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ABSTRACT

In mammalian embryonic gonads, SOX9 is required
for the determination of Sertoli cells that orches-
trate testis morphogenesis. To identify genetic net-
works directly regulated by SOX9, we combined anal-
ysis of SOX9-bound chromatin regions from murine
and bovine foetal testes with sequencing of RNA
samples from mouse testes lacking Sox9. We found
that SOX9 controls a conserved genetic programme
that involves most of the sex-determining genes. In
foetal testes, SOX9 modulates both transcription and
directly or indirectly sex-specific differential splic-
ing of its target genes through binding to genomic
regions with sequence motifs that are conserved
among mammals and that we called ‘Sertoli Cell Sig-
nature’ (SCS). The SCS is characterized by a precise
organization of binding motifs for the Sertoli cell re-
programming factors SOX9, GATA4 and DMRT1. As
SOX9 biological role in mammalian gonads is to de-
termine Sertoli cells, we correlated this genomic sig-
nature with the presence of SOX9 on chromatin in
foetal testes, therefore equating this signature to a

genomic bar code of the fate of foetal Sertoli cells.
Starting from the hypothesis that nuclear factors that
bind to genomic regions with SCS could functionally
interact with SOX9, we identified TRIM28 as a new
SOX9 partner in foetal testes.

INTRODUCTION

Sex determination in mammals provides an ideal in vivo
model to study cell fate regulation by transcription factors.
Indeed, embryonic gonads originate from a bipotential pri-
mordium (the genital ridge) that can differentiate into testis
or ovary via the action of distinct transcription factors. In
the mouse embryo, sex determination occurs between em-
bryonic day (E) 10.5 and E12.5 (1) by differentiation of
progenitors into a specific cell population (the supporting
cells) within the genital ridge. Supporting cells organize the
embryonic gonads morphologically and induce sex deter-
mination in the germinal lineage. In males, differentiation
of supporting cells, also known as Sertoli cells, is driven
by the expression of the Y chromosome gene Sry that ac-
tivates the autosomal gene Sox9 (2), a SOX E group fam-
ily member. In the absence of Sry in females, progenitors
differentiate into granulosa cells, the female supporting cell
lineage. Genetic experiments have demonstrated that Sox9
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is the essential direct target gene of SRY (3) and the cen-
tral effector of the male pathway. Heterozygous missense or
nonsense SOX9 mutations in 46, XY human patients cause
Disorders of Sex Development (DSD) and induce a highly
penetrant (75%) male-to-female sex-reversal phenotype as
well as campomelic dysplasia (4). Similarly, targeted dis-
ruption of Sox9 in mouse embryonic testes leads to their
development into ovaries (5,6). Conversely, SOX9 duplica-
tion in XX patients (7) or ectopic expression of Sox9 in
mouse embryonic XX gonads induces testis formation (8,9).
Upon Sox9 activation in mouse embryonic gonads, Sox8
and Sox10, the two other SOX E group members, are also
induced and either gene can replace Sox9 function and mas-
culinize the gonad (10,11).

Four other transcription factors are required for Ser-
toli cell differentiation: DMRT1, GATA4, WT1 and SF1
(also known as NR5A1). Like for SOX9, alterations or
point mutations in the genes encoding these factors have
been detected in XY individuals with DSD ((12) and re-
viewed by (13)) and ablation of each of these genes af-
fects testis development in the mouse (14-17). Together,
DMRTI1, GATA4, WT1, SF1 and SOX9 induce direct re-
programming of mouse embryonic fibroblasts into func-
tional embryonic Sertoli-like cells, thereby defining the tran-
scription factor module required for the Sertoli cell fate (18).
However, Sox9 is the only one with male-specific expression
and induces female-to-male sex reversal when ectopically
expressed in XX human and mouse gonads (7-9), while
Dmrtl, Gata4, Wtl and SfI are expressed in both male and
female progenitors. By contrast, Dmrtl overexpression in
female embryonic gonads induces incomplete Sertoli differ-
entiation without testis cords formation (19), while Dmirtl
expression at a physiological level cannot induce the male
pathway in XX embryonic gonads (20). Taken together,
genetic, transcriptomic and direct reprogramming experi-
ments suggest that the fate choice towards Sertoli cells is
controlled by SOX9 and its set of target genes. This implies
that the differentiation of supporting cell progenitors into
male-specific Sertoli cells or female-specific granulosa cells
is controlled by SOX9 presence or absence.

In the present study, to better understand the mecha-
nisms underlying SOX9 role in foetal Sertoli cell differen-
tiation, we used chromatin immunoprecipitation followed
by sequencing (ChIP-seq) of samples from foetal testes of
two distant mammals (mouse and cattle). We found that
SOXO9 binds to 4293 genes in common between the mouse
and bovine genomes. Most of these genes are already known
to be involved in sex determination. Moreover, transcrip-
tomic (RNA-seq) analysis of foetal testes from Sox9 knock-
out mice showed that SOX9 not only regulates transcription
of its target genes directly, but also influences their RNA
splicing.

Finally, analysis of the ChIP-seq data from these two dis-
tant mammals allowed the identification of genomic DNA
motifs that characterize genes bound by SOX9 in differen-
tiated Sertoli cells from foetal testes. This ’Sertoli cell sig-
nature’ (SCS) is conserved among mammals and is char-
acterized by the organized clustering of SOX9, GATA4
and DMRT]1 binding sites. At the chromatin level, we ob-
served that DMRT1 and GATA4 can be co-localized with
SOX9 on its target genes. In silico prediction of SCS iden-

tified a potential link between SOX9 and the nuclear factor
TRIM28 (TIF18 or KAP1). We confirmed this prediction
experimentally by showing the physical interaction between
SOX9 and TRIM2S in foetal testes, their co-localization on
the foetal testis chromatin and their potential functional in-
teraction in transcriptional regulation.

MATERIALS AND METHODS
Cells and animals

NT;,D; cells were obtained from the American Type Cul-
ture Collection (ATCC) and cultivated in DMEM/F12
medium with Glutamax (Life Technologies) supplemented
with 10% foetal bovine serum (Life Technologies). Animal
care and handling (mouse foetal gonads used for ChIP-seq)
were according to the ‘Réseau des Animaleries de Mont-
pellier’ (RAM). For the foetal gonads from wild type and
Sox94/4 animals (RNAseq), all procedures involving mice
were approved by the Animal Ethics Committee of Monash
University, Australia. Experiments on bovine foetuses re-
ported in this work were performed in agreement with the
ethical guidelines of the French National Institute for Agri-
cultural Research (INRA). Foetuses were produced by arti-
ficial insemination of Holstein females with semen of Hol-
stein males (day 0) and collected at E90 at the INR A slaugh-
terhouse (France). The protocol (no. 12/046) was approved
by the local ethics committee (COMETHEA) and Eric Pail-
houx is the recipient of an official authorization for animal
experimentation (no. B91-649).

Tissue fixation and ChIP-seq analysis

Micro-dissected gonads were separated from the
mesonephros of E13.5 (mouse) or E90 (bovine) embryos,
snap-frozen and stored at —80°C. Frozen gonads were
crushed in liquid nitrogen using a mortar. Powdered tissue
samples were immediately fixed with PBS containing 2 mM
of disuccinimidyl glutarate (DSG) (Pierce ref 20693) for 30
min as described previously (21). After three washes with
PBS, samples were fixed in PBS/1% formaldehyde at room
temperature for 30 min. Protein A coupled to Dynabeads
magnetic beads (Life Technologies) was pre-incubated
at 4°C with saturating buffer [1 mg/ml BSA, 0.2 mg/ml
glycogen (Roche), 1 mg/ml yeast tRNA (Roche) in 1x
PBS] for 1 h. Beads were then incubated at 4°C with 2 pg
of purified home-made rabbit polyclonal anti-SOX9 1gG
antibody (22) in 50 wl of PBS/0.02% Tween for 4 h. After
washing, antibody-bound beads were used for immunopre-
cipitation (IP) of 20 pg of sonicated chromatin overnight.
IP and washing buffers were as described (2). Unbound
sonicated DNA was sequenced as input. Six independent
IPs were pooled in two samples (three [Ps/each) and used
for construction of two independent ChIP-seq libraries
that were sequenced at the BGI facility (BGI Shentzen,
China). ChIP-seq reads were aligned to the mouse genome
using SOAP2.21 (mm09, build 37) or to the bovine genome
(Bostau6, UMD3.1). For peak calling, as the number
of reads in the inputs was twice that in the ChIP-seq
experiments, 20 million reads were randomly sampled from
each input, using a homemade script that respects the
proportion of reads per chromosome of the initial input.



With this method, 10 input samples were generated for
each ChIP-seq analysis that were used for ten rounds of
peak calling with the MACS software (1.4) (23) (bw = 250,
mfold = 10 and P value = le—5). Peaks common to the 10
operations with FDR <0.05 were kept for further analysis.
Peaks were assigned to neighbouring genes using the PAVIS
annotation tool (http://manticore.nichs.nih.gov/pavis2/)
with the UCSC annotation for mouse mm9 and the En-
sembl annotation UMD3.1r82 for bovine Bostau6. For
annotation of the bovine peaks using the mouse genome
as reference, bovine coordinates were translated to mouse
mm9 coordinates, as previously described (24), using the
UCSC LiftOver tool. Coordinates translated to mm9
where then annotated using PAVIS. The correspondence
of orthologous genes between mouse and bovine were
analyzed using BIOMART (http://www.ensembl.org/
biomart/martview/5761d5751336b65a1461f18d849facfe).
Pathway analysis was performed using the MetaCore™
GeneGo software to map genes to a global database of
known networks (https://portal.genego.com/). The top 50
enriched (P < 0.05) pathway networks were analyzed from
genes associated to the mouse and bovine SOX9 ChIP-seq
peaks.

