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Abstract

Background The absence of expression of the Y-chromosome linked testis-determining gene SRY in early support-
ing gonadal cells (ESGC) leads bipotential gonads into ovarian development. However, genetic variants in NR2F2,
encoding three isoforms of the transcription factor COUP-TFII, represent a novel cause of SRY-negative 46,XX testicu-
lar/ovotesticular differences of sex development (T/OT-DSD). Thus, we hypothesized that COUP-TFIl is part of the ovar-
ian developmental network. COUP-TFII is known to be expressed in interstitial/mesenchymal cells giving rise to steroi-
dogenic cells in fetal gonads, however its expression and function in ESGCs have yet to be explored.

Results By differentiating induced pluripotent stem cells into bipotential gonad-like cells in vitro and by analyzing
single cell RNA-sequencing datasets of human fetal gonads, we identified that NR2F2 expression is highly upregu-
lated during bipotential gonad development along with markers of bipotential state. NR2F2 expression was detected
in early cell populations that precede the steroidogenic cell emergence and that retain a multipotent state

in the undifferentiated gonad. The ESGCs differentiating into fetal Sertoli cells lost NR2F2 expression, whereas pre-
granulosa cells remained NR2F2-positive. When examining the NR2F2 transcript variants individually, we demonstrated
that the canonical isoform A, disrupted by frameshift variants previously reported in 46,XX T/OT-DSD patients, is nearly
1000-fold more highly expressed than other isoforms in bipotential gonad-like cells. To investigate the genetic net-
work under COUP-TFIl regulation in human gonadal cell context, we generated a NR2F2 knockout (KO) in the human
granulosa-like cell line COV434 and studied NR2F2-KO COV434 cell transcriptome. NR2F2 ablation downregulated
markers of ESGC and pre-granulosa cells. NR2F2-KO COV434 cells lost the enrichment for female-supporting gonadal
progenitor and acquired gene signatures more similar to gonadal interstitial cells.

Conclusions Our findings suggest that COUP-TFII has a role in maintaining a multipotent state necessary for com-
mitment to the ovarian development. We propose that COUP-TFII requlates cell fate during gonad development
and impairment of its function may disrupt the transcriptional plasticity of ESGCs. During early gonad development,
disruption of ESGC plasticity may drive them into commitment to the testicular pathway, as observed in 46,XX OT-
DSD patients with NR2F2 haploinsufficiency.
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Background

The bipotential gonad is an embryonic tissue harbor-
ing multipotent cells with the capacity to adopt either a
testicular or an ovarian cell fate. From the end of the 6th
week of human gestation, the early supporting gonadal
cells (ESGC) expressing the Y-chromosome linked tes-
tis-determining gene SRY give rise to fetal Sertoli cells
expressing a genetic network that promotes testis devel-
opment and antagonizes ovary development. Conversely,
the SRY-negative ESGCs develop as pre-granulosa cells
by repressing testis determination [1]. However, the
identification of individuals with an SRY-negative 46,XX
karyotype and testicular tissue that produces androgens
suggests either upregulation of other testis genes or down
regulation of ovarian genes [2]. These rare conditions are
classified as 46,XX testicular or ovotesticular differences
of sex development (T/OT-DSD) depending on the iden-
tification of gonads that resemble testes or the presence
of both testicular and ovarian tissue [3]. Although many
genetic factors have been found to be involved in testis
development, far less is known about genes regulating
the formation of an ovary [4, 5].

The translocation of the SRY gene is a common etiol-
ogy of 46, XX T/OT-DSD [6]; however, our group and
others have found that loss-of-function genetic variants
in NR2F2, encoding the transcription factor COUP-TFII,
represent a novel cause of SRY-negative cases [7-9]. We
previously described an individual with SRY-negative
46,XX OT-DSD who was born with atypical male exter-
nal genitalia, cardiac defects, and blepharophimosis-
ptosis-epicanthus inversus syndrome (BPES) [7]. The
molecular investigation identified a de novo heterozy-
gous 3-Mb deletion at 15q26.2 encompassing the NR2F2
gene. Additionally, heterozygous frameshift variants in
the NR2F2 gene were identified in children presenting
with SRY-negative 46,XX T/OT-DSD, virilized genitalia,
congenital heart disease, and BPES [8—10]. The mecha-
nisms responsible for testis development in individuals
with NR2F2 genetic variants are yet to be understood.

COUP-TFII participates in the regulation of organogen-
esis, neuronal development, angiogenesis, cardiovascular
development, reproduction, and metabolic processes [11].
Heterozygous pathogenic variants in NR2F2 have been
associated with a highly variable syndrome of congeni-
tal anomalies, frequently including cardiac defects [9, 12].
During heart and vascular development, COUP-TFII is a
major regulator of epithelial to mesenchymal transition and
has been implicated in the induction of vein and lymphatic
vessel identity and the repression of artery-specific genes
[11]. In mice, Nr2f2 expression is detected in the visceral
mesoderm and developing heart from embryonic day (e)
8.5 [13]. Homozygous deletion of Nr2f2 is lethal around e10
due to cardiac defects, and two-thirds of the heterozygous
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Nr2f2 mice die before puberty [14], indicating that COUP-
TFII function during cardiovascular development is vital.

