
†Barbara Nicol, http://orcid.org/0000-0002-3434-0658
‡Humphrey H.-C. Yao, http://orcid.org/0000-0003-2944-8469
Received: June 20, 2018. Revised: August 14, 2018. Accepted: August 30, 2018

Published by Oxford University Press 2018.
This work is written by US Government employees and is in the public domain in the US.

4273

Human Molecular Genetics, 2018, Vol. 27, No. 24 4273–4287

doi: 10.1093/hmg/ddy312
Advance Access Publication Date: 13 September 2018
General Article

G E N E R A L A R T I C L E

Genome-wide identification of FOXL2 binding and
characterization of FOXL2 feminizing action in the
fetal gonads
Barbara Nicol1,†, Sara A. Grimm2, Artiom Gruzdev3, Greg J. Scott3,
Manas K. Ray3 and Humphrey H.-C. Yao1,*,‡

1Reproductive and Developmental Biology Laboratory, National Institute of Environmental Health Sciences,
Research Triangle Park, NC 27709, USA, 2Integrative Bioinformatics Support Group, National Institute of
Environmental Health Sciences, Research Triangle Park, NC 27709, USA and 3Knockout Mouse Core Laboratory,
National Institute of Environmental Health Sciences, Research Triangle Park, NC 27709, USA

*To whom correspondence should be addressed at: Reproductive Developmental Biology Group, National Institute of Environmental Health Sciences
(NIEHS/NIH), 111 T.W. Alexander Dr, Mail Drop C4-10, Research Triangle Park, NC 27709, USA. Tel: 984-287-4004; Email: humphrey.yao@nih.gov

Abstract

The identity of the gonads is determined by which fate, ovarian granulosa cell or testicular Sertoli cell, the bipotential
somatic cell precursors choose to follow. In most vertebrates, the conserved transcription factor FOXL2 contributes to the
fate of granulosa cells. To understand FOXL2 functions during gonad differentiation, we performed genome-wide analysis of
FOXL2 chromatin occupancy in fetal ovaries and established a genetic mouse model that forces Foxl2 expression in the fetal
testis. When FOXL2 was ectopically expressed in the somatic cell precursors in the fetal testis, FOXL2 was sufficient to
repress Sertoli cell differentiation, ultimately resulting in partial testis-to-ovary sex-reversal. Combining genome-wide
analysis of FOXL2 binding in the fetal ovary with transcriptomic analyses of our Foxl2 gain-of-function and previously
published Foxl2 loss-of-function models, we identified potential pathways responsible for the feminizing action of FOXL2.
Finally, comparison of FOXL2 genome-wide occupancy in the fetal ovary with testis-determining factor SOX9 genome-wide
occupancy in the fetal testis revealed extensive overlaps, implying that antagonistic signals between FOXL2 and SOX9 occur
at the chromatin level.

Introduction

The signals that trigger sex determination of the gonads vary
widely among vertebrate species, from environmental determi-
nants in some turtles and alligators to chromosomal composi-
tion in birds and humans. Despite these differences, a relatively
conserved set of factors operates to induce and/or maintain

gonadal differentiation, such as DMRT1 and SOX genes in the
testis and FOXL2, CYP19A1 and WNT4/RSPO1 in the ovary (1). A
link between the transcription factor FOXL2 and ovarian devel-
opment in humans was initially identified in women suffering
from type I Blepharophymosis, Ptosis and Epicanthus inversus
Syndrome. This syndrome, caused by a heterozygous domi-
nant mutation in the FOXL2 gene, results in primary ovarian
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insufficiency (2). Ovarian expression of FOXL2 has now been
reported in most classes of vertebrate species, and even in
invertebrates (3). From fish to human, FOXL2 is one of the most
conserved regulators of ovarian granulosa cell identity. Loss of
FOXL2 results in embryonic ovary-to-testis sex reversal in fish
and goat (4,5). In mice, FOXL2 is expressed in ovarian granulosa
cells from sex determination to adulthood (6). However, contrary
to fish and goat, global loss of Foxl2 in mice only causes sex-
reversal postnatally (7–9). Meanwhile, conditional deletion of
Foxl2 in adult mouse ovary leads to transdifferentiation of gran-
ulosa cells into Sertoli cells, indicating that FOXL2 is required
for fate maintenance of granulosa cells (10). These observations
lead to the hypotheses that in the mouse fetal ovary, FOXL2
has limited roles in the control of granulosa cell differentiation,
or redundant action of other factors in addition to FOXL2 con-
tributes to granulosa cell differentiation. Multiple mouse genetic
models support the second hypothesis. Indeed, combined loss of
Foxl2/Wnt4 or Foxl2/Rspo1 genes in XX embryos produces a more
pronounced ovary-to-testis sex reversal phenotype than each
single knockout (11,12), demonstrating a complementary role
of FOXL2 and the Wingless-type mouse mammary tumor virus
integration site (Wnt)/beta-catenin pathway in granulosa cell
differentiation. A role of FOXL2 in mouse gonadal differentiation
was further supported by the anti-testis properties of FOXL2 in
male transgenic mouse embryos with ubiquitous FOXL2 expres-
sion (12,13).

In this study, we aimed to understand how FOXL2 alters the
transcriptional landscape in the fetal gonads and tips the bal-
ance toward granulosa cell fate. We combined three approaches:
first, we identified the genome-wide FOXL2-bound chromatin
regions in the fetal ovary by ChIP-seq and determined the gene
regulatory networks potentially controlled by FOXL2. Second, we
generated a Foxl2 gain-of-function model to investigate whether
ectopic presence of FOXL2 in the fetal testis is sufficient to drive
supporting cell differentiation into granulosa cells. Third, by
comparing the potential direct target genes of FOXL2 identified
by ChIP-seq in the fetal ovary with the transcriptomic changes
from published Foxl2 loss-of-function and our Foxl2 gain-of-
function models, we uncovered biologically relevant potential
targets downstream of FOXL2 that contribute to the control of
supporting cell fate in the gonads.

Results
Genome-wide identification of FOXL2 chromatin
binding sites in the fetal ovary

To better understand the molecular action of FOXL2 in
controlling supporting cell identity, we performed genome-
wide chromatin immunoprecipitation followed by sequencing
(ChIP-seq) on chromatin from pools of fetal ovaries collected
at embryonic day E14.5 (Fig. 1; Supplementary Material, Dataset
S1). The specificity of the FOXL2 antibody was confirmed by
immunofluorescences on control newborn gonads as well as on
gonads from both Foxl2 loss-of-function and gain-of-function
mouse models (Supplementary Material, Fig. S1A). FOXL2 ChIP-
seq in the fetal ovary led to the identification of 11 438 peaks.
The best match for the top de novo motif identified by HOMER
(6.2-fold enrichment compared to the background, P-value 1e-
685) corresponded to the consensus FOXL2 DNA motif previously
identified in the adult granulosa cells (GSE60858; 14; Fig. 1A). The
majority of the peaks were located either within the gene body
(26% exon; 24% intron; Fig. 1B) or close to the TSS (25% Promoter:
<1 kb of TSS; 12% Upstream: −10 to −1 kb of TSS; Fig. 1B). FOXL2

peaks were assigned to the nearest gene, resulting in 9324 poten-
tial direct target genes of FOXL2 (purple circle in Fig. 1C). We then
used EnrichR, a comprehensive gene set enrichment analysis
tool (15,16), for pathway analyses and found enrichment in FOXO
signaling, a pathway linked to cell-cycle arrest and longevity
(17) and multiple other pathways related to cell cycle, cancer or
stem cell pluripotency (Supplementary Materials, Fig. S1B and
Dataset S1).

