analysis of
GCs is 16 mm, and the minimum follicular diameter used
to obtain GCs is no less than 14mm.
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scRNA-seq dataset generated from hGC
For one of the GC samples (control 1, C1), the

10xGenomics Chromium Single Cell 3’Solution was
employed for capture, amplification and labeling of
mRNA from single cells and for scRNA-seq library pre-
paration. Another GC sample (control 2, C2) was pro-
cessed on the DropSeq platform, and the single-cell
RNAseq library was prepared. The cDNA libraries were
then amplified, and the sequencing adapters were added
for Illumina sequencing library preparation.
Sequencing of these libraries was performed on an

Illumina HiSeq X10 system. Sequencing data (fastq files)
were input into the CellRanger pipeline to align reads and
generate gene-cell digital expression matrices.

Unsupervised clustering, dimensional reduction, and data
visualization
Most of the unsupervised clustering, dimensional

reduction and data visualization in this paper was
accomplished by a widely used scRNA-seq analytical
suite, Seurat41,42. The Seurat objects were generated for
each dataset with their digital expression matrices as
input. PCA was performed by the Seurat RunPCA
function. The tSNE coordinates were calculated using
the Seurat RunTSNE function. Heatmaps were plotted
using the Seurat DoHeatmap function. Violin plots were
made using the Seurat VlnPlot function. Signal mapping
was performed using the Seurat FeaturePlot function.
The putative clusters were defined by the Seurat
FindClusters function using the top 10 principal com-
ponents and other default parameters.

Signature gene sets for putative cell groups and gene set
enrichment
The signature gene sets were defined using the Seurat

FindMarkers function. This function is based on the
negative binomial test of differential expression over cell
clusters. The marker genes of a certain cluster were
defined by significantly high expression over the other
clusters in the sample. The p-value < 0.01 was used to
select the signature gene set.
The designated gene set can be cross-compared to

another gene set for significant overlap using a hyper-
geometric test. The correlation between the two gene sets
can thus be uncovered. We may also go through a series
of annotated gene sets to find the keywords (biological
annotations) correlated to the signature gene set under
investigation using this statistical test.

Mice
Female C57BL/6 mice were housed in the animal

laboratory with four mice per cage. All mice were kept
under a 12-hour light–dark cycle at a temperature of 21 °C
± 2 °C and with a humidity of 65% ± 5%. Food and water

were provided ad libitum. All experiments were performed
in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals.

Superovulation and sample collection
Eight-week-old female mice were injected intraper-

itoneally with 5 IU/mouse pregnant mare serum gona-
dotropin (PMSG) (Sigma–Aldrich, St. Louis, MO, USA)
to stimulate follicular growth, followed 48 h later by 5
IU/mouse human chorionic gonadotropin (hCG)
(Sigma–Aldrich) to induce ovulation. At different time
intervals (0, 3, 6, and 9 h) after hCG administration,
mice were humanely killed and their ovaries were col-
lected. Then, mouse COCs were collected from mouse
antral follicles, and cumulus GCs were isolated by the
removal of all oocytes.

Cell line cultures
The human ovarian granulosa cell lines KGN and

COV434 were cultured in DMEM (Thermo Fisher Sci-
entific, Waltham, MA, USA) supplemented with 10% fetal
bovine serum (Gibco, USA) and antibiotics (100 U/ml
penicillin, 100 mg/ml streptomycin, and 0.25 mg/L
amphotericin B) in a humidified atmosphere of 5% CO2
and 95% air at 37 °C.

Lentivirus production and gene transduction
Short hairpin (shRNA)-mediated knockdown of CD24

was performed using shRNA lentiviral particles (OBIO
Technology, Shanghai, China) designed to suppress the
expression of human CD24 in human primary GCs or
COV434 cells. The cultures that were transfected with
shRNA lentiviral particles containing noneffective
scramble shRNA sequences (Negative control, NC) were
used as the control group. The lentivirus vector con-
structs used for CD24 gene knockdown are as follows:
pLV-mU6-[sh-scramble] EF1a-GFP-puromycin (nega-
tive control, NC, 5′-TTCTCCGAACGTGTCA
CGT-3′), pLV-mU6-[sh-CD24] EF1a-GFP- puromycin
(CD24 shRNA_1, 5′-GGAACTTCAAGTAACTCCTCC
-3′; CD24 shRNA_2, 5′-GCCAAGAAACGTCTT
CTAAAT-3′). Cell infection was conducted following
the protocol provided by OBIO Technology (Shanghai,
China). After infection, the stable transfectants were
selected using 2 mg/mL puromycin in the presence of
10% FBS for 72 h. The efficiency of CD24 down-
regulation in COV434 cells was confirmed by real-time
polymerase chain reaction (real-time PCR) and western
blotting.

