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Abstract

Fibroblast growth factor 9 (FGF9) is an autocrine/paracrine growth factor that plays critical roles

in embryonic and organ developments and is involved in diverse physiological events. Loss of

function of FGF9 exhibits male-to-female sex reversal in the transgenic mouse model and gain

of FGF9 copy number was found in human 46, XX sex reversal patient with disorders of sex

development. These results suggested that FGF9 plays a vital role in male sex development.

Nevertheless, how FGF9/Fgf9 expression is regulated during testis determination remains unclear.

In this study, we demonstrated that human and mouse SRY bind to −833 to −821 of human

FGF9 and −1010 to −998 of mouse Fgf9, respectively, and control FGF9/Fgf9 mRNA expression.

Interestingly, we showed that mouse SRY cooperates with SF1 to regulate Fgf9 expression,

whereas human SRY-mediated FGF9 expression is SF1 independent. Furthermore, using an ex

vivo gonadal culture system, we showed that FGF9 expression is sufficient to switch cell fate

from female to male sex development in 12–16 tail somite XX mouse gonads. Taken together, our

findings provide evidence to support the SRY-dependent, fate-determining role of FGF9 in male

sex development.

Summary Sentence

FGF9 shows a fate-determining role within 6-h time windows during male sex development

and SRY directly regulates FGF9/Fgf9 mRNA expression through binding to the SRY-responsive

elements in the FGF9/Fgf9 promoter region.
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Introduction

The development of two sexes is observed in most animals and
is essential for their survival and evolution. However, disorders of
sex development are among the most common genetic diseases in
humans and are often associated with genital ambiguity [1]. It has
been estimated that one in every 100 000 newborn females has
a 46 XY male-to-female sex reversal phenotype [2]. For a long
while, the SRY gene was thought to be the key factor for testis
development [3]; however, only 10–20% of sex reversal patients can
be explained by SRY gene mutations [4]. In spite of homologs been
found in eutherians, marsupials, and monotremes [5, 6], the SRY
gene is only found in mammals. Thus, a handful genes, including
SRY-related homeobox protein 9 (SOX9) [7], Wilm tumor 1 (WT1)
[8], steroidogenic factor 1 (SF1) [9], nuclear receptor subfamily 0
group B member 1 (NR0B1) [10], and doublesex and mab-3 related
transcription factor 1 (DMRT1) [11], have been identified to be
involved in the sex determination/differentiation through analyses
of human subjects with impaired sex differentiation or knockout
mice. However, mutations from these genes account for ∼ 50%
of the patients with primary sex determination deficit [12]. These
results suggest that genes other than SRY may also play important
roles in sex development in the evolution history. In fact, increas-
ing evidences indicate that other players downstream from SRY
are sufficient for sex determination, and an imbalanced expression
among these genes may cause sex reversal at various magnitudes
[13, 14]. Fibroblast growth factor 9 (FGF9) is an autocrine/paracrine
growth factor that plays an essential role in embryonic development
and physiological controls [15–18]. Knockout of Fgf9 in the mice
resulted in male-to-female sex reversal provides the first evidence to
show the involvement of FGF9 in male sex determination [19]. In
mouse studies, FGF9 and SOX9 form a positive feedforward loop

to enhance the differentiation of testis [20], whereas a recent study
reported a novel mouse Fgfr2 mutant, the main gonad receptor of
FGF9 during sex determination, exhibits complete XY gonad sex
reversal [21]. In humans, our previous study demonstrated a strong
association between FGF9 polymorphism and male-to-female sex
reversal [22] and found aberrant expression of testicular FGF9 in
patients with Sertoli cell–only syndrome [23]. Moreover, another
study identified a gain of FGF9 copy numbers in one SRY-negative
46, XX male patient [24]. Furthermore, FGF9 has been shown to
act as the diffusible conductor to direct center-to-pole expansion of
tubulogenesis in mouse testis differentiation [25]. Taken together,
these results strongly support the notion that the secreted molecule
FGF9 plays a critical role in testis determination by acting as a
diffusible conductor for the poleward expansion of tubulogenic
programs and testis cord formation in the developing XY gonad.
In addition, FGF9 has been shown to rescue the blockage of Sertoli
cell differentiation in ex vivo XY Wt1(+KTS)-null mouse gonad
cultures [26]. On the other hand, in cultured XX gonads, it has
been shown that exogenous FGF9 alone [20], or in combination with
activin and TGF-beta [27], is able to trigger male testis development.
Thus, whether expression of FGF9 is sufficient to trigger male sex
development in an XX genetic background and results in female-to-
male sex reversal is of interest to be illustrated.

As FGF9 signaling induces FGFR2 to relocate into the nucleus
and coincides with the expression of nuclear SRY and SOX9 [28],
it appears that FGF9 may act downstream of SRY and/or SOX9
to promote embryonic testicular cord formation during testis mor-
phogenesis [17]. Through the use of gain- and loss-of-function
experiments, Kim et al. [20] demonstrated that SRY initiates a feed-
forward loop between SOX9 and FGF9, which upregulates FGF9
and represses WNT4 to establish the testis pathway in the mouse XY
gonad. Furthermore, Li et al. [29] applied whole-genome promoter
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tiling microarray (chromatin immunoprecipitation [ChIP]-on-Chip)
in E11.5 and E12.5 mouse gonad cells revealed that SRY binds to
its target genes, including Fgf9, to activate testicular differentiation.
Nevertheless, the direct proof of SRY-regulated Fgf9 expression in
controlling male sex development remains undetermined. This study
set out to define the binding site(s) of SRY on FGF9 promoter and
examine whether FGF9 expression is sufficient to govern male sex
fate and to activate male gonad development. Using ex vivo 3D
culture, we provide evidence to show that FGF9 alone is able to
induce testis cord formation in XX gonads within a critical time
window of ∼6 h (12–16 tail somite). In addition, we identify critical
control regions of SRY binding to FGF9 promoter and establish the
regulation of SRY-mediated FGF9 expression in both humans and
mice in cellular models. Overall, our data support the notion that
SRY binds to FGF9 promoter to regulate its expression, which is
essential to determine male sex fate in early embryonic development.

Materials and methods

Mice and cell lines

Mice used in all experiments were FVB mice obtained from the
Laboratory Animal Center at the National Cheng Kung University.
Four male and 15 female FVB mice were used in this study. All
animal studies were approved by the Animal Welfare Committee
of the National Cheng Kung University (IACUC Approval Number:
103096).

Human embryonic kidney 293 (HEK293), embryonic carcinoma
(NT2/D1), and African green monkey kidney fibroblast-like (COS7)
cells were incubated at 37 ◦C in a cell incubator containing 5% CO2

with appropriate culture medium according to the ATCC guidelines.

