@'PLOS | GENETICS

Check for
updates

G OPEN ACCESS

Citation: Tan Z, Niu B, Tsang KY, Melhado IG,
Ohba S, He X, et al. (2018) Synergistic co-
regulation and competition by a SOX9-GLI-FOXA
phasic transcriptional network coordinate
chondrocyte differentiation transitions. PLoS Genet
14(4): €1007346. https://doi.org/10.1371/journal.
pgen.1007346

Editor: Gregory S. Barsh, Stanford University
School of Medicine, UNITED STATES

Received: December 6, 2017
Accepted: March 29, 2018
Published: April 16, 2018

Copyright: © 2018 Tan et al. This is an open access
article distributed under the terms of the Creative
Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in
any medium, provided the original author and
source are credited.

Data Availability Statement: The transcriptome
data described in the paper has been deposited into
Gene Expression Omnibus (GEO) website
(Accession Number GSE99306).

Funding: This work was supported by grants from
the Hong Kong Research Grants Council grants
AoE/M-04/04, T12-708/12-N and N_HKU 703/13.
MQZ was supported by NIH grant (MH102616)
and NSFC grants (31361163004, 31671384). The
work in APM’s laboratory was supported by a grant

RESEARCH ARTICLE

Synergistic co-regulation and competition by a
SOX9-GLI-FOXA phasic transcriptional
network coordinate chondrocyte
differentiation transitions

Zhijia Tan'®, Ben Niu'®, Kwok Yeung Tsang', lan G. Melhado', Shinsuke Ohba?*?,
Xinjun He?, Yongheng Huang®*?, Cheng Wang', Andrew P. McMahon?, Ralf Jauch®,
Danny Chan', Michael Q. Zhang*®°, Kathryn S. E. Cheah'*

1 School of Biomedical Sciences, LKS Faculty of Medicine, the University of Hong Kong, Pokfulam, Hong
Kong, 2 Department of Stem Cell Biology and Regenerative Medicine, Eli and Edythe Broad-CIRM Center
for Regenerative Medicine and Stem Cell Research, W.M. Keck School of Medicine of the University of
Southern California, Los Angeles, California, United States of America, 3 Genome Regulation Laboratory,
Guangzhou Institutes of Biomedicine and Health, Guangzhou, China, 4 Department of Biological Sciences,
Center for Systems Biology, The University of Texas at Dallas, Dallas, Texas, United States of America,

5 MOE Key Laboratory of Bioinformatics, Center for Synthetic and Systems Biology, TNLIST, Tsinghua
University, Beijing, China

@® These authors contributed equally to this work.

aa Current address: Department of Bioengineering, the University of Tokyo, Tokyo, Japan;

ab Current address: Group Structure Biochemistry, Institute for Chemistry and Biochemistry, Free University
Berlin, Berlin, Germany

* kathycheah @hku.hk

Abstract

The growth plate mediates bone growth where SOX9 and GLI factors control chondrocyte
proliferation, differentiation and entry into hypertrophy. FOXA factors regulate hypertrophic
chondrocyte maturation. How these factors integrate into a Gene Regulatory Network (GRN)
controlling these differentiation transitions is incompletely understood. We adopted a
genome-wide whole tissue approach to establish a Growth Plate Differential Gene Expres-
sion Library (GP-DGEL) for fractionated proliferating, pre-hypertrophic, early and late hyper-
trophic chondrocytes, as an overarching resource for discovery of pathways and disease
candidates. De novo motif discovery revealed the enrichment of SOX9 and GLI binding sites
in the genes preferentially expressed in proliferating and prehypertrophic chondrocytes, sug-
gesting the potential cooperation between SOX9 and GLI proteins. We integrated the analy-
ses of the transcriptome, SOX9, GLI1 and GLI3 ChIP-seq datasets, with functional validation
by transactivation assays and mouse mutants. We identified new SOX9 targets and showed
SOX9-GLI directly and cooperatively regulate many genes such as Trps1, Sox9, Sox5,
Sox6, Col2al, Ptch1, Gli1 and Gli2. Further, FOXA2 competes with SOX9 for the transactiva-
tion of target genes. The data support a model of SOX9-GLI-FOXA phasic GRN in chondro-
cyte development. Together, SOX9-GLI auto-regulate and cooperate to activate and repress
genes in proliferating chondrocytes. Upon hypertrophy, FOXA competes with SOX9, and
control toward terminal differentiation passes to FOXA, RUNX, AP1 and MEF2 factors.
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Author summary

