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ABSTRACT

SOX9 is known as a crucial transcription factor
for various developmental processes and for tissue
homeostasis. We examined here its potential role
in alternative splicing by analyzing global splicing
changes, using RNA-seq of colon tumor cells. We
show that SOX9 knockdown alters the splicing of
hundreds of genes without affecting their expression
levels, revealing that SOX9 controls distinct splicing
and transcriptional programs. SOX9 does not affect
splicing patterns through the control of splicing fac-
tors expression. We identify mutants that uncouple
SOX9 splicing function from its transcriptional activ-
ity. We demonstrate that SOX9 binds to RNA and as-
sociates with several RNA-binding proteins, includ-
ing the core exon junction complex component Y14.
Half of SOX9 splicing targets are also modulated by
Y14 and are no longer regulated by SOX9 upon Y14
depletion. Altogether, our work reveals that SOX9 is
a moonlighting protein which modulates either tran-
scription or splicing of distinct sets of targets.

INTRODUCTION

SOX9 is a member of the SOX proteins family for SRY-
related HMG (high-mobility group) proteins (1). Since its
discovery 30 years ago, SOX9 has been described as a key
player during embryogenesis, especially in the maintenance
of the progenitor pool and in cell differentiation (2), chon-
drogenesis (3), male sex determination (4), neural develop-
ment (5, 6) and biliary morphogenesis (7). SOX9 is cru-
cial, not only during development but also in mature or-
gans, particularly in stem cells. Indeed, SOX9 has impor-
tant roles in homeostasis and maintenance of the pool of
progenitors in various tissues (2). In the intestinal epithe-
lium, SOX9 is mostly expressed in progenitor cells at the
bottom of the crypts, as well as in differentiated Paneth cells
where it controls their differentiation (8,9). Consistent with

SOXO9 pleiotropic roles during development and in adult-
hood, deregulation of SOX9 expression has physiopatho-
logical consequences. SOX9 heterozygous mutations cause
campomelic dysplasia (1), a lethal disorder that involves se-
vere skeletal malformations and sex reversal. In contrast,
SOX9 overexpression leads to fibrosis in the liver and SOX9
is overexpressed in various types of cancer, including col-
orectal cancer (2). SOX9 has been shown to have onco-
genic properties. It drives breast cancer dissemination and
endocrine resistance (10), regulates lung cancer cell plastic-
ity (11) and promotes metastasis in colon carcinoma (12).
However, the exact role of SOX9 in tumorigenesis remains
debated, particularly its effect on cell proliferation. For
instance, SOX9 overexpression promotes (13,14) or sup-
presses (8,15) cell proliferation depending on the tumor
type, the cell line or the basal level of SOX9 expression.

SOX transcription factors bend DNA through the
interaction of their HMG domains with the minor
groove of the DNA helix at the consensus-binding motif
(A/T)A/T)CAA(A/T)G (16). SOX proteins are pioneer
factors as they are able to bind compact silent chromatin
and recruit non-pioneer transcription factors to drive cell
fate decisions (17). Recent ChIP-seq analyses in a develop-
mental context (14,18) and in a colorectal cancer cell line
(19) have reported that SOX9 binds to different sites and
modulates expression of distinct genes, depending on which
partners it associates with. Therefore, the SOX9 regulatory
networks are more complex than expected and likely de-
pend on cellular context.

Fifteen years ago, the Sassone-Corsi group demon-
strated a direct role for SRY, SOX6 and SOX9 in splicing
using in vitro splicing assay (20). Later, SOX9 was shown to
cooperate with the RNA-binding protein pS4nrb/NONO
to modulate the splicing of the SOX9 transcriptional tar-
get Col2al (21). More recently, a global analysis has shown
that SOX9 depletion leads to splicing changes in Sertoli
cells (18). However, none of these studies addressed how
SOXO9 regulates alternative splicing and, most importantly,
whether this function of SOX9 is coupled to its transcrip-
tional activity. Here, we demonstrate that SOX9 affects al-
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ternative splicing of hundreds of genes independently of
its transcriptional activity. We also show that SOX9 mod-
ifies splicing patterns through its association with bona fide
splicing factors, including the exon junction complex (EJC)
component Y 14.

MATERIALS AND METHODS
Antibodies and plasmids

For proximity ligation assay (PLA), we used mouse mono-
clonal anti-SOX9 (Sigma-Aldrich), anti-p54nrb (BD Trans-
duction Laboratories™), anti-PSF (Sigma-Aldrich) and
anti-Y14 (Abcam) antibodies, as well as polyclonal rab-
bit anti-SAM68 (Santa Cruz Biotechnology, INC), anti-
PSP1 (22) and anti-SOX9 (Merck) antibodies. A rabbit
anti-FLAG (Sigma-Aldrich) antibody was used for RNA
immunoprecipitation assays. For western blots, we used a
rabbit anti-SOX9 antibody (Merck) to detect the endoge-
nous SOX9 protein, monoclonal anti-FLAG M2 (Sigma-
Aldrich) to detect overexpressed FLAG-SOX9 mutants, as
well as rabbit polyclonal anti-GFP (Torrey pines Biolabs
Inc.), anti-PSF (Atlas Antibodies), anti-GAPDH (Cell Sig-
naling) and mouse anti gamma-tubulin (Sigma) antibodies.