COUP-TFII also plays a role in the development of
gonadal steroidogenic cells in males and females from dif-
ferent species. Complete knockout of Nr2f2 in male mice
at e18.5 and at pre-pubertal stages causes the develop-
ment of dysfunctional adult Leydig cells [15]. COUP-TFII
is a marker of stem cells that give rise to the adult Leydig
cell population and regulates Star, Insl3, and Amhr2 gene
expression by directly binding to their respective promoter
sequences [16, 17]. Thus, COUP-TFII participates in the
commitment of the progenitor cells into fully functional
steroidogenic adult Leydig cells. In female mice, N72f2 het-
erozygous deletion impairs sex steroid hormone synthe-
sis in the ovary and decidualization in the uterus [18, 19].
Additionally, COUP-TFII has been implicated in Wolffian
duct degradation in females [20]. However, these studies
reported that both ovary signaling and morphology in mice
with Nr2f2 haploinsufficiency are mostly unperturbed, sug-
gesting that COUP-TFII function during gonadal develop-
ment may differ between humans and mice. Differences in
transcript variants expressed by the NR2F2 gene may con-
tribute to divergencies between species. While the murine
Nr2f2 gene is transcribed in two mRNA variants, the
human NR2F2 expresses four variants (vl—4) from inde-
pendent transcription start sites selecting alternative exon
1. These human transcript variants are translated into three
distinct protein isoforms [11].

NR2F2 gene expression has been used as a marker of
gonadal interstitial/mesenchymal progenitor cells [21, 22].
However, NR2F2 expression has been detected in humans
and mice prior to supporting and interstitial cell lineage dif-
ferentiation. Male and female early somatic cells (the pro-
genitors of supporting and interstitial cells) express NR2F2
from 6 weeks of human gestation and e10.5 in mice [5, 23].
We aimed to examine the expression of NR2F2 transcript
variants during early gonadal development in humans and
to assess the genetic networks regulated by COUP-TFII in
a gonadal cell context. Our data associates NR2F2/COUP-
TFII activity with the maintenance of the early bipoten-
tial gonad state and with the commitment of ESGCs into
female gonadal progenitors. Together our data suggest that
ovary development is an active process and that COUP-
TFII plays a central role in this cellular decision.

Results

NR2F2 expression is detected in progenitor cells

of the human bipotential gonad and shifts to a sex-specific
pattern during the commitment of supporting cells

To study NR2F2 expression during early gonadal devel-
opment, we examined single-cell RNA sequencing
(scRNA-seq) datasets of somatic cell lineages from male
and female human gonads between 6- and 21-weeks
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gestation [24]. As shown in Fig. 1A, NR2F2-expressing
cells were identified in clusters related to the first wave
of supporting cells, i.e. early somatic cells (cluster 2a),
bipotential early supporting gonad cells (ESGC, cluster
2b), the first wave of pre-granulosa cells (preGC-I, clus-
ter 2c), and early supporting PAX8-expressing cells (clus-
ter 3a). The early somatic cells give rise to the ESGCs,
which are bipotential precursors that give rise to the
sex-specific supporting cell lineages in the early gonad.
The early PAX8-expressing cells are sexually undifferenti-
ated cells at the gonadal-mesonephric interface. We also
detected the expected NR2F2 expression in interstitial/
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mesenchymal cells, with the highest expression levels in
gonadal interstitial cells (cluster 4a). GATA2-expressing
coelomic epithelial cells (cluster 1a), which are associated
with the extragonadal mesonephros, were also enriched
for NR2F2 expression. Conversely, the GATA4-expressing
coelomic epithelial cells (cluster 1b), which give rise to
early somatic cells and bipotent ESGCs, and the fetal Ser-
toli cells (cluster 2d) demonstrated low levels of NR2F2
expression (Fig. 1A, Additional file 1: Fig. S1).

Using the protocol previously established by Knarston
et al. [25] (Fig. 1B), we examined the expression of NR2F2
transcript variants during the differentiation of human
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Fig. 1 NR2F2 expression during early human gonadal development and in COV434 and NT2/D1 cell lines. A The expression pattern of NR2F2
projected on the UMAP plot showing cell lineages in the scRNA-seq datasets of male and female somatic cells obtained from human gonads [24].
The color scale represents NR2F2 gene expression levels. Arrows indicate the predicted developmental trajectory of cell lineages based on evidence
from the literature. B The monolayer differentiation protocol for human embryonic bipotential gonad described by Knarston et al. [25]. C, D RT-gPCR
data of gene expression of NR2F2 transcript variants in CRL1502 (female) and PCS_201 (male) iPSCs (C), and of the bipotential gonad markers GATA4,
ZFPM_2, EMX2, and WT1, and the steroidogenic cell marker STAR (D) during the differentiation protocol. NR2F2 v3 was not detected under these
experimental conditions. Data were normalized as a percentage of GAPDH (reference gene) expression. Mean + SEM (n=3). E RT-gPCR assay
comparing the expression of NR2F2 transcript variants (v1-4) in COV434, NT2/D1, and HepG2 cell lines. Data is represented as a percentage of S8
(reference gene) expression. Mean + SEM (n=4). One-Way ANOVA followed by Tukey test (v1, v2, and v4) and t-test (v3). Asterisks indicate statistical

significance in relation to COV434 expression. ***p < 0.001, ****p < 0.0001
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female and male induced pluripotent stem cells (iPSC)
through primitive streak, mesoderm, and bipotential
gonad stages. The NR2F2 transcript vl was gradually
upregulated during the differentiation of female and male
iPSCs, presenting a nearly 1000-fold increase in bipoten-
tial gonad state at day 9 of culture when comparing to day
0iPSCs. The NR2F2 v2 and v4 were upregulated, but pre-
sented lower fold changes than v1, and the NR2F2 v3 was
not detected during the bipotential gonad differentiation
in either cell line (Fig. 1C). During this in vitro differen-
tiation, NR2F2 expression was upregulated along with
bipotential gonad markers GATA4, ZFPM2, EMX2, and
WT1, while the steroidogenic cell marker STAR was not
upregulated, as shown for the female iPSCs (Fig. 1D).