In the development of the mammalian growth plate, while several transcription factors
are individually well known for their key roles in regulating phases of chondrocyte differ-
entiation, there is little information on how they interact and cooperate with each other.
We took an unbiased genome wide approach to identify the transcription factors and sig-
naling pathways that play dominant roles in the chondrocyte differentiation cascade. We
developed a searchable library of differentially expressed genes, GP-DGEL, which has fine
spatial resolution and global transcriptomic coverage for discovery of processes, pathways
and disease candidates. Our work identifies a novel regulatory mechanism that integrates
the action of three transcription factors, SOX9, GLI and FOXA. SOX9-GLI auto-regulate
and cooperate to activate and repress genes in proliferating chondrocytes. Upon entry
into prehypertrophy, FOXA competes with SOX9, and control of hypertrophy passes to
FOXA, RUNX, AP1 and MEF2 factors.

Introduction

In the formation and longitudinal growth of endochondral bones, committed mesenchymal
cells condense and differentiate into chondrocytes to form a growth plate, within which chon-
drocytes undergo coordinated and sequential differentiation phases of proliferation, cell cycle
exit and hypertrophy, resulting in longitudinal bone growth[1, 2]. Endochondral bone forma-
tion requires tightly controlled proportions of the different chondrocyte populations, recog-
nized by their distinct morphology, characteristic gene expression patterns, and organization
into different zones. Firstly, round chondrocytes become proliferative, flattening to form
columns. As proliferating chondrocytes (PCs) mature, they exit the cell cycle and enter a pre-
hypertrophic phase. This phase is an important transition, which produces signals for main-
taining proliferation on the one hand and on the other, to regulate the progression from
proliferation to cell cycle exit, entry into a prehypertrophic state, followed by the final stages of
differentiation in which the cells enlarge to form hypertrophic chondrocytes (HCs) and then
become osteoblasts [1-4]. Disruption of the progression from one differentiation state to the
next and the relative proportions results in skeletal defects such as chondrodysplasia [5, 6].

The sophisticated program of chondrocyte differentiation requires the activation or repres-
sion of many genes, which is strictly mediated by transcription factors (TFs), including the
SOX (SOX5, SOX6 and SOX9)[7-13], GLI (GLI1, GLI2 and GLI3) [14-17], RUNX (RUNX2
and RUNX3)[18, 19], MEF2C[20], AP1[21] and FOXA[22] family members[23].

SOXO9 is the master regulator of chondrocyte differentiation. Chondrocytes cannot form in
Sox9 null mutants and heterozygous mutations in SOX9 severely disrupt skeletal development,
causing campomelic dysplasia [7, 8, 10, 11, 13]. Shortly after mesenchymal condensation,
SOX9 cooperates with SOX5 and SOXG6 to activate the expression of cartilage matrix genes,
e.g., Col2al and Aggrecan, positively regulating chondrocyte proliferation, while inhibiting
both the progression of these cells to hypertrophy and the osteogenic program [11, 24-26].