ChIP-qPCR and sequential ChIP-qPCR

Experiments were carried out with the same protocol as for
ChIP-seq. The anti-DMRT1 antibody was described previ-
ously (25); the anti-GATA4 antibody and control IgG were
purchased from Santa-Cruz Biotech, Heidelberg, Germany
(Sc-1237and sc-66830, respectively). For sequential ChIP,
the rabbit-anti SOX9 antibody was cross-linked to protein
A prior to immunoprecipitation in order to prevent its dis-
sociation from protein A magnetic beads. After incuba-
tion of the antibody with protein A Dynabeads, beads were
washed with 0.2 M sodium borate pH 9.0 and incubated in
the same buffer in the presence of 20 mM dimethylpime-
limidate (DMP, Pierce ref 21666) at room temperature for
45 min. Beads were then washed and incubated at RT with
0.2 M ethanolamine pH 8.0 for 1 h, washed three times with
0.58% (v/v) acetic acid/150 mM NaCl and then three times
with PBS. In each experiment, the equivalent of 2 pg of cou-
pled antibody was used. Chromatin was eluted from anti-
bodies after immunoprecipitation with 10 mM Tris pH 8,
1 mM EDTA, 2% SDS, 15 mM DTT at 37°C for 1 h. Su-
pernatants were diluted 1:20 in 50 mM Tris pHS, 150 mM
NaCl, 2 mM EDTA, 1% Triton X100 and processed for the
second immunoprecipitation as before.

After de-crosslinking, DNA was purified with the MinE-
lute PCR Purification Kit (QIAGEN GmbH, D-40725 Ger-
many, ref 28004). Quantitative PCR was performed with the
SYBR Sclect Master Mix (Applied Biosystems ref 4472908)
and a LightCycler 480 apparatus (Roche). Primer sequences
are listed in Supplementary Table S9 of the Additional
Methods.

Embryonic tissue collection and RNA preparation

Micro-dissected gonads were separated from the
mesonephros of E13.5 embryos, snap-frozen and stored
at —80°C. Amh-Cre; Sox9ox/flox mice were obtained
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as described previously (26). All animal work was
approved by Monash Medical Centre Animal Ethics
(MMCB/2012/23). RNA was extracted using the RNeasy
Kit (QITAGEN GmbH, Germany). The developmental
stage and phenotype of each embryo was visually analyzed
and recorded. A tail piece was collected for genotyping
and genetic sex was determined as previously described
(27). Each RNA sample (Amh-Cre; Sox9/*/7ox XY and
wild type Sox9/ox/flox XX) consisted of a minimum of
six pooled gonads for each genotype. An equal number
of age-matched mouse gonads for each genotype was
collected and divided in two additional groups to provide
three biological replicates for each RNA-seq analysis. RNA
quality was assessed by measuring the optical density at
230, 260 and 280 nm using a ND-1000 Spectrophotometer
(Nanodrop, Wilmington, DE, USA) and by evaluating
their integrity using the Agilent 2100 BioAnalyzer (Agilent
Technologies, Santa Clara, CA, USA). RNA samples with
a RIN value of >7.5 were used to generate cDNA libraries
for sequencing. Typically, 800 ng of high quality total
RNA was obtained from six pooled Amh-Cre; Sox9/ox/fiox
gonads.

RNA-seq library preparation, sequencing and analysis

Libraries were generated using the NuGEN Mondrian
Technology and the SPIA amplification methodology that
specifically selects and linearly reverse transcribes non-
ribosomal RNA. 6pM of bar-coded libraries per lane were
sequenced using the Illumina HiSeq1500 and paired-end
RNA sequencing chemistry (150nt read lengths at 50 mil-
lion reads per sample). All datasets were processed with
the RNA-seq pipeline (http://dx.doi.org/10.5281/zenodo.
47479) as follows. Sequencing reads were quality-filtered
and adapters were removed using 7Trimmomatic (version
0.30) (28). Reads shorter than 36 bp were discarded from
subsequent analyses and the remaining trimmed reads were
mapped to the Mus musculus genome (Ensembl version
38.77) using Tophat2 (version 2.0.8) (29). HT Seq-count (ver-
sion 0.6.1p1) (30) was used to count the reads overlapping
with genes using the union overlap resolution mode. A sta-
tistical analysis of the count data was then performed using
‘voom’(31) from the ‘limma’ (version 3.24.0) (32) R pack-
age to assess the differential expression between the dif-
ferent experimental conditions (KO versus XX, KO ver-
sus XY, and XX versus XY). Specifically, filtering was per-
formed to include only genes the expression of which in
counts-per-million (CPM) was greater than 1 in at least two
samples. To eliminate composition biases between libraries,
the Trimmed Mean of M-values (TMM) method was used
to calculate normalization factors between samples (33).
The voomWithQuality Weights function (34), which com-
bines observational-level and sample-specific weights, was
used in the subsequent linear modelling to down-weight
more variable samples (35). Differentially expressed genes
were examined with an adjusted p value cut-off of 0.05.
For alternative splicing analysis, RNA-seq datasets were
analyzed independently as follows. Paired-end raw reads
were cleaned of sequencing contaminants with Scythe
(https://github.com/vsbuffalo/scythe.) and quality trimmed
with Sickle (https://github.com/najoshi/sickle) to keep only
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reads with a minimum length of 2Int. Mouse genomic se-
quences (mm10) and annotations (Ensembl 75) were re-
trieved from the UCSC genome browser. Alignments to
the mouse genome were performed with STAR v2.4.1¢ (36)
and quantification of Ensembl isoforms with Salmon v0.3.0
(http://biorxiv.org/content/early/2015/10/03/021592). Both
programs ran with default read-matching parameters. Dif-
ferential expression was calculated between pairs of con-
ditions using one-way ANOVA and ¢-tests on square-root
transformed TPM data of the three replicates (37). MISO
(38) was used for alternative splicing analysis and results
were gathered with the following parameters: -num-inc 0
—num-exc 0 —num-sum-inc-exc 5 —delta-psi 0.20 —bayes-
factor 1. SOX9 ChIP-seq peaks were translated from the
mm9 genome assembly to mm10 using LiftOver for corre-
spondence of splicing events with ChIP-seq peaks.

Motifs analyses

Detailed in supplemental methods.

Cell culture, generation of tet-SOX9 cell lines and gene ex-
pression analysis by RT-qPCR

NT,D; and HEK293T cells were cultured as previously
described (39,40). For generation of lentiviral vectors, the
human SOX9 open reading frame was cloned in a modi-
fied version of the pTRIPZ vector (Open Biosystems) to
introduce a HA-tag in the SOX9 N-terminus. Viral parti-
cles were produced at the vectorology facility (PVM, Plate-
forme de Vectorologie de Montpellier). After infection with
the pTRIPZ-SOX9 plasmid, NT,D; and HEK293T cells
were grown in the presence of 1 pwg/ml puromycin (Invit-
rogen). SOX9 expression was inducted by addition of 2
wg/ml tetracycline (Sigma) for 16 h. Tet-SOX9-HEK?293
cells were transfected with empty plasmid or pCX-Flag-
mTRIM28 using Lipofectamine® 2000 (Invitrogen) fol-
lowing the manufacturer’s protocol. Total RNA was iso-
lated using the TRIzol® reagent (Life Technologies) and
the DNA-free Kit (Invitrogen). Total RNA was reverse
transcribed with SuperScript® IV (Invitrogen) and quan-
titative PCR performed as described in the ChIP-qPCR
chapter. Primer sequences are listed in Supplementary Ta-
ble S8 of Additional Methods.

Gel mobility shift assay

Proteins were produced using TNT™ Quick Coupled
/Translation System (Promega) according to the manufac-
turer’s instructions. Probe annealing and experiments were
carried out as described before (41) for mouse DMRT]1
and with some modifications for GATA4 and SOX9. For
SOX9 binding assay, the non-specific competitor dI-dC
was replaced by poly(dG-dC) (GE Healthcare). Mouse
GATA4 was in vitro translated using as template the
pCS2*mGATA4 plasmid, a generous gift from Dr Sergei
Tevosian.

For Figure 4, the top strand probes were:

Lats2: 5-ggCCGAGCGGGACATTCGCTACATTG
TTGGCATTCCACGGGCG-3

Lmo4: 5-ggCATCTCCCATTATTGTTCCAAATCTC
ATTTCATTTTGAA-3

Mrpld5: 5-gsGTTTTTTTCACCGATTGTAAATAA
GGTGTAACAATGTGTTAAGGAACCAGGA-3

DMRTI1 BS (12): 5-geGGGAGATTTGATACATTG
TTACTTTATGG-3

GATA4 BS (42): 5-ggGGGGCTTTGGTCTCAGCT
TATCAAACTGCCCTG-3¥

SOX9 BS (43): 5-ggGTTGACAGAACAATGGCTGC
TAGA-3

The ‘g’ nucleotides at C-terminus were added for probe
labelling with Klenow DNA polymerase and « [**?P]-dCTP

Immunoprecipitation using NT,D; cell and embryonic gonad
tissue extracts

Co-immunoprecipitation using NT,D; cell extracts was
performed as previously described (39) with 2 pg of puri-
fied rabbit antibodies against the N- (44) or C-terminal (22)
regions of SOX9. For immunoprecipitations using male and
female E13.5 gonad tissues, nuclear extracts were prepared
with the Nuclear Extract Kit (Active Motifs, La Hulpe, Bel-
gium). Nuclear extracts corresponding to 30 pairs of gonads
were diluted in lysis buffer in the same conditions as for
NT,D; cells. After extensive washes (wash buffer: 150 mM
NaCl, 50 mM Tris pH 7.5, 2 mM EDTA, 1% NP40), im-
mune complexes were analyzed by western blotting using a
monoclonal antibody against mouse TRIM28 (45). As con-
trol, 5% of immunoprecipitated supernatant was used for
western blotting with a control IgG antibody (Santa-Cruz
Biotech, Heidelberg, Germany).