The analysis of scRNA-seq datasets of developing
human gonads suggested that the differentiation of
ESGCs into fetal Sertoli cells occurs in parallel with the
loss of NR2F2 expression, while preGC-I still expressed
NR2F2 (Fig. 1A). In line with this observation, we found
that all NR2F2 transcript variants had higher expression
levels in the granulosa-like cell line COV434 compared
to the Sertoli-like cell line NT2/D1 and to male hepato-
cyte HepG2, an extragonadal cell line known to express
NR2F2 [26] (Fig. 1E). We detected nearly 1000-fold
higher expression of v1, v2, and v4 in COV434 cells than
in NT2/D1 cells. The v3 was not detected in the NT2/D1
cell line. The v1, encoding the canonical protein isoform
A, showed the highest abundance among the NR2F2
transcript variants in all investigated cell lines (Fig. 1E).
This data indicates that COUP-TFII is an important tran-
scription factor in the granulosa-like COV434 cell line.

Generation and validation of a COV434 NR2F2-knockout
cell line

To study the transcriptional networks regulated by
COUP-TFII in a granulosa-like cell context, we gener-
ated COV434 cells with a mutation affecting all NR2F2
transcript variants using CRISPR/Cas9. We used a guide
RNA (gRNA) directed toward the 5 region of exon 2,
which is a shared exon among all the NR2F2 transcripts
(Additional file 1: Fig. S2, Fig. 2A). After allele isola-
tion and genotype screening by Sanger sequencing of
NR2F2 exon 2, we identified a potential wild-type (WT)
COV434 clone and a clone with the homozygous muta-
tion c.484delG (NM_021005) at the expected site. This
mutation was predicted to generate a frameshift and a
premature stop codon in the NR2F2 gene (p.Gln163fs*4,
NP_066285) (Fig. 2B). Genotyping array confirmed
that genome integrity was maintained [absence of ane-
uploidies or large copy number variations (>0.50 Mb)]
in these COV434 clones (data not shown). Western
blotting and RT-qPCR assays demonstrated the com-
plete loss of COUP-TFII isoform A, possibly caused by
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nonsense-mediated mRNA decay, and the decrease in
expression of the four NR2F2 transcripts in the COV434
clone harboring the mutation c.484delG when compared
to the WT clone and the non-transfected (NT) COV434
cells (Fig. 2C, D). As functional validation, we examined
the expression of known COUP-TFII direct (HEY2 and
E2F1I) and indirect (NOTCHI) target genes in endothe-
lial cells [11, 16] using qPCR. HEY2 and E2F1, but not
NOTCH1, were downregulated in the NR2F2-KO versus
the WT COV434 cell clone (Fig. 2E). We therefore con-
cluded that we had created a homozygous NR2F2-KO
COV434 cell line, and moved on to further investigate
the role of NR2F2 using this cell line.

COV434 cells grow as diffuse sheets forming occa-
sional follicle-like structures containing eosinophilic
luminal material [27]. No difference in growth pattern or
cytomorphology was observed between the WT and the
NR2F2-KO COV434 cells when examined by H&E and
staining of cytoskeletal proteins (Fig. 3A, B).

COUP-TFII regulates transcript profiles associated
with early bipotent gonadal state and the first wave
of pre-granulosa cells
We studied the transcriptomes of WT and NR2F2-KO
COV434 cells using RNA sequencing (RNA-seq). Qual-
ity control analysis of RNA-seq data identified an outlier
sample in the WT group, which is visualized in the prin-
cipal component analysis (PCA) plot in Additional file 1:
Fig. S3A. This sample was excluded in further analysis
and a new PCA plot was generated, demonstrating that
NR2F2-KO replicates (n=4) form a distinct cluster from
WT replicates (n=3), which indicates that COUP-TFII
deletion in COV434 cells resulted in significant tran-
scriptional variation (Additional file 1: Fig. S3B).
NR2F2-KO cells had a total of 1724 differentially
expressed genes (DEGs) when compared to WT
COV434 cells. Of these, 1038 DEGs were downregulated
(log2FC<—1) and 686 were upregulated (log2FC>1)
(Fig. 4A). Several DEGs were validated by RT-qPCR
(Additional file 1: Fig. S4A, B). Gene markers selected
from Guo et al. [23] and Garcia-Alonso et al. [24] to be
associated with early somatic cells (LHX9 and VSNLI),
bipotent ESGCs (RIMS4), preGC-1 (FOXOI, SOX4, and
STAT1), supporting PAXS8-expressing cells (IGFBP3),
gonadal interstitium (DCN), and extragonadal mesone-
phros (GATA2) were downregulated in the NR2F2-KO
COV434 cells (Fig. 4B). Other cell markers of early sup-
porting cells, such as KITLG, SP3, AXIN2, and PAXS8
were not differentially expressed (Fig. 4B). Relevant genes
for bipotent state or ovary/testicular commitment, such
as SOX9, WNT4, NR5A1, and FOXL2 presented low FPM
values and were filtered off during differential expression
analysis (Additional file 2). To examine the expression
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of these genes, we compared COV434 WT and NR2F2-
KO cell lines by RT-qPCR. SOX9 and WNT4 transcripts
were detected in these cells, although not differen-
tially expressed. NR5AI and FOXL2 expression was not
detected by qPCR. We also tested PDGFEB, which is asso-
ciated with gonocyte migration in rodents and Leydig
cell differentiation [28], and FST, which is expressed in
developing granulosa cells [29]. PDGEB and FST expres-
sion levels were respectively up and downregulated in the
NR2F2-KO COV434 cells.