The Hedgehog signaling pathway regulates chondrocyte proliferation and hypertrophy
through a complex negative feedback loop with the PTHrP signaling pathway [27]. IHH
secreted from prehypertrophic chondrocytes (PHCs) activates HH signaling and GLI tran-
scription factors (GLI1/2/3) in proliferating chondrocytes (PCs) via its receptor PTCH1, and
stimulates the expression of Pthrp. GLI1 functions as an activator which is highly expressed in
PCs and perichondrium adjacent to the prehypertrophic and hypertrophic zones. GLI2 has

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007346  April 16,2018

2/32


https://doi.org/10.1371/journal.pgen.1007346

@'PLOS | GENETICS

A SOX9-GLI-FOXA phasic transcriptional network coordinates chondrocyte differentiation transitions

both activator and repressor forms and GLI3 acts as a repressor. GLI2 is expressed in most
chondrocytes, but at a lower level in HCs [28]. Binding of PTHrP to its receptor PPR results in
activation of PKA and phosphorylation of SOX9 that enhances its transcriptional activity [29],
indicating crosstalk between SOX9 and IHH signaling in regulation of chondrocyte prolifera-
tion and differentiation. RUNX and FOXA transcription factors are critical regulators of
hypertrophic chondrocyte maturation. Mutations in RUNX2 cause the skeletal disorder, Clei-
docranial dysplasia [30]. In mice, inactivation of Runx2 or FoxA2/FoxA3 causes severe defects
in chondrocyte hypertrophy and bone formation [18, 22].

Although these TFs have been studied individually for their importance in chondrocyte dif-
ferentiation, understanding of how they interact and integrate into a gene regulatory network
(GRN) that acts genome wide, is still only emerging and largely limited to addressing control
of individual gene expression (reviewed in [23]). For example, in vitro transactivation assays in
cultured chondrocytes highlight a potential in vivo cooperation between GLI1/2 and RUNX2/
SMAD:s in activating Coll0al via interaction with its promoter [31]. The Notch signaling path-
way transcriptional co-activator, Mastermind-like 1 (MAML1), was reported to enhance the
transcriptional activity of RUNX2[32]. Recently genome-wide analyses of SOX9 binding peaks
in chondrocytes [33] assisted the discovery that SOX9 and AP1 factors (Jun) co-activate
Coll0al in prehypertrophic chondrocytes to promote hypertrophy [21]. The SOX proteins are
characterized by their dependence on partner factors in controlling cell differentiation [34].
Cooperation of the SOX trio proteins (SOX9, SOX5 and SOX6) controls sequential differentia-
tion of chondrocytes [9, 11, 12, 35-37]. Cooperative interaction between SOX9 and other fac-
tors such as AP-1, NFAT, FOXA, RUNX and HOX has also been implicated because their
binding motifs are enriched in the SOX9 peaks [21, 33]. It has been reported that GLI1 can
regulate Sox9 via a far upstream enhancer [38] and SOX9 can regulate its own expression via
another far upstream enhancer [39]. We previously implicated cooperation between SOX9
and GLI factors in repressing Col10al expression in proliferating chondrocytes [40]. Despite
the wealth of information about the individual roles of SOX9 and GLI in regulating chondro-
cyte differentiation, it is not fully understood about how these TFs together mediate the transi-
tion from PCs and PHCs where SOX9 and GLI factors dominate, to HCs controlled by FOXA,
RUNZX and other factors [40]. Also little is known whether these two factors cooperate to acti-
vate chondrocyte genes and if they do, the breadth of potential genes that are cooperatively
regulated by these factors.

The need to understand the regulatory mechanisms driving the phases of chondrocyte dif-
ferentiation in the growth plate has prompted investigations to establish global transcriptomic
analyses for gene signatures for the different populations. Prior transcriptomic studies on
mouse chondrocyte populations had been narrowly focused on chondrogenic cell lines [41],
early stage limb mesenchyme and E13.5 chondrocytes before hypertrophy [42], manually dis-
sected tibia segments [43], or postnatal proliferating and hypertrophic chondrocytes without
transition zones [44, 45]. A recent study on the transcriptomes of 217 single cells from the
growth plate aimed to reconstruct the spatial and temporal pattern gene expression of individ-
ual chondrocytes [46]. However only a limited number of genes were mapped in that dataset
and many genes important for chondrocyte differentiation were not detected (e.g. Ctnnbl,
Gli2, Wnt5a, Wnt5b, etc.). The spatial information on gene expression is also lacking since the
cells were not fractionated according to zones.

