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ABSTRACT

SOX9 is a transcriptional activator required for chon-
drogenesis, and SOX5 and SOX6 are closely related
DNA-binding proteins that critically enhance its func-
tion. We use here genome-wide approaches to gain
novel insights into the full spectrum of the target
genes and modes of action of this chondrogenic
trio. Using the RCS cell line as a faithful model
for proliferating/early prehypertrophic growth plate
chondrocytes, we uncover that SOX6 and SOX9 bind
thousands of genomic sites, frequently and most ef-
ficiently near each other. SOX9 recognizes pairs of in-
verted SOX motifs, whereas SOX6 favors pairs of tan-
dem SOX motifs. The SOX proteins primarily target
enhancers. While binding to a small fraction of typi-
cal enhancers, they bind multiple sites on almost all
super-enhancers (SEs) present in RCS cells. These
SEs are predominantly linked to cartilage-specific
genes. The SOX proteins effectively work together
to activate these SEs and are required for in vivo ex-
pression of their associated genes. These genes en-
code key regulatory factors, including the SOX trio
proteins, and all essential cartilage extracellular ma-
trix components. Chst11, Fgfr3, Runx2 and Runx3
are among many other newly identified SOX trio tar-
gets. SOX9 and SOX5/S0OX6 thus cooperate genome-
wide, primarily through SEs, to implement the growth
plate chondrocyte differentiation program.

INTRODUCTION

The advent of the chondrocyte linecage contributed funda-
mentally during evolution to the foundation of the verte-
brate phylum. Chondrocytes build hundreds of cartilagi-
nous anlagen during vertebrate embryogenesis. These struc-
tures provide morphological and mechanical body support,
and their unique ability to elongate fast drives body growth.

Cartilage is either maintained throughout life, namely in
articular joints and airways, or is progressively remodeled
during fetal and postnatal development to give rise to most
craniofacial, axial and appendicular bones (1-3). Carti-
lage disorders exist in many forms in humans. Chondrodys-
plasias affect skeleton patterning, growth and ossification
(4). They can be lethal in early life or cause lifelong disad-
vantages, such as dwarfism. Cartilage degenerative diseases,
in contrast, typically develop in middle and old age. Their
most prevalent form, osteoarthritis, leads to progressive de-
terioration of articular cartilage and to remodeling of adja-
cent tissues, causing severe joint pain, deformation and in-
capacitation (5). The present study was designed based on
the principle that reaching a deep understanding of the reg-
ulatory mechanisms that underlie normal chondrogenesis
will be instrumental to offer rational approaches to improve
the treatments that today are still suboptimal for most of
these diseases.

Chondrocytes arise in development from multipotent
mesenchymal progenitor cells, as do osteoblasts, synovial
fibroblasts, bone marrow stromal cells and adipocytes (1-
3). Once settled in skeletogenic sites, progenitor cells coa-
lesce into precartilaginous condensations and activate the
chondrocyte differentiation program. Early-stage chondro-
cytes proliferate and build an abundant, cartilage-specific
extracellular matrix. They express such genes as Col2al (en-
coding collagen type II) and Acan (proteoglycan aggrecan).
Elongation of cartilage anlagen occurs in growth plates,
structures in which chondrocytes proceed through termi-
nal maturation steps in a precise spatial and temporal man-
ner. They proliferate and produce cartilage matrix while
aligning into longitudinal columns. They then cease prolif-
eration, become prehypertrophic and express novel mark-
ers, such as 7hh (Indian hedgehog). As they become hy-
pertrophic, they turn off most early markers and activate
unique ones, including Coll0al (collagen type X). They
eventually die or switch to the osteoblast fate to partici-
pate in endochondral ossification. Chondrocytes forming
permanent cartilage never proceed through these growth
plate maturation steps. They keep expressing pancartilagi-
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nous early-chondrocyte markers and also express tissue-
specific markers. For instance, superficial articular chondro-
cytes distinctively express Prg4 (lubricin).

Complex molecular networks regulate the lineage com-
mitment, differentiation status and activity of chondro-
cytes. Ranking high in these networks is a trio of transcrip-
tion factors composed of SOXS5 (originally referred to as L-
SOXS5 (6) or SOXSL (7)), SOX6 and SOX9. These proteins
exhibit a DNA-binding domain >50% identical to that of
their family founder, SRY (encoded by the sex-determining
region on the Y chromosome) (8). Within the SOX fam-
ily, SOXS5 and SOX6 belong to the SOXD group (9). They
share >90% identity in their SRY-related box (SOX) do-
main and in their coiled-coil homodimerization domain.
As a SOXE group member, SOX9 shares only 50% iden-
tity with SOX5 and SOX6 in the SOX domain and pos-
sesses a different type of homodimerization domain (10).
SOX9 also carries a potent transactivation domain, whereas
SOX5 and SOX6 do not. Sox9 expression in mesenchy-
mal progenitors precedes chondrogenesis and increases at
the onset of Sox5 and Sox6 expression in early chondro-
cytes (6,11,12). Expression of the three SOX genes cul-
minates in growth plate proliferating and prehypertrophic
chondrocytes, and is abruptly turned off when chondro-
cytes undergo hypertrophy. SOX9 is required for chondro-
genesis. Its importance in this process was first revealed
when heterozygous mutations within and around its gene
were found to cause campomelic dysplasia, a human syn-
drome with severely malformed cartilage (13,14). Condi-
tional inactivation of Sox9 in mouse embryo mesenchy-
mal progenitors was shown to preclude precartilaginous
condensation and its inactivation at the onset of chondro-
cyte differentiation to hinder overt chondrogenesis (15).
Sox9 inactivation in fully differentiated chondrocytes trig-
gers growth plate and articular cartilage failure (16,17). Un-
like SOX9, SOX5 and SOX6 are not required for chon-
drogenesis. They are nevertheless necessary for efficient
chondrogenesis. Global inactivation of either Sox5 or Sox6
leads to mild defects in skeletogenesis (18-20). However,
co-inactivation of the two genes results in stunted, matrix-
deficient cartilage primordia and in underdeveloped growth
plate and articular cartilage, despite close-to-normal ex-
pression of Sox9. Based on these in vivo data and on virtu-
ally identical DNA-binding and transactivation properties
in vitro, it is believed that SOXS5 and SOX6 have largely re-
dundant functions in the chondrocyte lineage. Results from
molecular analyses, performed so far for only a limited set
of genes, have proposed that SOX9 is required to turn on
and maintain chondrocyte-specific genes and that SOX5/6
strikingly augment SOX9’s transcriptional activity by secur-
ing SOX9 binding to DNA (6,21). Recent high-throughput
chromatin immunoprecipitation-based experiments (ChIP-
on-chip and ChIP-seq) have added support to this proposed
role for SOX9 and have suggested that the factor might di-
rectly control a large set of genes in chondrocytes (22,23).
Such studies, however, have not yet been reported for SOXS5
and SOX6 in chondrocytes. In addition to transactivating
genes, the SOX trio proteins have been proposed to directly
repress genes in chondrocytes and other cell types. For in-
stance, evidence was put forward that SOX9 might cooper-
ate with GLI factors to repress hypertrophic chondrocyte

markers (24); that SOX5 and/or SOX6 compete with SOX9
for DNA binding and thereby block oligodendrocyte and
melanocyte differentiation (25,26); and that SOX6 also re-
presses specific gene sets in erythroid cells and in skeletal
myoblasts (27-29). Interestingly, a recent study in the hair
follicle cell lineage has uncovered an additional, pioneer
role for SOX9 in transcription (30). This role is to serve
as a chromatin rheostat of the dynamic profiles of super-
enhancers (SEs). The notion of SEs was recently introduced
to designate very active enhancers or clusters of enhancers
that are used as hubs by master transcription factors to gov-
ern the expression of major cell identity genes in embryonic
stem cells and other cell types (31,32). Cells generally exhibit
of a few hundreds of SEs and several thousands of other en-
hancers, referred to as typical enhancers (TEs).

We here use state-of-the-art genome-wide approaches to
deepen our knowledge and understanding of the genomic
actions of SOX9 and SOX5/6 in chondrocytes. Using a cell
line that faithfully models growth plate chondrocytes, we
uncover that the SOX trio proteins closely cooperate with
each other genome-wide. They use SEs to effectively acti-
vate a large set of chondrocyte-specific genes and thereby
implement the unique differentiation and regulatory pro-
gram of these cells.