Gene ontology (GO) analysis for biological processes
revealed that the most enriched term for genes downreg-
ulated in NR2F2-KO cells was “axon guidance” (Fig. 4C),

which is a transcriptional pattern of gonadal supporting
PAX8-expressing cells [24]. When considering the upregu-
lated DEGs, the most enriched GO term was “angiogen-
esis” Indeed, the expression of the endothelial cell marker
VEGFA increased in NR2F2-KO COV434 cells (Fig. 4B)
and the upregulated DEGs were enriched in the cluster
of perivascular and smooth muscle cells observed in the
scRNA-seq datasets of developing human ovary and meso-
nephros (Additional file 1: Fig. S4C).
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Fig. 3 Cytomorphology examination of WT and the NR2F2-KO COV434 cells. A Light microscopy images of WT and NR2F2-KO COV434 cell clones
stained with H&E. Magnifications of the areas outlined by the dashed boxes are shown on the right panels. B Fluorescence images of cells stained
with phalloidin (yellow), DAPI (cyan), and Anti-Alpha-Tubulin (magenta). Merged images are shown

Gene expression in NR2F2-KO COV434 cells indicates a loss
of early supporting female gonadal fate and adoption

of sex non-specific interstitial cell fate

During embryogenesis and organogenesis, COUP-TFII is
known to regulate cell stemness and cell lineage commit-
ment [11]. Thus, we assessed the cell type for which the
gene signatures of WT and NR2F2-KO COV434 cells are
enriched. We used the online platform WebCSEA [30] to
compare the unique gene signatures of these cell clones
with the gene sets of several cell types from human fetal
organ systems. The unique gene signatures of WT and
NR2F2-KO cells were determined by selecting the top
100 expressed genes (based on FPM) in each of these
cells after excluding the overlapping 378 genes among
their 500 top expressed genes, as schematized in Fig. 5A.
These overlapping genes are enriched for general bio-
logical processes, such as translation and protein folding,
and could veil differences between the gene signatures
(Additional file 1: Fig. S5). When compared with gene

sets for the fetal reproductive system, the WT COV434
cells demonstrated a gene signature most resembling
female gonadal epithelial progenitors, which give rise to
the pre-granulosa cells (Fig. 5B). Conversely, NR2F2-KO
cells lost enrichment of the supporting signalling profile
and acquired gene signatures more similar to female and
male gonadal interstitial fibroblasts and placental tropho-
blasts. NR2F2-KO COV434 cells did not acquire a pre-
Sertoli transcriptional state. The unique gene signature of
NR2F2-KO cells was also enriched in interstitial/stromal
cells from other fetal organs (Fig. 5B).

To align WT and NR2F2-KO gene signatures to data
from human fetal gonads, we used scRNA-seq datasets of
developing ovary and mesonephros from human female
fetuses [24]. When focused on the gonadal epithelial
progenitor cells, the gene signature from WT COV434
cells was enriched in subpopulations of LHX9-expressing
coelomic epithelial cells and early supporting cells. We
also observed enrichment of mesenchymal cells of the
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mesonephros (expressing GATA2) and germ cells. How-
ever, NR2F2-KO cells lost enrichment of the epithelial
progenitor cell lineages and more closely resembled the
gene signatures of the interstitial smooth muscle and
perivascular cells (Fig. 5C). Indeed, the most expressed
gene in the NR2F2-KO unique gene signature was RGS5
(Additional files 2 and 3), which has been previously
identified as a smooth muscle cell marker in the develop-
ing gonads [23].

Discussion

This is the first study to address the genetic network reg-
ulated by NR2F2/COUP-TFII in a supporting gonadal
cell context and to investigate NR2F2 expression during

human bipotential gonad commitment. By analyzing
scRNA-seq datasets of somatic cell lineages from fetal
gonads and by differentiating iPSCs into bipotential
gonad-like cells in vitro, we demonstrated that the human
NR2F2 is highly upregulated during bipotential gonad
development, being detected in early somatic cells that
precede the steroidogenic cell emergence in the undiffer-
entiated gonad. The generation of the granulosa-like cell
COV434 NR2F2-KO suggested that COUP-TFII regu-
lates pathways involved in the early bipotential gonad
and the first wave of pre-granulosa cells. The identifica-
tion of loss-of-function genetic variants in NR2F2 in indi-
viduals with SRY-negative 46,XX T/OT-DSD [7-9] has
suggested that COUP-TFII is a pro-ovary factor during
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sex development. Altogether, our data corroborate the
hypothesis that NR2F2/COUP-TFII is involved in this
pro-ovary module and that loss-of-function variants in
the NR2F2 gene anticipate the multipotent state disrup-
tion of ESGCs. Disruption of ESGC plasticity may drive
them into commitment to the testicular pathway even in
46,XX individuals (Fig. 6).

Analysis of scRNA-seq datasets revealed that ESGCs
expressing the SRY gene, thus differentiating into fetal

Sertoli cells, lost NR2F2 expression, which became
restricted to interstitial cells after testis differentiation.
We also found that NR2F2 transcript abundance is much
higher in granulosa-like COV434 cells than in Sertoli-like
NT2/D1 cells, supporting this sex-biased expression pat-
tern. Recently, Pierson Smela et al. [31] showed that the
transcriptomes of two granulosa-like cell lines, COV434
and KGN, both have modest similarity to the fetal ovary,
including the enrichment for NR2F2 expression. This
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data justified our use of the COV434 cell line to study
COUP-TFII function.