Primary gonads ex vivo 3D culture

The presence of a vaginal plug in the morning was used to indicate
mating and was recorded as E0.5. For more precise staging of
embryos younger than E12.5, the number of tail somite (ts) posterior
to the hind limb bud was used, according to the description in the lit-
erature [30]. A total of 52 mouse embryos were collected at 12–18 ts
stages for ex vivo 3D culture assay. The gonad/mesonephros tissues
from 12, 16, and 18 ts stage embryos, approximately equal to E11,
E11.25, and E11.5, were collected and placed onto 30 μL Mebiol
Gel (MBG-PMW20-1001, Cosmo Bio, Japan) in a 12-well plate.
The Mebiol gel was covered by 1 mL Dulbecco minimal essential
medium containing 10% heat-inactivated defined fetal bovine serum
(FBS) with or without 50 ng/mL recombinant human FGF9 (R&D
Systems, USA), and incubated at 37 ◦C in a cell incubator containing
5% CO2. Tissues were cultured for 5 days, with daily changes of
organ culture media. All organ cultures were replicated at least three
times, and more than three individual gonads were collected per
age group. After being cultured for 5 days, the gonad/mesonephros
tissues were carefully removed from the Mebiol gel and fixed in
4% paraformaldehyde overnight, rinsed twice in 1 mL phosphate-
buffered saline (PBS), and then dehydrated in 200 μL 30% sucrose
buffer for further analysis. The gonads were photographed under a
bright field and were analyzed following immunofluorescence (IF)
staining with different cell marker antibodies.

To determine the gender of each individual embryo, the remaining
tissues from a given embryo were used for DNA isolation using
QIAGEN reagents (QIAGEN, Germany). DNA then underwent Sry
polymerase chain reaction (PCR) to a total of 30 cycles (94 ◦C for
30 s, 54 ◦C for 30 s, and 72 ◦C for 30 s per cycle). An amplicon size of

301 bp in 1.8% agarose gel indicated the presence of Y chromosome
(Supplementary Table S2).

IF assay and western blot analysis

For the IF assay, the gonads were prepared in cryosections at a
thickness of ∼ 7 μm. The primary antibodies of Sox9 (1:2000;
AB5535 Chemicon), Amh (1:500; sc-6886 Santa Cruz Biotechnol-
ogy), Laminin (1:1000; ab11575 Abcam), and Foxl2 (1:500; NB100-
1277 Novus Biologicals) were diluted in fresh blocking buffer and
incubated with slides at 4 ◦C overnight. After washing three times
with PBS for 5 min at room temperature (RT), slides were incubated
for 1 hour (h) with Alexa fluor 488-, 555-conjugated goat anti-rabbit
or 555-conjugated rabbit anti-goat (1:1000; Molecular Probes,
USA), and DAPI (1:2500; Molecular Probes, USA). A final wash
with PBS was performed three times for 5 min at RT. The presence
of testicular cord formation was estimated using laminin-, Sox9-,
and Amh-stained sections as follows: negative (−), no cord-like
structure; slender (±), slight cord-like structure; positive (+), well-
defined testicular cords in the gonadal area [31].

For western blot analysis, cells were lysed in RIPA buffer with
protease inhibitor (Roche, USA) and protein concentration was
estimated by Micro BCA assay (Thermo Fisher Scientific, USA). In
total, 30 μg of total cell lysates were run on 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis and blotted onto PVDF
membranes. Antibodies against human SRY (1:1000; sc-33168 Santa
Cruz Biotechnology) was used and the signals were detected using
enhanced chemiluminescence (ECL; Amersham).

Transcription factor binding site prediction

DNA sequences upstream from the transcription start site (TSS)
of human FGF9 (NM_002010.1, ∼1949 bp) and mouse Fgf9
(NM_013518.4, ∼1873 bp) were used to predict the presence of
putative binding sites for transcription factors (TFs) using online
computational tools including TESS (https://www.cbil.upenn.edu/
tess, Ver1.1) and TFsearch (http://molsun1.cbrc.aist.go.jp/research/
db/TFSEARCH.html, Ver1.3). The maximum matrix dissimilarity
rate was set to 30 and 15 for TESS and TFsearch, respectively, for
the prediction of SRY- and SF1-binding sites.

To identify binding sites for influential regulators, we search
collections in the ChIP-Atlas database (https://chip-atlas.org/), an
integrative and comprehensive database for visualizing public ChIP-
seq data from over 131000 experiments that have been submitted to
the Sequence Read Archives in NCBI, DDBJ, or ENA [32]. To per-
form the search, antigen class was set to “TFs and others”, cell type
class was set to “Gonad” and “Embryonic” (gonad and embryonic
associate cell types), and threshold for statistical significance values
calculated by peak-caller MACS2 (−10∗Log10[MACS2 Q-value]) of
20, 200, 500 were applied.

Plasmid constructs

To clone the promoter regions for further analysis, primers were
designed based on the human FGF9 (NM_002010.1, ∼ 1949 bp)
[22] and mouse Fgf9 (NM_013518.4, ∼ 1873 bp) sequences. Using
either sequence-containing or primer-anchored restriction enzyme
cutting sites, fragments containing various human SRY-response ele-
ment (hSRE) and mouse SRY-response element (mSRE) were cloned
into the pGL3-basic vector (Promega, USA) for further applications
(Supplementary Table S2). For the mutagenesis assay, a mega primer
PCR method was used to generate the hSRE-6-binding site mutant
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(FGF9 promoter −833/−821 region, Supplementary Table S2) and
clone into the pGL3-basic reporter construct.

To overexpress SRY in the cells, the coding region of human
SRY (NM_003140.1, 149–763 bp) was amplified by specific primers
(Supplementary Table S2) and cloned into HindIII and XbaI sites
of pcDNA3.1/Myc_His(+)A vector (Invitrogen, USA). In addition,
cDNA clones overexpressing recombinant human SF1 (RC207577),
mouse SRY (RC207577), mouse SOX9 (MR227031), and mouse SF1
(RC207577) were purchased from OriGene (OriGene Technologies
Inc., Rockville, MD).

Transient transfection and luciferase reporter assay

In total, 500 ng or 1 μg of DNA from the indicated construct
plasmid were transfected with lipofectamine 2000 or LTX (Invit-
rogen, USA) to HEK293 (24-well culture plate, 2 × 105 cells/well)
and COS7 (12-well culture plate, 5 × 104 cells/well) in each well.
Cells were incubated for 24 h (HEK293) or 48 h (COS7), fol-
lowed by harvesting with culture cell lysis buffer (Promega, USA)
and subjected to luciferase assay (Promega, USA) using Luminome-
ter 20/20 (Turner Biosystems). In parallel, beta-galactosidase activ-
ity was assayed using a beta-galactosidase enzyme assay system
(Promega, USA) and used to normalize luciferase activity.