Identification of potential target genes of FOXL2 in the
fetal supporting cell lineage

FOXL2 is expressed in the supporting cell lineage in the ovary
but not in their testicular counterparts (6); therefore, we could
assume that potential direct target genes of FOXL2 are expressed
in a sexually dimorphic manner between female and male
supporting cells. In order to focus on the supporting cell lineage,
we leveraged the published transcriptomic data from isolated
cell populations of the mouse fetal gonads (18), and used
them to identify genes expressed differentially between fetal
granulosa cells and their male counterpart Sertoli cells (Fig. 1C;
Supplementary Material, Dataset S2). Comparison of FOXL2
ChIP-seq data with the genes enriched in fetal granulosa cells
(1179 genes in pink circle in Fig. 2C) or Sertoli cells (1410 genes
in blue circle in Fig. 2C) allowed us to identify the potential
FOXL2 target genes that could contribute to supporting cell
differentiation. Respectively, 55% (647) of the genes enriched
in granulosa cells and 54% (757) of the genes enriched in Sertoli
cells were potential direct target of FOXL2. Among them were
the granulosa genes Fst and Bmp2 and the Sertoli genes Dmrt1,
Cyp26b1 and Fgf9 (Fig. 1C). For instance, FOXL2 binding peaks
were located in the first intron of Fst gene as previously identified
(14,19) and at the promotor of Dmrt1 gene (Fig. 1D).

To establish the functional relevance of FOXL2 chromatin
binding in the fetal ovary, we next compared the potential FOXL2
direct target genes identified in our ChIP-seq with the transcrip-
tome of ovaries lacking Foxl2. We hypothesized that expression
of FOXL2 direct target genes would be affected significantly in
the absence of Foxl2. The phenotype of Foxl2 KO ovaries has been
extensively studied by others (7–9,12,13): Although loss of Foxl2
led to sex reversal only after birth, significant changes in ovarian
transcriptome were detected before birth. We obtained the pub-
licly available lists of genes expressed differentially between the
control and Foxl2 KO fetal/neonatal ovaries (13), and compared
them with our ChIP-seq gene list (Fig. 1E–F and Supplementary
Material, Dataset S2). We found that among the 3372 genes
that were downregulated in the Foxl2 KO ovary (Fig. 1E), 48%
(1618 genes) were identified in our FOXL2 ChIP-seq experiment.
Among them, 205 genes were enriched in fetal granulosa cells,
representing candidates for positive regulation by FOXL2 in
the fetal ovary. For the 2294 genes that were upregulated in
the Foxl2 KO ovary (Fig. 1F), 33% (751 genes) were identified
in our FOXL2 ChIP-seq experiment (Fig. 1F). Among them, 84
genes were enriched in the fetal Sertoli cells, representing
candidates that are repressed by FOXL2 in the fetal ovary. Wt1
gene was one of the genes upregulated in the absence of Foxl2
(Supplementary Material, Fig. S1C): in addition to a FOXL2 peak
found near the Wt1 transcription starting site, another FOXL2-
bound region was found in the newly identified gonad-specific
Wt1 enhancer region (20). A transgenic reporter model for
this enhancer demonstrated that this regulatory region drives
Wt1 expression in the Sertoli cells of the fetal testis. These
results suggest that FOXL2 could contribute to regulation of
Wt1 expression in the gonadal supporting cells.
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Figure 1. Genome-wide identification of FOXL2-binding regions in the ovary. (A) The top motif identified by HOMER de novo analysis (P-value 1e-685) for FOXL2 ChIP-seq

in E14.5 ovaries corresponds to the published FOXL2 binding sequence (14). (B) Distribution of genomic locations of the 11 438 FOXL2 binding peaks. TSS: Transcription

Start Site; TES: Transcription End Site. (C) Venn diagram comparing FOXL2 potential direct target genes in the fetal ovary (ChIP-seq) with genes differentially expressed

in E13.5 granulosa versus Sertoli cells (18). (D) Genome browser view of a gene enriched in granulosa cells (Fst) and a gene enriched in Sertoli cells (Dmrt1) bound

by FOXL2 in the fetal ovary. Arrows: gene orientation; Green highlights: significant FOXL2-binding peaks identified by HOMER. (E and F) Identification of the genes

downregulated (E) or upregulated (F) in Foxl2 knockout (KO) ovaries (13) that are bound by FOXL2 and enriched in fetal granulosa or Sertoli cells, respectively.

Ectopic FOXL2 expression in the fetal testis results in
partial male-to-female sex reversal

The upregulation of genes normally expressed in Sertoli cells
in the Foxl2 KO ovary implicates an anti-testis property of
FOXL2 (Fig. 1F). In addition, XY mice with ubiquitous FOXL2
expression in response to heat shock developed malformed
testes and aberrant gene expression at E13.5 (12,13). However,
this model was limited by the ubiquitous nature of FOXL2
induction, the complication of heat shock, the unknown
timing of ectopic FOXL2 expression and the absence of whole-
genome transcriptomic analyses of the gonads. In order to
identify the specific impact of FOXL2 in the somatic cells
of the fetal testis, we generated a new model that enabled
us to control the cell type and timing of ectopic FOXL2

expression. We integrated the targeting construct CAG-LSL-Foxl2
into the Rosa26 locus by homologous recombination (Fig. 2A
and Supplementary Material, Fig. S2). In the presence of Cre
recombinase, the loxP-flanked STOP cassette was removed,
therefore allowing FOXL2 expression in the Cre-expressing
cells. The Rosa26-CAG-LSL-Foxl2 mice were crossed to the Sf1-
Cre mice, a validated Cre model for targeting recombination in
the somatic cells of fetal gonads around E10.5–11.5, the onset of
sex determination (21–25). We confirmed that FOXL2 expression
was induced in the Sf1-Cre;Rosa26-CAG-LSL-Foxl2 XY gonads
(XY FOXL2+ hereafter) by whole mount immunofluorescence
for SF1 and FOXL2 (Fig. 2B–G). In contrast to the control XY
gonads where FOXL2 was absent, FOXL2 protein was detected
in almost all SF1+ cells in the XY FOXL2+ gonads at E11.5.
At E14.5, Foxl2 mRNA was strongly expressed in XY FOXL2+
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Figure 2. Ectopic induction of FOXL2 expression in XY fetal gonads results in partial male-to-female sex reversal. (A) Design of Rosa26-CAG-LSL-Foxl2 construct. Cre-

mediated recombination excises the LoxP-flanked STOP cassette (LSL), resulting in expression of FOXL2 in Cre-expressing cells. His: His-Tag. WPRE: Woodchuck Hepatitis