We examined the expression of the four NR2F2 tran-
script variants individually in a human gonadal context.
Previous studies showed that the action of the canoni-
cal COUP-TFII isoform A could be enhanced or inhib-
ited by the other isoforms in a manner dependent on the
genomic context and the cellular type [32-34], empha-
sizing the importance to study all COUP-TFII isoforms.
NR2F2 frameshift variants in SRY-negative 46,XX T/OT-
DSD patients are predicted to affect the COUP-TFII iso-
form A only [8, 9]. Indeed, our data suggest that isoform
A is the major COUP-TFII isoform expressed during
human gonad development since transcript v1, encod-
ing isoform A, is nearly 1000-fold more highly expressed
than other NR2F2 variants in bipotential gonad-like
cells derived from iPSCs. Additionally, in vitro differen-
tiation of bipotential gonad-like cells demonstrated that
NR2F2 is upregulated along with bipotential gonad mark-
ers, such as GATA4. COUP-TFII and GATA4 have been
shown to physically and functionally cooperate in the
regulation of gene expression in murine Leydig cells [35].

RNA-seq analysis of NR2F2-KO COV434 cells has also
highlighted additional pathways in which COUP-TFII
may act. The most enriched GO term for downregulated
genes in these KO cells was “axon guidance” Interestingly,
Stévant et al. [36] found “axon development” as the most
enriched term for the upregulated genes in early pro-
genitor cells from male murine gonads. Garcia-Alonso
et al. [24] reported that supporting PAXS8-expressing
cells located at the gonadal-mesonephric interface dur-
ing gonad development show a transcriptional pattern
of axon guidance factors, which is associated with stem
cell maintenance and renewal. Indeed, COUP-TFII is an

important regulator of cellular fate choice, being impli-
cated in the regulation of the mesenchymal stem cell state
by modulating the WNT signaling, RUNX2 activity, as
well as Pparg and Sox9 expression [11, 37]. These findings
together with our data showing that NR2F2 is expressed
in early gonadal cell populations retaining a multipotent
state suggest that COUP-TFII may regulate cell stemness
and lineage commitment during gonadal development.
The early gonadal somatic cells are multipotent pro-
genitors which can give rise to either supporting (pre-
granulosa or fetal Sertoli cells) or interstitial cell lineages
[5, 23]. Studies with transgenic Sry reporter mice showed
that female ESGCs can activate the Sry promoter in the
same time window as male ESGCs [38, 39]. Additionally,
human pre-granulosa cells express SOX9 in an early stage
of their differentiation [40], which may be associated with
the previously reported SF1-mediated upregulation of
SOX9 expression in an SRY-independent manner [41].
Indeed, female and male ESGCs display similar tran-
scriptomic programs harboring the expression of fac-
tors predicted as pro-testicular, such as NRSAI, WTI,
and GATA4, which participate in the activation of SRY
expression in XY embryos [1, 28]. However, the pro-
testicular signaling pathway might be balanced by a still
not fully understood pro-ovarian pathway even in the
early population of gonadal uncommitted somatic cells.
The mutual neutralization of these antagonistic path-
ways maintains a multipotent state. SRY activation dis-
rupts this balance, leading to testis development in XY
embryos; however, the impaired function of pro-ovarian
factors may also disrupt the transcriptional plasticity of
ESGCs and instead drive them into commitment to the
testicular pathway, leading to Sertoli cell development in
XX embryos (Fig. 6). We propose that COUP-TFII is a
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member of the pro-ovary pathway counteracting testicu-
lar commitment in the early somatic cells, being down-
regulated during SRY activation.

The transient bipotential state of early supporting cells
is temporally asymmetric between testis and ovary devel-
opment. In contrast to fetal Sertoli cells, pre-granulosa
cells maintain the expression of stem cell-related genes,
remaining in a progenitor-like state for several days [5].
By comparing the unique gene signatures of WT and
NR2F2-KO COV434 cells, we demonstrated that NR2F2-
KO cells lost the enrichment for female-supporting
gonadal progenitor and acquired gene signatures more
similar to sex non-specific gonadal interstitial cells, such
as smooth muscle and perivascular cells, which is in line
with the enrichment of the GO term “angiogenesis” for
the upregulated genes in NR2F2-KO cells. Therefore, we
propose that COUP-TFII has a role in the maintenance
of a multipotent progenitor state in ESGCs and pGC-I,
where its role is to repress commitment into supporting
cells during the time window in which male and female
ESGCs are prone to activate pro-testicular factors.
The absence of a pro-testicular context in the COV434
cells may explain why we observed no regulation of
genes related to the fetal Sertoli state upon COUP-TFII
ablation.

Several studies, mostly in Leydig cells, have shown
a competition between COUP-TFII and SF1 for bind-
ing to overlapping response elements in the promoter
region of genes encoding steroidogenic enzymes [42].
NR2F2 expression is detected during the commitment
of gonadal interstitial cells to steroidogenic cells and in
fetal Leydig cells; however, it is progressively repressed
during adult Leydig cell differentiation, allowing the SF1-
mediated upregulation of steroidogenic enzymes [23, 43].
The inverse expression of NR2F2 and steroidogenic genes
may reflect the role of COUP-TFII in preserving the pro-
genitor Leydig cell pool by repressing their maturation
via antagonizing SF1 [44]. COUP-TFII and SF1 physically
interact in mouse Leydig cells and display antagonistic
regulation patterns in the promoter of NrObI (DAX1),
which also participates in gonadal development [45,
46]. Indeed, COUP-TFII co-binds with different nuclear
receptors in specific DNA motifs for cooperation or com-
petition [47]. However, a potential interplay between
COUP-TFII and SF1 as a pro-ovary and a pro-testis fac-
tor, respectively, during supporting cell commitment is
yet to be investigated.