Total RNA extraction, reverse-transcription and

quantitative real-time PCR

Total RNA was isolated by TRIZol reagent (Invitrogen, USA) and
∼2 μg of RNA was reverse transcribed to cDNA by high-capacity
cDNA reverse transcription kits (Applied Biosystems) with 50 units
of a RNase inhibitor (Promega, USA) in a 50-μL reaction for cDNA
synthesis.

Quantitative real-time PCRs of FGF9 (HS00181829-m1), beta-
actin (Hs01060665_g1), Luc (Supplementary Table S2), and 18 s
rRNA (4319413E) were carried out by TaqMan assays in a sequence
detector (Applied Biosystems). The relative levels of FGF9 and Luc
mRNA expression were calculated using the 2-��Ct method and
normalized to the expression levels of beta-actin and 18 s rRNA.

FGF9 enzyme-linked immunosorbent assay

Culture medium was collected from SRY-overexpressing NT2/D1
cells and analyzed using the FGF9 enzyme-linked immunosorbent
assay (ELISA) kit (R&D Systems, USA). The concentration of total
protein in the culture medium as loading control was determined
by Micro BCA assay (Thermo Fisher Scientific, USA) as described
previously [33].

Chromatin immunoprecipitation assay

ChIP assays were conducted in human NT2/D1 cell line that has
been reported to express endogenous testis sex determination and
differentiation genes [34]. Approximately, 2 × 106 NT2/D1 cells
were used in ChIP assays according to the procedure described
previously [35]. Antibodies against human SRY and SF1 were used
to pull down endogenous SRY and SF1 proteins. Normal rabbit
IgG was used as a negative control in the ChIP reaction. After
protein digestion by proteinase K at 50 ◦C for 2 h, DNA was
extracted using phenol/chloroform and precipitated by isopropanol.
The purified DNA was subjected for PCR with specific primer pairs
(Supplementary Table S2) to amplify indicated regions from the
FGF9 and anti-Mullerian hormone (AMH) genes.

Electrophoretic mobility-shift assay

The electrophoretic mobility-shift assays (EMSA) were carried out
using biotin-labeled DNA probes targeting FGF9 hSRE-6- and
hSRE-8-binding sites (Supplementary Table S2) and incubated
with NT2/D1 cells nuclear extracts according to the published
protocol [36]. For the competition assay, 10-, 30-, or 50-fold of
an unlabeled oligo ribonucleotide probe was added to the reaction.
The biotin-labeled probes were then added for 30 min at RT. For the
supershift assays, the nuclear proteins were incubated with human
SRY antibody or IgG control for 1 h at RT. The reaction was further
incubated with a DNA probe for additional 30 min at RT. The
relative band intensities from the blots were quantified by using spot
density function with a gel documentation system (Alpha Innotech).

Statistical analysis

All experimental data were analyzed using GraphPad Prism 7.0
(GraphPad Software, Inc., San Diego, CA) and presented as
mean ± standard error of the mean (SEM). Results were further
analyzed using Student t-test or one-way analysis of variance; the
Tukey post hoc test was used when appropriate. To overcome the
small sample size, a Fisher exact test (two tailed) was applied to test
the stage-dependent differences in the frequency of XX gonads/testis
cord formation. The significance level for all statistical tests was set
at 0.05.

Results

Human SRY upregulates FGF9 expression by

transcriptional activation

Previously, an in vivo ChIP-assay study demonstrated that Fgf9
is a downstream target of SRY in the E11.5 male mouse gonad
[29]. It is therefore of interest to assess the transcriptional control
of SRY on FGF9 expression in humans. To test this possibility,
we measured endogenous FGF9 mRNA and protein expressions
under overexpression of human SRY in the NT2/D1 cells (Figure 1A,
upper panel). The results show that SRY overexpression significantly
elevated FGF9 mRNA to ∼ 1.4-fold (P < 0.01, Figure 1A, bottom
left). Consequently, an increase of FGF9 protein production to ∼ 1.1–
1.5-fold was also found in cells overexpressing recombinant SRY
(P < 0.05, Figure 1A, bottom right). Next, we cloned the ∼ 2-kb
upstream sequences from the TSS of human FGF9 (−1949/216 bp,
NCBI accession number: NM_002010.1) into a luciferase reporter
gene vector (Figure 1B, upper panel) and cotransfected with the
overexpressing SRY construct. By measuring the luciferase activity,
our data demonstrated that FGF9 promoter activity significantly
elevated in a recombinant SRY dosage-dependent manner (P < 0.05,
Figure 1B, bottom panel). These results suggest that the level of
human SRY is positively associated with the expression of FGF9,
perhaps through SRY transcriptional activity.

To assess the possibility that SRY upregulates FGF9 mRNA
expression through transcriptional activation, we predicted the SRY-
binding sites in the human FGF9 promoter region and obtained a
total of eight putative hSRE (Supplementary Table S1, Figure 1C).
In contrast, the prediction of putative SOX9-binding sites within
this region resulted in nothing beyond the cutoff score of 85
(Supplementary Table S1). The functional hSRE was examined by
luciferase reporter assays using serial deletion plasmids containing
different hSREs (Figure 1D, left panel) in cellular models. The
relative luciferase activity was measured and normalized to the
full-length construct including hSREs 1–8 (i.e., −1949/216 from

D
ow

nloaded from
 https://academ

ic.oup.com
/biolreprod/article/103/6/1300/5901544 by guest on 04 January 2021

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioaa154#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioaa154#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioaa154#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioaa154#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioaa154#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioaa154#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioaa154#supplementary-data


1304 Y.H. Li et al., 2020, Vol. 103, No. 6

Figure 1. Identification of potential SRY-binding sites in FGF9 promoter region. (A) Representative western blot showed transient expression of recombinant

human SRY–Myc in NT2/D1 cells. Alpha-tubulin was used as a loading control (Upper). Quantitative RT-PCR and ELISA were used to measured FGF9 mRNA and

protein expressions, respectively, in human NT2/D1 cells under overexpression recombinant human SRY. The results showed that ectopic expression of human

SRY increased endogenous FGF9 mRNA (Lower panel, left) and protein (Lower panel, right) in NT2/D1 cells. (B) Luciferase activity assays were performed in

cells cotransfected with human FGF9 reporter plasmid (Upper, −1949/216 from the TSS) and recombinant SRY–Myc or pcDNA construct with different DNA

amount (Lower). Luciferase activities were normalized to B-galactosidase activity (see Materials and methods) and compared with no cotransfected plasmids.