Virus Posttranscriptional Regulatory Element. pA: polyadenylation signal. (B–G) Whole mount immunofluorescences for SF1 and FOXL2 in XY control and FOXL2+ E11.5

gonads show ectopic FOXL2 expression in the SF1+ cells. Nuclei were stained with DAPI (gray). Dotted lines outline the gonads. Scale bars: 150 μm. (H) qPCR analyses

of Foxl2 expression in E14.5 gonads. t-test; mean ± SEM (n = 4); ∗∗∗P < 0.001. Controls: littermates of XY FOXL2+ embryos lacking the Sf1-Cre transgene. (I–N) Bright

field images of XY control, XY FOXL2+ and XX control gonads and reproductive tracts at E14.5 (I–K) and P9 (L–N). Epi: epididymis; Go: gonad; Ovi: oviduct. Dashed lines

outline gonads. (O–Q) External genitalia of 8-week-old mice. Brackets: anogenital distance. (R–T) H&E stained sections of 8-week-old gonads. Arrowheads: rudimentary

seminiferous tubules. Scale bar: 300 μm.

gonads and was about 4-folds the level of Foxl2 transcript in
control XX gonads (Fig. 2H). We then investigated the effect
of ectopic FOXL2 expression on testis differentiation. At both
E14.5 and postnatal day 9 (P9), XY FOXL2+ gonads were smaller
than control testes, and developed a shape similar to control
ovaries (Fig. 2I–K); however, the male reproductive tract was
maintained (Fig. 2L–M). Eight-week-old adult XY FOXL2+ mice

presented a female-like external phenotype, with an anogenital
distance similar to that of the control females (Fig. 2O–Q;
Supplementary Material, Fig. S3A). The adult XY FOXL2+ mice
produced significantly less testosterone than control males
but they did not have an increase in estrogen production
(Supplementary Material, Fig. S3B). Histologically, XY FOXL2+
adult gonads were dysgenic, forming a small structure that
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Figure 3. Impact of ectopic FOXL2 expression on Sertoli cell differentiation. Whole mount immunofluorescences for the testis-determining gene SRY at E11.5 (A–C),

Sertoli cell marker SOX9 and FOXL2 at E11.5 (D–M), E12.5 (N–P) and E14.5 (Q–S) in XY control, XY FOXL2+ and XX control gonads. Arrowheads: cells double positive

for SOX9 and FOXL2. Arrows in (R): SOX9+ cells are mainly located at the center of the gonads. Insets: higher magnification images for single channels showing the

presence of FOXL2 in the SOX9+ cells. (T–V) Immunofluorescence for the Sertoli cell marker Anti-Müllerian hormone (AMH) on sections of E16.5 gonads showing the

appearance of a few testis tubules in the center of XY FOXL2+ gonads (arrows). Dotted lines outline the gonads. Nuclei were stained with DAPI (gray). Scale bars:

150 μm.

contained a few rudimentary seminiferous tubules in the
center (Fig. 2R–T and Supplementary Material, Fig. S3C). No
sign of spermatogenesis or folliculogenesis was detected in the
XY FOXL2+ adult gonads. These results indicate that ectopic
expression of FOXL2 in the SF1+ somatic cells of XY fetal gonads
suppresses proper testis differentiation but is insufficient to
induce a complete testis-to-ovary sex reversal.

FOXL2 represses Sertoli cell differentiation

Differentiation of gonadal primordium into a testis or an ovary
relies on the capacity of the supporting cell population to
become Sertoli cells or granulosa cells, respectively. We therefore

focused on the fate of the supporting cells in XY FOXL2+
fetal gonads. At E11.5, the master testis-determining gene SRY
and SOX9 were expressed in an XY-specific manner in the
control gonads (Fig. 3A–C and G–I). At this early stage of fate
determination, FOXL2 was absent in the XY control gonads
and barely detected in the XX control gonads (Fig. 3D–F) as
expected (6). Despite a proper expression of SRY (Fig. 3B and
Supplementary Material, Fig. S3D), fewer SOX9+ Sertoli cells
were found in the XY FOXL+ gonads at E11.5 compared to the
control (Fig. 3G, H, K and L). These SOX9+ cells in XY FOXL2+
gonads co-expressed FOXL2 throughout fetal development
(inset in Fig. 3E, H, L, O and R). In XY control gonads, SOX9+
Sertoli cell population rapidly expanded and formed testis cords.
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However, in XY FOXL2+ gonads, SOX9+ cell population remained
relatively small and failed to form testis cords at E12.5 (Fig. 3N–S).
SOX9+ cells were mostly located in the center of the XY FOXL2+
gonads. Labelling with the Sertoli cells cytoplasmic marker
AMH showed that these cells eventually organized to form a
few testis cords by E16.5 (arrows in Fig. 3U). SOX9 expression
in the XY FOXL2+ gonads was further repressed postnatally
(Supplementary Material, Fig. S3C). These results demonstrate
that ectopic FOXL2 expression in SF1+ somatic cells of XY
gonads represses Sertoli cell differentiation at the onset of testis
determination.

Identification of the supporting cell genes affected by
ectopic FOXL2 induction in XY gonads

To decipher the molecular events downstream of FOXL2 that led
to defects in supporting cells differentiation (Fig. 3) and partial
male-to-female sex reversal (Fig. 2), we performed microarray
analyses on XY control, XY FOXL2+ and XX control gonads
at E14.5 [Supplementary Material, Datasets S3–4; Gene Expres-
sion Omnibus (GEO) accession no. GSE78774]. Ectopic FOXL2
expression in the XY gonad shifted the gonadal transcriptome
toward the ovarian profile, suggesting a partial testis-to-ovary
sex-reversal (Fig. 4A). Between the XY FOXL2+ and XY con-
trol gonads, 1862 transcripts were significantly different, among
them 1089 genes down-regulated and 755 genes upregulated
(Fig. 4B; Supplementary Materials, Fig. S4 and Dataset S4). Most
of the transcripts that were downregulated (81%) corresponded
to transcripts normally expressed higher in the fetal testis than
ovary. Whereas most of the transcripts that were upregulated
(73%) corresponded to transcripts that were enriched in the fetal
ovary compared to the testis (Supplementary Material, Fig. S4A
and B). To identify the granulosa cell-specific genes upregulated
as a consequence of FOXL2 induction, we compared the 755
upregulated genes with the 1179 genes enriched in granulosa
cells versus Sertoli cells based on Jameson et al. (18) microar-
ray (Fig. 4C). Similarly, we compared the 1089 downregulated
genes with the 1410 genes enriched in Sertoli cells based on
Jameson et al. microarray in order to identify the Sertoli cell
genes significantly repressed in XY FOXL2+ gonads (Fig. 4D).
These comparisons revealed 195 granulosa cell genes and 295
Sertoli cell genes that were significantly affected by ectopic
FOXL2 induction in the fetal testis. Among the 195 granulosa-cell
genes upregulated in XY FOXL2+ gonads, (GO) term analysis for
biological processes revealed enrichments for genes associated
with the Wnt pathway, a key pathway for ovarian differentia-
tion (26,27; Fig. 4E and F; Supplementary Material, Dataset S4).
Interestingly, GO terms associated with ‘negative regulation of
cell cycle’ were also enriched, with upregulation of both the
cyclin-dependent protein kinases Cdkn1b and Cdkn1c. These two
genes are suspected to contribute to granulosa-cell exit of cell
cycle and to the smaller size of ovaries compared to testes
(28,29). In addition, Cdkn1b and Cdkn1c are strong candidates
for a direct regulation by FOXL2 because they are known to be
controlled by several other forkhead factors, such as FOXL1 and
FOXOs (30,31). Several genes associated with ovarian differen-
tiation including Bmp2 and Runx1 were also upregulated in XY
FOXL2+ gonads (Fig. 4E and F). However, despite the high expres-
sion of Foxl2 in the XY FOXL2+ gonads (Fig. 2H), the expres-
sion of most granulosa-cell genes never reached the level of
the control XX gonads (Fig. 4F). On the other hand, among the
295 Sertoli-cell genes downregulated in XY FOXL2+ gonads,
many key Sertoli cell markers important for testis differen-