Immunostaining and antibodies

Gonads were dissected from staged embryos, fixed in 4%
paraformaldehyde and paraffin-embedded. Expression of
SOX9, TRIM28 and DMRT1 was assessed by incubating
5-um sections with a rabbit polyclonal anti-SOX9 (1:300)
(22), amouse monoclonal anti-TRIM28 (1:2000) (46) and a
goat polyclonal anti-DMRT1 (1:25) antibody (Santa Cruz
Cat. No. sc-104885) at 4°C overnight, followed by the ap-
propriate secondary antibodies (1/800) (Alexa-Ig, Molec-
ular Probe). Nuclei were stained with DAPI (Sigma). Im-
ages were captured with a Zeiss Axioimager Apotome mi-
croscope or a DeltaVision OMX microscope.

In vitro pull-down assay

The bacterially expressed GST-mTRIM28 fusion protein
was produced and purified as previously described (40).
The open reading frame of human SOX9 was cloned in
the pet28a vector (Novagen) and the histidine-tagged pro-
tein (6xHis-SOX9) was bacterially expressed and purified
as previously described (47). For in vitro interaction, puri-
fied GST-TRIM28 or GST alone was incubated with 6xHis-
SOX9 in 150 mM NaCl, 50 mM Tris pH 7.5, 0.5 mM
DTT and 0.5% NP40 supplemented with 1 mg/ml of BSA
(Sigma) at room temperature for 20 min. Protein complexes
were captured using glutathione—agarose beads (Sigma).
After extensive washes, proteins were analyzed by west-
ern blotting with the previously described anti-SOX9 and
-TRIM28 antibodies.
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Availability of data and computer programs

Datasets generated for this manuscript are accessible at
GEO (http://www.ncbi.nlm.nih.gov/geo/) with the acces-
sion number GSE81490. Computer programs, source codes
and scripts are freely available at GitHub (https:/github.
com/fpoulat/SCS-motifs-scanning)

RESULTS

Most genes interacting with SOX9 contribute to Sertoli cell
determination in foetal testis

ChIP-seq experiments were performed using chromatin
from E13.5 mouse and E90 bovine foetal testes. In both
species, this represents the stage of testis development when
Sertoli cells differentiate. The specificity of the homemade
anti-rabbit SOX9 antibody used for ChIP was demonstrated
by the finding that the antibody recognized only chromatin
from male, but not female E13.5 gonads in a slot-blot ex-
periment (Supplementary Figure S1).

ChIP-seq experiments gave 6419 (mouse) and 11 988
(bovine foetal testis) peaks with FDR <0.05 (Supplemen-
tary Table S1: Sheets ‘ChIP-seq mouse mm9’ and ‘ChIP-
seq bovine Bostau6’). To overcome the problem of lim-
ited gene annotations in the Bos taurus genome (BosTauo6),
bovine peaks were attributed either by direct annota-
tion using the bovine genome assembly (BosTau6, En-
sembl UMD3.1) (Supplementary Table S1: Sheet ‘ChIP-seq
bovine Bostau6’), or by translating the BosTau6 genomic
coordinates of the bovine ChIP-seq peaks to the mouse
genome assembly mm9 using the LiftOver tool from UCSC
(Supplementary Table S1: Sheet ‘ChIP-seq bovine liftover
mm?9’). The 6419 ChIP-seq peaks from the mouse samples
were assigned to 5844 genes and the 11 988 peaks from
bovine samples were assigned to 8229 genes by direct an-
notation using the bovine genome and to 8957 genes using
LiftOver from BosTau6 to mm9. Among the mouse peaks,
70% were preferentially located within the gene body [
untranslated regions (UTRs): 19%. 3" UTRs: 1%. exons:
15%; introns: 35%)] and 30% were outside [24% upstream
the Transcription Start Site (TSS) and 6% downstream the
Transcription End Site (TES)] (Figure 1A, left panel). Con-
versely, direct annotation using the BosTau6 genome as-
sembly indicated that 62% of bovine peaks were outside the
gene body (48% upstream of the TSS and 14% downstream
of the TES) (Figure 1A, middle panel). However, when us-
ing the mouse genome as reference after translation of the
bovine coordinates, the bovine and mouse peak distribu-
tions were comparable (Figure 1A, right panel).

Cross-species comparison (24) of the regions bound by
SOX9 in bovine and mouse foetal testes, identified 4293
peaks that were common to both ChIP-seq datasets, 75%
of which (3236 peaks) overlapped by >500 bp (Figure 1B).
From these 4293 peaks, 3849 neighboring genes were anno-
tated that showed strict orthology using Biomart. This sug-
gests that SOX9 binds to and regulate a similar core set of
genes in two evolutionarily distant mammals. Some of these
genes (for instance, Col27al/COL27A1 (48), Fgf9/FGF9
(49) and Sox10/SOX10 (10)) displayed striking similarity of
peak location in the mouse and bovine ChIP-seq datasets.
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Conversely, the peak profile of Lmo4/LMO4 (50) was rela-
tively different between species.

Gene Ontology (GO) term enrichment analysis (Supple-
mentary Table S1: Sheets GO) of genes bound by SOX9
showed that the male sex differentiation pathway was en-
riched in the mouse (P = 3.454 x 10~7), bovine (P = 2.972
x 10~7) and the combined mouse and bovine gene sets (P =
3.811 x 107%). Moreover, other enriched pathways, such as
FGF, NOTCH, Hedgehog and WNT signalling cascades,
also contribute to male sex determination and gonad func-
tion.

Most genes that have been involved in mammalian go-
nad determination and differentiation by genetic or func-
tional studies were identified here as SOX9 targets (Table
1). This included genes with early roles, such as Sry activa-
tion (Kdm3a (51), Gadd45g (52), Gata4 (53) and Cbx2 (54)),
and genes acting downstream of SOX9 (T¢f21 (55), Sox10
(10), Fgf9 (56), Dhh (57), Hhat (58) and Amh (59)). Some
genes were bound by SOX9 in the mouse, but not in cattle
(Ctnnbl, Cited2, Dmrtl, Hhat, Notchl, Pdgfa and Wnt4), or
vice-versa (CYP26B1, PTGDS, SOXS), suggesting a diver-
gent regulation between species, or SOX9 redundancy with
other SOX E group factors (SOX8 and 10) (10,60). SOX9
also bound to genes involved in the female programme of
sex determination, such as Wnt4 (61), Fst, Bmp2 (62) and
FoxL2 (63), suggesting that it could negatively regulate their
transcription in Sertoli cells.

Transcriptional regulation by SOX9 in foetal testis at E13.5

Comparison of the mouse SOX9 ChIP-seq dataset with pre-
viously published transcriptomic datasets from male and fe-
male supporting cell lineages (Sertoli and granulosa cells,
respectively) in mouse E13.5 gonads (64) enabled us to iden-
tify candidate genes that could be up- or down-regulated
by SOX9 cell autonomously at this stage. Specifically, 38%
(557 out of 1451) of genes that were upregulated and 44%
(539 out of 1225) of genes that were repressed in Sertoli
cells compared with granulosa cells at E13.5 were bound by
SOXO9 (Figure 2A; see also Supplementary Table S1: Sheet
‘ChIP-seq mouse mm9’).

Then, to better understand SOX9 transcriptional func-
tion in foetal mouse testes, we analysed by RNA-seq the
transcriptome of E13.5 gonads in which SOX9 was present
or not. Sox9 conditional knock-out in differentiating Ser-
toli cells was performed soon after testis commitment by
crossing mice carrying the Sox9 allele (Sox9%¥) (65) with
mice in which the Cre recombinase was controlled by the
Ambh gene promoter (66). In this context, a mild phenotype
is observed and the effect on E13.5 gonad transcriptome can
be essentially attributed to transcriptional mis-regulation in
Sertoli cells due to Sox9 loss (67). Sox9 mRNA quantifi-
cation in the RNA-seq datasets obtained using E13.5 wild
type (WT) XY and XX gonads and XY mutant gonads
(subsequently named XY Sox92/2 or KO in figures) showed
that Sox9 transcript levels were comparable in Sox92/4 XY
and XX gonads (Supplementary Figure S2A), as previously
reported (67).

Detailed analysis of the Sox92/2 testis transcriptome
showed the downregulation of 240 mRNAs and the upreg-
ulation of 107 transcripts compared with WT XY testes


http://www.ncbi.nlm.nih.gov/geo/
https://github.com/fpoulat/SCS-motifs-scanning
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Figure 1. SOX9 peaks in mouse and bovine foetal testes. (A) Distribution of SOX9 peaks relative to neighbouring genes and gene components: upstream of
the transcription start site (TSS), 5’ untranslated region (5 UTR), exon, intron, 3’ untranslated region (3’ UTR) and downstream of the transcription end
site (TES). For the bovine ChIP-seq dataset, annotations were made directly using the BosTau6 genome assembly (Ensembl UMD3.1) (middle pie-chart)
or indirectly using LiftOver and the mouse genome (mm9) as the reference genome (right pie chart). (B) Venn diagram showing that SOX9 binds to 4293
orthologous mouse and bovine foetal testis regions. Bottom table: number of overlapping peaks (and of the respective genes) in the mouse and bovine
ChlIP-seq datasets (overlaps from 1 base pair (bp) to 750 bp). (C) Examples of peak position conservation in the mouse and bovine ChIP-seq datasets.
For each gene, the upper panel represents the mouse gene and the lower panel the bovine gene. The input background was subtracted using IGV. Binding
peaks called by MACS are indicated by asterisks. As in the BosTau6 genome assembly the TSS of bovine FGF9 are missing, they were determined using

LiftOver with mm9 and added by hand using IGV. Black arrows, direction of transcription; red stars, transcription start sites.
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Figure 2. SOX9 rolein the expression of its target genes in foetal testis (A) Venn diagram showing the association between mouse SOX9-bound genes (ChIP-
seq dataset) and genes that are differentially expressed in E13.5 Sertoli and granulosa cells. Genes up or down: genes that are upregulated or downregulated
in E13.5 male and female supporting cells (SC) (64). (B) Pie chart showing the classification of genes that are downregulated in Sox94/4 XY (XY KO)
versus wild type XY (XY WT) gonads in genes bound or not by SOX9 (mouse ChIP-seq dataset). Among the 95 SOX9-bound genes, 68”0 were upregulated
at E13.5 in wild type Sertoli versus granulosa cells (64). (C) The ratio between the log2 fold change (FC) of XY KO versus XY WT and the log2FC of XX
WT versus XY WT allowed classifying the differentially regulated genes in three groups according to their levels of expression in the XY WT, XY KO and
XX WT RNA-seq datasets. (D) RT-qPCR analysis of SOX9-mediated induction of gene expression in tet-SOX9-NT, D cells upon addition of tetracycline
(Tc). Results are shown as the mean + SD (n = 3); ****P < 0.0001; ***P < 0.001; **P < 0.01 compared with cells without tetracycline (ANOVA with
the Geisser-Greenhouse correction for multiple comparisons). (E) Pie chart showing the classification of genes that are upregulated in XY Sox94/4 testis
versus XY WT in genes bound or not by SOX9 (mouse ChIP-seq dataset). Only 8% of these SOX9-bound genes are down-regulated at E13.5 in wild type
Sertoli (35%) versus granulosa cells (64).
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Table 1. Most genes that have been involved in mammalian gonad determination and differentiation are SOX9 targets in mouse and cattle
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The number of peaks per gene are shown in both species. For each gene is shown the number of bovine peaks having orthologous corresponding peaks in

mouse.