(C) Diagram of SRY-binding sites (open boxes) predicted using TESS and TFsearch (as indicated) computational tools. The detail information of binding site

sequences is provided in Supplementary Table S1. (D and E) Schematic representation of firefly luciferase reporter constructs containing human FGF9 promoter

region with different putative SRY-binding sites (Left). Measurements of luciferase activities in cells cotransfected with reporter constructs and recombinant SRY–
MYC were shown in (D) HEK293 and (E) COS7 cells. Luciferase activities were compared with that of full-length construct −1949/216 cotransfected with pcDNA

and shown as relative luciferase activity (fold activation, Right). Transcription start site marks the TSS. All experiments have been carried out more than three

times and the data were presented as mean ± SEM, ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.

FGF9 TSS) and then cotransfected with pcDNA entry vector
in HEK293 cells. Notably, a significant elevation of luciferase
activity was observed in all deletion reporter constructs under
SRY overexpression, (P < 0.01, Figure 1D, right). As the luciferase
activities were similar among −1949/216 (hSREs-1-8), −1581/216
(hSREs-3-8), and −982/216 (hSREs-6-8) constructs, the data
suggested no functional SRY-binding sites within the indicated
regions (Figure 1D). In agreement with our previous findings [33],
removal of the known upstream open reading frame (uORF) from
construct −1949/25 drastically raised luciferase activity to ∼ 4-
fold and even up to 7.3-fold under SRY expression. Interestingly, a
sharp reduction in luciferase activity was obtained for the −550/25
(hSREs-7-8) construct in comparison with the −1949/25 construct
under SRY overexpression (P < 0.001, Figure 1D), suggesting
that the functional SRY-binding site may be located within this
region (hSRE-6). The experiment was replicated in the COS7 cells,
where no endogenous SRY can affect the reporter assay results,
and the deletion of the putative SRY-binding site resulting in a
significant reduction of luciferase activity was confirmed (P < 0.001,
Figure 1E). Taken together, these data suggest that the putative hSRE
between −833 and −821 from human FGF9 TSS contributes to the
SRY-mediated promoter activity.

SRY binds to FGF9 promoter and upregulates FGF9

mRNA expression

Next, we applied a ChIP assay to determine whether endogenous
SRY directly interacts with FGF9 DNA to promote its mRNA
expression. Fragmented chromatin was prepared from NT2/D1 cells,
a cell line has been reported that express testis sex determination
and differentiation genes [34] and pulled down by anti-SRY anti-
body. This was followed by PCR with specific primer pairs to
detect the amount of pulled down chromatin from various putative
SRY-binding sites located in the human FGF9 promoter region
(Figure 2A, upper panel). Compared with the IgG control, we found
an increase of up to 6-fold in the ChIP–PCR from SRY-pulled down
DNA using primer pair targeting hSRE-6 (P < 0.001), whereas
no differences were detected between SRY- and IgG-ChIP groups
using other primer pairs (Figure 2A, bottom panel, Supplementary
Figure S1A). The ChIP–PCR result was in good agreement with the
results of the reporter gene, suggesting that human SRY directly
interacts with FGF9 through the hSRE-6 (−833/−821 bp) putative
binding site. The protein–DNA interaction was confirmed using
EMSA. Using a synthesized oligoprobe containing putative hSRE-
6 (−833/−821 bp) sequences, results from the EMSA assay clearly
showed that biotin-labeled probes formed three complexes when
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Figure 2. Human SRY, not SF1, directly binds to FGF9 promoter and upregulates FGF9 mRNA expression. (A) Schematic representation of ChIP–PCR primer

pairs (Upper, black bars) designed to amplify indicated SRY-binding sites (Upper, open boxes). The bar chart presents the quantitative signals in each amplicon

normalized to the “Input” and shows SRY relative to the control IgG (Lower). NC was from a primer pair to amplify FGF9 3’UTR region and used as a negative

control. (B) EMSA was performed with oligonucleotide targeting hSRE-6 833/−821 and SRY antibody. The relative band intensities were quantified by using spot

density, normalized to the value of lane 2, and are presented as relative percentage in the bottom of each lane (n = 3). From left to right, lanes 1 and 2 probe only

and experiment performed with nuclear extract only, respectively. Lanes 3–5 present competition assays with 10-, 30-, or 50-fold of unlabeled probes. Lanes 6–7

show results with additional of IgG or anti-SRY antibody adding to the reaction as negative control and specific DNA–SRY interaction, respectively. Arrowhead

indicates protein–DNA interacting bands. (C) hSRE-6 mutagenesis assay. Schematic representation of luciferase reporter constructs (FGF9 −1949/216) contain

wild type (WT, TTTCTTTGTAAA) and hSRE-6 mutant (R6mut, TTGAGGTACCAG) sequences (Upper). Luc RNA expression was measured using quantitative RT-

PCR from WT and R6mut constructs cotransfected with pcDNA or SRY–Myc (Lower panel, left). Reporter gene activity is shown as relative luciferase activity (fold

activation) normalized to hSRE WT cotransfected with pcDNA (Lower panel, right). (D) Luciferase activities from 1949/216 FGF9 promoter construct cotransfected

with SF1 overexpression plasmid. Schematic representation of the luciferase reporter constructs contains FGF9 promoter with three predicted SF1-binding sites

(Upper). Reporter gene activity is shown as relative luciferase activity (fold activation) normalized to −1949/216 promoter construct cotransfected with pCMV6-

Entry (Lower). (E and F) Fragmented chromatin was precipitated by SF1 antibody and PCR with primers targeting (E) FGF9 and (F) AMH promoter region. PCR

primer pairs are indicated by black bars (FGF9) or arrowhead (AMH) (Upper panels). Quantifications of amplicon signals enriched by endogenous SF1 are shown

in bar chart (FGF9) or percentage to the input (AMH) (Lower panels). NC indicates negative control by a primer pair to amplify FGF9 3’UTR region. All data are

presented as means ± SEM (n = 4). All experiments have been carried out more than three times and the data were presented as mean ± SEM, ∗P < 0.05;
∗∗P < 0.01; ∗∗∗P < 0.001.

incubated with NT2/D1 nuclear extracts (Figure 2B, lanes 1 and
2). The addition of 10X–50X excess of unlabeled probes (cold
probe) into biotin-labeled probes competed with the interaction
between biotin-labeled probes and nuclear extracts as indicated by
the reduction of binding affinity to 51–22% (Figure 2B, lanes 3,