tiation were identified, including Sox9, Amh, Ptgds, Amh, Gdnf
and Cyp26b1 (Fig. 4E and F). These results imply that FOXL2
is a strong repressor of Sertoli cell differentiation and testis
morphogenesis, but not sufficient to fully promote granulosa cell
differentiation.

Once the supporting cells (Sertoli or granulosa cells) are
established, they control the differentiation of other cell popu-
lations in the fetal gonads. As a consequence of the repression
of Sertoli cell differentiation and emergence of the granulosa cell
program, both germ cells and steroidogenic precursors followed
the feminizing trend of the supporting cells. XY FOXL2+ gonads
expressed meiosis-related and oocyte-specific genes whereas
fetal male germ cell markers were repressed (Supplementary
Material, Fig. S4C). In addition, the androgen-producing Leydig
cells, characteristic of fetal testis differentiation, failed to gain
full steroidogenic capacity in XY FOXL2+ gonads, as evident by
a decrease or absence of steroidogenic gene expression (Supple-
mentary Material, Fig. S4D). Meiotic germ cells in the XY FOXL2+
gonads were located at the poles whereas the remnant fea-
tures of testis differentiation (SOX9+ Sertoli cells and CYP17A1+
Leydig cells) were found in the center (Supplementary Material,
Fig. S4E–J), forming the typical structure of XY ovotestes (32–35).

Integrated analysis of transcriptomes of Foxl2 loss- and
gain-of-function models with FOXL2 ChIP-seq data
identifies strong candidates for direct regulation by
FOXL2 during gonad differentiation

The transcriptomic analyses of the XY FOXL2+ gonads and
the XX Foxl2 KO gonads provide complementary models to
understand how FOXL2 contributes to supporting cell fate
and gonad differentiation. Similar to the analysis for Foxl2 KO
gonads (Fig. 1E and F), the genes differentially expressed in XY
FOXL2+ gonads were compared with our FOXL2 ChIP-seq data
(Supplementary Materials, Fig. S5 and Dataset S5). Identification
of the genes commonly misregulated in both XY FOXL2+ and
XX Foxl2 KO gonads allows us to focus on the genes that strongly
rely on FOXL2 action, either negatively or positively (Fig. 5;
Supplementary Material, Dataset S5). First, by comparing the
genes significantly upregulated in XY FOXL2+ with the genes
downregulated in XX Foxl2 KO gonads (Fig. 5A), 200 common
genes were identified as genes stimulated by FOXL2. The
majority of them (140 genes or 70%; Fig. 5A) corresponded to
potential FOXL2 direct targets based on the FOXL2 ChIP-seq in
the fetal ovary. Among these 140 genes, 62 genes were enriched
in fetal granulosa cells, including Fst, the cell-cycle repressor
Cdkn1b and several genes whose ovarian function is currently
unknown, such as Hmgcs2, Magi2 and Itpr2. On the other hand,
121 genes were identified as genes suppressed by FOXL2 by
comparing the genes downregulated in XY FOXL2+ gonads with
the genes upregulated in XX Foxl2 KO gonad (Fig. 5B). Among
them, 56 genes (46%) were identified in the FOXL2 ChIP-seq
and included 26 genes enriched in fetal Sertoli cells, including
Cyp26b1, Hsd17b3, Cldn11 and Erbb4. Interestingly, the testis-
determining gene Sox9 was part of the 121 genes affected in
both models (Supplementary Material, Dataset S5). However,
similar to the FOXL2 ChIP-seq performed in adult granulosa
cells (14), no FOXL2 binding sites were found near Sox9 gene
in the fetal ovary, including in the testis-specific enhancer TES
(Supplementary Material, Fig. S6). The nearest FOXL2 binding
peak upstream of Sox9 was located in a gene desert 838 kb from
Sox9 gene. The same region was also bound by FOXL2 in adult
granulosa cells (14) and is conserved in many vertebrate species
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Figure 4. Identification of the genes affected by ectopic FOXL2 expression in the XY fetal gonads. (A) Principal component analysis for the transcriptomes of E14.5 XY

control, XY FOXL2+ and XX control gonads (n = 4/genotype). (B) Volcano plot comparing transcript expression between E14.5 XY FOXL2+ and XY control gonads. Each

dot represents a transcript; x-axis: fold-change expression; y-axis: P-value. Blue and red dots: transcripts significantly downregulated and upregulated, respectively

(fold-change > 1.5; p0.05). (C) Venn diagram comparing the 755 genes upregulated in XY FOXL2 gonads with genes enriched in fetal granulosa cells versus Sertoli cells

(based on (18); fold-change > 1.5 p0.05). (D) Venn diagram comparing the 1089 genes downregulated in XY FOXL2 gonads with genes enriched in fetal Sertoli cells

versus granulosa cells (based on (18); fold-change > 1.5 p0.05). (E) Hierarchical clustering of a subset of granulosa cell genes upregulated (pink font) or Sertoli cell genes

downregulated (blue font) in XY FOXL2+ gonads based on the comparison in C and D. (F) Validation of the microarray results by qPCR for genes identified in E. t-test;

mean ± SEM (n = 4); ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

(Supplementary Material, Fig. S6). Interestingly, this region
corresponds to a newly identified long-distance putative
regulatory element for Sox9 (36). In the XY FOXL2+ gonads,
downregulation of Sox9 was observed at both the transcript
and the protein level (Figs 3 and 4), and likely contributed to the
partial testis-to-ovary sex-reversal phenotype.

Among the genes commonly affected in FOXL2 gain- and
loss-of-function models, the cell-cycle repressor Cdkn1b was
one of the most upregulated granulosa cell gene in XY FOXL2+
gonads (Fig. 5C). Because of its involvement in the control of
cell proliferation, Cdkn1b was a functionally relevant candidate.