Immunofluorescence staining
COV434 cells and KGN cells were cultured on 13-mm

round glass coverslips (NEST, China). After the desired
treatment, culture medium was aspirated, cells were
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washed three times with cold PBS, fixed for 30 min in 3%
paraformaldehyde and permeabilized for an additional
30 min with a permeabilization solution (0.1% Triton X-
100, 5% FCS and 2% BSA [BSA] in PBS). Cells were
subsequently incubated for 1 h at room temperature in
the presence of anti-CD24 antibody (1:200; Thermo
Fisher Scientific) and anti-EGFR antibody (1:200;
Abcam, Cambridge, USA), washed three times and
incubated for 1 h with goat anti-rabbit IgG H&L
(ab150077, Abcam, Cambridge, USA) and goat anti-
mouse IgG H&L (ab150120, Abcam, Cambridge, USA).
Coverslips were washed five times in PBS and stained
with Hoechst 33342 (1 mg/ml; Sigma) for 10 min. Cell
samples were analyzed using an LSM 510, Zeiss laser
confocal scanning microscope (Carl Zeiss, Oberkochen,
Germany).
Mouse ovaries from 8-week-old mice were fixed in 4%

paraformaldehyde after cryoprotection with 30% sucrose
in PBS. Samples were cut transversely into 10-μm-thick
sections on a cryostat. Sections were incubated with the
anti-Cd24a antibody (1:1000; Abcam, Cambridge, USA)
overnight at 4 °C and then with biotinylated goat anti-rat
secondary antibody (1:1000; Abcam, Cambridge, USA)
for 2 h at room temperature, followed by incubation with
Hoechst 33342 (1 mg/ml; Sigma) for 10 min. Finally,
sections were observed using a fluorescence microscope
(Carl Zeiss, Oberkochen, Germany).

Co-immunoprecipitation
COV434 and KGN Cells were lysed in buffer composed

of 50mM HEPES, pH 7.4, 150mM NaCl, 5mMMgCl2, 1%
Triton X-100, 1mM PMSF and a cocktail of protease
inhibitors at 4 °C for 10min and cleared by centrifugation at
12,000 rpm for 15min at 4 °C. Protein concentrations were
determined using a BCA Protein Assay Kit (P0012, Beyo-
time, Shanghai, China). Aliquots of cleared supernatants
containing 500 µg of protein were incubated for 2 h at 4 °C
with 20 µl of anti-CD24 antibodies conjugated to agarose
beads at a constant rotation. The mixture was cleared by
centrifugation. The supernatant after the first centrifugation
was used to estimate the immunoprecipitation efficacy. The
pellet was washed five times with lysis buffer devoid of
Triton X-100. Proteins were removed from the beads by an
appropriate sample buffer, boiled for 10min, resolved by
10% SDS-PAGE under reducing conditions and transferred
to nitrocellulose paper (Bio-Rad, Hercules, USA) for wes-
tern blotting with anti-EGFR antibodies.

Real-time polymerase chain reaction (Real-time PCR)
Total RNA from GCs was extracted with TRIzol

(TAKARA, Beijing, China) and reverse-transcribed into
cDNA with the High-Capacity RNA-to-cDNA Kit
(TAKARA, Beijing, China) and random hexamer primers.
Real-time PCR was performed using SYBR Premix Ex Taq

II (TAKARA, Beijing, China) to measure duplex DNA
formation with the ABI Stepone Plus system. The results
were normalized to GAPDH levels. The sequences of the
primer sets used are listed in Supplemental Table 6.

Western blotting
Total cellular proteins were extracted from cells using

ice-cold radioimmunoprecipitation assay (RIPA) lysis
buffer (Beyotime, Shanghai, China) containing Protease/
Phosphatase Inhibitor Cocktail (Cell Signaling Technol-
ogy, Danvers, USA). The abundance of total protein was
determined using a BCA Protein Assay Kit (P0012,
Beyotime, Shanghai, China). Twenty micrograms of pro-
tein from each sample was electrophoresed on 10%
SDS–polyacrylamide gels and transferred to nitrocellulose
membranes (Bio-Rad, Hercules, USA). After blocking
with 5% nonfat milk, the membranes were incubated with
CD24 antibody (Abcam, Cambridge, USA), ERK1/2 anti-
body (Cell Signaling Technology, Massachusetts, USA), p-
ERK1/2 antibody (Cell Signaling Technology, Danvers,
USA), EGFR antibody (Abcam, Cambridge, USA), p-
EGFR (Abcam, Cambridge, USA) or GAPDH
(Sigma–Aldrich, Germany) overnight at 4 °C. The blots
were incubated with IRdye 800-conjugated goat anti-
rabbit IgG and IRdye 700-conjugated goat anti-mouse IgG
and detected using an Odyssey infrared scanner (Li-COR
Biosciences, Nebraska, USA). GAPDH was used as a
loading control for western blotting.

Statistical analysis
All statistical analyses in this study were performed with

SPSS 18.0 software (IBM SPSS, Chicago, USA). The
Mann-Whitney test was used to compare continuous
variables. A p-value < 0.05 was considered significant.
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