(Supplementary Table S2: Sheet ‘KO versus WT XY, ad-
justed P < 0.05°). Among the downregulated genes, 40%
(95/240) were bound (based on our ChIP-seq experiment
results) and presumably activated by SOX9 (Figure 2B and
Supplementary Table S2: Sheet ‘summary’). Therefore, the
240 genes downregulated in Sox9%/2 testes were highly en-
riched in SOX9-bound genes (x 2 test with Yates correction:
P < 0.0001). Moreover, most of the SOX9-bound, downreg-
ulated genes (65 out of 95) were normally more strongly ex-
pressed at E13.5 in Sertoli cells than in granulosa cells (their
female counterpart) (64) (see also http://www.ncbi.nlm.
nih.gov/sites/GDSbrowser?acc=GDS3995) (Figure 2B and
Supplementary Table S2: Sheet ‘summary’). This makes of
them strong candidates for positive and direct transcrip-
tional regulation by SOX9. Comparison of the expression
level of these 65 genes in the WT XY, Sox9%/2 XY and WT
XX gonad datasets allowed their classification into three
groups. The first group represented genes whose expres-
sion in the XY mutant was intermediate between WT XY

and XX gonads (Figure 2C, red circles), suggesting that in
the absence of SOX9, these genes are still partially active.
This group included genes with an important role in sexual
differentiation, such as Amh (encoding anti-Miillerian hor-
mone) (68), Sox10 (10) or Dhh (69) (Supplementary Figure
S2B, upper panels). The second group (Figure 2C, yellow
squares) included genes that were similarly expressed in XY
Sox92/4 and WT XX gonads (e.g. Rnd2, Mybll or Gjb2)
(Supplementary Figure S2B, middle panels). This indicates
that SOX9 regulates only the male-specific expression of
these genes. The third group of genes displayed lower ex-
pression in XY Sox94/2 thanin WT XX gonads (Figure 2C,
green triangles and Supplementary Figure S2B, lower pan-
els), suggesting that in E13.5 WT XX gonads, these genes
are regulated by factors that are absent in XY Sox94/4
testes.

The finding that some SOX9-bound genes that were up-
regulated in E13.5 Sertoli cells (Figure 2A) were not down-
regulated in XY Sox9%/2 gonads could be explained by


http://www.ncbi.nlm.nih.gov/sites/GDSbrowser?acc=GDS3995

functional redundancy between SOX9 and SOXS8. To ver-
ify that SOX9 could activate these genes, we used NT,D;
cells, a human cell line that displays some characteristics
of Sertoli cells (70), to generate a line in which HA-tagged
SOX9 expression can be induced by tetracycline (tet-SOX9-
NT,D; cells) (Supplementary Figure S2D shows the strong
tetracycline-dependent expression of HA-tagged SOX9).
We then used RT-qPCR analysis of tet-SOX9-NT,D; cells
before and after SOX9 induction to quantify the transcripts
of genes that were bound by SOX9 in our ChIP-seq exper-
iments (Figure 2D). Genes bound by SOX9 that were up-
regulated in E13.5 Sertoli cells and downregulated in E13.5
XY Sox92/% testes (strong criteria to consider them as acti-
vated by SOX9 in Sertoli cells) were also upregulated upon
induction of SOX9 by tetracycline (AMH, DHH, NEDD?9,
SERP2, SOX10) (dark blue bars in Figure 2D). More-
over, the expression of genes identified as SOX9 targets that
were only upregulated in E13.5 Sertoli cells (light blue bars:
DMRTI, ETVI, SOX6) also was increased by SOX9 expres-
sion in tet-SOX9-NT,D; cells. As control, IP0S8, a SOX9-
bound gene but without sexually dimorphic expression in
the supporting lineage, was not upregulated by SOX9 in-
duction in tet-SOX9-NT,D; cells. These findings indicate
that in foetal testes, SOX9 can bind to and upregulate the
expression of genes that are only expressed in male support-
ing cells (i.e. Sertoli cells).

Finally, the finding that 107 genes were upregulated in
KO XY gonads compared with WT XY gonads suggested
that SOX9 could repress them in normal foetal testis, di-
rectly or indirectly. However, only 22% (23/107) of these
genes (x° test with Yates correction, P = 0.94) were bound
by SOX9 and only eight were also upregulated in E13.5 fe-
male supporting cells compared with male supporting cells
(Figure 2E and Supplementary Figure S2C). This suggests
that genes repressed by SOX9 are less likely to be bound by
SOXO9 than genes activated by SOX9.

Role of SOX9 in RNA processing in foetal testis

SOX proteins could have a role in splicing regulation (71)
and a direct link between SOX9 and the RNA processing
of Col2al (one of the SOX9 targets identified in our bovine
ChIP-seq experiment) was demonstrated in chondrocytes
(72). Therefore, we used our RNA-seq dataset to investi-
gate SOX9 role in splicing of its target genes in foetal testis.
Splicing of 154 mRNAs, of which 70 (45%) were bound
by SOX9, was quantitatively different in Sox9/4 XY and
WT XY testes (Figure 3A). All five classes of known alter-
native splicing events (73) were affected by SOX9 absence:
exon cassette (also known as exon skipping), intron reten-
tion, alternative 3’ acceptor site, alternative 5 donor site
and mutually exclusive exons. Quantitative analysis of the
WT XY and Sox92/4 XY RNA-seq datasets allowed cal-
culating the Percent-Spliced-In (PSI) index that indicates
the splicing efficiency for transcripts and can range from +1
(totally include) to —1 (totally exclude). The PSI values for
transcripts of genes bound by SOX9 indicated that splicing
efficiency differed between the WT XY and Sox92/4 XY
datasets (Figure 3A; for details see Supplementary Table S3:
Sheet ‘XY WT versus XY KO’). Specifically, SOX9 absence
affected the splicing of genes with important roles in sex
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determination and differentiation, such as Atrx (74), Fgfr2
(75) and Gadd45g (52). Importantly, in 20 of the 70 differ-
entially spliced genes bound by SOX9 (28%), SOX9 peaks
overlapped with the exon/intron boundary involved in the
splicing events (gene names underlined in Figure 3A, and
examples in Figure 3B). Analysis of somatic and germ cell-
specific transcriptomic datasets from foetal male and female
mouse gonads (64) showed that the expression of SOX9-
bound genes with alternatively spliced transcripts was not
particularly sex- or cell-specific (not shown). This suggests
that SOX9 may regulate some discrete molecular mecha-
nisms that require finer transcriptomic analyses to be re-
vealed.

We next investigated SOX9 mediated sex-specific splic-
ing by searching for common splicing events between WT
XY and Sox92/4 XY and between WT XY and WT XX
datasets. Compared with WT XY gonads, several tran-
scripts showed differential splicing events that involved the
same exons in Sox9%/2 XY and WT XX gonads (Figure
3C). Their respective PSI values were always in a similar
range when comparing WT XY with Sox94/4 XY or WT
XX gonads (Supplementary Table S3: Sheets ‘XY WT ver-
sus XY KO’ and ‘XY WT versus XX WT’). This indicates
that splicing of these exons is similar in Sox9%/4 XY and
WT XX gonads. We conclude that SOX9 regulates male-
specific splicing of several of its target genes.

In all cases, these splicing events will modify the result-
ing protein sequences. Moreover, intron retention can also
modify the intrinsic level of the translated proteins. For in-
stance, in XX WT and Sox92/2 XY, retention of the second
intron of the UbfdI gene leads to the disruption of the open
reading frame and to a shorter truncated protein of 204
amino acids instead of full length 368 amino acids UBFD1
(Figure 3B, panel Ubfd1l). Moreover, at the transcriptional
level, published transcriptomic datasets (64) and our RNA-
seq data showed no variation in Ubfd! gene expression be-
tween male and female gonads, suggesting that SOX9 could
control the protein level of active UBFDI1 via a discrete
splicing mechanism that does not affect the transcript level.
Similarly, the second intron of Gadd45g, which has a role
in sex-determination (52,76), was retained in Sox94/4 XY
testes, leading to a shorter truncated protein of 52 amino
acids instead of full length GADD45g (159 amino acids in
length). As for the Ubfdl transcript, Gadd45g mRNA level
at E13.5 was not significantly different between male and
female E13.5 gonads (64).

Supporting these findings on splicing, we observed that
induction of SOX9 expression in tet-SOX9-NT,D; cells
modified the ratio of splicing events for FGFR2 and ENAH
transcripts as observed in Sox92/4 XY / WT XY mouse
foetal gonads (Figure 3D).

