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Fig. 7. Impact of SOX9 on global and Col2al epigenetic profiles in mouse limb buds. (A) Average profiles of histone modifications obtained in

ChlP-seq assays of E11.5 Sox9** and Sox9~/~ (left) and E12.5 Sox9"" and Sox9™"Prx1CreER (right) embryo limb buds for 623 cartilage-related genes
(Table S7). The characteristic bimodal shape of the H3K4me1 profile is more apparent at E12.5 than at E11.5, likely because peaks are smaller. (B) Histone
modification profiles at the Col2a1 and neighboring gene loci in E11.5 Sox9** and Sox9~'~ and E12.5 Sox9"" and Sox9""Prx1CreER embryo limb buds.
H3K27ac peaks are labeled P1 to P5, and their summits are identified with vertical bars. (C) Comparison of H3K27ac (green) and SOX9 (blue) peak profiles at the
Col2a1 locus for E9.5 to E14.5 limbs and for newborn mouse rib cartilage. The P1 to P5 peaks for H3K27ac are indicated. Their summits, and the summits of
additional peaks, are marked with vertical bars. Light beige highlight indicates gene bodies.

P1 to P4, but not P5, and assays performed at birth showed the same
SOX9 peaks and additional ones, but not P5. Taken together, these
data supported a model whereby SOX9 binds to multiple enhancers
in the Col2al locus, contributes to removing transrepression marks
at the promoter, and helps to increase active-promoter and active-

enhancer marks, but does not bind to and does not epigenetically
modify the PS5 enhancer located in the middle of the gene. We
speculate that this enhancer drives Col/2al expression in limb bud
ectoderm, whereas the others are primarily active in the chondrocyte
lineage.
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The loci for other precartilage- and cartilage-marker genes
showed epigenetic changes consistent with RNA-seq data and with
global and Col2al epigenetic changes, although with variations
among genes. For example, the Fam101a and Sema3d loci showed
an increase in active-promoter and active-enhancer marks, and a
decrease in transrepression marks between E11.5 and E12.5
(Fig. 8A). According to the stronger SOX9 dependency of
Faml0la, the active-promoter mark was more affected by Sox9
inactivation in FamI01a than in Sema3d. Wwp2 and Mirl140, which
resides within the 3’ end of Wwp2, are both highly expressed in
developing cartilage and required for proper chondrogenesis
(Miyaki et al., 2010). Despite its high expression from E11.5 and

modest SOX9 dependency, Wwp2 showed hardly any change in
active-promoter and transrepression marks in E11.5 and E12.5
control and Sox9-mutant limb buds (Fig. 8A). In contrast, Miri40
had an active-promoter mark that strongly increased between E11.5
and E12.5, and was tightly dependent upon Sox9 expression at
both stages. Many enhancers were located between the two gene
promoters, were occupied by SOX9 and showed SOX9-dependent
increases in H3K27ac marks. Other cartilage markers, such as
Col9a3 and Acan, had stronger transrepression marks in Sox9-
deficient limb buds than in controls at E11.5, and these marks
decreased by E12.5 independently of SOX9. Concomitantly, and in
agreement with the stronger upregulation of Col9a3 than Acan
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Fig. 8. Impact of SOX9 on the epigenetic profiles of various loci in limb buds. (A) Histone modification profiles for PC and early-cartilage gene loci in
E11.5 Sox9** and Sox9~/~ and E12.5 Sox9™" and Sox9™"Prx1CreER embryo limb buds. (B) Histone modification profiles for various genes in E11.5 Sox9** and
Sox9~'~ and E12.5 Sox9™" and Sox9""Prx1CreER embryo limb buds. In both panels the summits of H3K27ac and SOX9 peaks are marked with vertical bars.

Light beige highlight indicates gene bodies.
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between E11.5 and E12.5, Col9a3 showed increases in active-
promoter and active-enhancer marks that were largely SOX9
dependent, whereas the Acan locus maintained low active-
promoter and active-enhancer marks.