N-terminally FLAG-tagged wild-type (wt) SOX9 was
cloned into pcDNA3 vector (23) and used to generate SOX9
mutants using the QuickChange® II XL site-directed mu-
tagenesis kit (Agilent Technologies). Point mutations were
made to generate the indicated amino acid changes. Dele-
tion mutants were obtained by inserting stop codons. SOX9
WI143R and MiniSOX9 constructs were previously de-
scribed (24). The ZDHHC16 minigene, containing exon 7,
its flanking introns and exons 6 and 8, as well as the SOX9
mutants DelDIM, K68E and R94H were generated by gene
synthesis and cloned into pcDNA3.1 vector (GenScript).
The EIF4A3, MAGOH and Y14 open reading frames were
cloned downstream of the GFP coding region into the
peGFP-C3 plasmid.

Cell culture and transfections

DLD-1 and HEK293T cells were maintained in DMEM
Glutamax (ThermoFisher Scientific) and supplemented
with penicillin/streptomycin (Thermo Fisher Scientific)
and 10% FCS (EUROBIO) at 37°C in a 5% CO, atmo-
sphere.

For siRNA knockdown, DLD-1 or HEK293T cells were
plated in 6-well plates 24 h before transfection and trans-
fected with 50 nM of siRNA using INTERFERin® (Poly-
plus Transfections) according to the manufacturer’s proto-
col. Cells were then harvested 72 h after transfection for
RNA isolation and protein analysis. HEK293T cells were
transfected with SOX9 plasmids 48 h later.

For plasmid transfection, pcDNA3-SOX9 wt or SOX9
mutants and pcDNA3-ZDHHC16-Minigene constructs
were transfected into HEK293T cells in 6-well plates. 400
000 cells were plated 24 h prior to transfection with a mix
of 1 wg plasmid DNA and 6 .l of jetPEI® (Polyplus Trans-
fections). Cells were harvested 24 h later for RNA isolation
or protein analysis.

Nucleic Acids Research, 2018, Vol. 46, No. 17 9107

Luciferase assay

HEK293T cells were co-transfected as described above with
0.5 pg wt or mutant SOX9 constructs and 0.5 ng SOX
reporter (SOX) or control vector (SAC). A total of 0.025
g pRLSV-Renilla was used as an internal control. Lu-
ciferase assays were performed with the Dual-Luciferase®
Reporter Assay System (Promega) according to the man-
ufacturer’s instructions. Luciferase activities in cell lysates
were normalized relative to the Renilla luciferase activity,
and the indicated activities represent the SOX/SAC ratio,
indicative of the SOX9 binding site-specific activity. The
‘SOX-luciferase’ reporter construct consists of seven copies
of the AACAAAG SOX-binding sequence, inserted up-
stream of a minimal herpes simplex thymidine kinase pro-
moter. The ‘SAC-luciferase’ control construct consists of
seven copies of the CCGCGGT sequence.

Proximity Ligation assay (PLA)

The association between SOX9 and its potential partners
was tested by PLA using the Duolink® green kit (Sigma-
Aldrich) according to manufacturer’s instructions. Green
fluorescence indicates the association of the two proteins of
interest if they are no further than 40 nm apart. As a con-
trol for non-specific fluorescent background, each primary
antibody was used alone. Briefly, DLD-1 cells were plated
on glass coverslips at various densities and fixed 24 h later
with 4% paraformaldehyde (PFA) for 10 min, then perme-
abilized in phosphate-buffered saline (PBS)/Triton 1% for
5 min and then blocked for 45 min in PBS/bovine serum al-
bumin (BSA) 5% at room temperature. Cells were then in-
cubated with primary antibodies against SOX9 and its po-
tential partners (for antibodies references see above). An-
tibodies were diluted in PBS/BSA 10% buffer and incu-
bated for 1 h at room temperature. After incubation with
the mouse and rabbit secondary antibodies conjugated to
PLA probes, ligation and amplification, cells were mounted
in ProLong® Gold antifade medium supplemented with
Hoechst (Sigma-Aldrich) at a concentration of 1 pg/ml.
Fluorescence was analyzed using a ZEISS Axioimager Z2
wide-field microscope.

RNA extraction and reverse transcription

Total RNA extraction was performed using an RNeasy
Plus Mini Kit (Qiagen) according to the manufacturer’s in-
structions after homogenization of each sample with a QI-
Ashredder column (Qiagen). A DNase step was addition-
ally performed during RNA isolation as described by the
manufacturer. After RNA denaturation during 5 min at
65°C, 1to 2 wg of total RNA was converted to cDNA using
SuperScript™ IIT (Thermo Fisher Scientific) for 1 h at 50°C
and the enzyme was then inactivated for 5 min at 85°C.