MATERIALS AND METHODS
Cells and animals

Rat chondrosarcoma (RCS) cells were a gift from Dr
Kimura (33). HEK-293 and COS-7 cells were obtained
from the American Type Culture Collection (ATCC). All
cells were cultured in monolayer in Dulbecco’s modified
Eagle’s medium (Sigma-Aldrich) supplemented with 10%
heat-inactivated fetal bovine serum (Life Technologies), 2
mM glutamine and 100 U/ml penicillin/streptomycin. An-
imal experiments were performed as approved by the Cleve-
land Clinic Institutional Animal Care and Use Committee.
Neonatal Sprague-Dawley rats (Charles River) were used
to harvest rib cartilage immediately upon euthanasia. Mice
carrying Sox5 (34), Sox6 (35) or Sox9 (36) conditional null
alleles, and an AT'C (17) or PrxICre transgene (37) were as
described. ATC is a bi-transgene that produces the Cre re-
combinase in the cartilage-specific domain of an Acan en-
hancer upon mouse treatment with doxycycline (tetracy-
cline analogue), whereas Prx1 Cre produces Cre in limb bud
mesenchyme. Pregnant mothers carrying Sox5"6/"/# ATC
or Sox9"" ATC embryos received drinking water supple-
mented with doxycycline from gestation day 13.5 (E13.5)
and fetuses were harvested at E16.5, as described (17).

RNA-seq assay and data analysis

RCS cells were harvested at 95% confluence in Buffer RLT
(Qiagen). Neonatal rat rib cartilage was dissected with
scalpels to remove most adjacent tissue, but to leave growth
plate, articular cartilage and perichondrium intact. Samples
were homogenized using an Omni TH Tissue Homogenizer
equipped with a hard-tissue probe (Omni International).
Total RNA was extracted and purified using RNeasy Mini
Kit (Qiagen). RNA samples were prepared in triplicates
from independently cultured RCS cell populations and from



different rats. RNA quality and quantity were assessed us-
ing a 2100 Bioanalyzer (Agilent Technologies). Only sam-
ples with an RNA integrity number (RIN) >7.5 were used.
Libraries were generated from 250 ng RNA using TruSeq
Stranded Total RNA Sample Prep Kit (Illumina). Sequenc-
ing was carried out using Illumina HiSeq 2500 System (Ge-
nomics Core Facility, University of Chicago). FASTQ files
from these samples and from 2-week-old female rat liver
(GEO SRA SRP(037986 database, NCBI) were uploaded in
Strand NGS software for analysis. Single-end reads were
mapped to the rn5 rat genome assembly. Ensembl tools were
used for transcript annotation and gene expression analy-
sis. RNA levels were normalized using DESeq (38). RNAs
whose level was >3 NRPKM (normalized reads per kilo-
base of exon model per million mapped sequence) were con-
sidered significantly present. For analyses of differential ex-
pression levels between RCS cells and ribs, the cut-off was
set at greater than or equal to two-fold change with a P-
value < 0.05 in a Moderated ¢-test followed by Benjamin-
Hochberg multiple testing corrections.

ChIP-seq assay

Chromatin was prepared and immunoprecipitated follow-
ing a modified procedure (39). Briefly, RCS cells were cul-
tured in three or four dishes (10-cm in diameter) per sam-
ple and incubated for 15 min at room temperature in cul-
ture medium supplemented with 1 or 1.5% paraformalde-
hyde. Chromatin crosslinking was stopped by adding 5%
of 2.5 M glycine solution and incubating cells on ice for
S min. Cells were then rinsed three times with ice-cold
phosphate buffered saline and lysed on ice in buffer 1 (1
ml per dish; 50 mM HEPES, pH 7.5, 140 mM NaCl, 1
mM ethylenediaminetetraacetic acid (EDTA), 10% glyc-
erol, 0.5% IGEPAL® CA-630, 0.25% Triton X-100 and Pro-
tease Inhibitor Cocktail [Roche]). Following centrifugation,
cell pellets were treated with buffer 2 (1 ml per dish; 10
mM Tris—HCI, pH 8, 200 mM NaCl, 1| mM EDTA, 0.5
mM ethylene glycol tetraacetic acid (EGTA) and protease
inhibitor cocktail) at room temperature for 10 min. Chro-
matin was resuspended in buffer 3 (1 ml per immunopre-
cipitation; 10 mM Tris—=HCI, pH 8, 1 mM EDTA, 0.5 mM
EGTA, 0.1% sodium deoxycholate, 5% Sarkosyl and PIC)
and sheared into 100- to 500-bp fragments using a Bran-
son D250 Sonifier or Diagenode Bioruptor. Supernatants
were recovered after centrifugation at 6000 g for 5 min. Five
microgram of rabbit polyclonal antibodies against SOX9
(ABS5535, Millipore) or SOX6 (ab30455, Abcam), 2 wg of
rabbit polyclonal antibodies against H3K27ac (ab4729, Ab-
cam), H3K4mel (ab8895, Abcam), H3K4me3 (ab8580, Ab-
cam) or H3K9me3 (ab8889, Abcam), or an equal amount
of rabbit non-immune IgG (12-370, Millipore) were cou-
pled to 20 wl Dynabeads (Life Technologies). Chromatin
samples were incubated with antibody-conjugated beads at
4°C overnight. Immunoprecipitated chromatin was washed
with RIPA buffer (1% IGEPAL CA-630 [Sigma-Aldrich],
1% sodium deoxycholate, 1 mM EDTA, 50 mM HEPES,
pH 7.5 and 0.5 M LiCl) and recovered by incubation in elu-
tion buffer (50 mM Tris, pH 8.0, 10 mM EDTA and 1%
SDS) at 65°C for 15 min. After centrifugation at 13 000
rpm for 1 min, supernatants were collected and incubated
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overnight at 65°C to reverse crosslinking. DNA was puri-
fied by phenol/chloroform/isoamyl alcohol extraction and
ethanol precipitation. Ten ng of ChIP-ed DNA was used per
sample for library preparation. Single-end 50-base sequence
reads were obtained using Illumina HiSeq 2500 System and
mapped to rn5 using Strand NGS software (version 1.6).

Analyses of ChIP-seq peaks, SOX motifs and super-
enhancers

Peaks for SOX6, SOX9 and histone modifications were
identified using MACS software (version 1.4.5) with default
settings (40). Peaks displaying a false discovery rate <1%
were retained for analysis. Input libraries were used as con-
trols for peak calling. Strand NGS software was used for
peak visualization and region comparison, and the PAVIS
tool was used for peak annotation (41). Each peak was
assigned to the nearest gene as follows: (1) peaks present
within a gene were assigned to this gene; (2) peaks located
between two genes were assigned to the gene having the
closer transcription start or stop site; and (3) peaks located
> 250 kb away from any gene were not assigned to any
gene (intergenic peaks). The overlap of SOX6 and SOX9
peaks was calculated by entering the peak chromosomal
coordinates in the Compare Two Region Lists program of
Strand NGS software. Distances between SOX6 and SOX9
peak summits were calculated by entering the summit chro-
mosomal coordinates in the same program. Fold enrich-
ment differences between SOX peak groups were analyzed
using GraphPad Prism 6 and statistical significance (P <
0.05) was calculated using the one-way ANOVA followed
by Tukey multiple comparison test. De novo motif discov-
ery was performed by uploading 500-bp sequences centered
on SOX peak summits into the MEME suite MEME-ChIP
and GLAM2 programs and using default algorithm pa-
rameters (42). MEME suite CentriMo was used using de-
fault settings to analyze central enrichment of DNA mo-
tifs in ChIP-seq peaks (43). The probability that the best
match to a SOX9 or SOX6 motif would be located in the
central region of ChIP-seq peaks, if these motifs were ran-
domly distributed, was calculated as the percentage of the
500-bp peak region occupied by the central region. The
MEME suite Analysis of Motif Enrichment (AME) pro-
gram was used to identify known motifs enriched in SOX
peaks (44). findPeaks was used to identify SEs (45). As pre-
viously described (31,45), H3K27ac enhancer peaks were
stitched together if they were located within 12.5 kb of
each other. Enhancers were then ranked based on normal-
ized H3K27ac signals. The curve slope was used to dis-
tinguish TEs (<1) from SEs (>1). The numbers of SOX
peaks present within genetic loci were calculated using a
Strand NGS customized script. Correlations between SOX
peak numbers, genetic locus lengths and RNA levels were
evaluated using the Spearman Rank-Order Correlation test
in GraphPad Prism 6. Gene ontology analyses of selected
peak or gene sets were performed using knowledge-based
Ingenuity Pathway Analysis (IPA, QIAGEN Redwood City,
www.qiagen.com/ingenuity).
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RNA insitu hybridization

RNA in situ hybridization was carried out using *S-labeled
RNA probes, as described (46). Sox5 and Sox6 3’ untrans-
lated RNA probes were used for Sox9"/ ATC mice and cod-
ing exon probes for Sox5"16/" ATC mice (34,35). Fgfi3
(18) and Runx2 (47) probes were as described. DNA tem-
plates for other probes were polymerase chain reaction
(PCR)-amplified from mouse genomic DNA or cDNA us-
ing appropriate primers (Supplementary Table S1). Prod-
ucts were cloned into pCR4-TOPO (Life Technologies) and
verified by sequencing.