Using scRNA-seq on ovarian and testicular Nr5al-
expressing somatic cells during murine sex determi-
nation, Stévant et al. [5, 36] demonstrated that, while a
pool of somatic progenitors differentiates into support-
ing cells, the remaining interstitial progenitors gradu-
ally undergo transcriptional changes restricting their
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competence toward a steroidogenic fate but retaining
their multipotent state. These cells, which maintain Nr2f2
expression, can be trans-differentiated into supporting
cells [48]. Another open question is if COUP-TFII could
also participate in the maintenance of this multipotent
state during the early development of interstitial and
steroidogenic cells, providing a source of cells still able to
shift their differentiation into the supporting lineage.
COV434 is an adult tumor cell line and its genetic
background poses a significant limitation in understand-
ing fetal gonadal development. The COV434 cells are
negative for the granulosa cell marker FOXL2 and Karn-
ezis et al. [49] recently suggested that the original tumor
that originated this cell line has a histologic identity as a
small cell carcinoma of the ovary. Other human ovarian
cancer cell lines expressing FOXL2, such as KGN, harbor
the pathognomonic FOXL2 mutation p.Cys134Trp [50],
imposing other limitations to the recapturing of fetal
ovarian development. Therefore, a robust human model
that recapitulates in vivo ovarian development is urgently
required to advance the knowledge regarding the pro-
ovary module participating in the early gonadal commit-
ment during human gonad development. Additionally,
NR2F2/COUP-TFII and NR2F1/COUP-TFI show a high
degree of evolutionary conservation, suggesting redun-
dancy and overlapping functions [11]. This homologous
transcription factor is expressed during the early gonadal
development in mice and humans, although in a lower
abundance than NR2F2 [5, 23]. To date, no genetic vari-
ants have been identified in the NR2F1 gene in patients
with DSD. Further studies are needed to understand if
NR2F1/COUP-TFI plays a role in gonadal development.

Conclusions

In summary our data combined with recent clinical find-
ings suggest that COUP-TFII has a role in maintaining a
multipotent state in early supporting gonadal cells, which
is necessary for commitment to the ovarian develop-
ment (Fig. 6). Therefore, we propose that COUP-TFII
plays dual roles during gonad development, regulat-
ing both the supporting cell fate and interstitial cell dif-
ferentiation. Further studies are needed to gain insights
into the molecular mechanisms leading to development
of seminiferous-like tubules in patients with COUP-TFII
loss-of-function.

Materials and methods

Cell culture of COV434, NT2/D1, and HepG2 cell lines

The human granulosa-like cell line COV434 (ECACC,
#07071909), the human Sertoli-like cell line NT2/D1
(NTERA-2 cl.D1 [NT2/D1]; Banco de Células do Rio
de Janeiro, #0303), and the human hepatocyte cell line
HepG2 (Banco de Células do Rio de Janeiro, #0103) were
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cultured in DMEM high glucose (Thermo Fisher Sci-
entific) supplemented with 4 mM L-glutamine, 1.7 g/L
sodium bicarbonate, 10% fetal bovine serum, 100 U/mL
penicillin-streptomycin, and 0.5 pg/mL amphotericin B.
The cell culture medium for NT2/D1 was also supple-
mented with 1 mM sodium pyruvate. Cells were kept in a
humidified incubator at 37 °C with 5% CO,/95% air.

Single guide RNA design and vector construction

To design guide RNAs (gRNA) for the NR2F2 gene, we
used the program CRISPOR [51] available online on
http://crispor.tefor.net/. sgRNA sequences used are
listed in Additional file 1: Table S1. The two strands of
the gRNA were annealed and cloned downstream of
the human U6 promoter using the BbsI (NEB) restric-
tion site in the plasmid pU6-(BbsI)_CBh-Cas9-T2A-BFP
(Addgene). The protocols for gRNA cloning and trans-
formation of competent E. coli were performed as previ-
ously described [52]. Sanger sequencing was applied to
confirm that the vectors were correctly constructed.

Flow-cytometry sorting and single-cell clone genotyping
COV434 cells were transfected with the plasmid cloned
with the gRNA directed toward the 5" region of exon 2
of the NR2F2 gene using Lipofectamine 3000 (Thermo
Fisher Scientific). Blue fluorescence protein (BFP)-
positive cells were observed and photographed using
a fluorescence microscope (Zeiss) 24 h after transfec-
tion. 48 h after transfection, cells were dissociated using
Trypsin-EDTA and BFP-positive cells were individually
seeded into wells of a 96-well plate for single-cell culture
by fluorescence-activated cell sorting (FACS) using BD
FACSAria III (BD Biosciences). As described by Zhang
et al. [53], single cells were kept on conditioned culture
medium (medium from log-phase cells filtered through
a 0.22 pm pore size filter supplemented with fresh cell
culture medium 1:1). Medium was changed every 2 days.
From day 17 after transfection, single cell-derived clones
were observed under the phase contrast light micro-
scope. Mycoplasma testing was performed by PCR and
all samples tested negative.