SOX9-bound genomic regions in foetal testes are
enriched in binding motifs for three Sertoli cell
differentiation/reprogramming factors

Our ChIP-seq analysis using chromatin from mouse and
bovine foetal testes identified several regions (4293 peaks)
that were bound by SOX9 in both species (Figure 1B). As
DMRTI1, GATA4, WTI, SF1 and SOX9 can reprogram
embryonic fibroblasts into embryonic Sertoli cells (18), we
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Figure 3. Analysis of differential splicing events in Sox9%/4 XY gonads. (A) Pie charts for each of the splicing events deregulated in KO XY gonads
compared with WT XY gonads. Transcripts of SOX9-bound genes (orange area) are listed in green when their Percent-Spliced-In (PSI) index is negative
and in red when the PSI index is positive. For a splicing event in a given condition, PSI is between 0 (splicing event totally excluded) and 1 (splicing event
totally included). The PSI values reported here correspond to the PSI value difference between genotypes. Underlined names represent genes where SOX9-
bound peaks overlapped with the exons/introns involved in the splicing event; their total number is indicated between brackets in the relevant pie-chart.
(B) Sashimi plots showing examples of the splicing events altered in Sox92/ testes and described in Figure 3A, obtained from RNA-seq datasets. These
transcripts correspond to genes that are bound by SOX9 in mouse or mouse and cattle, with ChIP-seq peaks in the vicinity of regions of splicing events
(genes underlined in Figure 3A). Red bars, position of SOX9 peaks; blue arrows, direction of transcription. For each genotype (WT XY, KO XY and WT
XX gonads), the quantification of the PSI value (W) with 95% confidence intervals (histograms on the on right side of each panel) obtained using MISO
are reported. Values reported on Sashimi plots correspond to the number of sequencing reads per splice junction. (C) Comparison of transcripts displaying
differential splicing in WT XY versus KO XY gonads and in WT XY versus WT XX gonads. The table lists transcripts with the same differential splicing
in the two situations. The color scale goes from red (inclusion of the splicing event; PSI>0) to green (exclusion of the splicing event; PSI<0). (D) RT-qPCR
analysis of FGFR2 and ENAH transcript splicing ratio using mRNA samples from tet-SOX9-NT,D; cells in which SOX9 expression was induced (+7Tc)
or not (—Tc). Data are the mean + SD (n = 3); **P < 0.01 compared with the —Tc condition (Student’s ¢ test).



asked whether conserved binding motifs for these factors
could be present in the vicinity of the identified SOX9 bind-
ing sites. Therefore, we developed a normalization bioin-
formatics method to detect sequences enriched in known
consensus DNA motifs (41,43,77-79) recognized by the five
Sertoli cell differentiation factors in the mouse and bovine
SOX9 ChIP-seq datasets. The motif enrichment fold was
the ratio of the number of binding motifs found in the
ChIP-seq datasets versus the number found in the corre-
sponding scrambled sequences (30 sets). The mouse and
bovine ChIP-seq datasets were similarly enriched in DNA-
binding motifs for SOX9, DMRT1 and GATA4 (i.e. the
ratio ChIP/scrambled was >1) (Figure 4A, red and or-
ange bars, left histogram) compared with unrelated ge-
nomic regions (blue bars). Conversely, SF1 motifs were not
enriched and WT1 motifs were non-specifically enriched
in the ChIP-seq datasets as well as in the unrelated ge-
nomic regions. As a control, binding motifs of transcrip-
tion factors not related to Sertoli cell differentiation were
not enriched in the two ChIP-seq datasets (Figure 4A, right
histogram). SOX9/DMRT1/GATA4 binding motif enrich-
ment was neither due to repetitive sequences (Supplemen-
tary Figure S3A) nor dependent on the position of the peaks
relative to the gene body (Supplementary Figure S3B).
Thus, SOXO9 target sequences are enriched in binding motifs
for SOX9, GATA4 and DMRT1. The same motif enrich-
ment was also found in the orthologous regions of twelve
other mammal genomes (Supplementary Figure S3C), sug-
gesting that this genomic feature is conserved among mam-
mals.

To determine whether this global motif enrichment
reflected a situation existing at each genomic fragment
bound by SOX9, we investigated the co-occurrence of
SOX9, GATA4, DMRTI1, SFI and WTI binding mo-
tifs in both SOX9 ChIP-seq datasets. The number of
occurrences of DNA motifs for the five Sertoli cell
differentiation/reprogramming factors was plotted against
each other to assess whether a linear correlation existed be-
tween motifs (examples of scatterplots with Pearson cor-
relation coefficients, PCC, are presented in Supplementary
Figure S3D). The PCC obtained for the ChIP-seq datasets
and control scrambled sequences showed a strong corre-
lation (PCC between 0.7 and 0.9) among SOX9, GATA4
and DMRT1 motifs in both mouse and bovine ChIP-seq
datasets (Figure 4B). By contrast, SF1 motifs were poorly
represented (Figure 4B and Supplementary Figure S3D;
PCC: 0.30-0.37) and WT1 motifs showed almost no cor-
relation with the other four motifs. No correlation was
observed between SOX9 motifs and TF motifs (negative
control) and for any combination with the corresponding
scrambled sequences. The co-occurrence of SOX9, GATA4
and DMRT1 DNA-binding motifs was also observed in
the orthologous regions of SOX9 ChIP-seq datasets from
the twelve mammalian genomes (Figure 4C). This indicates
that the association of SOX9, GATA4 and DMRT1 DNA-
binding motifs in these genomic regions is conserved among
mammals. Compilation of the three motifs enriched in both
ChIP-seq datasets showed that they were highly similar in
rodent and bovine species (Supplementary Figure S3E), but
displayed a milder selectivity than the consensus motifs ob-
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tained by in vitro selection for SOX9 (43), GATA4 (77) and
DMRT]1 (41).

Characterization of a Sertoli cell signature (SCS) in SOX9
genomic targets in foetal testis

To determine whether this SOX9, GATA4 and DMRT1
DNA-binding motif enrichment at SOX9-bound genomic
regions was unique to foetal Sertoli cells, we analysed SOX9,
GATA4 and DMRTI binding motif enrichment in ran-
domly selected ChIP-seq datasets for 13 transcription fac-
tors and eight SOX factors expressed in various tissue and
cell types (http://www.ncbi.nlm.nih.gov/geo/). Compared
with the mouse SOX9 ChIP-seq foetal testis dataset, we did
not detect any motif enrichment in ChIP-seq datasets for
the unrelated transcription factors (Figure 4D) and other
SOX factors (Figure 4E).

Analysis of SOX9 ChIP-seq datasets from seven other
mouse tissues highlighted a slight SOX9/DMRT1/GATA4
binding motif enrichment in rib chondrocytes (80), atri-
oventricular canal (AVC), limb (81) and hair follicle stem
cells (HF-SCs) (82) (Figure 4F, blue bars). This enrichment
was similar to the one observed for other transcription fac-
tors and SOX factors. On the other hand, in mouse basal
cell carcinoma (BCC) (83) and human colorectal cancer
cells (84), SOX9/DMRT1/GATA4 binding motif enrich-
ment was comparable to the one observed in foetal testis,
but for the DMRT1 motif (Figure 4F, green bars). After
conversion of the coordinates of the relevant human re-
gions to the mouse orthologous regions, we found an im-
portant peak overlap between our SOX9 ChIP-seq testis
datasets and the colorectal cancer cell and BCC datasets,
but not with the rib chondrocyte, limb, AVC and HF-SC
SOX9 ChIP-seq datasets (Supplementary Figure S4). This
shows that, at least in these two cancer types, SOX9 binds
to regions with genomic features very similar to those ob-
served in differentiated foetal Sertoli cells.

We named this genomic feature the ’Sertoli Cell
Signature’ (SCS) because we detected enrichment for
SOX9/DMRT1/GATA4 binding motifs specifically in ge-
nomic regions bound by SOX9 in Sertoli cells from foetal
testis.

Binding motifs in the SCS are clustered and organized

We then asked whether the SOX9/DMRT1/GATA4 bind-
ing motifs were organized within ChIP-seq peaks. In most
of the cases, adjacent binding motifs were separated by
less than 50 bp both in the mouse and bovine ChIP-seq
datasets, indicating that they clustered together (Supple-
mentary Figure S5A). By analyzing nucleotide spacing be-
tween motifs in both murine and bovine datasets (Sup-
plementary Figure S5B) we observed that the distance
between adjacent motifs was lower than ten nucleotides
and remarkably conserved from mouse to cattle in term
of distance and orientation. For instance, SOX9 motifs
were preferentially on the same strand and separated by
one or three nucleotides. Altogether, our results show that
SOX9/DMRT1/GATA4 motifs are strongly clustered in
both species. To confirm this, the distance of each motif rel-
ative to the nearby TSS was measured in peaks positioned
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near the TSS (i.e. from —1 kb to +1 kb around the TSS). The
distribution of the three binding motifs analysed together
(Figure 4G) or separately (Supplementary Figure S5C) fol-
lowed a bimodal pattern around the TSS of both mouse
and bovine SOX9 target genes, but not of unrelated genes
(not bound by SOX9). This shows that in the mouse and
cattle, SOX9/DMRT1/GATA4 binding motifs cluster and
that for peaks around TSS, SCSs are located preferentially
at —500,/400 bp or at +600 bp from the TSS.