Reporter assay

ChIP-seq peak regions were PCR-amplified from rat ge-
nomic DNA using specific primers (Supplementary Table
S2). Products were cloned into a reporter plasmid upstream
of a minimal Col2al promoter driving the firefly luciferase
gene (48) and sequence-verified. RCS and HEK-293 cells
were transfected using plasmid:FuGENEG6 (Promega) mix-
tures as described (49). Briefly, plasmids included 150 ng
reporter, 75 ng pSV2bgal plasmid (control for transfection
efficiency) and 50 ng empty or SOX expression plasmid (6).
Reporter activities were normalized for transfection effi-
ciency and calculated as means with standard deviation for
technical triplicates. The two-tailed Student’s -test was used
to calculate the statistical significance (P < 0.05) of differ-
ences between datasets.

Western blot and electrophoretic mobility shift assays

Nuclear extracts were prepared from COS-7 cells forced
to express flag-tagged SOX9, SOX5 and SOX6 as de-
scribed (49). Proteins were detected in western blot us-
ing anti-Flag M2-peroxidase-conjugated antibody (1:2000,
Sigma-Aldrich A8592). Electrophoretic mobility shift as-
says (EMSAs) were carried out using [a-3>P]-dCTP-labeled
probes and nuclear protein incubated in buffer containing
poly(dG-dC) as non-specific DNA competitor (49). Sam-
ples were run on native polyacrylamide gels and signals de-
tected on X-ray films.

RESULTS

RCS cells faithfully express a proliferating/early prehyper-
trophic growth plate chondrocyte phenotype

The highly dynamic nature of epigenetic and transcriptional
landscapes of cells implies that cartilage growth plates are
not well suited to unveil relationships between chromatin
features and cell type- and differentiation stage-specific gene
expression because they are composed of chondrocytes at
various stages of maturation. We therefore sought to use
a well-characterized, homogenous cell line for our study.
The RCS cell line (also called LTR86) was originally de-
rived from a rat Swarm chondrosarcoma and subjected
to serial selection steps that only kept a population of
cells stably maintaining a chondrocytic appearance in stan-
dard monolayer culture (33). The line was shown to ro-
bustly express chondrocyte early markers and has there-
fore been used as a convenient chondrocyte model in many

studies (48,50-53). Its exact phenotype, however, has never
been fully defined. We therefore used the RNA-seq ap-
proach to profile the whole transcriptome of RCS cells
and thereby more definitively characterize them. We used
neonatal rat ribs (containing growth plate, articular car-
tilage and non-cartilaginous tissue residues) and 2-week-
old female rat liver (non-cartilaginous tissue) as controls.
Based on a threshold of 3 NRPKM, RCS cells, ribs and
liver were expressing 10 962, 12 494 and 10 679 genes, re-
spectively (Figure 1A). The three samples were sharing 8364
genes. These genes represented 76% of the RCS transcrip-
tome and likely included many ubiquitous housekeeping
genes. Two-thirds of the other genes expressed in RCS cells
were shared with ribs but not with liver (16%, 1791 genes)
and thus likely comprised many chondrocyte-specific genes.
The remaining genes were unique to RCS cells (6%, 621
genes) or shared with liver (2%, 186 genes). Of all RCS
RNAs, almost 60% were present at levels within a two-
fold range of those present in ribs (Figure 1B). The same
was true for the gene set uniquely shared by RCS cells and
ribs (Figure 1C). Many pancartilaginous markers were an-
alyzed and all were found expressed at loyal levels in RCS
cells (within five-fold of those in ribs; Table 1A and Supple-
mentary Figure S3). These markers included the genes for
SOX35, SOX6 and SOX9; other important regulatory fac-
tors, such as WWP2 (a WW domain-containing E3 ubiq-
uitin protein ligase that augments SOX9’s transcriptional
activity; (54,55)) and Mir-140; and major cartilage-specific
extracellular matrix components. Remarkably, markers of
proliferating growth plate chondrocytes were strongly ex-
pressed in RCS cells (up to four-fold more highly than in
ribs). An example was Fgfir3 (fibroblast growth factor re-
ceptor 3; Table 1B). Early prehypertrophic markers, namely
Pthlr (parathyroid hormone 1 receptor), Runx2 (RUNT-
related transcription factor 2) and Runx3, were strongly
expressed too (up to two-fold more highly than in ribs).
In contrast, late prehypertrophic markers and hypertrophic
markers, such as Ihh and CollOal, and terminal markers,
such as Mmpl3 (matrix metalloproteinase 13), were un-
detectable in RCS cells. Articular cartilage markers, such
as Prg4, and fibrocartilage and elastic cartilage markers,
such as Eln (elastin) and Collal, were also silent in RCS
cells, as so were mesenchymal cell, osteoblast, tenocyte and
adipocyte markers (Table 1C-E). The phenotype of RCS
cells thus faithfully matches that of growth plate chon-
drocytes at the proliferating/early prehypertrophic stage.
This phenotype elected the cells as a reliable model for our
genome-wide study.

SOX6 and SOX9 bind thousand of sites in the chondrocyte
genome

We employed the ChIP-seq approach to uncover the full
spectrum of genomic targets of SOX9 and SOX5/6 in RCS
cells. We tested SOX6 and SOX9 using antibodies previ-
ously shown to be highly specific (17,28). We did not test
SOXS because of lack of suitable antibodies for this protein
and because SOX5 and SOX6 are likely redundant in chon-
drocytes. Close to 100 million reads were obtained for each
protein. SOX9 reads formed 9143 peaks and SOX6 reads
formed 12 072 peaks (Figure 2A; Supplementary Tables S3
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Figure 1. RCS cell transcriptome analysis. (A) Venn diagram of the transcriptomes of RCS cells, neonatal rib cartilage and juvenile liver. Gene numbers
are written in bold figures. The transcriptome percentages in each section are indicated. (B) Scatter plot comparing RNA levels between RCS cells and
rib cartilage. Each dot represents one RNA species. RNAs whose level is more than two-fold higher in RCS cells are shown in red (Moderated z-test, 95%
confidence). RNAs whose level is more than two-fold lower in RCS cells are shown in blue. RNAs whose levels are less than two-fold different between
RCS cells and ribs are shown in gray. The percentage of RNAs making up each group is indicated. (C) Similar plot as in (B), but limited to the 1791 genes
expressed in RCS cells and rib cartilage, but not in liver.

Table 1. RNA Ievels of chondrocyte and other cell lineage markers assessed by RNA-seq in RCS cells and rib cartilage

Gene RCS cells Ribs Gene RCS cells Ribs
A. Pancartilaginous markers C. Other types of cartilage markers
Acan 246.88 £ 41.77 165.35 £ 27.34 Articular cartilage
Col2al 145.65 + 27.35 723.65 £ 230.48 Erg 0.86 + 2.08 67.36 + 4.26
Col9al 64.26 £ 5.93 59.10 £ 16.21 Prg4 0.82 £ 0.20 579 + 1.38
Colllal 174.89 +£17.31 297.90 £ 57.10 Cilp2 0.09 + 0.03 71.98 £+ 8.40
Haplnl 65.14 £ 2.22 53.94 + 13.11 Gdf5 0.07 + 0.1 15.79 + 2.95
Mirl40 29.05 £+ 12.21 39.16 + 12.17 Fibrocartilage and elastic cartilage
Sox5 4593 + 1.35 31.06 £+ 10.30 Bgn 6.97 +£0.73 300.95 + 38.62
Sox6 35.19 £ 0.97 37.83 £ 6.40 Collal 1.26 + 0.18 890.50 £ 380.38
Sox9 49.78 + 5.83 49.93 + 8.37 Col3al 0.54 + 0.20 413.79 £ 93.10
Wwp2 168.07 + 6.98 139.00 + 30.47 Dcn 0.02 + 0.04 117.10 + 8.14
B. Growth plate markers Ein 0.07 £ 0.05 115.74 + 11.46
Proliferating/columnar chondrocytes D. Mesenchyme markers
Comp 175.05 + 28.66 98.00 + 8.29 Collal 1.26 + 0.18 890.50 + 380.38
Matnl 166.83 + 16.11 40.86 + 7.49 Tne 0.06 £+ 0.01 106.82 £+ 15.81
Ptchl 62.63 £ 7.44 33.09 £+ 4.25 Fnl 64.10 + 5.88 212.50 £+ 6.87
Fgfr3 273.28 + 23.57 94.92 + 16.80 Sox2 23.29 + 0.97 0.27 + 0.05
Proliferating, pre/hypertrophic chondrocytes E. Non-chondrocytic lineage markers
Runx2 32.76 £ 2.59 21.96 + 1.32 Osteoblast
Runx3 21.88 £+ 3.03 9.95 £ 2.33 Ankl 0.03 £ 0.03 9.42 + 3.48
Prehypertrophic chondrocytes Bglap 0.94 £ 0.60 30.45 + 21.85
Sp7 29.06 + 0.87 23.50 £+ 8.65 Collal 1.26 + 0.18 890.50 + 380.38
Pthlr 69.95 £+ 6.80 66.05 £+ 13.10 Ibsp 0.45 £+ 0.11 44.08 + 33.25
Pre/hypertrophic chondrocytes Runx2 32.76 £ 2.59 21.96 £ 1.32
Ihh 0.13 + 0.05 22.15 +£ 6.23 Sp7 29.06 + 0.87 23.50 + 8.65
CollOal 0.79 £ 0.17 191.35 £+ 104.07 Tenocyte
Bmp6 0.92 + 0.11 16.42 + 2.78 Collal 1.26 + 0.18 890.50 + 380.38
Terminal chondrocytes Sex 2.61 £ 0.26 30.90 + 9.46
Ibsp 0.45 £+ 0.11 44.08 + 33.25 Tnmd 0.00 113.04 £+ 29.61
Mmpl3 0.79 £ 0.37 42.81 £+ 30.83 Adipocyte
Adipog 0.25 + 0.23 27.90 +16.23
Fabp4 1.17 + 0.54 110.57 £+ 33.59