We then analyzed ENCODE data to determine whether the
epigenetic modifications observed at pre- and cartilage loci in Sox9-
mutant limb buds were also seen in tissues that do not normally
express Sox9, such as embryonic and adult liver (RPKM values for
Sox9 were 0.2 and 0.9 in E14.5 and 8-week-old mouse liver,
respectively, and 30.6 for E14.5 limbs; ENCODE BioProject
PRINA66167). No significant marks of active promoter
(H3K4me3), enhancer (H3K27ac) and transcription (H3K36me3)
were detected at the Col2al and Acan loci in these tissues
(Fig. S4). However, poised enhancer (H3K4mel) and repression
(H3K27me3) marks were present within or upstream of the gene
bodies in adult liver (data were not available for fetal liver). These
findings thus support the notion that precartilage- and cartilage-
specific genes are in a poised or repressed state in non-chondrogenic
tissues, and that the epigenetic marks of active transcription
observed in Sox9-deficient limb buds may genuinely reflect Sox9-
independent initiation of the chondrogenic program.

To determine whether SOX9 solely modifies the epigenetic status
of precartilage and early-cartilage genes, we analyzed markers
of late-stage growth-plate chondrocytes, such as /hh (Indian
hedgehog) and Runx2, and genes active in limb bud cells that do
not express Sox9, such as o-globin genes and the tenocyte markers
Sex, Mkx, Tnmd and Kera (Fig. 8B). Interestingly, although active-
promoter and active-enhancer marks were not affected by Sox9
inactivation, transrepression marks were stronger at most genes in
E11.5 Sox9 mutants than in controls, as seen for pre- and early-
cartilage genes.

In conclusion, SOX9 is dispensable in the initiation of important
epigenetic modifications at the onset of chondrogenesis. It
nevertheless helps remove transrepression marks in a non-specific
manner, which is likely to facilitate its identification of specific
targets. Upon binding to its targets, SOX9 then enhances active-
transcription signatures and engages in transactivation.

DISCUSSION

This study increased our understanding of mechanisms whereby
skeletogenic cells initiate chondrogenesis and are directed by SOX9
in this process. It uncovered several genes that are controlled by
SOXO9 and that are likely to be crucial for PC by strengthening the
actin cytoskeleton and by promoting homotypic cell-cell adhesion
and heterotypic cell-cell repulsion. Furthermore, this study
disconcerted our expectations by revealing that SOX9 helps but is
not required for pioneer actions eliciting removal of epigenetic
transrepression marks and adding active-promoter and active-
enhancer marks at precartilage- and cartilage-specific loci. SOX9
is thus a crucial chondrogenic transcription factor, but not a master
pioneer factor in nascent chondrogenesis.

PC initiates major morphological changes in embryos and it is
SOX9 dependent. This study proposed several candidate effectors
of this process, including Faml0la and other actin-cytoskeleton
regulators. FAM101A and FAM101B interact with filamins to
facilitate actin bundling (Gay et al., 2011). Actin bundles become
particularly abundant during PC and allow cells to generate force
and resist mechanical deformation. Faml01a/Faml01b-null mice
exhibit vertebral fusions and delayed growth, and primary
chondrocytes that are derived from them have fewer actin bundles
(Mizuhashi et al., 2014). Although inactivation of Famli0Ola,
Faml01b and any other PC-candidate gene was not reported to

affect PC in vivo, the failure of PC in the absence of SOX9 may
occur because multiple genes are simultaneously downregulated.
Similarly, the single inactivation of any cartilage-matrix component
gene does not preclude chondrogenesis, but the combined
downregulation of all genes in Sox9 mutants does.

Cartilage is devoid of vascular, neural and any other non-
chondrocytic cells. This exclusive cellular composition is initiated
during PC through as yet elusive mechanisms. Its SOX9
dependency was first suggested when Sox9"*/Sox9~~ mouse
chimeras were found to expel Sox9~~ cells from exclusively
Sox9** PCs (Bi et al., 1999). This intriguing observation implied
the existence of a cell-autonomous mechanism of homotypic
adhesion of Sox9** chondrogenic cells along with a mechanism of
heterotypic cell exclusion driven by Sox9-expressing cells. It was
later proposed that the exclusion of endothelial cells from PCs was
orchestrated by VEGF produced by prechondrocytes in a SOX9-
dependent manner (Eshkar-Oren et al., 2009). In the present study,
however, the VEGF genes and endothelial-cell markers were
expressed at normal levels in Sox9-deficient limb buds. SOX9 is
thus unlikely to control VEGF expression in prechondrocytes and
must use another mechanism to prevent PC vascularization.
Interestingly, our findings that Sema3c and Sema3d are highly
expressed in PCs and significantly downregulated in the absence of
Sox9 offer a new molecular basis for the homotypic adhesion of
prechondrocytes and exclusion of other cell types. Previous in vitro
studies showed that SEMA3D promotes homotypic adhesion of
mesenchymal cells and exclusion of endothelial cells from
cardiogenic tissue (Hamm et al., 2016), and similar roles were
shown for SEMA3C, SEMA3D and other SEMA3 proteins in
various processes (Gaur et al., 2009; Liu and Halloran, 2005;
Mammoto et al., 2011). Our gain- and loss-of-function experiments
in vitro provide additional evidence that SEMA3C and/or SEMA3D
may facilitate PC. In vivo, the knockdown of sema3d in zebrafish
embryos was found to cause dramatic reductions and malformations
of lower jaw cartilage, suggesting that the fish gene has important
roles in jaw chondrogenesis and that these roles are not compensated
for by other genes (Berndt and Halloran, 2006). Skeletal defects
were not reported for Sema3c-null and Sema3d-null mice
(Degenhardt et al., 2013; Feiner et al., 2001). As the two genes
encode similar proteins and are co-expressed in mouse PCs, it is
possible that they act redundantly in mammals and thus, unlike
single-null mutants, double-null mutants would be skeletally
compromised.