PCR and quantitative RT-PCR

cDNAs were diluted 5-fold and 2 pl of diluted cDNA were
then used for each polymerase chain reaction (PCR) or
quamtitative PCR reaction. All primers were designed us-
ing Primer3 with default parameters (see a list in Supple-
mentary Table S1).
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PCR reactions were performed using the Taq CORE kit
(MP Biomedicals) according to the manufacturer protocol.
A first cycle of 15 min at 95°C was followed by 35 cycles
of 30 s at 94°C, 30 s at 55°C and 30s at 72°C. The reaction
was ended with an extension step for 3 min at 72°C. Visu-
alization and quantification of amplified products was per-
formed with a LabChip HT DNA assay on an automated
microfluidic station (25) (Caliper, Hopkinton, MA, USA).
For all experiments, quantifications of PCR triplicates are
shown as a mean of their percent spliced in (PSI) or percent-
age spliced exclusion (PSE). The APSI value was obtained
by subtracting the PSI value of SOX9 KD from that of the
corresponding control.

Quantitative RT-PCR reactions were performed using
LightCycler® 480 SYBR Green Master Mix and amplified
on the LightCycler® 480 instrument (Roche) with primers
listed in Supplemental Table S1. Relative levels of gene ex-
pression were analyzed using the 222t method and com-
pared to the expression of the human housekeeping gene
MRPLI19. All analyses were performed according to the
MIQE guidelines (26).

RNA-seq and bioinformatics

High-throughput sequencing of RNA libraries was per-
formed following the standard protocol from Fasteris
(www.fasteris.com). All sequencing runs were performed
on an [llumina HiSeq 2500 with a minimum percentage of
bases above a quality score of 30 (Q30) of about 90%. Se-
quencing length was 100 bases for siSOX9 RNAseq and 125
bases for siY 14.

Raw sequences were evaluated with FastQC for the qual-
ity of the sequencing and for sequencing adaptor contami-
nation. Low quality sequencing reads were trimmed and se-
quencing adaptor sequences were removed with fastq-mcf
(www.expressionanalysis.github.io/ea-utils/) (Parameters: -
D 100 -1 50 for siSOX9-RNA-seq experiments and -1 125
for siY 14 RNA-seq experiments).

High quality sequencing reads were then aligned
with Tophat2 (Bowtiel) (https://ccb.jhu.edu/software/
tophat/index.shtml) and Hisat2 (https://ccb.jhu.edu/
software/hisat2/index.shtml) for siSOX9 reads and siY14
reads, respectively. The BAM files produced by the
aligners were sorted with samtools. Differential alter-
native splicing events were quantified with rMATS
(http://rnaseq-mats.sourceforge.net/) (parameters: -t single
-len 100 for siSOX9 or -len 125 for siY 14).

Aligned reads (BAM files) were converted into SAM for-
mat with samtools view (http://samtools.sourceforge.net/),
and read counting of transcripts was performed with htseq-
count (http://chipster.csc.fi/manual/htseq-count.html). Dif-
ferential expression analyses were then performed with DE-
Seq on three replicates per condition (http://bioconductor.
org/packages/release/bioc/html/DESeq.html).

ChIP-seq data from Shi Z. et al (19) were retrieved
through SRA (sequence repository archive) under the
reference numbers SRR1663101 and SRR1663102. SRA
files were converted into the original fastq files with
the Fastq-dump utility. Fastq-mcf was used to remove
duplicate reads from the input and SOX9-ChIP se-
quencing files (parameter: -D 49). Reads were then

mapped to the hgl9 human reference genome with
Bowtie (more than 96% aligned reads). Enriched ChIP-
seq peaks were analyzed with Macsl4 (http:/liulab.
dfci.harvard.edu/MACS/00README.html) (Parameters:
-t ChIP-SOX9_uniq.sam -c¢ Input-SOX9_uniq.sam -n ChIP-
SOX9_uniq_peaks_pval_le-7 -f SAM -g hs -s 50 -w -S -p le-
7). ChIP-seq first peak distance from the transcription start
sites (TSS) of SOX9 splicing targets or the center of SOX9-
dependent alternatively spliced exons were computed with
the Bedtools closest utility (http://bedtools.readthedocs.io/
en/latest/content/tools/closest.html?highlight=closest) (Pa-
rameter: -d). Closest peak distances from spliced exons or
TSS were compared to closest peak distances from ran-
domly generated bed sequences with the Bedtools shuf-
fle utility (Parameters: -i SE_.MATS.bed -g hgl9.chrom).
Twenty runs of shuffled sequences were used to compute
the expected random peak distances.