RNA levels are reported as NRPKM. RNAs whose levels are >3.00 NRPKM are considered significantly expressed.

and S4). Over a third of these peaks occurred within gene SOX peak <10 kb outside of their transcriptional bound-
exons and introns. Another third were located upstream of aries and the rest had their closest peak between 10 and 50
genes. Less than a quarter laid downstream of genes, and a kb more frequently than between 50 and 250 kb. The SOX
few percent were found >250 kb away from any gene. Al- trio might thus directly control several thousand genes.
together, the SOX9 peaks were associated with 5168 genes

and the SOX6 peaks with 6151 genes (Figure 2B). Detailed

analysis indicated that >40% of these genes had at least

one internal SOX peak; about 30% featured their closest
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regions (10-50 kb) and far-distant regions (50-250 kb).

SOX6 and SOX9 bind to distinct, but closely spaced se-
quences in the chondrocyte genome

Previous analyses of about a dozen genes led to the
paradigm that SOX5/6 bind to the same enhancers as SOX9
and thereby secure SOX9 binding to DNA (21). Extend-
ing this concept genome-wide, we observed that 65% of
SOX9 peaks were overlapping with 50% of SOX6 peaks
(Figure 3A). Most overlapping peaks had their summits
<150 bp apart (51% of all SOX9 peaks; Figure 3B). Oth-
ers (14% of all SOX9 peaks) had their summits 150- to 500-
bp apart, which is still within the width of most transcrip-
tional units. Noticeably, SOX9 and SOX6 peaks having their
summits within 150 bp of each other were more enriched
(9.4- and 13.2-fold, respectively) than those having their
summits 150 to 500 bp apart (8.3- and 12.1-fold, respec-
tively; Figure 3C). The latter were more enriched than non-
overlapping peaks (6.7- and 10.0-fold, respectively). Previ-
ous DNA motif analyses indicated that SOX9 contacts car-
tilage targets by homodimerizing on sequences featuring
two SOX motifs oriented head-to-head and separated by
4nt (A /12 /1CAA? /1G[4Ns]CA /1 TTGA /t2 /1) (21,56,57).
The SOX motifs often present one or two mismatches and
are thus called SOX-like motifs. SOX5 and SOX6 were also
shown to bind as dimers (homo- or heterodimers) on se-
quences featuring two SOX or SOX-like sites (6,21). The
distance between the sites and their relative configuration
appeared, however, less critical than for SOX9. To iden-
tify the sequences most often bound by SOX9 and SOX6
genome-wide, we subjected peak sequences to de novo motif
analyses using MEME-ChIP (software designed to discover
ungapped motifs). The first and third best-scoring motifs
identified by this program in SOX9 peaks matched the pre-
viously deduced SOX9 consensus, except that the two SOX
sites were separated by 3 or 4 nt (Figure 3D and Supple-
mentary Figure S1A). The second best-scoring motif was a
RUNT-domain consensus. For SOX6, MEME-ChIP gave
its best score to a 21-bp A-rich motif (Figure 3E). The sec-

ond place went to a single-SOX motif and the third place to
a motif resembling a zinc-finger domain motif (Figure 3E
and Supplementary Figure S1B). GLAM?2 (software de-
signed to discover motifs with variable-length patterns) gave
its best score for SOX9 peaks to a pair of inverted SOX mo-
tifs separated by 3 to 5 nt (Supplementary Figure S1C). It
also gave high scores to motifs resembling the A-rich mo-
tif found by MEME-ChIP in SOX6 peaks. Its best scores
for SOX6 peaks went to motifs resembling the SOX6 A-
rich motif, followed by a SOX9 consensus motif (Supple-
mentary Figure S1D). An AME search for known DNA-
binding protein motifs validated the presence of RUNT mo-
tifs in SOX9 and SOX6 peaks and also identified motifs for
Forkhead (FOX), zinc-finger and a few other proteins (Sup-
plementary Figure S2A and B).

We used CentriMo to determine whether the motifs iden-
tified in SOX9 and SOX6 peaks were centrally enriched.
The SOX9 motif showed strong central enrichment in SOX9
peaks, and lower, but still significant central enrichment
in SOX6 peaks (Figure 3F). Its profile was multimodal,
suggesting that some peaks might involve several SOX9
sites. The SOX6 A-rich motif did not show central enrich-
ment in SOX6 and SOX9 peaks. In contrast, the single-
SOX motif exhibited strong central enrichment in SOX6
peaks, and weaker, but still significant central enrichment
in SOX9 peaks. Since the SOX9 motif is a pair of SOX
sites, we reasoned that the profile obtained for this single-
SOX motif was possibly contributed by both SOX6 and
SOX9. However, since this motif had a higher maximum
probability than the SOX9 motif in SOX6 peaks and a
lower maximum probability than the SOX9 motif in SOX9
peaks, we concluded that this motif belonged at least in
part to SOX6. CentriMo determined that the SOX9 motif
was present in 83% of all SOX9 peaks and in 79% of all
SOX6 peaks. The best match to the SOX9 motif in each se-
quence was centrally enriched in 54% of SOX9 peaks and
in 37% of all SOX6 peaks, which is much more than what
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would be expected from random distribution (29 and 26%,
respectively). The single-SOX motif was found in 99% of
SOX6 and SOX9 peaks. Its best match in each sequence
was centrally enriched in 41% of SOX6 peaks and in 35%
of SOX9 peaks, which is also more often than what would
be expected from random distribution (22 and 25%, respec-
tively). The peaks that featured a central motif were signif-
icantly more enriched than the others, arguing that these
peaks reflected high-affinity binding of the SOX proteins to
DNA (Supplementary Figure S3A). CentriMo analysis re-
vealed low central enrichment for the RUNT and FOX mo-
tifs in SOX6 and SOX9 peaks and no central enrichment for
the zinc-finger motif (Supplementary Figure S3B).

These findings and those from previous studies prompted
us to further investigate which motif{(s) are selected by SOX6
in the chondrocyte genome. We reasoned that the single-
SOX motif might only represent a partial SOX6 binding
site, since SOX6 binds more avidly in vitro to sequences
harboring two SOX or SOX-like motifs than to sequences
harboring a single motif and since the sequences binding
and mediating the function of SOXS5/6 in an Acan enhancer
contained at least two SOX-like motifs (21). These motifs
were present in the same orientation, but were differentially
spaced (Supplementary Figure S3C). Since SOX proteins
make most of their DNA contacts with A/T pairs (8), we
thus reasoned that the A-rich motif might be recognized
by SOX6 as a tandem pair of SOX-like motifs. Because the
ability of SOX5/6 to bind to tandem SOX sites separated
by a variable number of nucleotides had never been tested,
we performed EMSAs to address this point and compare
SOX5/6 to SOX9. As expected, SOX9 was binding more
efficiently to a sequence resembling its consensus than to se-
quences carrying tandem SOX sites (Figure 3G). SOX5 and
SOX6 were able to bind to the SOX9 consensus as easily as
to tandem sites separated by 0 or 2 nt, but they markedly
preferred tandem SOX sites separated by 6 nt. Altogether,
these data supported the notion that SOX6 might preferen-
tially bind tandem SOX or SOX-like sites in the chondro-
cyte genome. We further tested this possibility by analyz-
ing the sequences of SOX6 and SOX9 peaks in enhancer
regions associated with chondrocyte-specific genes (Acan,
Chstll, Fgfr3, Runx2 and Runx3). This analysis identified
strong SOX9 motifs close to SOX9 peak summits and weak

ones close to SOX6 peak summits (Supplementary Figure
S3C). It also identified strong single-SOX and A-rich motifs
close to the SOX6 summits and weak ones close to SOX9
peak summits. Importantly, the single-SOX motifs were fre-
quently present in tandem orientation.

Taken together, these data indicated that SOX6 and
SOX9 often and most efficiently bind near each other in
the chondrocyte genome, but contact distinct DNA motifs.
While SOX9 preferentially binds inverted SOX motifs sep-
arated by 3 to 5 nt, SOX6 appears to favor pairs of tan-
dem SOX motifs. RUNT domain and possibly other types
of transcription factors might directly interact with the SOX
trio functionally.