In addition to endothelial cell markers, genes encoding important
limb-bud patterning factors and key specification and differentiation
factors for other cell types also showed normal expression in Sox9-
deficient limb buds. These cell types included limb-bud progenitor
cells, osteochondroprogenitors, tenocytes and myoblasts. Thus,
although it is accepted that the formation of the musculoskeletal
system involves spatial and temporal coordination between all
tissues, our data indicated that crosstalk between chondrocytic and
other cell types does not initiate or does not require SOX9 before
E12.5. Supporting this conclusion, previous studies have shown that
tenogenesis is necessary for bone ridge formation and that
mechanical force generated by muscle is necessary for joint
formation, but that bone ridge and joint defects were not detected
in mutant mice before E13.5 (Blitz et al., 2009; Kahn et al., 2009).
Also supporting our conclusion, massive cell death, likely involving
chondrogenic and other cells, has previously been detected in Sox9-
deficient limb buds at E13.5, but not earlier (Akiyama et al., 2002).

RNA-seq and ChIP-seq assays recently widened the known
spectrum of genes transactivated by SOX9 in differentiated
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chondrocytes from dozens to thousands (Garside et al., 2015; Liu
and Lefebvre, 2015; Ohba et al., 2015). We further broadened this
spectrum by identifying SOX9 targets in prechondrocytes and we
also started to address the issue of pioneer actions of SOX9 in the
chondrocyte lineage. Forced expression of SOX9 has previously
been shown to be sufficient to activate genes characteristic of
differentiated chondrocytes or hair follicle stem cells in cells not
committed to these lineages, but molecular evidence of pioneer
functions for SOX9 has not yet been put forward (Adam et al., 2015;
Bell et al., 1997; Ikeda et al., 2004; Kishi et al., 2011). The fact that
forcedly expressed SOX9 activated chondrocyte markers in only
few cell types suggests that other factors have chondrogenic pioneer
functions upstream of SOX9, or along with SOX9. Consistent with
this idea, we showed that SOX9 helps to broadly remove
transrepression marks and consolidate histone marks of active
transcription at precartilage- and cartilage-specific loci, but is
dispensable to initiate these events.

Pioneer transcription factors act at multiple levels. They first bind
to closed chromatin. In agreement with this capability, SOX9 has
previously been shown to bind and displace nucleosomes on a
Col2al chromatin template in vitro (Coustry et al., 2010; Furumatsu
et al., 2005). Once bound to closed chromatin, pioneer factors
recruit histone-modifying enzymes. SOX9 binds the genome of
differentiated chondrocytes to enhancers that harbor H3K27ac
marks and are occupied by p300 (Ohba et al., 2015). This protein,
and its close relative CBP, are both histone acetyltransferases and
transcriptional co-activators, and have been shown to physically
interact with SOX9 and help SOXO9 transactivate a Col2al reporter
in vitro (Furumatsu et al., 2005; Tsuda et al., 2003). SOX9 thus
likely recruits CBP/p300 in vivo to establish or secure active-
enhancer signatures in precartilage or cartilage-specific genes. The
removal of H3K27me3 repressor marks typically involves histone
demethylases. The ARIDSB transcriptional co-activator physically
associates with SOX9 and recruits the histone demethylase PHF2 to
SOX9 target genes in chondrocytes in vitro (Hata et al., 2013), and
the histone demethylase KDM4B has been proposed to promote
chondrogenesis downstream of TGFp (Lee et al., 2016; Yapp et al.,
2016). Many histone demethylases are broadly expressed, and we
did not find evidence that SOX9 upregulates any of their genes in
limb buds. More studies are needed to definitively determine which
histone demethylases work with SOX9 to prime precartilage or
cartilage-specific genes for activation. In addition, studies involving
ATAC-seq or DNase-seq assays are needed to definitively test
whether SOX9 has chondrogenic pioneer factor activities and to
what extent these activities are necessary and sufficient to modify
chromatin accessibility at chondrocyte-specific loci.