Next, we asked whether the three binding motifs showed
a preferential order within SCSs and whether this order was
conserved in mouse and bovine orthologous regions bound
by SOX9. To this aim, we counted the occurrence of every
possible multimer of each binding motif (from trimers to oc-
tamers) in both ChIP-seq datasets, taking in account their
direct (D) or reverse orientation (R) relative to the direc-
tion of transcription of the neighboring gene. Analysis of
the occurrence of motif tetramers (for detailed analysis see
Supplementary Figure S6A and B) showed that among the
1296 possible tetramer combinations, 16 of the 20 most rep-
resented tetramers (top 20) were common between mouse
and bovine SOX9 target regions (Figure 4H, black lines in
left panels). This demonstrates the presence of a common,
preferential organization of the motifs composing the SCS
in both species. Of note, the two most represented tetramers
were the same in both species, but in the reverse orienta-
tion. However, among the 3849 orthologous genes bound
by SOXO9 in both species (Figure 1B), only 670 (17.4%) dis-
played a strictly conserved organization of SCS tetramer
motifs. Among these genes, we ranked the 20 most repre-
sented tetramers (Figure 4H, right panels and Supplemen-
tary Figure S6C) and found that 12 belonged to the previ-
ously identified top 20 tetramers (Figure 4H, red lines).

Surprisingly, in both mammals, the top 20 tetramers in-
cluded only SOX9 and GATA4 motifs in both orienta-
tions, and the first tetramers that included a DMRT1 mo-
tif were ranked at positions below 50. This suggests that in
regions bound by SOX9, the position of DMRT1 motifs,
even if strongly correlated with either SOX9 or GATA4 mo-
tifs (see Figure 4B), is less constrained than that of the two
other motifs. In summary, this analysis highlighted a strong
preferential SOX9/DMRT1/GATA4 motif organization in
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mouse and bovine SCSs, although orthologous genes dis-
played only a relatively low conservation of the motif or-
ganization. Among the three motifs, SOX9 and GATA4
showed the strongest association within SCSs.

To test whether the predicted DNA motifs present in SCS
were bound by SOX9, DMRT1 and GATAA4, we performed
in-vitro gel shift assays using in-vitro translated proteins and
different probes with various combinations of motifs de-
rived from SOX9 peaks harbouring SCS (Figure 41) or with
the SOX9, DMRT1 and GATA4 consensus binding motifs
(controls; panels ‘BS’ in Figure 4I). SOX9 and DMRT]1, but
not GATAA4, could bind to the Lats2 probes (only DNA mo-
tifs for SOX9 and DMRT1). The Lmo4 probe (SOX9 and
GATA4 motifs) interacted only with SOX9 and GATA4,
but not with DMRT1. Finally, the Mrp/45 probe (all three
motifs) bound to all three factors. In each case, we observed
always two distinct complexes for SOX9, suggesting that
SOXO9 could binds either as monomeric (*) or dimeric (})
forms, in contrast with the BS probe that contains the in
vitro defined SOX9 consensus motif (panel SOX9 BS on
Figure 4I). However, we did not observe a clear preference
for monomeric or dimeric SOX9, it depends of the probe
used. Indeed, SOX9 bound preferentially as a homodimer
to the Lats2 probe, and as a monomer to the Lmo4 and
Mrpl45 probes. Interestingly, SOX9 could bind as a homod-
imer also to a probe with a single predicted motif (probe
Lats2). We also observed at least two protein-DNA com-
plexes for DMRT1, as already published (41), and only one
for GATA4. We conclude that the in silico predicted DNA
motifs of the SCS are effectively bound, at least in vitro, by
SOX9, DMRT1 and GATA4.

Genes bound by DMRTT1 in foetal testis harbour SCSs only
if they are also bound by SOX9

In foetal testis, Dmrtl is expressed in Sertoli and germ cells
(85). As DMRT1 motifs were highly correlated with SOX9
motifs within SCSs, we hypothesized that these two tran-
scription factors have common target genes in foetal Sertoli
cells. We first confirmed that both SOX9 and DMRT1 were
co-expressed in the nucleus of Sertoli cells at E13.5 (Figure
5A). Then, to determine whether SOX9 and DMRT1 had
common target genes, we compared E13.5 mouse DMRT1

bars) were used as controls. (B) Pearson correlation coefficients (PCC; Y axis) for the indicated combinations of DNA binding motifs in the mouse and
bovine ChIP-seq datasets and scrambled sequences. (C) PCC (Y axis) for the three combinations of DNA binding motifs (SOX9-GATA4; SOX9-DMRT1
and GATA4-DMRT]1) in the mouse (red bars), bovine (orange bars) ChIP-seq datasets and in orthologous regions from twelve other mammals (blue
bars). Genome builds are detailed in Supplementary Figure S3C. (D) SOX9, DMRT1 and GATA4 binding motif enrichment in ChIP-seq datasets for
transcription factors (GATA1, GLI1, PPARg, MEF2, ZFP281, CUX2, NACI1, REX1, NANOG, GFI1b, ASCLI and TBXS5) expressed in various tissue
and cell types. (E) SOX9, DMRT1 and GATA4 binding motif enrichment in ChIP-seq for other SOX factors (SOX2, SOX2, SOX3, SOX4, SOX6, SOX10,
SOX11 and SOX17). ES, ES cells; NPC, neural progenitor cells; SchC, Schwann cells; ExEnd, extra-embryonic endoderm; Fet Test, foetal testis. (F) SOX9,
DMRT1 and GATA4 binding motif enrichment in SOX9 ChIP-seq datasets from various tissues. For (D), (E) and (F), see description of tissue/cell types
used to obtain the datasets in Supplementary Tables S4 to S6. For panels (A), (D), (E), (F): data are the mean &+ SD; ****P < 0.0001; ***P < 0.001; **P
< 0.01; ns: not significant (ANOVA with the Geisser—Greenhouse correction for multiple comparisons). (G) Graph showing for peaks close to the TSS
in the mouse and bovine SOX9 ChIP-seq datasets, the averaged curves of the localization of the SOX9, GATA4 and DMRT]1 binding motifs relative to
the TSS. X-axis: nucleotide distance from the TSS. Y-axis: count of the three motifs. (H) The 20 most represented tetramer motifs among peaks bound
by SOXO9 in the mouse (left) and bovine (middle) datasets. On the right: the top 20 conserved tetramers among orthologous genes bound by SOX9 in the
mouse and bovine ChIP-seq datasets. Motifs are in the direct (D) or reverse (R) orientation relative to the transcription of the nearby gene (black arrow).
Black and red lines show identical tetramers in the two mammalian species. (I) Electrophoretic mobility shift assays showing binding of in vitro translated
SOX9, DMRT1 and GATAA4 proteins to DNA probes derived from mouse ChIP-seq peaks assigned to the Lats2, Lm04 and Mrpl45 genes and containing
SCSs. +/ indicate programmed and un-programmed lysates. Arrows indicate protein/DNA complexes. {: SOX9 dimers; *: SOX9 monomers; BS, control
probes with the consensus binding motifs for SOX9, DMRT1 and GATA4. Coloured bars indicate the direct (D) or reverse (R) orientation of motifs in
each DNA probe.
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Figure 5. Genes bound by DMRT]1 in foetal testis have SCSs only if they are bound also by SOX9. (A) Immunofluorescence experiments with antibodies
against SOX9 (red) and DMRTT (green) on sections of E13.5 wild type XY gonads. Merged view shows Sertoli cells that express both SOX9 and DMRT1
in the nucleus (orange). DNA was stained with DAPI (blue). Scale bar, 30 wm. (B) Venn diagram showing the genomic overlap between peaks bound both
by SOX9 and DMRT1 from independent SOX9 and DMRT1 ChIP-seq datasets from E13.5 foetal testes. (C) SOX9, DMRT1 and GATA4 binding motif
enrichment in regions bound by SOX9 only (red bars), SOX9 and DMRT]1 (orange bars) and DMRT1 only (green bars). (D) ChIP-qPCR (left panels) and
sequential ChIP-qPCR (right panels) assays of sheared chromatin from E13.5 foetal mouse testes. For ChIPs, chromatin samples were immunoprecipitated
in parallel with anti-SOX9, -DMRT1 or -GATA4 antibodies. For sequential ChIPs, samples were first immunoprecipitated with an anti-SOX9 antibody
and then with an anti-DMRT]1 or anti-GATA4 antibody. The analysed genomic regions correspond to overlapping SOX9 and DMRT1 ChIP-seq peaks.
Olfml2a and Abtb2 are genes upregulated in E13.5 Sertoli cells versus granulosa cells and downregulated in XY KO gonads. JhdmId and Wnt4 are genes
up- and down-regulated, respectively, in E13.5 Sertoli cells versus granulosa cells. Data are the mean £ SD (n = 3); ****P < 0.0001; ***P < 0.001; **P <

0.01 (ANOVA with the Geisser—Greenhouse correction for multiple comparisons).




(25) and SOX9 ChIP-seq datasets and found that among
the 2430 and 6419 respective peaks, 671 overlapped (Figure
5B). As a control, 30 sets of 2430 regions of equivalent size
and randomly selected in the mouse genome displayed very
little overlap (<10 regions) with the 6419 peaks of the SOX9
ChIP-seq dataset (not shown). From these 571 common re-
gions, we also identified 411 (71%) orthologous regions in
the bovine SOX9 ChIP-seq dataset (not shown).

We then analyzed separately the SCS content of the
two populations of peaks in the DMRT1 ChIP-seq dataset
(i.e. regions bound or not by SOX9). Overall, regions
bound by DMRT1 displayed the same global enrichment
for SOX9, DMRT1 and GATA4 binding sites as observed in
the SOX9 ChIP-seq dataset. However, in peaks bound only
by DMRT1, SOX9 and GATAA4 sites were not as enriched
as DMRT]1 binding sites (Figure 5C). Similar results were
obtained by calculating the PCCs (Supplementary Figure
S7). From these analyses, we conclude that regions bound
by DMRTI in foetal testis display SCSs only when they are
also bound by SOX9.