4, and 5). The results indicated that the binding of proteins to
the DNA is specific. Furthermore, anti-SRY antibody was used to
confirm the binding of SRY to the biotin-labeled oligonucleotides.
Compared with the nonspecific IgG control, SRY-specific antibody
showed ∼25% reduced intensity for the protein–DNA complex
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Figure 3. Mouse SRY and SF1 bind to Fgf9 promoter and cooperatively stimulate its activity. (A) Computational analysis from TESS and TFsearch predicted SRY-

binding sites (open boxes) on mouse Fgf9 promoter region (−1873 to 370 relatives to the TSS). (B) Schematic representation of luciferase reporter constructs

contains Fgf9 promoter with different putative SRY-binding site (mSRE, open boxes, Left). Reporter gene activity is shown as relative luciferase activity (fold

activation) normalized to full-length construct (−1873/370, mSRE1-3) cotransfected with pCMV6-Entry (Right). All data are presented as means ± SEM (n = 4),
∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001. (C) Schematic representation of relative positions of predicted Sf1-binding site (Close boxes) on mouse Fgf9 promoter

firefly luciferase reporter constructs (Left). Reporter gene activity was shown as relative luciferase activity (fold activation) from each construct containing

various putative Sf1-binding site normalized to full length plasmid cotransfected with pCMV6-Entry (Right). All data are presented as means ± SEM (n = 4),
∗P < 0.05; ∗∗∗ P < 0.001. (D) Relative luciferase activity measured from mouse Fgf9 promoter construct (−1873/34) cotransfected with plasmids overexpressing

Sry, Sf1, and Sox9. Data are shown as relative luciferase activity (fold activation) normalized to cotransfected with pCMV6-Entry. All data are presented as

means ± SEM (n = 3), ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

(Figure 2B, lanes 6 and 7), thus demonstrating that the complex
was formed by SRY and the indicated sequence element. In parallel,
EMSA was performed using oligonucleotides containing putative
hSRE-8 (−175/−168 bp) sequences of the FGF9 promoter region
(Supplementary Figure S1B). Although a similar specific protein–
DNA interaction was detected (Supplementary Figure S1B, lanes 1–
5), SRY antibody failed to compete with the bindings of protein with
the DNA element as indicated by the super-shifting band intensity
compared with the nonspecific IgG control (Supplementary Figure
S1B, lanes 6 and 7). These results therefore support that the predicted
SRY-binding site hSRE-6, but not hSRE-8, is a functional SRY-
binding element. Finally, we applied a site-directed mutagenesis assay
to alter the SRY-binding site sequences within −833/−821 bp on the
FGF9 promoter region (R6mut construct, Figure 2C, upper panel).
While the Luc RNA levels from both WT and R6mut cells are higher
in SRY-overexpressing condition than the pcDNA-entry control, a
substantial decrease from ∼ 7 to ∼ 3-fold (a 56% decrease) of Luc
RNA in R6mut cells was found in comparison to the WT cotrans-
fected with SRY (P < 0.01, Figure 2C, bottom left). Consequently, a
significant reduction of 20% luciferase activity was found in R6mut-
transfected cells with SRY in comparison to the WT-transfected cells
(P < 0.05, Figure 2C, bottom right). Taken together, these data
demonstrate that SRY specifically binds to human FGF9 promoter
at position −833/−821 and upregulates FGF9 mRNA expression
through transcriptional activation.

As a previous study demonstrated that mouse SRY synergizes
with SF1 to bind to Sox9 testis-specific enhancer of Sox9 core

(TESCO) region and upregulates Sox9 expression during male testis
development [37], the possibility of human SF1 being involved in
SRY-mediated FGF9 mRNA expression was also assessed. We first
predicted the SF1-binding sites in the human FGF9 promoter region
and found three putative SF1-binding sites (Supplementary Table
S1, Figure 2D, upper panel). By using reporter gene assays, we
found that luciferase activities were similar between FGF9 full-length
promoter construct in COS7 cells either with or without overexpress-
ing recombinant human SF1 (P = 0.3049, Figure 2D). The results
suggest that human SF1 may not be involved in SRY-mediated FGF9
mRNA expression. We then applied a ChIP assay to confirm the
result of a lack of interaction between endogenous SF1 and human
FGF9 promoter in vivo. Fragmented chromatin was prepared from
NT2/D1 cells and pulled down by using anti-SF1 antibody. This was
followed by PCR with specific primer pairs to detect the amount
of chromatin pulled down from various putative SF1-binding sites
(Figure 2E, upper panel). Results of PCR from SF1-pulled down
DNA fragments indicated that no differences were detected between
SF1 and IgG-ChIP groups (Figure 2E and Supplementary Figure S1).
On the other hand, a ∼4-fold enrichment of PCR products that
target AMH promoter region (Figure 2F, upper panel), a known
SF1 direct downstream gene, was obtained in SF1- compared with
IgG-pulled down chromatins (Figure 2F bottom panel). These results
indicate that human SF1 does not bind to FGF9 promoter to control
its expression. Collectively, our data provide evidence to show that
human SRY binds to the hSRE sequences located on the FGF9
promoter and activates FGF9 mRNA expression.
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Figure 4. FGF9 repressed ovarian genes and promoted testicular characteristics in cultured 12–18 ts gonads. (A) Ex vivo 3D gonad culture flowchart. Paired

mouse gonad–mesonephros were isolated from 12, 16, and 18 ts embryos and cultured in 12-well plates containing medium with or without recombinant FGF9

(50 ng/mL) for 5 days. Cultured gonads were fixed and serial cryosectioned for further analysis. (B) The cultured XX gonads from various stages (12, 16, and

18ts) were analyzed by IF for the presence of female supporting cell marker (Foxl2, red), and male supporting cell markers (Sox9, green, and AMH, red). Anti-

laminin (red) was used to delineate the basement membrane of testis cords. Merge indicates combined Sox9 (green) and Amh (red) IF single (scale bar, 100 μm).
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Mouse SRY and SF1 cooperatively increase Fgf9

promoter activity

We then tested whether SRY-mediated Fgf9 expression can be
observed in mice. We examined a ∼2-kb interval within the
mouse Fgf9 promoter region (−1873/370 bp, NCBI accession
number: NM_013518.4) for the presence of SRY-binding sites.
Three putative SRY-binding sites were identified using two different
bioinformatics prediction tools (Figure 3A and Supplementary Table
S1). To examine whether these putative Fgf9 mSREs interact with
mouse SRY, serial deletion constructs containing different mSREs
were fused to a luciferase reporter gene system, and luciferase
activity under mouse SRY overexpression (Supplementary Figure
S2A) was assayed in COS7 cells (Figure 3B). Compared with the
−1873/370 construct, overexpression of SRY had no effect on
reporter gene activity for constructs containing mSRE-1 and mSRE-
2 (i.e., comparison between constructs −1873/370 and −1606/370,
and between constructs −1873/370 and −1208/370). A further
deletion from −1208 to −903 that deletes the putative mSRE-3
displayed a drastic decrease of luciferase activity in responding
to SRY overexpression (P < 0.01). Taken together, these results
suggest that the SRY regulation of Fgf9 mRNA expression may occur
through the direct binding onto the putative SRY-responsive element
located within the −1010/−998 region (i.e., mSRE-3). Interestingly,
similarly to the observation we found in humans, when we deleted
the conserved uORF located on the 5’UTR of mouse Fgf9, luciferase
activity was elevated to ∼ 6-fold and even increased to up to ∼ 16-
fold under SRY overexpression. These data confirmed the strong
inhibitory effect of uORF on the translation of FGF9/Fgf9 mRNA.