Beyond suggesting genuine chondrogenic pioneer functions for
SOXO9, our findings also suggested that SOX9 may not be the first
factor to access and remodel chromatin at chondrogenic loci, but
may intervene secondarily to secure and reinforce active-chromatin
states. Concerted actions have been shown in pluripotent embryonic
stem cells for the four master regulators, SOX2, POUSF1
(also known as OCT4), KLF4 and MYC (Soufi et al., 2015), and
several transcription factor types have been shown to serve as
pioneers in other cells. Best known are Forkhead transcription
factors, with FOXA and its GATA partners having served as pioneer
paradigms in hepatogenesis (Golson and Kaestner, 2016; Iwafuchi-
Doi and Zaret, 2016). Two Forkhead genes, Foxcl and Foxc2, are
expressed in skeletogenic mesenchyme and are necessary for proper
chondrogenesis (Kume et al., 1998; Motojima et al., 2016; Zhao
et al., 2015). We showed here that they are expressed in Sox9-
deficient limb buds, albeit at a lower level than in controls. Their

proteins could thus initiate chondrogenesis before, together with or
downstream of SOX9. In the GATA family, Gata6 is expressed in
mouse embryo PCs, but its roles have yet to be assessed
(Alexandrovich et al., 2008). Multiple pioneer factors are,
therefore, likely to control chondrogenesis.

By showing that SOX9 may make key pioneer contributions in
early chondrogenesis, our study suggests that SOX9 could also have
similar actions in other processes, and more SOX proteins could
have pioneer actions than is currently known (Hou et al., 2017).
Beyond its roles in pluripotent stem cells, SOX2 initiates an
essential SOX code in neurogenesis. Crucial in neural stem cells, it
is succeeded by SOX4 and SOX11 (SOXC group proteins) in
nascent neuronal cells, and by SOX8, SOX9 and SOX10 (SOXE
group proteins) in overt neurogenesis (Bergsland et al., 2011;
Reiprich and Wegner, 2015). A similar code might operate in
chondrogenesis, as Sox4 and Sox/I are expressed and are
instrumental in skeletogenic mesenchyme (Bhattaram et al.,
2014). SOX8 and SOXI10 act in redundancy with SOX9 in
several lineages, including Sertoli cells and neural crest cells
(Barrionuevo and Scherer, 2010; Reiprich and Wegner, 2015). Sox8
is also co-expressed with Sox9 in skeletogenic cells (Sock et al.,
2001), and its modest but significant expression is unchanged in
Sox9-deficient limb buds. SOX8 and SOX9 may thus share
functions in prechondrocytes, with SOX8 being able to
epigenetically modify and initiate the expression of precartilage or
cartilage genes in the absence of SOX9. This hypothesis would
reconcile evidence from previous studies that SOX9 has pioneer
functions in vitro and in vivo, and from the present study that SOX9
is dispensable for initial chondrogenic actions. Taken together, this
study further illuminates our understanding of chondrogenesis and
provides leads for new investigations towards fully deciphering the
pioneer mechanisms that initiate chondrogenesis and cell-fate
determination in various developmental, physiological and
disease processes.

MATERIALS AND METHODS

Mice

Mice were used as approved by the Cleveland Clinic Institutional Animal
Care and Use Committee. All were on a mixed genetic background (CD1/
129/C57BL6). Sox9 mutant and control littermates were generated using
breeders carrying Sox9 wild-type and conditional-null alleles (Kist et al.,
2002), and PrmCre (O’Gorman et al., 1997), Zp3Cre (Lewandoski et al.,
1997) or PrxICreER transgenes (Kawanami et al., 2009). PrmCre and
Zp3Cre are expressed in the male and female germ lines, respectively. They
were used to generate Sox9 /'~ embryos (Akiyama et al., 2004). PrxICreER
was used to inactivate Sox9 in limb bud mesenchyme before the onset of
skeletogenesis. Pregnant females carrying Sox9"'PrxICreER embryos
were injected intraperitoneally with 0.5 mg tamoxifen/10 g of body weight
at E9.5. Genotyping was carried out using previously described PCR
strategies (Kist et al., 2002; Kawanami et al., 2009).