RNA-IP

HEK?293T cells were transfected with wt SOX9 or its mu-
tants together with the ZDHHCI16 minigene reporter con-
structs. Twenty-four hours later, cells were harvested and
cross-linked for 10 min in 1% formaldehyde and the reaction
was blocked with 10 mM final Glycine. Nuclear extracts
were then prepared using, successively, a lysis buffer (Tris 50
mM pH8, NaCl 100 mM, MgCI2 5 mM, 0.5% NP-40, Pro-
tease inhibitor (Roche) and RNAsin 50U/ml (Promega))
and FA lysis buffer (Tris 50 mM pHS, NaCl 140 mM,
ethylenediaminetetraacetic acid (EDTA) 1 mM, 1% Triton
X-100, 0.1% Na-deoxycholate, Protease inhibitor (Roche)
and RNAsin 50U/ml (Promega)). Extracts were then soni-
cated for 8 min (30s on/30s off) in a Bioruptor® twin son-
icator (Diagenode). The nuclear extracts were then incu-
bated with 10 pg of rabbit anti-FLAG antibody overnight
and 2 h with Dynabeads™ coupled with Protein A (Thermo
Fisher Scientific) on a rotating wheel at 4°C. Beads were
then washed in RIPA buffer (FA lysis buffer with 0.1%
sodium dodecyl sulphate (SDS)), RIPA high salt buffer
(RIPA buffer with NaCl 500mM) and Tris/EDTA 10:1
and eluted in NaHCO3 100 mM with SDS 1%. The re-
verse crosslink reaction was performed for 2 h at 65°C
with proteinase K (Thermo Fisher Scientific) and RNA
was extracted using TRIzol according to the manufacturer
instructions (Thermo Fisher Scientific). Any contaminat-
ing DNA was then removed using DNA-free™ DNA Re-
moval Kit and RNA was reverse-transcribed using a Su-
perScript@®) VILO™ cDNA synthesis kit as recommended
(Thermo Fisher Scientific). Quantitative PCR was then per-
formed as described above and results are expressed as a
percentage of the input.

Co-immunoprecipitation

HEK293T cells were transfected with wt SOX9 and
pEGFP-C3 plasmids expressing GFP alone or in fusion
with EIF4A3, MAGOH or Y14. Twenty-four hours later,
cells were harvested with a lysis buffer containing Tris 50
mM pHS, NaCl 100 mM, MgCI2 5 mM, 0.5% NP-40 and
protease inhibitors (Roche). After centrifugation, protein
extracts were incubated with GFP-Trap® agarose beads
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(Chromotek) and beads were washed four times in Tris 50
mM buffer.

Statistics

Differences between groups in Figure 3 and Supplementary
Figure S4 were analyzed relatively to wt SOX9 or control
conditions using one-way ANOVA test with a Dunnett test
for post-hoc comparisons. In Figure 6, differences between
groups were tested using one-way ANOVA with a Bonfer-
roni post-hoc multiple comparison test. ns = non signifi-
cant, ¥*P < 0.05, ¥*P < 0.01, ***P < 0.001, **** P < 0.0001.

We tested the hypothesis that SOX9 and Y14 could in-
teract with the same targets by chance with the following
procedure (Figure 6). We repeatedly selected 2744 random
targets from all human genes. One hundred of these random
samples were compared with the set of SOX9 interacting
targets to count the number of common targets. The normal
distribution of these counts was used in a two-sided #-test
with the number of common interacting targets of SOX9
and Y14 (124). The P-value is 1.3e-142 and considered sig-
nificant.

RESULTS
SOX9 knockdown induces alternative splicing changes

To evaluate the effect of SOX9 on alternative splicing at a
transcriptome scale, we performed RNA-seq experiments in
DLD-1 cells in which SOX9 is knockdown. DLD-1 colon
tumor cells, which express SOX9 strongly, were transfected
with a SOX9-targeting siRNA, leading to a reduction of
SOX9 mRNA levels of about 70% and of SOX9 protein
levels of about 90% (Supplementary Figure S1A and B).
We generated over 150 million reads for control and SOX9
knockdown (SOX9 KD) samples each. We analyzed alter-
native exon usage by MATS analysis (27) and found that the
inhibition of SOX9 induced hundreds of splicing changes
(Supplementary Figure SIC and Table S2). Changes were
mostly skipped exons (243 events) and for a minor part,
alternative 5" and 3’ splice site and retained introns (28
events). SOX9 affected exon cassette inclusion and exclu-
sion equally, with 138 and 105 events, respectively (Sup-
plementary Figure SIC). We confirmed the effect of SOX9
on splicing of a restricted number of specific targets. To
this aim, we used RT-PCR to test 21 coding exons that are
longer than 10 bases, detected at P < 0.05, a false discov-
ery rate (FDR) < 10% and a differential inclusion level >
30%. These criteria defined a signature of the major splic-
ing targets of SOX9 (Figure 1). This signature comprises
six alternatively spliced genes: SLK exon 13, DNMT3B ex-
ons 21 and 22, PTBP2 exon 10, FGFR2 exons I11b and Illc,
NF2 exon 16 and CD44 exons v7, v8, v9. RT-PCR valida-
tion of these six genes is presented in Figure 1, including
the corresponding sashimi plots that illustrate the RNA-
seq data. As an example, the sashimi plot of SLK shows
that the amount of transcripts excluding exon 13 increased
2-fold in SOX9 KD cells, while the amount of transcripts
including exon 13 decreased to the same extent, leading to
a differential level of exon inclusion of 34%, as calculated
by the MATS algorithm. We indeed observed a similar dif-
ference in the PSI (APSI) score after quantification by RT-
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PCR (45%, Figure 1). Interestingly SOX9 KD did not sig-
nificantly affect the overall levels of SLK transcripts (Sup-
plementary Figure S1D). We validated this signature using
a second siRNA against SOX9, in two additional colorec-
tal cell lines (HCT116, SW480) and a mammary tumor cell
line(MCF7) (Supplementary Figure S1E and F).