SOX6 and SOX9 bind preferentially to super-enhancers as-
sociated with cartilage-specific genes

To start exploring the functional implications of the binding
of SOX9 and SOX6 to genomic sequences in chondrocytes,
we compared the distribution of the SOX peaks with that of
histone modifications. We found that more than two-thirds
of the SOX9 and SOX6 peaks (75 and 66%, respectively)
were located in regions carrying the H3K27ac signature of
active enhancers, and almost as many (65 and 61%) were
occupying regions carrying the H3K4mel mark of poised
and active enhancers (Figure 4A). Less than one-third (27
and 29%) were associated with the H3K4me3 mark of ac-
tive promoters. A few percent coincided with an H3K9me3
mark of transrepression (5 and 4%) and the rest were not
associated with any of the histone modifications that we
analyzed (6 and 10%). Taking the frequent overlap of his-
tone modifications into account, we deduced that SOX9 and
SOX6 were bound almost always at enhancers (92 and 86%,
respectively) and only occasionally (2 and 4%) in regions
carrying only a repressor or promoter signature (Figure 4B).
We then asked whether the SOX trio proteins preferred SEs
or TEs. We found that RCS cells contained 19 126 TEs and
724 SEs (Figure 4C; Supplementary Table S6). Interestingly,
89% of the SEs, including all strongest ones, were bound by
both SOX6 and SOX9, compared to only 20% of the TEs
(Figure 4D and E). The remaining SEs were bound in simi-
lar proportions by neither SOX protein (3%), by SOX6 only
(4%) and by SOXO9 only (4%), whereas other TEs more often
lacked SOX peaks (62%) than carried SOX6 peaks (10%)

of SOX9 and SOX6 peaks that have their summits within 150, 151-500 and >500 bp of each other. Boxes indicate first quartiles (bottom line), medians
(middle) and third quartiles (top). Whiskers represent maximum and minimum values. Black crosses denote means. Statistical significance of differences
between groups was determined by one-way ANOVA. (D and E) Best-scoring motif discovered in SOX9 (D) and SOX6 (E) peaks using MEME-ChIP.
E-values are indicated. DNA sequences are presented with letter sizes proportional to nucleotide occurrence. Black arrows indicate the predicted position
and orientation of SOX sites (SOX). Dots schematize intervening nucleotides. The left logo in panel E features multiple overlapping SOX-like sites (the
arrows only show two examples). The discontinuous line represents sequences that could be part of SOX-like binding sites or intervening sequence between
two sites. (F) CentriMo analysis of SOX9 and SOX6 peak sequences using SOX9 and SOX6 motifs identified by MEME-ChIP and shown in (D) and (E).
Data output from CentriMO analysis are shown in the tables. These data indicate, for each motif, the central enrichment P-value, the width of the most
enriched central region (region width), the number of ChIP-seq peak regions whose best match to the motif falls within the central region (region matches),
the number of sequences containing a match to the motif above the score threshold (total matches), the maximum probability that the best match occurs
at any single sequence position (max. probability) and the sequence position where the match-probability curve for the motif attains its maximum (max.
prob. location). (G) EMSA. Top left, probe names and sequences. The first figure in the names indicates that the sequences are predicted to preferentially
bind SOX9 or SOX6. The second figure indicates the number of nucleotides separating SOX sites. These sites are shown in color in the DNA sequence
and with arrows indicating their orientation. The SOX9 probe corresponds to a predicted SOXO site in the Sox9 E195 enhancer. The SOX6 probes were
designed manually. Only the upper-strand sequence is shown. Bottom left, western blot of nuclear extracts from COS-7 cells forced to express no protein
(—), FLAG-tagged SOXS5, SOX6 or SOX9. Proteins were detected with a FLAG antibody to demonstrate the presence of similar amounts of SOX protein
in all samples. Right, EMSA with COS-7 nuclear extracts and labeled probes. Arrowheads, complexes formed between the probes and SOX5, SOX6 and
SOX9 dimers (black) or SOX9 monomers (gray). Free probes are seen at the bottom of the gel.
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or SOX9 peaks (8%). The RNA levels of genes associated
with SEs were significantly higher than those of genes asso-
ciated only with TEs, but irrespective of the presence of SOX
peaks (Figure 4F). This result is consistent with the concept
that SEs ensure high expression of their target genes. Al-
though it indicated that SOX proteins do not confer such
a quantitative advantage to their targets, it did not rule out
that SOX proteins confer a qualitative advantage to their
targets, i.e. specific expression in chondrocytes. Validating
this possibility by looking at the genes that were associated
with the strongest SEs, we found essential cartilage-specific
genes (Figure 4D). These genes included Chstl1 (encoding
a chondroitin sulfate transferase essential in cartilage pro-
teoglycan synthesis;(58), Col9al (a1 chain of collagen type
9), Wwp2, Acan, Sox9, Sox6, Runx2 and Fgfr3. Further-
more, ingenuity pathway analyses demonstrated that dis-
ease and physiological system categories highlighting the
musculoskeletal system, and cartilage in particular, were the
best fits for the 411 genes that were both expressed in RCS
cells and associated with SOX6/9-bound SEs (Figure 4G).
In contrast, these categories were not included in the top five
categories for the genes that were both expressed in RCS
cells and associated only with SOX6/9-bound TEs (Fig-
ure 4H). Taken together, these data revealed that the SOX
trio might critically govern chondrogenesis through SEs.

SOX6 and SOX9 predominantly target active cartilage-
specific genes

Global analyses of ChIP-seq data provided new insights
on the mechanisms that likely underlie the chondrogenic
actions of the SOX trio, but intrinsic limitations, such as
predefined criteria for peak assignment to genes, motivated
us to complement these analyses by manually inspecting
the loci of genes with pivotal functions in cartilage. Col2al
spans about 30 kb in mammalian genomes (Figure 5A). Its
5" neighbor (Tmeml106¢) and 3’ neighbor (Atf1) are located
only 17 and 5 kb away, respectively. A 24-kb-long SE en-
compassed the Col2al promoter and most of the gene body.
It included the first and sixth introns, where three peaks for
each of SOX6 and SOX9 were present. This result was con-
sistent with previous reports (22,23,48). Acan spans 61 kb in
the rat genome and while its 3’ neighbor (Hap/n3) is only 3
kb away, its 5’ neighbor (I5sg20) is 150 kb away (Figure 5B).
Three SEs were occupying most of the 5 domain and first
intron of Acan. They were displaying 16 SOX9 peaks and
13 SOX6 peaks. Most of the enhancers constituting these
SEs were orthologs of cartilage-specific enhancers previ-
ously described in human and mice (21,59), and half of them

had an H3K27ac signature in E14.5 mouse limbs (Supple-
mentary Figure S4). Other genes involved in the making of
the cartilage extracellular matrix resembled Col2al in that
their locus was relatively short and featured only one SE
bound once or a few times by the SOX proteins. They in-
cluded Col9a2 (Figure 5C) and Matnl (matrilin-1; Supple-
mentary Figure S5A). Others resembled Acan in that their
locus was large and featured several SEs bound multiple
times by SOX6 and SOX9. They included Chstil, Col9al
and Colllal (Figure 5D and Supplementary Figure S5B
and C).

Many master transcription factors positively regulate
their own genes and those of functional partners, but ev-
idence of this property is incomplete or lacking for the
SOX trio (15,60,61). Sox9 is compact (5.5 kb), but located
2.0 and 0.5 Mb away, respectively, from its 5 (Kcnj2) and
3" (Sle39all) coding neighbors (Figure S5E). A total of 25
SOX9 peaks and 30 SOX6 peaks were detected within Sox9
and its flanking regions. They were distributed within six
SEs and a dozen TEs. Among the three enhancers that we
previously proposed to be involved in Sox9 auto-regulation
(49,60), E70 was classified as a SE, but E195 and E84 were
classified as TEs. Three of the SEs were located 3’ of Sox9
in a region that is near to S/c39al1 and that houses Mir297.
Since Mir297 and Slc39all are expressed in RCS cells (see
Supplementary Table S3 for a list of RNA levels for all genes
expressed in RCS cells), it is possible that these SEs con-
trol Mir297 or Slc39all rather than, or in addition to Sox9.
Sox9 inactivation in mouse embryo mesenchyme was previ-
ously shown to preclude expression of Sox5 and Sox6 (15),
arguing that SOX9 might directly control the genes for its
co-factors. Sox5 and Sox6 are very large genes (370 and 560
kb, respectively) and their neighbors are 50-800 kb away
(Figure 5F and G). Four SEs were spread over the 5 half
of Sox5 and a few TEs were dispersed in the 3’ flanking re-
gion. Most of these enhancers were bound by both SOX6
and SOX9. Sox6 featured one SE at the level of its alleged
promoter (marked by an H3K4me3 signature) and multiple
TEs spread over its body. Here too, most enhancers were
SOX6/9-bound. Altogether, the data consolidated the no-
tion that the SOX trio might directly control its genes in
chondrocytes. Intriguingly, a cluster of SOX6/9-bound SEs
was located far upstream of Sox6 and several active neigh-
bors (Nuch2, Pik3c2a, Rpsl3, Plekha7, RgD1311703), rais-
ing the possibility that this cluster might remotely coordi-
nate the expression of Sox6 and its neighbors.