RNA-seq assay
Mouse embryo limb buds were harvested in ice-cold PBS, incubated in
RNAlater (Thermo Fisher Scientific) at 4°C overnight and stored at —20°C.
Total RNA was extracted and purified using the RNeasy Mini Kit (Qiagen)
after limb-bud homogenization in the kit RLT lysis buffer using disposable
pellet pestles (Fisherbrand). RNA quality and quantity were assessed using a
2100 Bioanalyzer (Agilent Technologies). Only samples with an RNA
integrity number (RIN) >9 were processed for RNA-seq assays. Libraries
were generated from 250 ng RNA using the TruSeq Stranded Total RNA
Sample Prep Kit (Illumina) and sequenced with an Illumina HiSeq 2500
System (Genomics Core Facility, University of Chicago).

RNA-seq data were analyzed using the Strand NGS pipeline, as described
in Liu and Lefebvre (2015). In brief, single-end reads were aligned to the
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mouse genome (mm1l0), and unmapped and duplicate reads filtered out.
RNA levels were expressed as numbers of reads per kilobase of exons per
million of total reads (NRPKM). Differential RNA levels among samples
were determined using one-way ANOVA followed by post-hoc Tukey HSD
test. Asymptotic analysis was used for P-value computation, followed by the
Benjamin-Hochberg procedure for multiple-testing correction. For a gene to
be included in downstream analyses, its RNA level average had to be >3
NRPKM in at least one sample type, and >1.5-fold different in at least one
sample type compared with others, with P<0.05. Gene ontology analysis
was performed using IPA (Qiagen).

qRT-PCR assay

Total RNA was prepared using TRIzol (Life Technologies) and the RNeasy
Mini Kit. cDNA was synthesized using the High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific). qPCR was performed using the
StepOne Plus Real Time PCR system (Thermo Fisher Scientific) and SYBR
Green PCR Master Mix (Thermo Fisher Scientific). Primers and PrimeTime
qPCR Primer Assays (Integrated DNA Technologies) are listed in Table S6A.
PCR consisted of one cycle at 95°C for 10 s followed by 40 cycles at 95°C for
5 sand 60°C for 30 s. Relative mRNA levels were calculated using the AACt
method, with Actb or Hprt levels as references.

ChiIP-seq assay

Embryo limb buds were collected in ice-cold PBS and fixed in DMEM
containing 1% formaldehyde and 10% fetal calf serum for 15 min at room
temperature. After stopping crosslinking with 0.125 M glycine for 5 min,
limb buds were washed three times in ice-cold PBS, homogenized with a
pestle in buffer 1 [SO mM HEPES, pH 7.5, 140 mM NaCl, 1 mM
ethylenediaminetetraacetic acid (EDTA), 10% glycerol, 0.5% IGEPAL
CA-630 (Sigma-Aldrich), 0.25% Triton X-100 and 1x Protease Inhibitor
Cocktail (PIC; Roche)], and left on ice for 10 min. After centrifugation, cell
pellets were resuspended in buffer 2 [10 mM Tris-HCI, pH 8, 200 mM
NaCl, 1 mM EDTA, 0.5 mM ethylene glycol tetraacetic acid (EGTA) and
PIC] and incubated at room temperature for 10 min, on a shaker, to extract
chromatin. Following centrifugation, chromatin pellets were stored at
—80°C. Chromatin from 20-40 limbs was pooled according to genotype in
buffer 3 (10 mM Tris-HCI, pH 8, 1 mM EDTA, 0.5 mM EGTA, 0.1%
sodium deoxycholate, 5% sarkosyl and PIC) and processed as described in
Liu and Lefebvre (2015). Briefly, chromatin was sheared into 100-500 bp
fragments using a Bioruptor sonication system (Diagenode). Supernatants
were recovered by centrifugation at 6000 g for 5 min. Then, 2 pg of
H3K27ac (Abcam, ab4729), H3K4mel (Abcam, ab8895), or H3K4me3
(Abcam, ab8580) rabbit polyclonal antibodies, 5 pg of H3K27me3 mouse
monoclonal antibody (Abcam, ab6002), or 5pg of H3K36me3 rabbit
polyclonal antibodies (Abcam, ab9050) were coupled with 20 pl Dynabeads
(Life Technologies) and incubated with chromatin fragments in 1 ml of
buffer 3 at 4°C overnight. All antibodies have been validated in numerous
previous studies, including Liu and Lefebvre (2015). Magnetic beads were
washed with RIPA buffer (1% IGEPAL, 1% sodium deoxycholate, 1 mM
EDTA, 50 mM HEPES, pH 7.5, and 0.5 M LiCl) and immunoprecipitated
chromatin fragments recovered in elution buffer (50 mM Tris-HCI, pH 8§,
10 mM EDTA, and 1% SDS). After reverse-crosslinking at 65°C overnight,
DNA was purified by phenol/chloroform/isoamyl alcohol extraction and
ethanol precipitation. Libraries were generated using TruSeq ChIP library
preparation kits (Illumina) and single-end reads were obtained using a HiSeq
2500 platform (Illumina).