The possibility of mouse SRY synergizing with SF1 to con-
trol Fgf9 expression was explored. There were two putative SF1-
binding sites (Figure 3C and Supplementary Table S1) were predicted
from ∼2-kb interval on mouse Fgf9 promoter region. Using the
reporter gene system, we found that the functional SF1-binding site
is located on the −1150 to −1141 region, as a significant reduction
of luciferase activity was observed when the −1208 to −903 region
(putative SF1-binding site No. 1, P < 0.001) was deleted (Figure 3C).
These results suggest that the mouse SF1 binds to the −1150/−1141
region of Fgf9 promoter to control Fgf9 mRNA expression. Next, we
assayed luciferase activities in COS7 cells transfected with the full-
length Fgf9 promoter construct (−1873/34) under SRY and/or SF1
overexpression condition (Supplementary Figure S2A). As shown
in Figure 3D, expression of SRY and SF1 alone activated promoter
activity up to 2-fold (P < 0.001) and 4-fold (P < 0.001), respectively.
A further increase of luciferase activity up to 5-fold was observed
when both SRY and SF1 were coexpressed (P < 0.001, Figure 3D),
indicating a synergistic regulation of these two TFs.

Interestingly, we found a roughly 2-fold (Figure 3D , P < 0.001)
increases in promoter activity when the COS7 cells were cotrans-
fected with mouse Sox9 construct (Supplementary Figure S2A),
whereas the predicted score of putative SOX9-binding sites within
this region were all low and beyond the cutoff value of 85 (Supple-
mentary Table S1). As SRY and SOX9 share 76% similarity in amino

acid sequences and are functionally compatible [38], we reasoning
the observation may be likely due to the functionally interchange-
able nature of DNA-binding domains between SRY and SOX9. To
find out the possibility of existing long-range enhancer region like
TESCO reported for mouse Sox9 gene [39], we searched for SOX9
ChIP-Seq peaks in FGF9/Fgf9 upstream regions in both human
and mouse genomes. Using ChIP-Atlas [33], many TFs function in
gonad or embryonic development were identified. For example, a
cluster of ChIP-Seq peaks for Dmrt1 [40] were found in upstream
10–20 kb region from mouse Fgf9 genomic region (Supplementary
Figure S2B). However, we found no sign of SOX9 ChIP-Seq peak for
up to ∼100-kb regions from Fgf9 TSS (Supplementary Figure S2B).
Taken together, these results demonstrate that all three well-known
gonadal TFs are capable to bind to mouse Fgf9 promoter in vitro.
Furthermore, mouse SRY cooperatively works with SF1 to bind Fgf9
at −1150/−998 region to upregulate Fgf9 mRNA expression.

Exogenous FGF9 culture has no effect on testis

cord formation in XY gonads regardless

of the development stage

Previously, the SRY direct downstream gene, SOX9, was found to
be sufficient for functional testis development [41]. In addition, a
gain of FGF9 copy number was found in 46, XX SRY-negative
male disorders of sex development (DSD) patients [24]. It would
be interesting to know whether FGF9 signaling alone is sufficient to
change cell fate and trigger male testis development. For this purpose,
we first established an ex vivo 3D culture system (Figure 4A). Paired
mouse gonad/mesonephros tissues with XX or XY chromosomes
were isolated from 12, 16, and 18 ts embryos and cultured in 12-
well plate containing medium with or without recombinant FGF9
(50 ng/mL). After a 5-day culture, IF staining was performed using
tissue serial cryosections with antibodies against SOX9, AMH, and
FOXL2, which are markers representing male Sertoli and female
granulosa cells, respectively. In addition, laminin staining was used
to delineate the basement membrane of testis cords. As expected,
we did not detect FOXL2-positive cells in cultured XY gonads,
regardless of the presence or absence of recombinant FGF9 from
all developmental stages (Supplementary Figure S3A, top panel). In
contrast, both SOX9 and AMH, a direct downstream target gene
of SOX9, positive cells were clearly stained in good agreement with
laminin-delineated spaces in XY gonads processed from serial sec-
tions (Supplementary Figure S3A, indicated panels) in both groups.
Moreover, XY gonads cultured with additional FGF9 for 5 days
showed similar morphology when compared with untreated control
groups (12 and 16 ts) or minor oversize distortion of testis cord
(18 ts). These results indicate that the extra dosage of FGF9 has no or
very little effect on the appearance of testis characteristics observed
in the XY gonads.

Exogenous FGF9 promotes male sexual fate in XX

gonads within a critical time window

Next, we examined the effects of adding recombinant FGF9 in
the cultured XX gonads. Interestingly, while FOXL2-positive cells

Figure 4. (continued) Dotted circle indicates well-defined testicular cord-like structure. Arrow indicates the relative position of testicular cord-like structure

in the serial cryosections. Arrowhead indicates scattered cells expressing male-supporting cell markers. (C and D) Phenotype classifications and summary

statistics from FGF9-cultured (C) XY and (D) XX gonads. The classified three groups are negative (−), positive (+), and slender (±) according to the previously

used definition [25]. Stacking bar was plotted from the percentage of the presence of each class in the indicated group where the total number of animals was

counted up to 100%. (E) Scatter dot was plotted with the ratio of expression of Sox9 to Foxl2 from different developmental stages. Only cultured XX gonads that

show positive and negative phenotypes were included. The bar in each group indicates the medium from each indicated group. The red-dotted line represents