The limited information on the integration of the GRN that controls the important transi-
tions from one differentiation phase to the next within the growth plate motivated us to
develop a comprehensive atlas of gene expression for finely fractionated chondrocyte subpop-
ulations in growth plate. We aimed to use this resource for the analyses and discovery of the
complex molecular signatures, differential gene expression patterns, biological processes and

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007346  April 16,2018 3/32


https://doi.org/10.1371/journal.pgen.1007346

@’PLOS | GENETICS

A SOX9-GLI-FOXA phasic transcriptional network coordinates chondrocyte differentiation transitions

pathways operating during the phases of chondrocyte differentiation, especially in the transi-
tion into prehypertrophy. We created a searchable library, GP-DGEL (URL: http://www.sbms.
hku.hk/kclab/gp.html), that provides sequential and dynamic gene expression information
encompassing growth plate chondrocytes at different stages from proliferative to prehypertro-
phy, early and late hypertrophy. By integrative analysis of the transcriptome and chondrocyte
ChIP-seq datasets coupled with functional tests, we find evidence for a dominant role for
SOX9-GLI cooperation in proliferating chondrocytes and identify new SOX9 GLI targets.
Importantly we find evidence for a model of phase transition of the gene regulatory program
from SOX9-GLI cooperation to SOX9-FOXA competition directing chondrocyte differentia-
tion. In this SOX9-GLI-FOXA centric model GRN, SOX9-GLI preferentially activates sets of
genes in proliferating chondrocytes. In maturing prehypertrophic chondrocytes the SOX9-GLI
nexus begins to fade, so that in full hypertrophy, control is relayed to an alternative set of tran-
scription factors including FOXA2, RUNX2, AP1 and MEF2C.

Results

GP-DGEL, a global transcriptome and discovery resource for the growth
plate

We generated GP-DGEL, by fractionating the mouse proximal tibial growth plate at postnatal
day 10 (P10) into four zones representing chondrocyte sub-populations: PCs in the proliferat-
ing zone (PZ), PHCs in the pre-hypertrophic zone (PHZ), early HCs in the upper hypertrophic
zone (UHZ) and late differentiated HCs in the lower hypertrophic zone (LHZ) (Fig 1A). Navi-
gating the location and identity of these zones was guided by the morphologies and RT-PCR
analyses for the expression of zone-characteristic markers (Col2al, Col10al, Ppr, Ihh and
Mmp13; SIA-S1C Fig). Gene expression profiling data from the 4 fractions of biological tripli-
cates were generated for further analysis (S1D Fig).

We defined the set of genes expressed at each stage: a total number of 4799, 4811 and
4879 genes were expressed in PZ, PHZ and HZ (average of the gene expression in UHZ and
LHZ) respectively. We categorized all the expressed genes that were commonly or uniquely
expressed in PZ, PHZ and HZ (see Methods and S1E Fig). Here, 4792 out of 4886 genes (98%)
are commonly expressed showing the “On” state in all three zones. The remainder 94 genes
are expressed in only one or two zones (S1 Table). Only one gene, Fzd9, was expressed only in
PCs. No genes were specifically expressed only in PHCs, as might be expected for cells in tran-
sition from proliferation to hypertrophy, but 73 genes were HC-specific.

GP-DGEL allows the detection of variation in gene expression across different zones.
Amongst all the expressed genes, 1891 genes (~37%) were differentially expressed with the
Coefficients of Standard Deviation (CSD) over the 4 zones greater than 0.15 (S2A Table). The
differentially expressed transcription factors included Sox9, Sox5, Glil, Gli2, Runx3 and Mef2c
in PZ and PHZ, which is consistent with their known roles in regulating endochondral ossifi-
cation, affirming the reliability of the dataset. The remaining genes were constantly expressed
across the zones, including Hifla, which plays an important role in bone development but is
regulated through post-translational modification [47-49].