Indeed, difference in cell proliferation is a sexually dimorphic
event during sex determination: from E11.5–E13.5, the testis
doubles its size every 24 h, while the growth of the ovary remains
limited (37–39). After some recruitment from the coelomic
epithelium and migration into the gonad, Sertoli cells resume
proliferation while granulosa cells remain quiescent (28,38). The
smaller SOX9+ Sertoli cell population in the XY FOXL2+ gonads
(Fig. 3) prompted us to examine the expression of p27 (protein
encoded by Cdkn1b) and the cell proliferation marker KI67. At
E11.75 (21–23 tail somite stage), p27 was scarcely detected in
few of SOX9+ Sertoli cells in the control XY gonads whereas

https://academic.oup.com/hmgj/article-lookup/doi/10.1093/hmgj/ddy312#supplementary-data
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Figure 5. Comparison of XY FOXL2+ and XX Foxl2 KO transcriptomes with FOXL2 ChIP-seq gene list reveals strong candidates for direct regulation by FOXL2.

(A) Comparison of the genes upregulated in XY FOXL2+ gonads and downregulated in XX Foxl2 KO gonads (13). Among the 200 common genes affected in both genetic

models, 70% are potential direct targets of FOXL2 based on the ChIP-seq results and include 62 genes that are enriched in granulosa cells (18). (B) Comparison of the

genes downregulated in XY FOXL2+ gonads and upregulated in XX Foxl2 KO gonads. Among the 121 genes affected in both models, 46% are potential direct targets of

FOXL2 based on the ChIP-seq results and include 26 genes that are enriched in Sertoli cells. (C–E) Example of a potential direct target gene of FOXL2 enriched in granulosa

cells: the cell-cycle repressor gene Cdkn1b. (C) qPCR analyses of Cdkn1b expression in E14.5 XY control, XY FOXL2+ and XX control gonads. t-test; mean ± SEM (n = 4);
∗P < 0.05, ∗∗∗P < 0.001. (D) Immunofluorescence for FOXL2, SOX9 and p27 (encoded by Cdkn1b) in XY control and FOXL2+ gonads at E11.75. Arrows: SOX9+/p27+ double

positive cells; Arrowheads: SOX9+/p27- cells. (E) Genome browser view of FOXL2-bound regions near Cdkn1b. SOX9 and DMRT1 tracks: genomic regions significantly

bound by SOX9 (42) and DMRT1 (41) in E13.5 testis. H3K27Ac track: regions significantly bound by H3K27Ac in fetal Sertoli cells, corresponding to active chromatin

regions (20). Arrows: gene orientation; asterisks: consensus FOXL2 motif. Green highlights: significant FOXL2 binding peaks.

KI67 was found in multiple SOX9+ cells at E11.75 and E12.5
(Fig. 5D; Supplementary Material, S7). In the FOXL2+ XY gonads,
on the other hand, p27 was present in most SOX9+ supporting
cells whereas only few of SOX9+ cells were KI67 positive
(Fig. 5D; Supplementary Material, S7). These results suggest that
upregulation of Cdkn1b, a potential direct target of FOXL2, could

contribute to the smaller SOX9+ cell population by repressing
their proliferation.

Several FOXL2-bound regions were located near Cdkn1b gene,
including at its enhancer between the Cdkn1b gene body and
the long non-coding RNA Lockd (Fig. 5E). This regulatory ele-
ment plays a key role in the control of Cdkn1b expression as its

https://academic.oup.com/hmgj/article-lookup/doi/10.1093/hmgj/ddy312#supplementary-data
https://academic.oup.com/hmgj/article-lookup/doi/10.1093/hmgj/ddy312#supplementary-data
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deletion drastically reduces Cdkn1b expression (40). In the fetal
Sertoli cells, this region is bound by the active chromatin marker
H3K27Ac (Fig. 5E; 20), suggesting that FOXL2 could have access
to these regions in XY FOXL2+ gonads in order to control Cdkn1b
expression. Interestingly, this enhancer is also bound by SOX9
and DMRT1 based on ChIP-seq performed in fetal testes (Fig. 5E;
41,42). These observations together suggest that Cdkn1b is con-
trolled by both pro-ovarian FOXL2 and pro-testis transcription
factors during gonad differentiation.

Pro-granulosa FOXL2 and pro-Sertoli regulator SOX9
share common chromatin binding regions in fetal
gonads

SOX9 and DMRT1 are fate determining/maintenance factors for
Sertoli cell lineage, and pro-granulosa FOXL2 is known to antag-
onize these two factors (10,43). The discovery of the presence
of FOXL2, SOX9 and DMRT1 binding in the enhancer region of
Cdkn1b (Fig. 5E) and other potential FOXL2 direct target genes
expressed in granulosa or Sertoli cells (Supplementary Mate-
rial, Fig. S5C) raised the question whether these three tran-
scription factors could bind similar regulatory regions in more
genes in the fetal gonads. We therefore compared our genome-
wide FOXL2 ChIP-seq results in the fetal ovary with published
ChIP-seq results for SOX9 and DMRT1 in the fetal testis (41,42;
Fig. 6; Supplementary Material, Dataset S6). Among the 11 438
FOXL2 binding peaks from our ChIP-seq analysis (Fig. 6A), 35%
(4008 peaks) overlapped with SOX9 peaks only, 3% (290 peaks)
with DMRT1 peaks only and 2% (257 peaks) with both SOX9
and DMRT1 peaks (Fig. 6A). Overall, 62% of SOX9 binding peaks
overlapped with FOXL2 peaks (Fig. 6B; 3980/6400 peaks) whereas
only 23% of DMRT1 peaks overlapped with FOXL2 peaks (Fig. 6C;
563/2458 peaks). These results demonstrate an extensive overlap
between FOXL2 and SOX9 chromatin occupancy, and suggest
that FOXL2 and SOX9 could share common target genes during
gonad differentiation. Some of these chromatin regions bound
by both FOXL2 and SOX9 were located at the promoter of genes
either upregulated or downregulated in XY FOXL2+ gonads (Sup-
plementary Material, Dataset S6). For instance, Cited2, a gene that
contributes to early differentiation of the testis (44), was signif-
icantly downregulated in XY FOXL2+ gonads and was identified
as a common target of FOXL2 and SOX9 (Fig. 6D). Very few genes
that were affected in XY FOXL2+ gonads contained chromatin
regions with overlapping binding of FOXL2 and DMRT1. Among
them was Notch2, a gene downregulated in XY FOXL2+ gonads,
whose promoter was bound by FOXL2, DMRT1 and SOX9 in fetal
gonads (Fig. 6D).

Discussion

Sex differentiation of the gonads is regulated by opposing net-
works of transcription factors that promote one fate (testis or
ovary) while repressing the other. In the female embryo, ovarian
differentiation relies on the action of two major regulators: the
RSPO1/WNT4 beta-catenin pathway and FOXL2. To determine
how FOXL2 controls the fate of supporting cells in the fetal
gonads, we first performed ChIP-seq for FOXL2 in fetal ovaries
and identified its potential target genes. We next generated a
mouse model that allows ectopic expression of FOXL2 specif-
ically in somatic cells of XY gonads at the time of sex deter-
mination. This model showed that presence of FOXL2 in the
supporting cells of fetal testes repressed early Sertoli cell dif-
ferentiation and resulted in partial testis-to-ovary sex reversal.