Genomic DNA was extracted from cell clones using
an in-house method as previously described [54]. PCR
amplification of exon 2 of the NR2F2 gene was performed
using PCR Master Mix (Promega; primer pair is listed
in Additional file 1: Table S1). The amplicon was cloned
into the TOPO™ vector using TOPO™ TA Cloning™ Kit
(Thermo Fisher Scientific), which was used to transform
competent E. coli for Sanger sequencing of individual
alleles using Big DyeTM Terminator Cycle Sequencing
Ready Reaction Kit in ABI Prism 3130x] Genetic Ana-
lyzer (Applied Biosystems) [54]. Genotyping array was
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performed using Infinium Global Screening Array-24
v3.0 (Illumina) to evaluate genome integrity.

Protein extraction and Western blot

COV434 cell clones and NT2/D1 cells were homoge-
nized in RIPA lysis buffer (50 mM Tris, pH 7.5; 150 mM
NaCl, 1% Nonidet P-40; 0.5% sodium deoxycholate; 1
mM EDTA and 0.1% SDS) supplemented with protease
inhibitors (Protease Inhibitor Tablets, Thermo Scientific
Pierce™) using Polytron® equipment (KINEMATIC).
Western blotting was performed as previously described
[55]. Briefly, proteins were blotted onto nitrocellulose
membranes, blocked with 3% BSA solution, and incu-
bated with the primary antibodies anti-COUP-TFII
(1:1000, Abcam, #41859) and anti-Alpha-tubulin (1:2000,
Sigma, #T79026). Membranes were then incubated with
the corresponding secondary antibody conjugated to
horseradish peroxidase. Blots were developed using the
enhanced chemiluminescence (ECL) kit (Bio-Rad).

Real-time quantitative PCR for COV434, NT2/D1,

and HepG2 cells

RNA was extracted using RNeasy Plus Kit (QIAGEN).
Reverse transcriptase reactions were performed with
oligo(dT),s using the M-MLV Reverse Transcriptase
kit (Thermo Fisher Scientific). The cDNA samples were
assayed in real-time quantitative PCR (qPCR) using
the kit PowerTrack SYBR Green Master Mix (Thermo
Fisher Scientific) at the thermocycler ABI PRISM 7500
Sequence Detection System (Applied Biosystems). The
primer pairs were designed using the program NCBI/
Primer-BLAST [56] and are indicated in Additional file 1:
Table S1. The expression of target genes was normalized
using the reference gene S8 (ACt) and represented as a
percentage of S8 (272<Y) or relatively to a control/refer-
ence group (2724 [57].

H&E and fluorescent immunocytochemistry

COV434 cell clones cultured on coverslips were fixed
in 4% paraformaldehyde, stained with hematoxylin and
eosin (H&E) solution, and mounted on glass slides for
histological analysis. Fixed cells were also used for fluo-
rescent immunocytochemistry studies. Cells were incu-
bated with blocking solution (0.1% Triton X-100 and 2%
BSA in PBS) for 30 min at room temperature and then
overnight at 4 °C in blocking solution containing mouse
anti-Alpha-tubulin (1:500, Sigma, #T79026). Next, cells
were incubated for 1 h at room temperature with anti-
mouse secondary antibody conjugated to Alexa Fluor
594 and then for 1 h at room temperature with Phalloi-
din-FITC 488 (1:500, Sigma, #49409). DAPI (4,6-diami-
dino-2-phenylindole) was used for nuclear identification.
Negative controls were performed in the absence of
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primary antibody. Fluorescence images were acquired
under a Nikon E800 microscope.

RNA-sequencing and data analysis

RNA was extracted from four replicates of WT and
NR2F2-KO COV434 cells using RNeasy Plus Kit (QIA-
GEN). The RNA quality and quantity were assayed on
NanoDrop spectrophotometer and Qubit fluorom-
eter (Thermo Fisher Scientific). RNA libraries were con-
structed using Zymo-Seq RiboFree Total RNA Library
Kit (Zymo Research) following the manufacturer’s pro-
tocol. Each library was analyzed on Agilent Bioanalyzer
(Agilent Technologies) and by qPCR for quality and
quantification assessment and sequenced on NovaSeq
6000 in a flow-cell SP 2x150pb (Illumina).

Quality control with FastQC [58] and MultiQC [59]
was done in all samples before alignment, after align-
ment and after gene counting. Samples were aligned to
the human reference by using STAR [60], using Hg38 and
GTF v. 103 from the Ensembl [61] project. Genes were
counted with Rsubread [62] program and the feature-
counts function. Gene counts were normalized using the
fragments per million mapped fragments (FPM) function
of DeSeq2 [63]. Then, low expression genes were filtered
off using Noiseq [64] filter method 3. The differential
expression (DE) was done using the NoiseqBio [64] func-
tion. DAVID [65, 66] was used to calculate gene ontol-
ogy enrichment for significantly upregulated (log2FC>1,
absolute theta>2) and downregulated (log2FC<-—1,
absolute theta >2) genes. The gene signatures of WT and
NR2F2-KO COV434 cells were determined by selecting
the unique most expressed genes based on FPM values,
as schematized in Fig. 5A.