Overall, these results suggest that SOX9 modulates the
splicing pattern of specific transcripts and defines a consis-
tent and specific splicing signature.

SOX9 affects splicing independently of its transcription fac-
tor activity

SOXO9 is a well-characterized transcription factor (3,17).
Therefore, we first suspected that the observed splicing
changes are a consequence of an altered expression of splic-
ing factors and/or regulators, which would in turn modu-
late alternative splicing. We thus performed a RNA-seq dif-
ferential expression analysis to determine the set of tran-
scripts which expression depends on SOX9 (Figure 2 and
Supplementary Table S2). Genes whose expression changes
at least 2-fold, with a P-value adjusted <0.05 (Figure
2A) were considered significantly deregulated. Remarkably,
whereas SOX9 knockdown affects the expression of hun-
dreds of genes, we found no significant expression changes
of the 309 known splicing regulators expressed in DLD-1
cells (green dots in Figure 2A). Distribution of their mRNA
levels followed an x = y linear fit (slope = 0.9997) between
control and SOX9 KD conditions (Supplementary Figure
S2). This suggests that SOX9 does not control the expres-
sion of splicing regulators and that it may have a more di-
rect role in alternative splicing. Interestingly, SOX9 regu-
lates the splicing of some splicing factors (Supplementary
Table S2; i.e. PTBP1, PTBP2, MBNLI1, ESRPI, SR pro-
teins and hnRNPs). Some splicing changes observed upon
SOX9 KD might thus result from the alternative splicing of
specific splicing factors.

It has been previously described that SOX9 regulates
both the splicing and the transcription of Col2al in chon-
drocytes (21). To determine whether SOX9 regulates the
splicing of its transcriptional targets globally, we compared
its transcriptional targets (padj < 0.05 and 2-fold thresh-
old) to its splicing targets (P < 0.05 and False Discovery
Rate (FDR) < 10%). Clearly, we observed that the SOX9-
dependent splicing and transcriptional programs are dis-
tinct. CCDC50 was the only gene for which both transcrip-
tion and alternative splicing are affected (Figure 2B and
Supplementary Table S2). We conclude from this analy-
sis that SOX9 controls distinct transcriptional and splicing
programs. Supporting this idea, splicing and transcriptional
SOX9 targets distribute in different ontology classes. SOX9
transcriptional targets are enriched in genes implicated
in signaling and developmental responses, whereas SOX9
splicing targets are associated with mRNA metabolism, in-
cluding splicing, surveillance, decay, and translation, and
cell—cell adhesion.

Altogether, our results suggest that SOX9 regulates splic-
ing independently of its transcriptional activity and that
these two functions of SOXO likely impacts distinct cellu-
lar processes.
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SOX9 HMG and C-terminal domains are involved in its splic-
ing activity

We next sought to identify which domains of SOX9 are in-
volved in splicing. We selected 10 mutants with substitu-
tions in the HMG domain that are known to affect DNA
binding, four serial deletions in the C-terminal transacti-
vation domain (TA), two substitutions in the dimerization

domain or its complete deletion (Figure 3A). Most of these
mutations cause campomelic dysplasia (28,29) and/or have
been reported in colorectal cancer patients (30). Of note, the
MiniSOX9 isoform corresponds to a C-terminal deletion
from amino acid 229 and is also a splice variant produced by
the SOX9 locus (24). Importantly, all SOX9 mutants were
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Amino acids positions are indicated. (B) Mutational analysis of SOX9 splicing activity. HEK293T cells were transfected with wt SOX9 or SOX9 mutants
(point mutations in the HMG domain (green) and C-terminal deletions (orange)). The levels of the PTBP2 mRNA variants were then evaluated by RT-
PCR and quantified as PSI. APSI represented here were normalized to their corresponding control conditions. Data are shown as means & SEM (n > §).
***P < 0.001 and **P < 0.01 compared with SOX9-wt (one-way ANOVA test with a Dunnett post-test). (C) Mutational analysis of SOX9 transcriptional
activity. HEK293T cells were co-transfected with wt or SOX9 mutants and either with SOX-luciferase or SAC-luciferase reporter constructs. The ratio of
SOX/SAC luciferase activity is shown. Each experiment was performed in triplicates and repeated at least three times, and representative examples are
shown. Data are presented as means + SEM. ****P < (0.0001 and **P < 0.01 compared to SOX9-wt (one-way ANOVA test with a Dunnett post-test).

expressed at least as much as wt SOX9 (Supplementary Fig-
ure S3).