the cutoff value of the ratio of expression of Sox9 to Foxl2 that enables the sex cell fate change from female to male.
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were clearly detected in the granulosa cells of the XX gonads area
(Figure 4B, top panel), a discontinuous and unorganized pattern
of laminin distribution was found together with no SOX9/AMH
expression in FGF9 (−) culture medium (i.e., none FGF9 group) from
all developmental stages (Figure 4B, middle and bottom panels). In
contrast, XX gonads cultured with recombinant FGF9 for 5 days
significantly abolished FOXL2 protein expression in the develop-
ing granulosa cells, and a marked expression of SOX9/AMH was
detected enclosed inside laminin-delineated spaces (Figure 4B, indi-
cated panels). Nevertheless, it was noticed that XX gonads cultured
in FGF9 (+) medium from 18 ts stage showed less SOX9/AMH-
positive cells compared with the ones from 12 and 16 ts stages,
and there was no well-defined testis cord formation as delineated
by laminin staining (Figure 4B).We then classified cultured gonads
into three different phenotypes according to the definition published
previously [25]. While the positive and negative phenotypes were
determined by whether cells were clearly stained with SOX9/AMH
and with laminin-delineated space in the gonadal area, the slender
phenotype represents an intermediate phenotype in which only a few
SOX9/AMH positive cells were found in laminin-delineated spaces.
The frequencies of the presence of different phenotypes in cultured
XY and XX gonads were calculated. Although a few cases showed
negative or slender phenotypes due to a failure of IF staining, almost
all cultured XY gonads displayed positive phenotype regardless of
the status of FGF9 addition and/or developmental stages (Figure 4C).
On the other hand, all culture XX gonads in the no FGF9 medium
group (i.e., none) showed complete absence of negative phenotype,
whereas female gonads cultured in FGF9 (+) medium showed dis-
tinct patterns among different developmental stages (Figure 4D). The
ability of FGF9-inducced transformation (i.e., positive phenotype)
is highest in the 12 ts stage (82%, P < 0.001), followed by 16 ts
stage (64%, P < 0.001) and 18 ts stage (29%, P = 0.46).In order
to further investigate cellular event that enables sex fate change,
we measured the intensity of SOX9- and FOXL2-positive cells
in cultured XX gonads from different stages. Compared with the
untreated controls, we found that the intensity of SOX9-positive
cells and FOXL2-positive cells were significantly increased to 12.9
and 5.3-fold (P < 0.001, Supplemental Figure S3B, left panel) and
decreased to 5.2- and 4.6-fold (P < 0.001, Supplemental Figure
S3B, right panel) in 12 and 16 ts gonads cultured with recombinant
FGF9, respectively. Meanwhile, small differences in the intensity of
FOXL2-positive cells (P < 0.01), and insignificant differences in
SOX9-positive cells (P = 0.09), were found in 18 ts XX gonads in
response to FGF9 addition (Supplemental Figure S3B). The ratio of
SOX9 to FOXL2 from positive and negative phenotypes in each
sample group was plotted using the intensity data. We found that
XX gonads cultured under no recombinant FGF9 showed similar
ratios among three development stage groups. On the other hand,
significant increases of SOX9 to FOXL2 ratios that represent cell
fate change in FGF9-treated XX gonads were observed in the 12–
16 ts groups (P < 0.001, Figure 4E), whereas the difference between
the two treatment groups at the 18 ts stage was marginal due to the
small sample size (P = 0.05). A critical SOX9 to FOXL2 ratio of
−1 was obtained to suggest a physiological cutoff value that allows
switching on male cell lineage development. Taken together, these
results indicate that FGF9 is sufficient to alter cell fate from female
to male and to induce male testis cord formation. Nevertheless, the
data also imply a critical time window within the 12–16 ts range, and
a minimal expression level for the SOX9 to FOXL2 ratio to enable
the transformation to take place.

Discussions

FGF9 is expressed in embryonic gonads of both sexes prior to
embryonic day (E)11.5, at which time it is dismissed in wild type
XX female gonads but upregulated in XY male gonads during sexual
differentiation [20, 42]. Although previous studies demonstrated that
FGF9 plays a crucial role in male sex development [43] and yet
the control of FGF9 expression during the early embryonic stage in
male gonads leading to concordant male sex development remains
controversy. The hallmark study done by the Capel group has shown
significant decrease or absence of Fgf9 mRNA expression in SOX9
homozygous null mutant gonad using RNA in situ hybridization,
whereas SRY expression was similar to the wild type [20]. The
data provided genetic evidences to support that FGF9 expression
is dependent on SOX9 in the early embryonic male gonad. Using
antibody against mouse SRY and cells from E11.5 male gonad,
at which time SRY was at its highest expression, Li et al. [29]
applied whole-genome promoter tiling microarray (ChIP-Chip) and
identified Fgf9 as a downstream specific target gene of SRY. Hence
the results demonstrated SRY binds to Fgf9 and may control its
expression. Interestingly, the same approach failed to precipitate
Fgf9 with SOX9 antibody from E12.5 male gonad, at which time
SRY expression was at its minimum if it has not disappeared [29].
Nevertheless, the study also showed that several SRY-specific targets
including Fgf9 can respond to SOX9 stimulation in the promoter
assay system, under transient overexpression of Sox9, presumably
due to the functionally interchangeable nature of DNA-binding
domains between SRY and SOX9 [29]. The authors proposed that
SRY binds to specific set of target genes (i.e., Fgf9) to promote
testis cord formation in early Sertoli cells. In turn, SRY passes on
its functions to SOX9 to regulate common targets and activates its
own gene regulatory program in sex determination. In fact, a recent
study showed that mouse SOX9 directly binds to conserved genomic
region of Fgf9 promoter in E13.5 male gonad [44]. Collectively,
results from these studies support the notion that both SRY and
SOX9 are capable of binding onto Fgf9 promoter and it may depend
on the availability of these factors to determine the time and binding
interaction between Fgf9 and them.

During the early embryonic development, the differentiation of
the bipotential gonad into a testis or ovary relies on several gene
networks that are associated with male and female pathways. In the
XY gonad, testicular development depends on SOX9 activation to
promote Sertoli cell proliferation and differentiation [41], as well
as FGF9 expression to repressing WNT4 signaling [43, 45]. The
two events must occur analogously, sooner after SRY expression
starting at E10.5, to ensure proper testis development. Kim et al.
[20] proposed that SRY activates SOX9, and SOX9 upregulates
FGF9. Such linear relationship among three genes seems to imply
a sequential action in which male activation pathway advances from
female repression pathways for 6–12 h due to the time required
for transcriptional upregulate of SOX9 on Fgf9 expression in XY
gonads. In light of study reported by Li et al. [29] that found SRY
binds to mouse Fgf9 in E11.5 male mouse gonad, we thus like to
propose an alternative regulation that SRY activates SOX9 and FGF9
simultaneously in the early developing male gonad; thus, both SOX9-
activated and FGF9-repressed gene networks can be established in
parallel and cooperatively to promote testis cord formation. As SRY
only expresses in a short period of time and fade away quickly after
E11.5, SOX9 takes control of gene regulatory program, including
the positive feedback loop with FGF9, in sex determination. It’s
of notice that in vitro and/or ex vivo experiments may not always

D
ow

nloaded from
 https://academ

ic.oup.com
/biolreprod/article/103/6/1300/5901544 by guest on 04 January 2021

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioaa154#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioaa154#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioaa154#supplementary-data