The transcriptome analysis of this new model produced a list of
genes and pathways affected by FOXL2 induction. Comparison of
this gain-of-function model with the published Foxl2 KO model
and our ChIP-seq results yielded a list of biologically relevant
FOXL2 targets. Positive regulation of genes enriched in granulosa
cells and negative regulation of genes enriched in Sertoli cells
could tip the balance toward the ovarian pathway (Fig. 6F). In
addition, a strong correlation between FOXL2 and the control of
cell cycle further supports a role of FOXL2 in mitotic arrest of
granulosa cells. Finally, by comparing our FOXL2 ChIP-seq data
in the fetal ovary with previously published ChIP-seq for SOX9
and DMRT1 in the fetal testis, we discovered an extensive overlap
in chromatin occupancy between FOXL2 and SOX9, suggest-
ing that they control common regulatory regions during gonad
differentiation.

Deciphering FOXL2 functions in fate determination:
lessons learned from the gain-of-function mouse
model

Ectopic FOXL2 expression in SF1+ somatic cells of fetal XY
gonads antagonizes Sertoli cell differentiation and testis mor-
phogenesis, and results in partial testis-to-ovary sex reversal.
Following ectopic FOXL2 induction, expression of the testis-
determining factor SOX9 is decreased and remains mostly res-
tricted to the center of the gonad. Sox9 is a key player for testis
differentiation: its expression is sufficient to induce ovary-to-
testis sex reversal (45) and its loss leads to testis-to-ovary sex
reversal (46). The decrease, but not absence, of SOX9 expres-
sion could explain the partial testis-to-ovary sex reversal in XY
FOXL2+ gonads. On the other hand, while Sox9 transcript is
detected in XX Foxl2 KO fetal gonads (13), its protein is only
expressed after birth and is likely the reason why the ovary-to-
testis sex-reversal only occurs postnatally in absence of Foxl2 (9).

It remains unclear whether FOXL2 directly inhibits Sox9 tran-
scription in the fetal gonad. In adult granulosa cells, FOXL2,
along with estrogen signaling, represses Sox9 expression via
occupying the Sox9-regulatory sequence TES (10). Yet, FOXL2
ChIP-seq experiments on fetal ovaries (this study) and adult
granulosa cells (14) did not detect any FOXL2 binding at the
TES. In XY mice, removal of TES only caused a 50% reduction
of Sox9 expression without the occurrence of testis-to-ovary sex
reversal, suggesting the existence of additional enhancers that
control Sox9 expression in the fetal testis (36). Regulation of SOX9
expression is complex, and multiple tissue-specific enhancer
regions have been identified as far as 2 Mb from SOX9 gene in
human (47). Recently, several novel gonadal regulatory elements
were identified upstream of Sox9 gene in the mouse genome,
including enhancer 13 (Enh13), an essential regulatory element
for initiation of testis development (36). Another putative long-
distance regulatory element, Enh8, is located in an open chro-
matin region in fetal granulosa cells and is suspected to be
required to repress Sox9 gene in the granulosa cells. Interestingly,
in both fetal ovaries (this study) and in adult granulosa cells
(14), Enh8 is bound by FOXL2. It is therefore possible that FOXL2
acts through this long-distance regulatory element region to
repress Sox9 expression in both fetal gonads and adult granulosa
cells. Another potential mechanism is that FOXL2 represses Sox9
expression indirectly through its capacity to interact with SF1
(48,49). Since SF1 is a co-factor of both SRY and SOX9 (50), inter-
action between FOXL2 and SF1 could disrupt SF1 availability to
promote Sox9 expression, and could affect SOX9 transcriptomic
function itself.

https://academic.oup.com/hmgj/article-lookup/doi/10.1093/hmgj/ddy312#supplementary-data
https://academic.oup.com/hmgj/article-lookup/doi/10.1093/hmgj/ddy312#supplementary-data
https://academic.oup.com/hmgj/article-lookup/doi/10.1093/hmgj/ddy312#supplementary-data
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Figure 6. Comparison of FOXL2 genome occupancy in the fetal ovary with SOX9 and DMRT1 genome occupancy in the fetal testis reveals extensive overlaps between

FOXL2 and SOX9 binding regions. (A) Distribution of FOXL2 peaks based on their overlap with SOX9 or/and DMRT1 peaks. (B) Percentage of SOX9 peaks that overlap

with FOXL2 peaks. (C) Percentage of DMRT1 peaks that overlap with FOXL2 peaks. (D–E) Genome browser view of Cited2 and Notch2 genes bound by FOXL2, SOX9

and/or DMRT1. SOX9 and DMRT1 tracks: genomic regions significantly bound by SOX9 (42) and DMRT1 (41) in E13.5 testis. H3K27Ac track: regions significantly bound by

H3K27Ac in fetal Sertoli cells, corresponding to active chromatin regions (20). Arrows: gene orientation; asterisks: consensus FOXL2 motif. Green highlights: significant

FOXL2 binding peaks. (F) Summary of FOXL2 functions in the fetal gonads based on FOXL2 ChIP-seq and loss- and gain-of-function mouse models. FOXL2 contributes

to granulosa cell identity through direct stimulation of granulosa cell-specific genes and suppression of Sertoli cell-specific genes. Multiple targets of FOXL2 are linked

to control of cell cycle, potentially contributing to the cell cycle arrest of fetal granulosa cells.

In XY FOXL2+ gonads, initial SOX9 expression is not com-
pletely prevented, and this is likely the cause of the incomplete
testis-to-ovary sex reversal in XY FOXL2+ gonads. We speculate
that the timing of FOXL2 induction in our model, which is slightly
after SRY expression is initiated (51), could prevent a complete

repression of SOX9. Ectopic presence of FOXL2 did not affect
expression of SRY, which is known to induce Sox9 expression.
Among the potential FOXL2 direct target genes, some are genes
involved in controlling SRY expression, such as Cbx2, or SOX9
expression, such as Cited2 (44,52,53). We wonder whether an
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earlier induction of FOXL2 could fully prevent SOX9 expres-
sion and even affect SRY expression. Unfortunately, attempts
to induce FOXL2 earlier using another Cre model (Wt1CreERT2)
resulted in early embryonic lethality, likely due to the impact
of ectopic FOXL2 expression in other WT1+ organs such as the
heart.

Another possibility is that FOXL2 alone is insufficient to fully
repress Sox9 expression in the fetal XY gonads. The population of
SOX9+ cells in the XY FOXL2+ gonad is positive for FOXL2 and is
able to maintain SOX9 expression throughout fetal development
despite the presence of FOXL2. These SOX9+ cells in the XY
FOXL2+ gonads are located at the center of the gonads, similar to
other testis-to-ovary sex reversal models (32–35). The supporting
cells at the center of XY gonads are the first to express SRY (54),
possibly making them more committed to the testis fate and
more resistant to the feminizing effect of FOXL2.