We measured the splicing activity of SOX9 mutants using
either endogenous PTBP2 (Figure 3B) or the ZDHHCI6
minigene reporter construct (Supplementary Figure S4A).
The latter consists of ZDHHCI6 alternative exon 8 with its
flanking exons and introns under the control of a constitu-
tive promoter. All 14 HMG and C-terminal SOX9 mutants
tested showed reduced splicing activity on the minigene
reporter (Supplementary Figure S4A). Only five of them

showed significantly reduced activity on PTBP2 splicing
(SOX9-P108L, -F112L, -R152P, -F154L and MiniSOXO9;
Figure 3B). Substitutions or deletion of the dimerization
domain did not affect SOX9 splicing activity on the mini-
gene reporter and on the endogenous PTBP2 gene (Supple-
mentary Figure S4D). These results indicate that both the
HMG and the C-terminal domains are involved in SOX9
splicing activity. In contrast, SOX9 dimerization domain
might not contribute to this function.



We next confirmed that, as expected from previous work,
the HMG and C-terminal domain mutants show tran-
scriptional defects, using the SOX luciferase reporter assay
(SOX/SAC ratio) (24). Half of the HMG mutations and
three out of four C-terminal deletions abolished SOX9 tran-
scriptional activity while the others had only partial effects
(Figure 3C). Most importantly, the three mutants SOX9-
W143R, -Del400 and —Del440 showed almost no transcrip-
tional activity whereas their splicing activities are similar to
that of wt SOX9 (Figure 3). In conclusion, we uncoupled
the transcriptional and splicing activities of SOX9 with a
single amino acid substitution in the HMG domain (SOX9-
W143R). This observation strengthens our conclusion that
SOXO9 regulates alternative splicing and transcription inde-
pendently.

SOX9 binds the RNA of its regulated exons and the DNA of
the corresponding promoters

It has been previously speculated that the SOX family
of proteins bind RNA (18,20,31). Because we found that
SOXO9 regulates alternative splicing, we used RNA immuno-
precipitation to determine if SOX9 binds RNA. We trans-
fected HEK293T cells with the ZDHHCI16 minigene and
FLAG-SOX9 constructs and immunoprecipitated SOX9-
bound RNAs using a polyclonal FLAG antibody (Figure
4A). We observed that wt SOX9 binds the ZD HHC16 mini-
gene RNA, as compared to control samples, including cells
expressing empty FLAG vector or an IP without FLAG
antibody. Interestingly, two HMG point mutations (P108L
and A119V) and two C-terminal deletions (MiniSOX9 and
Del485) reduced RNA binding of SOX9, suggesting that
both the HMG and C-terminal domains are necessary for
binding to RNA. However, we noted that SOX9 interaction
with RNA is dispensable for its splicing activity on PTBP2,
as shown in the SOX9-A119V and SOX9-Del485 mutants,
which do not bind RNA but show normal splicing activity.
This indicates that the splicing activity does not strictly rely
on SOXO9 capacity to bind RNA.

SOX9 does not contain a bona fide RNA-binding do-
main, suggesting that its binding to RNA is not direct. We
hypothesized that SOX9 binds the DNA of its splicing tar-
get genes to recruit splicing regulators, which then bind to
RNA and modulate splicing patterns. To test this possibil-
ity, we took advantage of available SOX9 ChIP-seq data
from colon tumor HT-29 cells (19) and searched for an en-
richment of SOX9 peaks either close to SOX9-dependent
exon cassettes or close to TSS. SOX9 peaks were enriched
in the vicinity of the TSS of SOXO9 splicing targets (Figure
4C), but not of exon cassettes (Figure 4B). As shown in Fig-
ure 2B, the enrichment on TSS is not associated with tran-
scriptional changes of the corresponding genes. Altogether
these results indicate that SOX9 binds the promoters of its
splicing targets, where it regulates splicing of the transcribed
RNAs, rather than transcription itself.

SOX9 associates with RINA-binding proteins

We next determined with which RNA-binding proteins
SOXO9 interacts to regulate splicing. We took advantage of
data from the literature (21) and a preliminary proteomic
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Figure 4. Analysis of SOX9 RNA- and DNA-binding. (A) SOX9
RNA-immunoprecipitation. wt and mutants (P108L, A119V, MiniSOX9,
Del485) FLAG-tagged SOX9 were co-transfected with the ZDHHCI16
minigene in HEK293T cells. FLAG-SOX9-wt immunoprecipitates RNA
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analysis performed in our laboratory. Interaction between
endogenous proteins was tested directly in DLD-1 cells
by PLA, in which a fluorescent signal is obtained only if
the two proteins are in close proximity (<40 nm). Using
this technique, we confirmed the interaction of SOX9 and
p54nrb/NONO in the nucleus of DLD-1 cells (Supplemen-
tary Figure S5). Indeed, the combination of anti-SOX9 and
anti-NONO antibodies produced fluorescent foci as com-
pared to each antibody alone (Supplementary Figure SS5).
We also found that SOX9 associates with PSP1/PSPCl1
and PSF/SFPQ, two RNA-binding proteins reported to
co-localize with p54nrb/NONO (32). SOX9 also associ-
ated with the Sam68 /KHDRBS3 and Y14/RBMSA RNA-
binding proteins (Figure 5A and Supplementary Figure S5).