Analysis of single-cell RNA sequencing datasets of human
fetal tissues

NR2F2 expression was studied in single-cell RNA
sequencing (scRNA-seq) datasets of somatic cell lineages
from male and female human gonads between 6- and
21-weeks gestation available online on the Reproductive
Cell Atlas (https://www.reproductivecellatlas.org/) [24].
Gene lists representing the gene signatures of WT and
NR2F2-KO COV434 cells, and the up and downregulated
genes (NR2F2-KO versus WT) were uploaded into the
online platforms Reproductive Cell Atlas and WebCSEA
(https://bioinfo.uth.edu/webcsea/) [30] for comparison
with the gene sets of several cell types from human fetal
organ systems. The scRNA-seq data for reproductive
organs available in the WebCSEA are from two female
fetal gonads (11- and 26-weeks gestation) and two male
fetal gonads (11- and 12-weeks gestation) (GEO: Series
GSE134355).
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Human iPSC culture, monolayer differentiation,
and real-time quantitative PCR
The differentiation experiments were performed as previ-
ously described [25]. Briefly, the human induced pluripo-
tent stem cell (iPSC) lines CRL1502 (female) (generated
by E.J. Wolvetang, The University of Queensland, Aus-
tralia) and PCS_201 (male) (American Type Culture Col-
lection, USA) were expanded in Essential 8 medium (ES;
Thermo Fisher Scientific). One day prior to differentia-
tion, cells were plated at 10,000 cells/cm? on Vitronectin
(STEMCELL Technologies). On day 0, the medium was
replaced with Essential 6 medium (E6). Cells were cul-
tured for 4 days with 3 uM CHIR (R&D Systems); 3 days
with 200 ng/mL FGF9 (R&D Systems), 1 pg/mL heparin
(Sigma-Aldrich), and 10 ng/mL BMP4 (R&D Systems);
and 2 days without growth factors. Medium was changed
every 2 days. RNA was harvested at days 0, 4, 7, and 9.
The qPCR assays were performed as described by
Knarston et al. [25]. Briefly, RNA was extracted using
the ReliaPrep RNA Cell Miniprep System (Promega) and
cDNA was synthesized using the GoScript reverse tran-
scriptase system (Promega). qRT-PCR was performed
with GoTaq qPCR Master Mix (Promega) on the Light-
Cycler480 (Roche). Primer sequences were described
previously [25] or can be found in Additional file 1:
Table S1. The expression of target genes was represented
by normalizing with the expression of the reference gene
GAPDH (274 [57].

Statistical analysis

GraphPad Prism software version 8.0 (GraphPad Soft-
ware Inc.) was used for all statistical analyses. Data were
tested for normality with D’Agostino and Pearson tests.
For two-group comparisons, the two-tailed Student’s
t-test was used with Welch’s correction when applicable.
For comparisons between multiple groups, the one-way
ANOVA test was followed by a Tukey test. Data were
expressed as mean+ SEM. P <0.05 was considered statis-
tically significant.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513578-023-01182-5.

Additional file 1: Figure S1. Expression pattern of NR2F2 and FOXL2pro-
jected on the UMAP plot showing cell lineages in the scRNA-seq datasets
of female (A) and male (B) somatic cells obtained from human gonads
between 6 and 21 weeks of gestation [24]. The color scale represents
NR2F2 gene expression. CoelEpi, coelomic epithelium; OSE, ovarian
surface epithelium; preGC, pre-granulosa cell; Gi, gonadal interstitial; Oi,
ovarian interstitial; SMC, smooth muscle cell. Figure S2. (A) Transfected
COV434 cells were blue fluorescence protein (BFP)-positive 24 h after
transfection (excitation laser=358 nm). (B) Fluorescence-activated cell
sorting (FACS) was performed 48 h after transfection according to the
filters P1: cell size and granularity settled for COV434 cell dimensions; P2:
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singlets; P3: enriched fluorescence intensity. Approximately 0.4% of the
detected events corresponded to transfected single cells, which were
seeded as single cells into wells of 96-well plates. (C) From day 17 after
transfection, single cell-derived clones were observed under the phase
contrast light microscope. Figure S3. (A) Principal component analysis
(PCA) plot of WT (green dots) and NR2F2-KO COV434 (red triangles) repli-
cates (n=4/group) revealed an outlier sample in the WT group (arrow). (B)
PCA plot considering n=3 replicates for WT (outlier excluded) and n=4
replicates for NR2F2-KO COV434 cells. Figure S4. (A) RT-qPCR validation

of DEGs obtained by RNA-seq. RNA-seq fold-change (FC) and RT-gPCR

FC of six genes when comparing the transcript expression between WT
and NR2F2-KO COV434 cells. RNA-seq FC is based on the values of frag-
ments per million mapped fragments (FPM). RT-gPCR FC represents the
relative expression values (2724~ compared to the WT.S8 was used as a
reference gene. (B) RT-qPCR results are shown as mean + SEM (n=2-4).
Student's t-test with Welch’s correction, *p < 0.05, **p < 0.01, ***p < 0.001,
**¥¥0 <0.0001. (C) UMAP of cell lineages in the scRNA-seq datasets of
developing ovary and mesonephros obtained from human female fetuses
between 6 and 21 weeks of gestation [24]. The color scale represents the
enrichment for downregulated and upregulated DEGs (NR2F2-KO versus
WT COV434 cells). CoelEpi, coelomic epithelium; OSE, ovarian surface
epithelium; preGC, pre-granulosa cell; Gi, gonadal interstitial; Oi, ovarian
interstitial; SMC, smooth muscle cell. Figure S5. Gene ontology analysis of
biological processes for the 378 overlapping genes between the 500 top
expressed genes in WT and NR2F2-KO COV434 cells. Table S1. Primer and
guide RNA sequences.

Additional file 2. RNA sequencing data comparing WT and NR2F2-KO
COV434 cells.

Additional file 3. Analysis of the unique gene signatures of WT and the
NR2F2-KO COV434 cells.
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