FOXL2, a regulator of somatic cell proliferation
in the gonads

In the XY FOXL2+ gonads, the population of SOX9+ Sertoli
cells was significantly reduced, suggesting that the presence of
ectopic FOXL2 interferes with the expansion of Sertoli cell pop-
ulation. One characteristic difference between fetal Sertoli cells
and granulosa cells is their proliferative status: granulosa cells
in XX gonads are p27+ and mitotically arrested (28,55) whereas
Sertoli cells in XY fetal gonads become p27- and proliferative
(28,38). Following FOXL2 ectopic expression, supporting cells in
the XY gonad become p27+ and fail to proliferate, suggesting
that they acquired a cell cycle status similar to fetal granulosa
cells. It has been shown that overexpression of Cdkn1b (the gene
that encodes p27) is sufficient to repress cell proliferation in
vivo (56). FOXL2, similar to other forkhead transcription factors,
is associated with repression of cell proliferation (57–59). In
addition to Cdkn1b, FOXL2 ChIP-seq analysis in the fetal ovary as
well as XY FOXL2+ transcriptome reveals that multiple genes/
pathways involved in cell-cycle control are potential targets
of FOXL2, such as Cdkn1c, another cell cycle repressor gene
enriched in granulosa cells (29). These genes could also con-
tribute to the repression of Sertoli cell proliferation in XY FOXL2+
gonads, and to the mitotic arrest status of fetal granulosa cells
during normal ovarian development. Interestingly, characteriza-
tion of other ovary-to-testis sex-reversal models suggests that
exit of the mitotic arrest of pre-granulosa cells is a prerequisite
for Sox9 upregulation in these models (60). Although loss of Wnt4
or Foxl2 affects Cdkn1b expression during fetal life, it does not
lead to a complete repression and fails to disrupt fetal granulosa
cell mitotic arrest, likely due to compensation by other ovarian
signals. As a consequence, loss of Wnt4 or Foxl2 results in SOX9
expression only in neonatal/postnatal ovary, when granulosa cell
proliferation is normally initiated (7,27). Based on this hypothesis
of interdependence between cell cycle and supporting cell fate
(60), activation of cell cycle arrest in supporting cells of XY
FOXL2+ gonads could also contribute to the defects in Sox9
expression in our gain-of-function model.

Toward the identification of chromatin regulatory
regions controlling supporting cell differentiation

Fate specification of gonadal somatic cells relies on complex
regulatory networks composed of multiple transcription factors.
ChIP-seq has been a key analytical tool to understand the func-
tions of a transcription factor in a tissue of interest. However,

it remains challenging to apply this technique to fetal organs
such as gonads due to the limited amount of tissues (hundreds
of gonads for one ChIP-seq for a transcription factor) and the
complex cellular composition of the organs. To date, ChIP-seq
was performed in fetal gonads for only two other transcription
factors: SOX9 and DMRT1 (41,42), both critical for Sertoli cell
identity. By comparing the results from these three ChIP-seq
experiments, we observed an extensive overlap between FOXL2
genome-wide occupancy in the fetal ovary and SOX9 occupancy
in the fetal testis. These common regulatory elements could
be the targets for both gene activation and gene repression
depending on the transcription factors bound during gonad
differentiation. The capacity of FOXL2 to bind genomic regions
that are also bound by SOX9 could contribute to its capacity
to antagonize Sertoli cell differentiation in XY FOXL2+ gonads.
FOXL2 could compete with SOX9 for chromatin accessibility and
therefore repress SOX9 activity.

An alternative to ChIP-seq for specific transcription factors
is to identify the open chromatin domains during supporting
cell differentiation. Maatouk et al. examined the chromatin sta-
tus in fetal Sertoli cells by DNaseI-seq and H3K27Ac ChIP-seq,
and identified regulatory sites contributing to either activation
or repression of genes during Sertoli cell differentiation (20).
Interestingly, their study showed that forkhead motifs were
significantly enriched in active chromatin regions in addition
to SOX motifs, consistent with our discovery of the overlapping
chromatin occupancy for FOXL2 and SOX9 in fetal gonads.

In conclusion, our data provide insights into FOXL2 chro-
matin occupancy during ovarian differentiation and enable us to
identify biologically relevant candidates downstream of FOXL2
action during gonad differentiation. The capacity of FOXL2 to
bind similar chromatin regions with SOX9 suggests that some
regulatory elements in the fetal gonads are targets of both pro-
ovary and pro-testis transcription factors.

Materials and Methods
ChIP-seq assays and analysis

Ovaries from E14.5 CD1 embryos were separated from the
mesonephros, snap-frozen and stored at −80◦C. Two indepen-
dent ChIP-seq experiments were performed by Active Motif
Inc. (Carlsbad, CA) using 20–30 μg of sheared chromatin from
pooled embryonic ovaries (n = 100–120 ovaries/ChIP), and
4 μg of FOXL2 antibody (Novus, NB100–1277, Littleton, CO).
ChIP-seq libraries were sequenced as single-end 75-mers by
Illumina NextSeq 500, then filtered to retain only reads with
average base quality score > 20. Reads were mapped against
the mouse mm10 reference genome using Bowtie v1.2 (61)
with parameter ‘-m 1’ to collect only uniquely-mapped hits.
Duplicate mapped reads were removed using Picard tools
MarkDuplicates.jar (v1.110). The number of uniquely-mapped
non-duplicate reads for each biological replicate was 18 509 700
and 15 249 438. After merging the replicate datasets, binding
regions were identified by peak calling using HOMER v.4.9 (62)
with FDR < 1e-5. Called peaks were subsequently redefined as
300mers centered on the called peak midpoints. The peaks were
filtered for a required 4-fold enrichment over input and over
local signal. Genomic distribution of FOXL2-bound regions was
determined based on Refseq gene models as downloaded from
the UCSC Genome Browser as of February 27, 2017. Enriched
motifs were identified using HOMER findMotifsGenome.pl de
novo motif analysis with parameter ‘-size given’. Peaks were
assigned to the nearest gene (63), again based on RefSeq
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gene models. Gene lists were analyzed for enrichment using
the online tool EnrichR (15). The ChIP-seq data are available
in GEO (GSE110093; http://www.ncbi.nlm.nih.gov/geo/). To
compare FOXL2-bound regions in fetal ovary to SOX9 and
DMRT1-bound regions in the fetal testis (41,42), published
peak sets for SOX9 and DMRT1-bound chromatin regions
were converted to mouse mm10 genome using UCSC LiftOver
tool. This conversion resulted in total usable counts of 6400
peaks for SOX9 and 2458 peaks for DMRT1. Gene comparisons
were performed using Partek and the online tool Venny 2.1
(http://bioinfogp.cnb.csic.es/tools/venny/index.html).