We next examined the impact of the depletion of these
RNA-binding proteins on the SOX9 splicing signature that
we defined (Figure 1). We used 2 different siRNAs to knock-
down Y14, PSP1, Sam68, NONO and PSF, inducing a max-
imum mRNA depletion of about 82, 67, 88, 90, 82%, respec-
tively (Supplementary Figure S6). Western blot confirmed
that siRNA treatments depleted each protein accordingly,
but that SOX9 protein levels remained largely unaffected
(Supplementary Figure S7). Several depletions clearly im-
pacted the alternative splicing of SOX9 signature targets
(Figure 5B). In particular, Y14 depletion mimicked SOX9
depletion. PSP1 and Sam68 depletions showed similar ef-
fects as SOX9 depletion, although to a lesser extent. PSF
depletion induced opposite effects, as compared to SOX9
depletion, indicating that PSF may antagonize SOX9 splic-
ing activity. Of the five SOX9 partners, we found that the
depletion of only NONO had no effect on SOX9 splicing
signature. Overall, these results suggest that SOX9 modu-
lates splicing by recruiting a regulatory complex comprising
Y14, PSP1 and Sam68 to specific targets.

Y14 is part of the core EJC that is deposited at the
exon/exon junctions of mRNAs following splicing (33).
EJC is a tetrameric complex, composed of Y14, EIF4A3,
MAGOH and MLN51, and has established roles in non-
sense mRNA decay, transport, translation and more re-
cently, in the regulation of alternative splicing (34-38). We
thus tested other proteins of the EJC complex and found
that knockdown of EIF4A3 and MAGOH elicited changes
in the SOX9 splicing signature similar to those elicited
by Y14 or SOX9 depletion. We also confirmed by co-
immunoprecipitation assay that SOX9 interacted not only
with Y14 but also with EIF4A3 and MAGOH (Supplemen-
tary Figure S8). Therefore, our findings support a model by
which SOXO9 associates with the EJC complex at specific tar-
gets to regulate alternative splicing independently of tran-
scription.

SOX9 and Y14 regulate the alternative splicing of a common
set of genes

To establish that Y14 and SOX9 proteins control alternative
splicing of the same target genes in DLD-1 cells, we used
RNA-seq to compare changes in splicing observed upon
depletion of either Y14 or SOX9. In total, we generated
154, 164 and 158 million reads for control, Y14 knockdown
with siRNA 1 and with siRNA 2 samples, respectively. We
analyzed alternative exon usage using MATS analysis as

described above (27). Y14 depletion modulated thousands
of splicing events, which mostly corresponded to exon cas-
settes (Figure 6A and Supplementary Table S2). We found
many more splicing changes than the previous global anal-
ysis of Y14 knockdown in HeLa cells (38). For example, we
found 5510 exon cassette changes in 2744 genes in DLD-1
cells compared to 367 exons in 342 genes that were found in
the aforementioned HeLa cell study. Importantly, we con-
firmed half of the target genes identified in the HeLa study
(38).

Y 14 knockdown affected the alternative splicing patterns
of over 60% of SOX9 splicing targets (Figure 6B). This over-
lap is significantly more than one would expect to find by
chance. Indeed, the probability to observe such an overlap
using multiple random drawings of 2744 genes from the hu-
man genome is 1.3e~!4?. Specifically, Y14 knockdown af-
fected the splicing pattern of 40% (97 out of 243 events)
of the exon cassettes that are regulated by SOX9. Among
those, SOX9 and Y14 modulated about 80% of exclusion
or inclusion events in the same direction. This overlap is re-
stricted to splicing because the expression of <5% of SOX9
transcriptional targets are also affected upon Y14 knock-
down (Figure 6B).

These observations suggest that a significant propor-
tion of SOX9-dependent splicing events may depend on
Y14. To test this, we determined the effect of Y14 on the
SOX9-dependent splicing of the endogenous PTBP2 and
ZDHHCI6 minigene reporter genes in HEK293T cells.
We observed that SOX9-dependent splicing of PTBP2 is
abolished in the absence of Y14 (Figure 6C). In contrast,
PSF knockdown showed no detectable effect on SOX9-
dependent splicing of PTBP2. Importantly, knockdown of
either PSF or Y14 had no effect on SOX9-dependent splic-
ing of the ZDHHC16 minigene reporter. These results are
consistent with our observation that this PTBP2 exon is a
common splicing target of both SOX9 and Y14, whereas
the ZDHHCI6 exon is targeted by SOX9, but not Y14. Al-
together, these findings indicate that the splicing activity of
SOXO9 requires Y 14 at some exons, though not at all its tar-
gets.