1310 Y.H. Li et al., 2020, Vol. 103, No. 6

Figure 5. SRY transcriptional network governs male testis determination and development. SRY transcriptional network in (A) mouse and (B) human. (C) Male

testis development requires SRY turn on high level of FGF9–FGFR2 signal to suppress female WNT4 and FOXL2 expression (black line, Off) and maintaining

high FGF9–SOX9 expression to promote Sertoli cell differentiation and proliferation (black arrow, On).

reflect genetic roles in animals. Nevertheless, results from these stud-
ies demonstrate the dynamic and complicated regulatory networks
controlled by SRY/SOX9 to exert appropriate actions to determine
male sex fate in early sex-determining time window. The current
study aimed to follow-up on the findings reported by Li et al. [29]
to identify the regions of SRY binding onto Fgf9 promoter. We
predicted distinct sets of putative binding sites for SRY on FGF9/Fgf9
5′ flanking regions and identified the SRY-responsive element located
on −1010/−998 of mouse Fgf9 and −833/−821 of human FGF9
promoter regions. These results support that SRY directly binds to
FGF9/Fgf9 promoter and may have thus control its upregulation in
early embryonic gonads. On the other hand, although the predicted
scores of all putative binding sites for SOX9 on FGF9/Fgf9 5′
flanking regions were much lower than that of SRY and SF1 (i.e., 70;
except for one putative binding site on FGF9/Fgf9 with a prediction
score of 82.5), overexpression of mouse SOX9 enables to activate

luciferase activity to a similar magnitude like SRY. We speculate the
results are owing to similar reason proposed by Li et al. [29]. Our
data, together with previous findings, suggest that SRY upregulates
FGF9 expression to exert its dual functions in activating the testicular
differentiation and repressing the ovarian-determining program(s),
respectively. Previous studies have shown that human SRY lacks
the glutamine-rich domain that is reportedly important for mouse
male sex determination [46, 47], suggesting that the model of SRY
regulation on gene expression may differ between mice and humans.
In agreement with this theory, our data showed that the putative
SF1-binding sites are located within the −1150/−1141 region of
mouse Fgf9 promoter and cooperatively work with mouse SRY to
control Fgf9 mRNA expression, whereas the human SF1 neither
binds to FGF9 promoter nor regulates FGF9 expression. As SRY has
been shown to upregulate human monoamine oxidase A (MAOA)
gene promoter activity either alone [48] or synergistically working
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with WD repeat domain 5 (WDR5) to control SOX9 expression in
male sex determination [49], these data together demonstrate that
the transcriptional activity of SRY is content dependent, and human
SRY may act with a more flexible regulation mechanism to control
expression of downstream target genes.

FGF9 as an autocrine/paracrine growth factor is known to be
involved in the physiological function of many cell types including
Sertoli cells [17], Leydig cells [50], and germ cells [42] during testis
development. Although previous studies demonstrated that Fgf9
knockout mice showed a male-to-female sex reversal phenotype [19]
and autosomal duplication of the human FGF9 gene is associated
with 46, XX SRY-negative DSD patient [24], whether FGF9 plays
a sufficient role in male sex determination remains to be eluci-
dated. Using an ex vivo 3D culture model, we provide evidence
to demonstrate that FGF9, in the absence of SRY, is sufficient to
fully activate not only the testis-determining pathway but also the
downstream differentiation pathway, leading to the formation of a
testis-like structure and turn sex fate from female to male in early
embryonic development. Our data support the 46, XX SRY-negative
DSD model observed in humans [24] and demonstrate the necessary
and sufficient roles of FGF9 in male sex determination.

Our data showed that exogenous FGF9 triggers male testis cord
formation in SRY-negative XX gonads within a critical time window
of ∼6 h, corresponding to 12–16 ts. In fact, the cultured 18 ts XX
gonads displayed only a few SOX9/AMH-positive cells and no testis
cord formation. These results are consistent with previous reports
that FGF9 failed to induce SOX9 and AMH expression in E11.5
(∼18 ts) XX gonads and consequently results in no or small male
testis cord formation [27]. A recent study also showed that FGF9 is
unable to trigger SOX9 expression, while it can still repress FOXL2
expression successfully in 11.5 days post coitum (d.p.c.) (18 ts)
XX gonads. As a consequence, it failed to induce testis formation
[27, 28]. The roughly 6-h critical time window has been proposed
previously to show that even SRY, the master regulator in male
testis development, initiates the switch of cell fate from female to
male within the 12–16 ts stage (∼6-h time window) in the Hsp–
Sry transgenic mice [51]. In this study, we provide a new insight
into the SRY transcriptional network of male sex determination.
Nevertheless, the successful transformation from female cell lineage
to male cell fate only occurs within a critical 6-h window, specifically
approximately within the 12–16 ts (11–11.25 d.p.c.) interval in XX
gonads. Outside this time window, FGF9 is insufficient to initiate
male testis development in XX gonads. Together, these findings
suggest that the 6-h time window is delimited by the ability to engage
the high-FGF9/low-WNT4 signaling states. In other words, SRY-
mediated FGF9 expression in early embryonic stage (i.e., 12–18 ts)
is vital to suppress female WNT4 signaling [20, 43] and establish
Sertoli cell differentiation and proliferation [19, 28] for the testis
cord development.

In summary, we have identified hSRE and mSRE in FGF9/Fgf9
promoter region and demonstrated that in the absence of SRY, FGF9
activates the male sex determination pathway and leads to the forma-
tion of testis cord in the cultured XX gonads. Combined information
from the literatures and the results obtained from this study, the
transcriptional networks in controlling male sex determination in
early embryonic stage is provided (Figure 5A and B). Briefly, we
identify mouse and human SRY, respectively, bind to −1010/−998
of mouse Fgf9 promoter (Figure 5A, red arrow) and −833/−821 of
human FGF9 promoter (Figure 5B, red arrow) regions to promote
FGF9 expression and may thus suppress WNT4/FOXL2 signal-
ing [20, 43, 45] and maintain SOX9 expression in a positive-feed

loop manner ([20]. Together with SRY-mediated SOX9 expression
(Figure 5A and B, blue arrow) in human [37] and mouse [39, 52],
the transcription network breaks the balanced expression in the
bipotential gonad (Figure 5C). Through the upregulation of SOX9
for Sertoli cell differentiation and activation of FGF9 for ovarian
pathway suppression, a switch to endorse male testis development
occurs (Figure 5 upper panel, green arrow and black line, and C).
The FGF9–SOX9-positive feedback loop maintains high expression
of each other while SRY expression fades away to sustain male gonad
development (Figure 5C) [20].

Supplementary data

Supplementary data are available at BIOLRE online.
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