Generation of Rosa26-CAG-LSL-Foxl2 mice

Foxl2 coding sequence with a HIS-tag on 3′ of the sequence was
amplified from a mouse BAC (# 231A10, Invitrogen) using the
primers Foxl2 ORF Fw 5′-CGGCCGGCCGCCACCATGATGGCCA
GCTACCCCGAGC-3′ and Foxl2-His-Cterm Rv 5′-CGGCCGGCCTC
AGTGGTGATGGTGATGATGGAGATCCAGACGCGAGTGCA-3′. This
Foxl2-HisTag sequence was inserted into the pAi9 vector (64)
(Addgene) in substitution of the dTomato sequence using FseI
restriction sites. Embryonic stem (ES) cells (129SvEv) were
electroporated with this modified vector in order to insert the
targeting construct into Rosa26 locus by homologous recombi-
nation. Targeted 129SvEv ES cells were identified by Southern
blot and injected into C57-BL6 albino blastocysts to generate the
founder mice. A founder male was mated to C57BL/6 J females
(Supplementary Material, Fig. S1C) and the resulting mouse
line was maintained in the same mixed genetic background
(129Sv and C57Bl/6 J). Genotyping of the animals was performed
by PCR using the Rosa-Ctr Fw 5′-AAGGGAGCTGCAGTGGAGTA-
3′; Rosa-Ctr Rv 5′-CCGAAAATCTGTGGGAAGTC-3′ primers for
the wild-type allele (297 bp band size), and Rosa-Foxl2 Fw 5′-
CTCATACTGGGACCACGACA-3′; Rosa-Foxl2 Rv 5′-GGCATTAAAGC
AGCGTATCC-3′ primers for the flox allele (209 bp band size). The
PCR analyses included 35 cycles of reaction at the following
temperature: 30 sec at 95◦C, 30 sec at 61◦C, 30 sec at 72◦C,
followed by 3 min of terminal elongation at 72◦C.

Mouse model for ectopic induction of FOXL2 expression

For ectopic induction of FOXL2 expression in fetal gonads,
Rosa26-CAG-LSL-Foxl2 mice were time-mated overnight with
Sf1-cre mice (21). Noon of the day when the vaginal plug was
detected was considered as embryonic day E0.5. The Cre recom-
binase expression under the control of steroidogenic factor 1
(Sf1) regulatory elements allowed the conditional expression
of FOXL2 in the somatic cells of undifferentiated gonads. The
genotypes of XY FOXL2+ and their control littermates are
Rosa26-CAG-LSL-Foxl2+/f; Sf1-CreTg/+ and Rosa26+/+; Sf1-CreTg/+
or Rosa26-CAG-LSL-Foxl2+/f, respectively. All animal procedures
were approved by the National Institute of Environmental Health
Sciences (NIEHS) Animal Care and Use Committee and are in
compliance with a NIEHS-approved animal study proposal.

Immunofluorescence and histological analysis

Gonads were collected and fixed overnight at 4◦C in 4% para-
formaldehyde. The immunofluorescence experiments were per-
formed on whole mount gonads at E11.5 (18–20 tail somite stage),
E12.5 and E14.5, or on 8 μm cryosections for E11.75 (21–23 tail
somites), E14.5 and E16.5 gonads, or on 7 μm paraffin sections
for E12.5 and P9 gonads. For paraffin-embedded tissues, the

sections were dewaxed and rehydrated in a decreasing gradient
of alcohol. The slides were pretreated in 0.1 mm citric acid for
20 min in the microwave and cooled down at room temperature.
All the samples (whole mount gonads, cryosections and paraffin
sections) were blocked in PBS-Triton X-100 solution with 5%
normal donkey serum for 1 h and incubated with primary anti-
bodies at 4◦C overnight. After washing in PBS-Triton X-100, the
samples were incubated in the appropriate secondary antibody
(1:500; Invitrogen, USA), then washed again and mounted in
Vector Mount with DAPI (Vector Labs, Burlingame, CA). Whole
mount gonads or sections were imaged under a Leica DMI4000
confocal microscope. Histological analysis was performed by
staining dewaxed paraffin sections with hematoxylin and eosin.
The stained sections were scanned using Aperio ScanScope XT
Scanner (Aperio Technologies, Inc., CA, USA). Antibodies used in
this study are listed in Supplementary Material, Table S1.

Real-time PCR analysis

Total RNA was isolated from gonad pairs using PicoPure RNA
isolation kit (Arcturus, Mountain View, CA). 300 ng of RNA was
used for cDNA synthesis with the Superscript II cDNA syn-
thesis system (Invitrogen Corp., Carlsbad, CA). Gene expression
was analyzed by real-time PCR using Bio-Rad CFX96TM Real-
Time PCR Detection system. Gene expression was normalized to
Gapdh. The Taqman probes and primers used to detect transcript
expression are listed in Supplementary Material, Table S1. Four
biological replicates were used and controls correspond to litter-
mates of XY FOXL2+ mice lacking the Sf1-Cre transgene. Data
were analyzed using Prism GraphPad Software by two-tailed
Student’s t-test. Values are presented as mean ± S.E.M.

Microarray analysis

Gene expression analysis was conducted using Affymetrix
Mouse Transcriptome 1.0 arrays (Affymetrix, Santa Clara, CA)
on four biological replicates (one pair of E14.5 gonads) for each
genotype. A total of 100 ng RNA were amplified and labeled
using the Affymetrix WT Plus Reagent Kit (WT Plus Kit). A
total of 5.5 μg micrograms of amplified biotin-cDNAs were
fragmented and hybridized to each array for 16 h at 45◦C
in a rotating hybridization oven. Array slides were stained
with streptavidin/phycoerythrin then washed for antibody
amplification according to the GeneChip Hybridization, Wash
and Stain Kit and user manual protocol FS450-0001. Arrays were
scanned in an Affymetrix Scanner 3000 and data (GEO accession
no. GSE78774) was obtained using the GeneChip® Command
Console software. Gene-level normalization was conducted with
Affymetrix Transcriptome Analysis Console 2.0 software and
gene expression analyses were conducted with Partek software
(St. Louis, Missouri). A full dataset Excel file containing the
normalized log2 intensity of all genes for each genotype, and a
graphic view of their expression are provided in Supplementary
Material, Dataset S4. In order to identify differentially expressed
genes, analysis of variance was used to determine if there was
a statistical difference between the means of groups. The gene
lists were filtered with fold-change cutoff of 1.5 and P < 0.05.
Raw data from E13.5 granulosa and Sertoli cell transcriptomes
(18) were reanalyzed using Partek in order to compare them to XY
FOXL2+ transcriptome. Venn diagrams were generated in Partek
by comparing gene symbols between the different microarray
lists. Lists of genes differentially expressed in Foxl2 KO ovaries
directly originate from published datasets on E13.5, E16.5 and
newborn gonads (13).

http://www.ncbi.nlm.nih.gov/geo/
http://bioinfogp.cnb.csic.es/tools/venny/index.html
https://academic.oup.com/hmgj/article-lookup/doi/10.1093/hmgj/ddy312#supplementary-data
https://academic.oup.com/hmgj/article-lookup/doi/10.1093/hmgj/ddy312#supplementary-data
https://academic.oup.com/hmgj/article-lookup/doi/10.1093/hmgj/ddy312#supplementary-data
https://academic.oup.com/hmgj/article-lookup/doi/10.1093/hmgj/ddy312#supplementary-data
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Steroid hormone immunoassay

Serum samples were collected at the time of sacrifice and stored
at −80◦C until analyzed. Serum levels of estradiol and testos-
terone were measured by ELISA by the University of Virginia
Center for Research in Reproduction Ligand Assay and Analysis
Core.

Supplementary Material
Supplementary Material is available at HMG online.
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