On the basis of these results, we hypothesized that on
Sertoli cells chromatin, DMRT1 and GATA4 could co-
habit in proximity of SOX9 on it target genes. To verify
this hypothesis, we performed ChIP and sequential ChIP-
gPCR assays using E13.5 foetal testis chromatin extracts.
For sequential ChIP (also known as Chlp re-ChIP), we
took advantage of the fact that in foetal testis, SOX9 is ex-
pressed only in Sertoli cells, while DMRT1 and GATA4
are expressed in Sertoli cells and also in germinal (Figure
S5A) and interstitial compartment cells, respectively (Sup-
plementary Figure S7B). Therefore, we first immunoprecip-
itated chromatin with an anti-SOX9 antibody to retain only
chromatin from Sertoli cells, and after immune complex
dissociation, we performed the second immunoprecipita-
tion with an anti-DMRT1 or GATA4 antibody. For gPCR
analysis, we chose probes that amplify the following four
regions (among the 571 overlapping peaks in SOX9 and
DMRT1 ChIP-seqs; orange area and bars in Figure 5B and
C): the Olfml2a and Abtb2 genes that are downregulated in
Sox92/2 XY testes, and the Jhdmld and Wnt4 genes that
are up- and down-regulated, respectively, in E13.5 Sertoli
cells compared with granulosa cells (64). Single ChIP assay
showed that the four genes were bound by SOX9, DMRT1
and GATA4 in E13.5 whole testis extracts (Figure 5D, left
panels). Sequential ChIPs (Figure 5D, right panels) showed
that in Sertoli cells, Olfmil2a, Abtb2, Jhdmlid and Wnt4 were
bound by SOX9 and DMRTT, while only A4bth2 and Wnt4
were bound by SOX9, DMRT1 and GATAA4. The fact that
the genes Olfml2a and Jhdmid were immunoprecipitated in
the GATA4-ChIP, but not by SOX9-ChIP with GATA4-
re-ChlIP is explained by the expression of GATA4 by non-
Sertoli cells (i.e. SOX9-negative cells) (Supplementary Fig-
ure S7B). As control, ChIP-seq peaks from genes that are
strongly expressed in germ cells and bound only by DMRT1
(green circle and bars in Figure 5B and C), like CdkI2 and
Nek3, were not bound by SOX9 (not shown).

Our results show that, in SOX9 target genomic regions,
DMRT1 and GATAA4 bind near SOX9 in foetal Sertoli cells.
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SCS scanning identified TRIM28 as a new SOX9 partner in
foetal testis

As regions bound by DMRT1 with a SCS were also bound
by SOXO9 in foetal testes, we hypothesized that by search-
ing for SCSs in ChIP-seq datasets of various unrelated
transcription factors we might identify new proteins that
contribute to SOX9-mediated transcriptional regulation in
Sertoli cells. By analyzing ChIP-seq datasets for 50 differ-
ent transcription factors obtained from GEO, we identi-
fied a SCS in the dataset for the nuclear factor TRIM28
in mouse embryonic stem (ES) cells (TRIM28 ChIP-seq
dataset) (86) (Figure 6A) where 1501 peaks (44.5% of
3370) overlapped with those of the mouse SOX9 ChIP-seq
dataset (Figure 6B). As this finding indicates that TRIM28
can bind to the same genomic regions as SOX9, the two
might physically interact. Co-immunofluorescence experi-
ments showed that TRIM28 and SOX9 were both expressed
in the nucleus of foetal Sertoli cells (Supplementary Fig-
ure S8A) where they co-localize, as indicated by super-
resolution three-dimensional structured-illumination (3D-
SIM) microscopy with z-sections of 0.12 um (87) (Fig-
ure 6C, white arrows). Moreover, two different antibod-
ies against the N- or C-terminal moieties of SOX9 could
co-immunoprecipitate TRIM28 with SOX9 in NT,D; cells
(Supplementary Figure S8B). Pull-down assays with puri-
fied recombinant proteins showed that GST-TRIM28 inter-
acted directly with SOX9 (Figure 6D). SOX9 and TRIM28
were also co-immunoprecipitated in nuclear extracts from
E13.5 mouse foetal testes, but not from foetal ovaries that
do not express SOX9 (Figure 6E). This confirms that this in-
teraction also occurs in foetal Sertoli cells. To test whether
SOX9 and TRIM28 co-localized on foetal Sertoli cell chro-
matin, we then performed sequential ChIP-qPCR experi-
ments. Among the 1501 genes that are bound by SOX9 and
TRIM28 (orange in Figure 6B), we chose Sox/3 and Sox10,
two genes that are downregulated in Sox94/4 XY gonads,
and Fgfl8 and Wnt4 that are up- and down-regulated,
respectively, in E13.5 Sertoli cells compared with granu-
losa cells (64). Single ChIP-qPCR (Figure 6F, left panels)
showed that both SOX9 and TRIM28 bound to these genes
in E13.5 testes, and sequential ChIP (ChIP with anti-SOX9
antibody followed by re-ChIP with an anti-TRIM28 anti-
body) gave similar results. This demonstrates that, in Sertoli
cells, for these SOX9 target genes TRIM?28 binds to chro-
matin near SOX9.

To investigate whether SOX9 and TRIM28 could collab-
orate on transcriptional regulation, we transduced HEK 293
human embryonic kidney cells with a tet-SOX9 lentivi-
ral vector (tet-SOX9-HEK?293 cells), as previously done in
NT,D; cells. We chose HEK293 cells for this experiment,
rather than NT,D; cells, because of their low endogenous
SOX9 and TRIM?28 expression levels. Tetracycline-induced
expression of the SOX9 transgene strongly induced the ex-
pression of endogenous SOX10 compared with cells with-
out tetracycline. This effect was significantly increased in
tet-SOX9-HEK?293 cells that overexpressed also TRIM28
(Figure 6G, upper panel). In agreement, SOX9-mediated
downregulation of EM X2, a gene that is strongly repressed
in differentiating foetal Sertoli cells (Figure 6F), also was
significantly increased by co-expression of TRIM?28 (Figure
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Figure 6. SCS screening allowed the identification of TRIM28 as a new SOX9 partner in foetal testis. (A) The three SOX9/DMRT1/GATA4 binding
motifs are similarly enriched in the TRIM28 ChIP-seq dataset from mouse ES cells (blue bars) (Supplementary Table S7) as the SCSs observed in the



6G, lower panels). These results suggest that TRIM28 could
contribute to SOX9-mediated activation or repression of its
target genes.

These findings indicate that TRIM28 binds together with
SOX9 to chromatin regions containing SCSs and may con-
tribute to the transcriptional regulation SOX9 target genes
in foetal Sertoli cells. This strongly supports a novel func-
tional relationship between SOX9 and TRIM28 and sug-
gests that TRIM28 might be a new factor of testis differen-
tiation with a role that remains to be fully characterized.

DISCUSSION

In this study, we tried to elucidate how the transcription
factor SOX9 controls Sertoli cell fate by regulating the
expression/transcription of its target genes. First, we iden-
tified the set of genes bound by SOX9 in two distant mam-
mals (mouse and cattle) at an equivalent stage of foetal testis
development. The 4293 conserved SOX9-bound genes in-
clude many molecules with previously described roles in
male and female somatic sex determination. Moreover, a
considerable proportion of genes that are up- or down-
regulated specifically in Sertoli cells at E13.5 (64) are bound
by SOX9 (38% and 44% respectively), suggesting that SOX9
could simultancously activate the male and repress the fe-
male differentiation pathway. Supporting this, we observed
that in both mouse and bovine foetal testes, SOX9 also
binds to typical female genes, such as Wnt4 (61), Fst, Bmp2
(62) and FoxL2 (63).

To investigate the functional role of SOX9 in Sertoli cells,
we then knocked-out the Sox9 gene after primary sex deter-
mination specifically in Sertoli cells. This allowed creating
a hypomorphic mutant of the SOX E group. Moreover, in
this genetic background, Sox8 remains active and plays a
partial compensatory role (67). Therefore, the effects on the
E13.5 gonad transcriptome should result from transcrip-
tional mis-regulation only in Sertoli cells.

In Sox92/% XY gonads, 240 genes were down- and 107
genes up-regulated compared with wild type XY gonads.
SOX9-bound genes were more frequently found among
the downregulated than the upregulated genes (40% versus
22%), suggesting that SOX9 acts mainly as a transcriptional
activator. Alternatively, Sox8 could replace Sox9 for this
function because in the double Sox9 and Sox8 knock-out,
FoxL2, a female gene bound by SOX9 in the mouse and
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bovine ChIP-seq datasets, shows ectopic testicular expres-
sion (88). Among the 95 SOX9-activated genes (i.e., down-
regulated in the absence of SOX9), 65 are also differentially
expressed in male and female supporting cells and the ex-
pression of 37 of them in Sox9%/4 XY gonads was inter-
mediate between that observed in wild type XY and XX
gonads. For example, Sox/0 displayed residual expression,
probably the result of its activation by SOXS, as already
reported (88). Also, our results identify Sox/0 as a direct
target gene of SOX9 during sexual differentiation. The ex-
pression of other downregulated genes in Sox9%/4 XY go-
nads was comparable or lower than in wild type XX gonads,
showing that they are specifically regulated by SOX9 and
not rescued by SOX8. Notably, the expression of 30 SOX9-
bound genes that were downregulated in Sox94/4 XY go-
nads compared with wild type XY gonads was comparable
in Sertoli cells of XY gonads and granulosa cells of XX go-
nads (64). This suggests that SOX9 contributes to the reg-
ulation of the expression of non-sex-specific genes involved
in the fate of supporting cells. This role would depend on
distinct transcription factors in female granulosa cells. Us-
ing an in vitro approach, we confirmed the activating role of
SOX9 on genes that are downregulated in Sox9%/4 XY go-
nads (such as SOX10). We also confirmed that genes (such
as SOX6) upregulated in Sertoli cells and bound by SOX9
but not affected by in Sox94/4 XY gonads could be acti-
vated by SOX9. This observation is explained by SOX9 re-
dundancy with SOX8 in mutant gonads.