Using k-means clustering analyses to categorize the patterns of the 1891 differentially
expressed genes (DEGs), we identified four major clusters: Cluster I genes exhibit decreasing
expression from PZ to HZ (654 genes); Clusters II to IV genes are typically most highly
expressed in PHZ (299 genes), UHZ (31 genes) and LHZ (907 genes), respectively (Fig 1B; S2A
Table). This categorization formed the basis for genome-wide discovery and identification of
biological processes, pathways and GRNs that underlie these transition patterns. We tested
GP-DGEL for its capacity as a resource for the discovery and functional analyses of signaling
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Fig 1. Global gene expression profiling in different chondrocyte populations. (A) 10-day-old mouse growth plates were
cryosectioned and mRNA was extracted from the pooled samples of chondrocytes in the PZ, PHZ, UHZ and LHZ. Microarray data
were then generated for the expression profiling of 21464 genes in each population of chondrocytes. (B) A total of 1891 genes
showed differential expression patterns over the 4 zones with coefficient of standard deviation (CSD) of mRNA levels greater than
0.15. Four major distinct patterns of gene expression over the growth plates were identified in Heatmap by using K-Means
Clustering. (C) Enriched biological processes representing the main functions of the co-expressed genes in each cluster by GO term
analysis.

https://doi.org/10.1371/journal.pgen.1007346.9001

pathways, biological processes and transcriptional regulators of chondrocyte differentiation as
follows.

Expression analyses identify differentiation phase-characteristic biological
processes

To identify the enriched biological processes and signaling pathways for each cluster, we per-
formed Gene Ontology enrichment analysis. Genes associated with biology process of “skeletal
system development” were enriched in PZ, PHZ and HZ, establishing the authenticity of our
data (Fig 1C; S3 Table). Genes associated with the processes of “regulation of Smoothened sig-

naling pathway”, “transcription”, and “cell proliferation” were significantly enriched in the PZ
(cluster I) and supported a significant role for IHH signaling (mediated by Smoothened and
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Gli) in proliferating chondrocytes. Genes associated with the processes of “sterol metabolic
process”, “cell motility, “actin cytoskeleton regulation” and “cell growth” were most common
in the PHZ (cluster II). This agrees with the dramatic changes in chondrocyte size and mor-
phology observed during hypertrophy. Sterol (cholesterol) biosynthesis is required for the pro-
cessing and maturation of hedgehog ligands and Hedgehog signaling [50]. In explant organ
cultures, cholesterol was found to stimulate chondrocyte hypertrophy and bone growth
through regulating the expression of Rora. Inhibition of cholesterol biosynthesis attenuates
chondrocyte enlargement [51] and results in growth retardation with decreased chondrocyte
proliferation and Ihh expression [52].

The UHZ (cluster III) was enriched for genes associated with the process of “extracellular
matrix (ECM) organization”, which is consistent with the transition from synthesis of an ECM
rich in collagen II to one where collagen X is the major component [53]. The LHZ (cluster IV)
was enriched for “hydrogen transport”, “vascular development”, “cell redox homeostasis”,
“phosphate metabolic process”, “ossification” and “regulation of apoptosis”, consistent with
late-stage differentiation, cartilage calcification, degradation, vascular invasion, bone forma-
tion and chondrocyte to osteoblast trans-differentiation that occur at the chondro-osseous
junction[2, 3] where cell cycle re-entry in the process has been implied[4]. The enrichment for
“regulation of apoptosis” is intriguing: of the 37 genes highlighted, 16 genes were classed as
contributing to "negative regulation of apoptosis" (p-value = 3.5e-18) and 9 genes as contribut-
ing to "positive regulation of apoptosis" (p-value = 1.9e-13) such as Cdknla (p21) a cell cycle
regulator and its interacting pro-apoptotic factor Trp53inp1 which may imply complex control
that balances apoptosis and survival and control of cell cycle re-entry in the transition from
hypertrophic chondrocytes to osteoblasts. Overall the corroboration of genes associated with
processes that occur in the relevant zones attests to the quality of the library.