We examined other chondrocyte-specific regulatory
genes. Nkx3.2 (encoding the transcriptional repressor

ifications), active enhancers (positive for H3K27ac and negative for H3K4mel), mixed active/poised enhancers (positive for H3K27ac and H3K4mel),
poised enhancers (positive for H3K4mel, but negative for H3K27ac), repressors (positive only for H3K9me3), or none of the analyzed histone modifica-
tions. The percentages of peaks corresponding to each category are indicated. (C) Ranking of all enhancers detected in RCS cells, based on normalized
H3K27ac ChlP-seq signals. The dotted line identifies the boundary (curve slope = 1) between typical enhancers (TEs) and SEs. The number of enhancers
in each group is indicated. (D) Sorting of enhancers into groups, based on overlap with no SOX peaks (none), SOX6 peaks, SOX9 peaks, and SOX6 and
SOX9 peaks. A few genes associated with SEs are indicated. (E) Percentages and number of SEs and TEs in each of the four groups shown in panel D. (F)
Comparison of RNA levels between gene categories made according to the association of genes with SEs or with TEs only and according to the presence or
absence of peaks for SOX6 and SOX9 in these enhancers. Red bars indicate mean values. Brackets indicate the gene categories for which one-way ANOVA
statistical analysis was performed and showed a P-value < 0.0001. (G and H) Ingenuity pathway analysis of the 411 genes that were expressed in RCS cells
and were associated with SE(s) bound by SOX6 and SOX9 (G) and the 2275 genes that were associated only with TE(s) bound by SOX6 and SOX9 (H).
Categories most specifically related to cartilage are highlighted in red. Bars represent the —log of the P-value for the association of genes with each category.
The top subcategories in the tissue development and developmental disorders categories are shown for the SE group. D, Development. F, Function.
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NKX3.2/BAPX1) was proposed to form an auto-
regulatory loop with SOX9 at the onset of chondrogenesis
(62) and to be a direct target of SOX9 (63). Nkx3.2 was
expressed in RCS cells and featured a TE over its pro-
moter (Figure SH). This region showed a small peak for
SOX6, but none for SOX9, arguing that Nkx3.2 expression
was possibly controlled by SOX6, but not by SOX9 in
RCS cells. An in vitro study previously proposed that the
AT-rich interactive domain-containing protein 5, encoded
by Arid5a, might stimulate the transcriptional activity of
SOXO9 in chondrocytes (64). Arid5a featured a TE bound
by SOX6 and SOX9, but no SE (Figure 5I). The SOX trio
might thus directly control Arid5a expression in chondro-
cytes. Wwp2 houses Mirl40 in one of its distal introns.
Both genes importantly contribute to gene expression in
chondrocytes (65-68). SOX9 was proposed to activate
Wwp2 in chondrocytes by binding to a promoter site and
in hair follicle stem cells by binding to an intronic sequence
(30,55). A large SE bound multiple times by SOX6 and
SOX9 encompassed Wwp2 and Miri40, and a smaller SE,
also bound by the SOX proteins was located upstream
of Wwp2 (Figure 5J). These findings corroborated that
Wwp2 and Miri40 are major targets of the SOX trio in
chondrocytes. Fgfir3 is strongly expressed in growth plate
chondrocytes and is essential to prompt cell cycle exit and
hypertrophic maturation (69). The Fgfi3 promoter featured
one of the few SEs present in RCS cells that were not bound
by SOX6 and SOX9 (Figure 5K). Another SE, larger and
carrying SOX6 and SOX9 peaks, was located 20-47kb 5 of
Fgfr3 and 1-28 kb 3’ of Tacc3 (transforming, acidic coiled
coil-containing protein 3). The latter gene is active in RCS
cells and important in cartilage development (70). These
data thus evoked the possibility that this SOX6/9-bound
SE might control both Fgfr3 and Tacc3. Runx2 and Runx3
encode RUNT-domain proteins required for growth plate
chondrocyte maturation (71). Both SOX6 and SOX9 were
bound to multiple enhancers within and around these
genes. They included several SEs within and around Runx2
and its overlapping neighbor (Supt3h), and a large SE
encompassing the Runx3 body (Figure SL and M). These
results advocated that the SOX trio might directly control
Runx2 and Runx3 in growth plate chondrocytes.

We then asked whether markers of chondrocyte differen-
tiation stages distinct from that modeled by RCS cells were
bound by the SOX trio in these cells. Coll0al, a marker of
chondrocyte hypertrophy, is turned on in SOX trio-positive
prehypertrophic chondrocytes. Gdf5 (growth and differenti-
ation factor 5) is co-expressed with the SOX trio in embry-
onic joint progenitor cells (72,73). Prg4 is a specific marker
of SOX trio-expressing joint surface-lining chondrocytes
(74). None of these genes was expressed in RCS cells and
featured SOX peaks within or around its transcribed re-
gion (Supplementary Figure S5D to F). Lastly, we exam-
ined genes reported to be targets of SOX9 in hair follicle
cells (66). Fzd9 (frizzled homolog 9) and Msrb3 (methion-
ine sulfoxide reductase B3) were highly expressed and had
SOX6/9-bound SEs in RCS cells, whereas S7/00a4 (S100
calcium-binding protein A4) and Inhbb (inhibin beta-B)
were hardly expressed in RCS cells and lacked any sig-
nificant SOX6/9-bound enhancer (Supplementary Figure
S5G to J). In conclusion, this analysis of individual ge-
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netic loci provided additional insights on important pos-
sible actions of the chondrogenic SOX trio. SOX6 and
SOX9 mainly bind to genes that are co-expressed with them.
These genes include major cartilage structural and regula-
tory genes, including the SOX trio genes. The SOX proteins
often bind multiple enhancers located within, nearby, and
sometimes far away from genes. Several instances were high-
lighted where SOX6/9-bound enhancers might simultane-
ously control several genes.

The density of SOX6/9-bound enhancers correlates with gene
expression levels

Having uncovered that SOX6 and SOX9 are often bound to
multiple sets of TEs and SEs within and around gene bod-
ies, especially when gene bodies and their flanking regions
are very large, we next asked to which extent the number of
SOX6/9 peaks was linked to the length of genetic loci and
RNA levels. We defined genetic loci as gene bodies plus 5’
regions (distance between the closer end of the 5’ neighbor
and the 3’ end of the gene of interest) and used a customized
script to count SOX6/9 peaks embedded in these loci. As we
had anticipated, the number of SOX6/9 peaks significantly
correlated with the size of genetic loci (Figure 6A and B).
The correlation was strong for SE-associated genes (Spear-
man’s ranked correlation coefficient r, between 0.60 and
0.79) and moderate for genes associated only with TEs (r,
between 0.40 and 0.59). Expectedly, the SOX peak density
(number of SOX peaks per genetic locus length) was higher
for SE-linked genes than for genes linked to TEs only (Fig-
ure 6C). In contrast, no significant correlation was found
between RNA levels and either genetic locus lengths (Sup-
plementary Figure S6A) or SOX6/9 peak numbers (Supple-
mentary Figure S6B), whether genes were analyzed based
on the presence of SEs or TEs only. We thus concluded
that the density of SOX-bound enhancers, a characteris-
tic of chondrocyte-specific SEs, likely underlies the expres-
sion level of genes rather than the absolute number of SOX-
bound enhancers. This explains that large genetic loci, such
as that of Acan, house more SEs than small genetic loci,
such as that of Col2al.