ChIP-seq data FASTQ files were aligned to the mouse genome (mm10)
using the Strand NGS pipeline. Unmapped and duplicate reads were filtered
out. Peak calling for SOX9 and histone modifications was carried out using
MACS software (version 1.4.5) with default setting (effective genome size,
1.87¢+09; band width, 300; model fold, 10, 30; P-value cutoff, 1.00e-05;
and range for calculating regional lambda, 1 to 10 kb). Corresponding input
libraries were used as controls. Peaks with a false discovery rate <1% were
retained for analysis. Strand NGS software was used for peak visualization
and region comparison, and the PAVIS tools to assign SOX9 peaks and
modified-histone regions to the nearest genes, as has previously been
described (Huang et al., 2013; Liu and Lefebvre, 2015). ChIP-seq data were

downloaded from the GEO repository for SOX9 in E12.5 limb buds
(GSE73225; Garside et al., 2015); for H3K27ac in E9.5 and E10.5 limb
buds (GSE45456; Andrey et al., 2013); for H3K27ac in E14.5 limb buds
(GSE31039; ENCODE/LICR); for SOX9 and H3K27ac in newborn ribs
(GSE69108; Ohba et al., 2015); and liver samples (GSE31038, ENCODE
Project Consortium, 2012).

Histology, immunostaining and RNA ISH

Mouse embryos were fixed in 4% paraformaldehyde overnight at 4°C. Paraffin
embedding, sectioning at 7 um and section staining with Hematoxylin and
Eosin (H&E) were performed following standard protocols. To make frozen
sections, fixed embryos were impregnated sequentially in 10%, 15% and 20%
sucrose, and were left to sink in a 1:1 mix of 20% sucrose and OCT overnight
at 4°C. Limb buds were embedded in a 1:3 mix of 20% sucrose and OCT.
Cryosections were made at 10 um in thickness.

For immunostaining, frozen sections were washed in PBS for 5 min and
in PBT (PBS, 1% BSA and 0.1% Triton X-100) for 5 min thrice. They were
blocked in PBT containing 10% donkey serum for 1 h at 4°C and then
incubated overnight at 4°C in a humidified chamber with SOX9 antibody
(Millipore, AB5535, 1:1000; validated in Yao et al., 2015 and Liu and
Lefebvre, 2015). Following three 10 min washes in PBT, sections were
incubated with Alexa Fluor 549-conjugated donkey anti-rabbit secondary
antibody (Thermo Fisher Scientific, A21207, 2 pg/ml) and CytoPainter
Phalloidin-iFluor 488 Reagent (Abcam, ab176753, 1:1000) for 2 h at room
temperature. Signals were visualized and captured by confocal microscopy.
Images were processed using Adobe Photoshop CS6 software.