We then took advantage of the RNA-seq technology to
investigate whether SOX9 ablation could perturb RNA pro-
cessing of its target genes. In Sox92/% XY gonads, splicing
of 154 transcripts (among which 70 of SOX9-bound genes)
was significantly affected. In Sox9%/2 XY gonads, splic-
ing variations encompassed the five major splicing events.
For example, incorporation of exon 2 in the A¢rx transcript
was more frequently observed in mutant testis and ovary
than in wild type testis. Fgfr2, which is crucial for sex-
determination (75), has two spliced isoforms that include
either exon 8 (Fgfi2b) or exon 9 (Fgfr2¢ that encodes the
high affinity FGF9 receptor) (89). Our results show that at
E13.5, SOX9 inhibits the inclusion of exon 9 in the Fgfi2
transcript and promotes the production of Fgfr2b, as al-
ready described in pancreas (90) and in agreement with our
previous observation that the Fgfi2¢ isoform is more ex-
pressed in XY sex-reversed ovaries than in XY testes (91).

SOX9 ChIP-seq dataset from mouse foetal testes (red bars). Orange bars, TRIM28 ChIP-seq peaks that overlap with SOX9 ChIP-seq peaks as shown
in the Venn diagram (B). (C) Super-resolution OMX fluorescence microscopy using 0.12 wm Z-sections showing the co-localization of SOX9 (red) and
TRIM2S (green) in the nucleus of E13.5 Sertoli cells (orange/yellow spots indicated by white arrows in the insets). DNA was stained with DAPI (blue). Sc:
Sertoli cells; Ge: germ cells. Bar: 2 pm. (D) In vitro pull-down experiments using purified mouse GST-TRIM28 or GST alone and 6xHis-tagged human
recombinant SOX9. Proteins were analysed by western blotting using anti-SOX9 (upper panel) and anti-TRIM28 antibodies (lower panel). (E) Left panel:
nuclear extracts from E13.5 male and female foetal gonads were immunoprecipitated using the anti-CT-SOX9 antibody or IgG (control) and analysed by
western blotting with the anti-TRIM28 antibody. Right panel: detection of TRIM28 in nuclear extracts (Nucl. Ext) before immunoprecipitation (input).
(F) ChIP-qPCR (left panels) and sequential ChIP-qPCR (right panels) of sheared chromatin from E13.5 foetal mouse testes with anti-SOX9 and ~-TRIM28
antibodies. The analysed genomic regions correspond to overlapping SOX9 and TRIM28 ChIP-seq peaks. Sox13 and Sox10 are genes upregulated in E13.5
Sertoli cells versus granulosa cells and downregulated in XY KO gonads. Fgf/8 and Emx2 are genes up- and down-regulated, respectively, in E13.5 Sertoli
cells versus granulosa cells. Data are the mean + SD (n = 3); ***P < 0.001; **P < 0.01 compared to control unrelated antibody (Unr Ab) (ANOVA with
the Geisser—Greenhouse correction for multiple comparisons for ChIP data; Student’s ¢ test for sequential ChIP data). (G) RT-qPCR analysis showing
transcriptional activation or repression of the SOX70 and EMX2 genes, respectively) in tet-SOX9-HEK293T cells incubated (+7Tc) or not (-Tc) with
tetracycline to induce SOX9 expression and transfected or not (empty vector) with a TRIM28 expression plasmid. SOX70 and EM X2 expression data are
relative to the IPOS control. Data are the mean £ SD (n = 3); ****P < 0.0001; **P < 0.01; *P < 0.1 (ANOVA with the Geisser—-Greenhouse correction
for multiple comparisons).
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More generally, our results suggest that SOX9 could influ-
ence the proteome of a specific cell type by controlling its
splicing programme. Beside the production of specific iso-
forms of proteins involved in the epithelial cell fate (Ubfdl
and Gadd45g), intron retention could be a powerful mech-
anism to finely regulate the stoichiometry of active proteins
without modifying transcription.

Concerning the molecular mechanisms whereby SOX9
might control RNA processing, recent studies showed that
epigenetic regulation plays a direct role in the control of al-
ternative splicing (for review see:(92)). For instance, alter-
native splicing of Fgfir2 transcripts is regulated at the chro-
matin level (93), suggesting a possible link between SOX9
binding to its target genes and the splicing machinery. The
finding that the SOX9 ChIP-seq peaks of 28% of SOX9-
bound genes with perturbed mRNA splicing in Sox92/4
XY gonads overlapped with the exons/introns involved in
the splicing events (Figure 3B) is strongly in favour of this
hypothesis. As transcription and splicing are coupled, we
could hypothesize that DNA-bound SOX9 might regulate
the cross-talk between chromatin and the splicing machin-
ery during transcription of its target genes. Alternatively,
and as previously suggested for SOX proteins (71,94), di-
rect binding of SOX9 to pre-mRNA cannot be excluded.
Sex-specific RNA splicing is a key mechanism in Drosophila
(95), but was not known in mammals. Although we showed
that in vitro SOX9 can regulate splicing, this mechanism re-
quires additional studies at the molecular level.

We then investigated whether SOX9-bound genes in
mammalian testis shared genomic determinants that char-
acterize the Sertoli cell fate developmental program. For
this, we took advantage of the ChIP-seq analysis in two
distant mammals that highlighted an important conser-
vation of the SOX9 peak distribution in the two species.
Therefore, instead of comparing the nucleotide conser-
vation of putative binding sites for transcription factors
among orthologous regions, we chose to analyse the dis-
tribution of pre-defined binding sites for five Sertoli cell
differentiation/reprogramming factors (SOX9, GATA4,
DMRTI1, SFI and WTI1) (18) in the whole ChIP-seq
datasets from both mammals. This led to the definition of
a Sertoli cell signature (SCS) in which SOX9, GATA4 and
DMRT1 motif enrichment characterizes the genomic re-
gions bound by SOX9 in Sertoli cells. This genomic signa-
ture is conserved, as indicated by its presence in orthologous
regions from twelve other mammals. We also observed this
signature in other vertebrate genomes, for instance, in the
chicken genome (not shown) where DMRT1 plays a crucial
role in sex determination (96). The fact that SOX, GATA
and DMRT motifs co-segregate in a set of genes involved in
male gonad differentiation could explain why either DMRT
domains (birds, some fish species) or SOX domains (mam-
mals) are involved in testis determination in vertebrates.

We found that SCSs are not a common feature of re-
gions bound by other transcription factors or other SOX
factors. Moreover, SCSs are not present in SOX9 target re-
gions in the other tissue/cell types we analyzed (80-83), but
for mouse basal cell carcinoma and human colorectal can-
cer cells. This suggests that in these pathological conditions
SOX9 genomic features show strong similarity with those
observed in foetal Sertoli cells. As SOX9 overexpression has

an oncogenic role in basal cell carcinoma (83) and colorectal
cancer (97), the presence of this genomic signature in other
cancer types should now be investigated.

Analysis of SCS organization revealed a strong motif
clustering, where motifs are separated by fewer than 50 nu-
cleotides. Moreover, in peaks close to the gene body, motifs
clustered at a precise distance upstream or downstream the
TSS. This suggests that this genomic feature has functional
significance in transcriptional regulation. Moreover, SOX9
and GATA4 binding motifs were preferentially associated,
while the position of DMRT1 motifs was less constrained.
Importantly using sequential ChIP-qPCR we showed that
DMRT1 and GATA4 co-localize with SOX9 on chromatins
of'its target genes. Additional analyses are required to deter-
mine how these factors collaborate in gene regulation and
how they bind to SCSs.

As DMRTT is expressed in Sertoli and germ cells at
E13.5, we searched for potential SCSs in DMRT1 ChIP-
seq datasets (25). We found that peaks bound by both SOX9
and DMRT1 had SCSs, while those only bound by DMRT1
presented a different motif enrichment pattern. This sug-
gests that a genomic region bound by DMRT1 will display
a SCS only if it is also bound by SOXO.

As a proof of concept, we used our global motif-
enrichment scanning method to identify new factors with
SCSs in ChIP-seq datasets that could have functional rela-
tionship with SOX9. We found that in ES cells, TRIM28
interacts with many regions that are also bound by SOX9
in foetal testis and showed that the two proteins form a
complex within the foetal testis. Moreover, as TRIM28 co-
localizes on SOX9 target genes in vivo and cooperate with
SOXO9 in vitro to regulate gene expression, our results high-
light an important role for TRIM28 in SOX9-dependent
transcriptional regulation. Interestingly, our in vitro results
suggest a bi-potential action for SOX9-TRIM28 complexes,
either activating, either repressing the target genes. This ob-
servation fits well with the ChIP-seq results where SOX9
binds to male and also female genes.

Concerning the potential role of SCSs, they might facili-
tate the attraction of SOX9 or of other factors involved in
male sexual differentiation, such as DMRT1 or GATA4,
towards genes involved in the Sertoli cell programme, en-
hancing the probability of building multi-protein complexes
on chromatin. This would make of SCSs important compo-
nents of Sertoli cell fate. Additional studies with gain- or
loss-of-function mouse models are required to validate this
hypothesis. Moreover, it is not yet known whether in Sertoli
cells SOX9 binds to all regions harbouring SCSs.

The motif-enrichment scanning method we developed for
SCS identification uses matrices to characterize binding-
motifs of a set of transcription factors defined by a re-
programming experiment, here the transcription factors re-
quired for the direct reprogramming of embryonic fibrob-
lasts into Sertoli cells (18). This approach could be used also
in other biological systems because many transcription fac-
tor combinations can directly reprogram the fate of differ-
ent cell types (98).

In conclusion, our work shows that in mouse and bovine
foetal testes, SOX9 binds to a core group of ~4000 genes
that includes all those with an already known role in so-
matic sex determination. Moreover, despite redundancy



with SOXS, SOX9 regulates specifically the transcription or
splicing of a subset of target genes. However, we cannot rule
out that SOX9 activity on splicing might be indirect. Fi-
nally, the presence of SOX9 on chromatin in foetal testes
is correlated with a genomic signature (SCS) comprised of
binding motifs for transcription factors involved in Sertoli
cell programming, suggesting that this signature represents
a Sertoli cell regulatory code. This genomic feature allowed
us to discover TRIM28, a new SOX9 protein partner.
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