SOX trio-dependency of genes associated with SOX trio-
bound super-enhancers

ChIP-seq data identified SOX peaks and SEs within and
around several genes that had not been previously suggested
or proven to be targets of the SOX trio. Vice versa, they
also pointed to genes that did not exhibit SOX peaks and
SEs in RCS cells, even though they had previously been
proposed to be SOX9 targets. In view of these data and
because binding of transcription factors to DNA suggests,
but does not demonstrate functional consequences on gene
expression, we performed RNA in situ hybridization as-
says in mice with the goal of determining whether these
genes depend on the SOX trio for expression in the growth
plate in vivo. We generated fetuses in which we induced in-
activation of either Sox5/Sox6 or Sox9 in differentiated
chondrocytes using an Acan enhancer-driven, doxycycline-
inducible Cre-expression transgene (Sox9"fATC fetuses
and Sox5"16/"1 ATC fetuses). As expected, Sox5 and Sox6
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were expressed robustly in control fetus growth plates,
but not in the ATC domain in Sox5" 6" ATC fetuses
(Figure 7A). Downregulation of their RNA levels in
Sox9""" ATC growth plates concurred with ChIP-seq data
to conclude that Sox5 and Sox6 are directly dependent
upon SOX9 for expression in growth plate chondrocytes.
Chstl1 and Fgfr3 RNAs were abundant in control growth
plate chondrocytes, but not in Sox5/6 or Sox9 mutant cells
(Figure 7B). In contrast, Tacc3 RNA was detected at a low
level in chondrocytes and adjacent cell types, and no signif-
icant difference was appreciable between control and mu-
tant cells. Together with ChIP-seq profiles, these data thus
strongly suggested that the SOX trio is directly involved
in the high and specific expression of Fgfir3 and Chstl1 in
growth plate chondrocytes, and that the SE located between
Fgfr3 and Tucc3 powerfully influences Fgfr3 expression, but
not Tucc3 expression. As shown previously (17,18), Runx2
expression was upregulated in growth plate chondrocytes
upon deletion of either Sox9 or Sox5/6 (Figure 7C). In con-
trast, Runx3 expression was reduced upon loss of SOX trio
members. Since both genes featured SOX6/9-bound SEs,
these data suggested that the SOX trio positively partici-
pates in Runx2 and Runx3 expression in growth plate chon-
drocytes, while being also involved in mechanisms keep-
ing Runx2 expression in check in these cells. Consistent
with previous reports (62,63), we found that Sox9 inacti-
vation in limb bud mesenchyme using a Prx/ Cre transgene
(Sox9"! Prx1Cre) precluded skeletogenic progenitors from
forming precartilaginous condensations and from express-
ing of Nkx3.2 (Figure 7D). Interestingly, Nkx3.2 expres-
sion was very low in wild-type growth plates and was not
detectably changed upon inactivation of Sox5/6 or Sox9
(Figure 7E). Along with ChIP-seq data, these findings thus
supported the concept that Nkx3.2 requires SOX9 for ex-
pression in prechondrocytes, but is not a significant target
of the SOX trio in growth plate chondrocytes. Like Nkx3.2,

Arid5a was expressed at a low level in growth plate chondro-
cytes and inactivation of SOX trio genes had no detectable
effect (Figure 7F). Along with the presence of only small
peaks for SOX6 and SOX9 and with the absence of SE at
the level of Arid5a in RCS cells, these data led us to con-
clude that Arid5a is probably not a significant target of the
SOX trio in growth plate chondrocytes. Altogether, these
in vivo data functionally validated predictions made from
ChIP-seq data in RCS cells by highlighting that only genes
associated with SOX6/9-bound SE(s) were highly expressed
and dependent upon the SOX trio in the growth plate.

SOXS and SOX6 empower SOX9 to activate super-enhancer
units

Our data so far have suggested that the SOX trio efficiently
activates key cartilage identity genes through binding to
SEs. Reporter assays constitute an important, complemen-
tary approach to further validate the impact that SOX pro-
tein binding to enhancers may have on gene expression. To
perform such assays, we selected several genes of interest
identified by our ChIP-seq data and picked region(s) dis-
playing the most pronounced peaks for H3K27ac, SOX6
and SOXO9 in their genetic locus (Figures 5 and 8A). Two
of these regions were classified as TEs and the others as SE
subunits. We cloned them in a reporter plasmid upstream
of a minimally active Col2al promoter (48). When tested
through transient transfection in RCS cells, all selected re-
gions were able to act as enhancers (Figure 8B). Interest-
ingly, the TEs regions were one to three orders of magnitude
less potent than the SE subunits. To assess whether these en-
hancer activities could be mediated by the SOX trio, we co-
transfected non-chondrocytic HEK-293 cells with the re-
porters and SOX expression plasmids (Figure 8C and Sup-
plementary Figure S7). Importantly, the SOX trio proteins
were unable to activate the TEs, but they acted coopera-
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at least two independent experiments.

tively to activate all four SE subunits. Among the latter, the
SE subunit located upstream of Fgfi3 was the most potent
both in RCS cells and in SOX trio-overexpressing HEK-293
cells, followed by the Runx3 region. Taken together, these
data added valuable support to the concept that the SOX
trio activates key chondrocyte-specific genes by binding to
SEs.

DISCUSSION

This study has provided novel insights into the actions of the
SOX5/6/9 chondrogenic trio. It has revealed that SOX6 and
SOX9 often and most efficiently bind genomic sites near one
another, but recognize distinct DNA motifs. The number of
SOX-bound enhancers greatly varies from gene to gene, cor-
relating in number with the size of genetic loci and in density
with gene expression levels. The most remarkable targets of
the SOX proteins are SEs associated with active cartilage-
specific genes. These genes encode all essential cartilage ex-
tracellular matrix components, the SOX trio proteins them-

selves and key regulatory factors controlling the activity of
the trio or their genes.

This study was carried out using RCS cells predomi-
nantly. These cells have been instrumental in many previ-
ous projects owing to their stable chondrocytic features, but
with the caveat that their phenotype was incompletely char-
acterized. The discovery made here that RCS cells are bona
fide growth plate proliferating/prehypertrophic chondro-
cytes establishes them as an excellent tool to study mecha-
nisms specific to the growth plate as well as mechanisms per-
taining to all cartilage types. Since growth plate chondro-
cytes quickly proceed through maturation steps and since
wild-type chondrocytes quickly dedifferentiate in culture,
one can predict that the faithful growth plate phenotype of
RCS cells is stabilized by specific mutations that the cells
have acquired during or following their oncogenic trans-
formation and during their chondrogenic selection in vitro
(75). Beyond validating RCS cells as a solid experimental
model, the complete transcriptome profile of RCS cells and
the ChIP-seq data generated here will certainly be resource-
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ful in the future to further decipher cartilage-specific path-
ways.

The concept that SOX5/6 and SOX9 work together to
effect chondrogenesis was proposed years ago based on re-
sults from mutant mouse analyses and molecular assays
limited to a few genes (6,19,21,76-78). The present study
institutes this concept at the whole-genome scale. SOX6
and SOX9 bind thousands of genomic sites and they do
so most efficiently when they bind together to the same en-
hancers. Previous biochemical assays failed to detect phys-
ical contacts between SOXS5/6 and SOX9, possibly because
they were performed in the absence of a DNA target long
enough to reconstitute enhanceosomes (6). One can thus
predict that close binding on DNA helps the SOX proteins
adopt configurations that allow them to interact with one
another or with other partners and that they thereby form
stable chondrocyte-specific enhanceosomes. As we found
that only two-thirds of SOX9 peaks were associated with
SOX6 peaks, one could ask whether the remaining SOX9
peaks were associated with SOXS5 peaks. This possibility
cannot be presently ruled out, but we believe that the an-
swer is no. SOX5 and SOX6 are indeed highly similar pro-
teins and they display virtually identical DNA-binding and
transactivation properties in vitro (6,7). Moreover, the abil-

ity of each protein to compensate effectively for the loss of
the other in knockout mice strongly suggests that the pro-
teins are largely redundant in chondrocytes and thus that
they alternate in the wild-type for binding to genomic sites
(19). In contrast to the large number of SEs bound by both
SOX6 and SOX9, only a few SEs were bound solely by
SOX9 or SOX6. This strongly suggests that the SOX trio
proteins fulfill most of their main transcriptional functions
in differentiated chondrocytes in concert rather than inde-
pendently of one another.

All SOX proteins bind with high affinity in vitro to motifs
matching or closely resembling the C[A/T|TTG[A/T][A/T]
sequence (79). ChIP-seq experiments have defined motifs
frequently bound by SOX proteins in vivo that are consis-
tent with this consensus. For instance, SOX2 preferentially
binds CATTGTT in embryonic stem cells (80); SOX11 se-
lects the [A/T]TTG motif in mantle cell lymphoma (81);
and the SOX6 targets AACAATGG motifs in skeletal my-
otubes (28). Intriguingly, SOX9 was found to bind DNA
motifs in hair follicle progenitors that do not resemble the
SOX consensus (66). Using RCS cells and primary chondro-
cytes, Oh et al. identified a best motif for SOX9 in chondro-
cytes that matches the top-ranking motifs found in SOX9
peaks in our study (22). Both studies expand, at the genome