RNA ISH was carried out using anti-sense RNA probes synthesized with
digoxigenin (DIG) RNA labeling mix (Roche) from linearized plasmid
templates (Table S6B). Mouse embryo sections were deparaffinized,
rehydrated, washed in PBS containing 0.1% diethylpyrocarbonate (DEPC-
PBS), post-fixed in 4% formaldehyde for 20 min and treated with 20 pg/ml
of proteinase K in DEPC-PBS for 7.5 min. After an additional post-fixation
in 4% formaldehyde for 20 min and two washes in DEPC-PBS, sections
were acetylated with 1.5% triethanolamine in 0.03 N HCI and 0.25% acetic
anhydride to reduce electrostatic binding of probes. They were then washed,
dehydrated and air-dried. Probes were diluted at 0.25 ng/kb/ul in
hybridization buffer (10 mM Tris-HCI, pH 7.5, 600 mM NaCl, 1 mM
EDTA, 0.25% SDS, 0.2% dextran sulfate, 0.02% Ficoll 400, 0.02%
polyvinylpyrrolidone, 0.02% bovine serum albumin, 200 pg/ml yeast tRNA
and 50% formamide) and added onto each slide for hybridization at 60°C
overnight. After post-hybridization washes and treatment with 20 pg/ml
RNAse A and 1 pg/ml RNAse T1 (Thermo Fisher Scientific, 12091-021 and
AM2283, respectively) in NTE buffer (10 mM Tris-HCI, pH 8, 0.5 M NaCl,
and 5 mM EDTA) for 30 min at 37°C, sections were incubated in 1%
blocking reagent in MAB buffer (0.1 M maleic acid, pH 7.5, and 0.15 M
NaCl) for 1h. Alkaline phosphatase-conjugated digoxygenin antibody
(Sigma-Aldrich, 11093274910, 1:5000) was added for 16 h at 4°C. After
washes in MAB and alkaline phosphatase buffer (0.1 M Tris-HCI, pH 9.5,
0.1 M NacCl, 50 mM MgCl,, 0.1% Tween 20, and 2 mM levamisole), slides
were incubated with BM purple solution (Roche) at 4°C in the dark until
specific or background signal appeared (24 to 96 h). The reaction was
stopped with 10 mM EDTA in PBS. Slides were mounted with DAKO
aqueous medium. Images were captured under microscopy with a digital
camera and processed using Adobe Photoshop CS6 software.

Micromass culture

Mesenchymal cells were isolated from E11.5 embryo limb buds as described
by Underhill et al. (2014). Briefly, limb buds were digested with dispase to
obtain single-cell suspensions. Cells were re-suspended in medium at 2x107/
ml and plated as 10 pl micromasses. After 2 h, DMEM/F12 medium
with 10% FBS, 50 pg/ml ascorbic acid, | mM sodium pyruvate and 1 mM
L-cysteine was gently added. For loss-of-function experiments, each
micromass was transfected with 10 pmol control siRNA or specific
siRNA for Sema3c or Sema3d (Thermo Fisher Scientific) and 1.5 pl
RNAIMAX (Thermo Fisher Scientific). For gain-of-function experiments,
recombinant mouse SEMA3C and human BMP7 (R&D Systems) were
added to the medium at 500 ng/ml and 100 ng/ml, respectively, at culture
days one and three. Staining with 10 pg/ml rhodamine-labeled peanut
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agglutinin (PNA, Vector Laboratories) was performed after fixation with 4%
PFA. Staining with 1% Alcian blue 8GX (Fisher Scientific) was performed
following fixation with 4% formalin and a wash with 0.2 M HCI. Staining
intensities were quantified using NIH ImageJ software.

Reporter assay

Selected SOX9-bound genomic regions were amplified by PCR using
mouse DNA and specific primers (Table S6C). PCR products were cloned
in a reporter plasmid upstream a minimal Co/2al promoter driving the
firefly luciferase gene (Lefebvre et al., 1996) and sequence-verified. Thirty
thousand HEK-293T cells (recently amplified from an ATCC CRL-3216
vial) were cultured in each well of 24-well plates overnight and then
transfected with a mixture including DMEM, FuGENEG6 (Promega), 150 ng
reporter, 33.3 ng pGFP plasmid, 25 ng pSV2bgal plasmid, 50 ng SOX9
expression plasmid, 50 ng SOX6 expression plasmid and empty plasmid (up
to 400 ng DNA). After 40-42 h, cells were collected in Tropix lysis buffer
(100 mM potassium phosphate, pH 7.8, 1 mM DTT, 0.2% Triton X-100).
Reporter activities were measured using a Dual-Light luciferase and
B-galactosidase reporter gene assay system (Thermo Fisher Scientific).
Promoter activation folds were calculated by dividing the activities of
reporters containing a promoter and enhancer region by the activity of the
related promoter-only reporter. They were normalized for transfection
efficiency and calculated as meants.d. for technical triplicates. The
statistical significance of fold changes among samples was determined
using the two-tailed Student’s #-test (P<0.05).
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Fig. S1. Validation of qRT-PCR assays. To ensure that our qRT-PCR method correctly
measured the relative levels of Sox9 and Col2a1 RNA, we prepared RNA from newborn mouse
rib cartilage and skeletal muscle, and mixed the samples in distinct ratios: 0% cartilage/100%
muscle; 33.3% cartilage/66.7% muscle; 66.7% cartilage/33.3% muscle, and 100% cartilage/0%
muscle. All samples had similar levels of p-actin RNA, which were used for normalization. The
linear fitness equation and R-squared demonstrate that our assay accurately quantified the
relative levels of Sox9 and Col2a1 RNAs present in these samples. Importantly, the level of
Col2a1 RNA measured in the sample containing only muscle RNA was zero. This result
consolidates evidence that our positive detection of Co/l2a1 RNA in Sox9-deficient limb buds is