DISCUSSION

In this study, we show that SOX9 modulates the splicing of a
large subset of genes in mammalian cells. Three prior stud-
ies suggested that SOX9 is implicated in alternative splic-
ing (18,20,21). Our analysis identified only 7 out of the 70
SOX9-dependent exon cassettes that were reporter in a pre-
vious study (18). This discrepancy likely results from the use
of different cell lines, as well as possible differences in RNA-
seq depth and choice of splicing analysis algorithms. Never-
theless, our work extends these reports and better describes
the role of SOX9 in splicing. Unexpectedly, genome-wide
data mining and mutational analyses provide strong evi-
dence that the splicing activity of SOX9 is uncoupled from
its function as a transcription factor. First, SOX9 modulates
splicing patterns without affecting the level of expression of
splicing factors. Second, SOX9 regulates the expression lev-
els and the alternative splicing patterns of two distinct sets
of genes, revealing its ability to control separate splicing and
transcriptional programs. Third, we identified three SOX9
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for which a pool of siRNAs was used. Each line represents an alternative splicing event. Results are expressed in PSI normalized to the mean of the three

control experiments.

mutants that are transcriptionally inactive, but show nor-
mal splicing activity. Notably, a single amino acid substitu-
tion in the HMG domain allowed us to genetically uncou-
ple SOXO9 splicing function from its transcriptional activity.
Conversely, SOX9 dimerization domain is dispensable for
its splicing activity but not for its function as a transcription
factor (39). Altogether, these results demonstrate that SOX9

has two independent functions, splicing and transcriptional
regulation. Therefore, our study expands the repertoire of
cellular processes that may be controlled by SOX9. The
HMG domain mutations that discriminate SOX9 splicing
from its transcription activities will be of great interest for
future studies aimed at deciphering the cellular and physio-
logical relevance of each function of SOX9.
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multiple comparison test.

Mechanistic analyses of the role of SOX9 in alternative
splicing suggest a model in which SOX9 is recruited to
promoters of specific target genes to either activate tran-
scription or modulate alternative splicing of target mRNAs.
Mining of published ChIP-seq data (19) revealed an enrich-
ment of SOX9 peaks close to promoters of its splicing tar-
gets, rather than in gene bodies, close to alternatively spliced
exons. We propose that SOX9 forms an mRNP complex,
which includes the RNA-binding protein Y14, to promote
the splicing of nascent transcripts in close proximity to pro-
moters. The significance of promoter-proximal alternative
splicing opens up interesting questions for future investiga-
tions. For example, it is possible that SOX9 brings promoter

specificity to alternative splicing events, such that splicing is
restricted to specific tissues or responds to signaling cues.
Y14 is a core member of the EJC complex that is de-
posited after splicing on exon/exon junction and regulates
the decay, the export and the translation of produced mR-
NAs (33). Interestingly, the core EJC components have been
recently implicated in intron retention in Drosophila (34,35)
and in pre-mRNA splicing in Xenopus (40) and mam-
malian cells (37,38). As previously described (37,38), the
three core EJC proteins appear to act together on splicing
and indeed we find that like Y14, EIF4A3 and MAGOH
affect SOX9 splicing signature. The exact mechanism by
which EJC components influence alternative splicing re-
mains to be elucidated. Two models have been proposed.



The first model is based on the coupling between RNA
Polymerase 11 transcription and mRNA processing (33,41—
44). EJC knockdown has been shown to increase RNA Pol
II transcription speed at some genes, which in turn modifies
their splicing patterns (38). According to the kinetic model
of co-transcriptional splicing, EJC proteins slow down tran-
scription elongation, which, in turn, offers a longer time
frame to include alternative exons. Our analysis reveals that
85% of SOX9 target cassette exons are less included upon
Y14 knockdown. However, unlike Y14, SOX9 knockdown
induces as much cassette exon inclusion as exclusion. In ad-
dition, 70% of SOX9-dependent splicing events are absent
from a list of alternatively spliced exons that are sensitive to
pol II transcription speed (45). Thus, modulation of RNA
Pol II elongation rate is unlikely to account for the general
role of SOXO9 in alternative splicing. The second model pos-
tulates that EJC proteins acts as bona fide splicing cofac-
tors by recruiting other splicing factors and/or by stabiliz-
ing large mRNP complexes onto pre-mRNAs and influence
splicing decisions (41,46). SOX9 may therefore act as part
of such mRNP complexes, together with Y14. Eighty per-
cent of all the exons of the genome are associated with EJC
proteins (47). SOX9 may therefore confer gene specificity to
the alternative splicing activity of EJC and possibly other
splicing factors.

Overall, our work uncovered a previously unidentified
role for SOXO9 in the regulation of alternative splicing. Sur-
prisingly, this function of SOX9 is independent from its
transcriptional activity. Rather, SOX9 interacts with and re-
quires specific RNA-binding proteins such as Y14, to mod-
ulate alternative splicing. It is conceivable that SOX9 regu-
lates splicing through several, non-mutually exclusive mech-
anisms. A thorough analysis of specific splicing events will
definitely help to shed light on the exact role of SOX9. Ad-
ditionally, we found that the HMG domain of SOX9 is in-
volved in the regulation of alternative splicing. This new
function might thus be conserved in other members of the
SOX family, which share the HMG domain and provide
novel insights into the essential role of the SOX transcrip-
tion factors in development and disease.
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