scale, the model previously proposed that SOX9 homod-
imers bind to genomic targets presenting as pairs of inverted
SOX sites separated by 3-5 nt (21,56,57). The actual mo-
tifs preferentially bound by SOX6 in the genome appear
to be distinct from the SOX9 motif and variable. De novo
motif analyses proposed an A-rich motif as a first choice
and a single-SOX site as a second choice. Complementary
EMSASs and reporter assays performed here and in previ-
ous studies concur to indicate that SOX6 requires a pair
of SOX or SOX-like motifs rather than a single-SOX mo-
tif for efficient binding to target gene regulatory sequences.
Close analyses of the SE sequences bound by SOX6 and
SOX9 and cooperatively activated by these proteins have
strengthened this notion and revealed that SOX6 is likely
to bind to its genomic targets at pairs of tandem SOX or
SOX-like motifs. The paired motifs may either overlap with
each other or be separated by a few nucleotides. High flexi-
bility in SOX motif sequence and in pair arrangement likely
explains that de novo motif software identified A-rich mo-
tifs and single-SOX motifs in SOX6 peaks rather a more
defined SOX6-specific motif. CentriMo found central en-
richment for the single-SOX motif, but not for the A-rich
motif. Close analysis of sequences revealed that SOX9 mo-
tifs were often centrally enriched in SOX6 peaks (as well
as in SOX9 peaks) and often contained single-SOX motifs.
The central enrichment of the single-SOX motif was thus
likely contributed by both SOX6 and SOX9. The fact that
A-rich motifs were selected by CentriMo based on sequence
matches to the de novo motif identified by MEME-ChIP
rather than based on actual fitness to the SOX consensus
motif may explain why such motifs were not centrally en-
riched in SOX peaks. The reason why SOX6 is a more ac-
commodating DNA-binding protein than SOX9 may rely
on the protein structures. SOX9 has its dimerization do-
main directly adjacent to its DNA-binding domain (56).
This proximity of the two domains likely explains why the
two SOX sites can only be 3-5 bp apart in the SOX9 con-
sensus motif. This sequence arrangement places the SOX9
dimer subunits on the same side of the DNA helix, which
is likely optimal for protein dimerization. SOXS5 and SOXG6,
in contrast, have their primary coiled-coil dimerization do-
main >250 residues away from their SOX domain, and their
secondary (weaker) coiled-coil domain >60 residues away
(6). These features likely allow for great flexibility in the
distance between SOX-binding sites recognized by the pro-
tein dimers on DNA. Differences reported in other studies
for the preferred DNA motifs bound by SOX6 and SOX9
in non-chondrocytic lineages could be due to the methods
used to generate and analyze the data. We cannot exclude,
however, that they might also be due to true differences be-
tween cell types, differences that would likely be imposed by
cell type-specific transcriptional partners.

SOX9 and SOX5/6 form a trio that is not only neces-
sary, but also sufficient for chondrogenesis. Their unique
ability among SOX proteins to bind DNA as homodimers
might waive their need for non-SOX partners to bind DNA
efficiently, a mechanism that appears otherwise universal
among SOX proteins (79). DNA motif analyses of SOX6
and SOX9 peaks, however, suggest that the transcriptional
activities of the SOX trio might be dependent, or at least
modulated, by RUNT, zinc-finger and FOX proteins. FOX
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proteins are pioneer factors that open chromatin at specific
genetic loci in several lineages (82,83). Several FOX pro-
teins, namely FOXCI1 and FOXC2, are expressed in chon-
droprogenitors and are critical for skeletogenesis (84-87).
These proteins might thus have pioneer functions in these
cells. They might act together with the SOX trio, since
SOX9 was proposed to act as a pioneer in hair follicle stem
cells (30). The presence of RUNT domain binding sites in
SOX trio enhancer targets was also described by Oh et al.
(22). Zhou et al. (88) showed that RUNX2 and SOX9 in-
terfere with one another in reporter assays in vitro, and
they proposed that this mechanism might contribute to the
respective abilities of SOX9 and RUNX2 to inhibit and
promote growth plate chondrocyte maturation. Together,
these data suggest that RUNX2/3 might compete with the
SOX trio on cartilage-specific targets. Alternatively, since
the SOX trio is actually necessary for chondrocyte matu-
ration, RUNX2/3 might cooperate with the SOX trio pro-
teins, at least on a subset of enhancers, to render the peak of
expression observed for many early-chondrocyte markers in
proliferating/early-prehypertrophic chondrocytes.

Several groups have put forward the notion that SOX9
might directly repress genes and might have opposite effects
at distinct chondrocyte differentiation stages. For instance,
SOX9 was proposed to repress Coll0al in non-hypertrophic
chondrocytes (24) but to activate it in prehypertrophic cells
(17). SOX5/6 act mainly as repressors in the melanocyte,
neuronal and oligodendrocyte lineages, and achieve this ac-
tion by competing with SOX9 for binding to cis-acting el-
ements (25,26). SOX6 also acts as a repressor in erythroid
cells and skeletal myocytes (27,29). We found, however, that
SOX6 and SOX9 are rarely associated with histone signa-
tures of transrepression in RCS cells, and we did not de-
tect binding of the proteins within and around Coll0al
and other genes previously proposed to be direct targets
of SOX9 at chondrocyte differentiation stages not modeled
by RCS cells. This finding is consistent with our finding
that SOX9 binds to its recognition motif in the Coll0al
promoter only upon induction of chondrocyte hypertrophy
(17). Together, these data thus strongly suggest that the pri-
mary role of the SOX trio in growth plate chondrocytes is
to transactivate genes.

Our novel observation that RCS cells possess hundreds
of SEs and that most of these SEs are bound by the SOX
trio and are linked to chondrocyte-specific genes consoli-
dates the notion, so far supported by only a few examples,
that such enhancers are hubs for master transcription fac-
tors and control key cell identity genes. It is believed that
the clustering of enhancers, which defines SEs, allows these
enhancers to act synergistically. Our data have also raised
the new concept that SEs contain at least one enhancer that
is particularly powerful, up to several orders of magnitude
stronger than TEs. This finding suggests that this master
enhancer might act as a catalyzer for the establishment of
super-enhanceosomes and calls for complementary stud-
ies to fully decode the mechanisms that functionally distin-
guish SEs from TEs.

We showed that several cartilage-specific genes are linked
to very large SOX-bound SEs or multiple typical SOX-
bound enhancers, totaling up to two dozens enhancers. This
prompts a question on the need for so many enhancers. As
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explained above, this enhancer multiplicity may underlie the
robustness of SE-mediated gene activation. In addition, we
showed that the number of SOX-bound enhancers corre-
lates with the length of genetic loci and that, rather than
conferring stronger gene expression, large numbers of SOX-
bound enhancers could be necessary to ensure efficient ex-
pression of genes embedded in large genetic loci. Multipli-
cation of enhancers might also have occurred evolutionarily
to guarantee suitable gene expression even if one enhancer
were mutated or to guarantee proper gene expression modu-
lation at specific times and in various locations. Supporting
this idea, we recently showed that the Sox9 genetic locus
comprises several SOX trio-bound enhancers that display
differential activity patterns during chondrocyte differenti-
ation (49) and that deletion of one of the Sox9 SEs affected
the Sox9 expression level, but not enough to cause a major
disease (60).

The present study broadened evidence that the SOX trio
directly controls the genes for all major components of the
cartilage extracellular matrix, and it also newly uncovered
numerous relationships between the SOX trio and key reg-
ulatory genes in cartilage. These targets include Fgfi3. As
Sox9 expression was shown to be upregulated by FGFR3
signaling (89,90), our finding suggests the existence of a
positive regulatory loop between SOX9 and FGFR3. This
loop could contribute to explain that the expression of Sox9
and many of its targets culminates along with that of Fgfi3
in lower columnar/prehypertrophic chondrocytes. Our data
also strongly suggest that Runx2 and Runx3 expression is
positively controlled by the SOX trio in the growth plate.
These data contrast with the upregulation of Runx2 that oc-
curs upon inactivation of the SOX genes in this tissue, and
which reflects the switch of growth plate chondrocytes to the
osteoblast lineage (17,18). RUNX2 has two hats as a mas-
ter skeletal transcription factor: it acts (along with RUNX3)
to drive growth plate chondrocyte maturation and it is also
required (without RUNX3) for osteoblast differentiation.
Runx2 expression might be under distinct regulatory mech-
anisms in these two lineages. The SOX trio might ensure
Runx2 (and Runx3) expression in chondrocytes while at
the same time repressing osteoblastic mechanisms, namely
through blocking canonical/ WNT signaling (17). As ex-
plained earlier, our data suggest that RUNX2/3 and the
SOX trio might cooperatively activate some chondrocyte-
specific genes. In this context, the existence of feedback pos-
itive loops between their genes would not be surprising. Last
but not least, data shown here have newly substantiated the
notion that the SOX trio targets its own genes. This find-
ing was expected based on evidence that other master tran-
scription factors directly regulate their own gene expression
and based on indirect in vitro and in vivo data suggesting
this important property for the SOX trio (15,49,60,61). We
recently described four enhancers that are located in the
350-kb genomic domain upstream of Sox9 and that are ac-
tive at overlapping times during chondrocyte differentia-
tion (49,60). The present study suggests that additional en-
hancers, both further upstream and downstream of Sox9,
might also participate in Sox9 expression in chondrocytes.
This result is consistent with evidence that campomelic dys-
plasia can be caused by chromosomal translocations occur-
ring beyond the 350-kb domain located upstream of SOX9

or downstream of SOX9 (91). The Sox9 gene, like other car-
tilage genes, including Sox5 and Sox6, is thus likely to be
controlled by complex, overlapping mechanisms, including
auto-regulation.

In conclusion, this study has significantly increased
knowledge of the actions of the SOX5/6/9 chondrogenic
trio and it has newly uncovered molecular links in the chon-
drogenesis regulatory network. It has also raised new ques-
tions for future investigations. For instance, it has set a
framework for complementary studies to further dissect the
actions of the SOX trio at distinct stages of chondrocyte dif-
ferentiation, in distinct types of cartilage and in other cell
lineages. It also invites further studies to uncover transcrip-
tion factors that are likely to functionally interact positively
or negatively with the SOX trio in chondrocyte-specific
super-enhanceosomes.
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