real (not due to background noise).
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Fig. S2. Test of the efficiency of siRNAs for Sema3c (siSema3c) and Sema3d (siSema3d).
Chondrogenic ATDC5 cells (Sigma-Aldrich, 99072806-1VL) were cultured in DMEM/F12 with
5% FBS. Cells were plated at 2.5 x 10* cells/cm®. After 2 h, they either were not transfected
(Ctrl) or were transfected with 10 nM control siRNA (siCtrl) or specific siRNA for Sema3c or
Sema3d and the RNAIMAX transfection reagent (Thermo Fisher Scientific). After 48 h, the
MRNA levels of Sema3c and Sema3d were quantified by gqRT-PCR relative to the mRNA levels
for Gapdh. Data are presented as the mean with standard deviation for technical triplicates in
percentage of values obtained for untransfected control cells. Asterisks, p<0.05 (Student’s t-
test).
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Fig. S3. Average profiles of histone modifications obtained for all genes in ChiIP-seq
assays for E11.5 Sox9"* and Sox9” embryo limb buds (left) and for E12.5 Sox9™" and

[
o
-

©

£

o
qC_)
£

o)

C

©
i)

[

()

£
Q

Q

Q

3
wn

L]
e

[

()

£

Q
ko)

()

>

()
o



Development 145: doi:10.1242/dev.164459: Supplementary information

Sox9"Prx1CreER embryo limb buds (right). Data are presented for a window of 10 kb
upstream and downstream of transcription start sites. A window of 100 kb is also shown for
H3K4me1 and H3K27ac. Note that the control and mutant profiles for H3K4me1 at E11.5 are so
similar that they cannot be distinguished. Also note that the characteristic bimodal curving of

epigenetic profiles is more readily apparent when the peaks are small than when they are tall.
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Fig. S4. Epigenetic profiles of the Col2a1 and Acan loci in liver of E14.5 and 8-week-old
mice. Data were downloaded from the GEO database (GSE31039). H3K36me3 and H3K27me3

profiles were not available for fetal liver.
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Supplementary Tables

Table S1. List of all genes expressed in E11.5 Sox9” and Sox9” mouse limb buds and in
E12.5 Sox9" and Sox9"Prx1CreER mouse limb buds, as detected by RNA-seq assay

Click here to Download Table S1

Table S2. Lists of genes upregulated and downregulated in Sox9-deficient limb buds, as

detected by RNA-seq assay

Click here to Download Table S2

Table S3. Ingenuity Pathway Analysis of biological process categories and disease/function

subcategories containing genes downregulated 21.5 fold in Sox9-deficient limb buds at E12.5

Click here to Download Table S3
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http://www.biologists.com/DEV_Movies/DEV164459/TableS1.xlsx
http://www.biologists.com/DEV_Movies/DEV164459/TableS2.xlsx
http://www.biologists.com/DEV_Movies/DEV164459/TableS3.xls
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Table S4. Lists of genes upregulated and downregulated in limb buds from E11.5 to E12.5, as
detected in RNA-seq assays

Click here to Download Table S4

Table S5. Ingenuity Pathway Analysis of biological processes involving genes upregulated or

downregulated in limb buds between E11.5 and E12.5

Click here to Download Table S5

Table S6. Lists of primers and enhancer features

Click here to Download Table S6

Table S7. List of 623 cartilage-related genes used for generating average histone modification

profiles in Fig. 7

Click here to Download Table S7
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http://www.biologists.com/DEV_Movies/DEV164459/TableS5.xls
http://www.biologists.com/DEV_Movies/DEV164459/TableS6.xlsx
http://www.biologists.com/DEV_Movies/DEV164459/TableS4.xlsx
http://www.biologists.com/DEV_Movies/DEV164459/TableS7.xlsx