Constitutive and distinct phase signaling pathways are active in different
zones

Many signaling pathways are known to play key roles in coordinating chondrocyte prolifera-
tion and differentiation but their relative importance in each phase and sub-population is
unclear. A gradient of BMP pathway gene expression has been reported for the rat postnatal
growth plate [45] but how this compares with other pathways is not known. To gain global
mechanistic insight into the relative scope of signaling action in each zone, we computed the
enriched GO terms for the genes involved in canonical signaling pathways: WNT, BMP/
TGEFB, FGF, Notch, IGF, Hippo and Hedgehog (S4 Table). We found the expression of the
components in WNT, BMP/TGEFB, Hippo, FGF and Notch pathways was not significantly
enriched in particular regions over the 4 different zones (Fisher’s exact test p-value > 0.05). In
contrast, genes of Hedgehog and IGF pathways were preferentially expressed in PZ and PHZ,
suggesting distinctive roles of these signaling pathways in regulating cell cycle progression and
the initiation of chondrocyte hypertrophy.

Genome-wide gene expression analysis identifies skeletal disorder genes

We tested the capacity of GP-DGEL to identify potential associations of the differentially
expressed genes with those implicated in mouse skeletal phenotypes and human skeletal dis-
eases in MGI and OMIM databases. A subset of 396 genes, accounting for 20% of the whole
list, was associated with abnormal skeletal phenotypes in mouse (S2B Table). 93 genes were
associated with human skeletal disorders (S2C Table). To infer the functional significance of
the phase-specifically expressed TFs on skeletal development, we ranked the TFs according to
the CSD values over 4 zones (S5 Table). Of 76 phasic-specific TFs, 46 (including Sox9 and
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Trps1) were associated with human skeletal disorders and/or mouse skeletal defects. GP-DGEL
can therefore be used to identify new candidate genes of skeletal disorders. An example worthy
of further investigation is SrebfI, not known to cause skeletal disorders but is implicated as a
regulator of cholesterol metabolism and apoptosis (OMIM 184756) [54].

Motif discovery identifies prominent transcriptional regulators acting in
different zones

The large sets of genes sharing phasic-specific expression patterns imply the presence of a
coordinated transcriptional program at each phase. For an unbiased identification of phase
specific transcriptional regulators, we performed de novo motif enrichment analysis in the
promoter regions for the genes in each cluster using the computer program Discriminating
Motif Enumerator (DME), MotifClass and MatCompare [55-58]. The most enriched TF bind-
ing motifs include SOX9 and GLI (GLI1, GLI2 and GLI3) in the PZ and PHZ; SOX9/FOXA
and KLF4 in the UHZ; and MEF2C and FOXA motifs in the LHZ (Fig 2A). The core consen-
sus binding motifs for FOXA factors (FOXA1, FOXA2 and FOXA3) and SOX9 comprise
highly similar AT-rich sequences (ACAAA-like for FOXA; ATTGT-like for SOX), raising the
possibility that these factors compete for binding in regulating gene expression [22].

The over-representation of a GLI motif in the PZ and PHZ genes agrees with the known
action of Hedgehog signaling in PCs. Glil, itself a target of Hedgehog signaling, is most highly
expressed in the PZ, while the cytoplasmic GLI3 repressor may transform into an activator in
the presence of IHH [59]. KLF4 motif enrichment in the UHZ cluster could imply a role in
promoting hypertrophy which would be consistent with its capacity to reprogramme dermal
fibroblasts in concert with SOX9 and cMYC [60]. In the LHZ cluster, we detected enrichment
for the binding motif for MEF2C, a vital regulator of chondrocyte hypertrophy that is required
for the proper expression of Col10al, Runx2 and Vegf [20]. Beyond the chondrocyte fate, KLF4
and MEF2C may prime the lineage progression of hypertrophic chondrocytes to osteoblasts
[3, 61, 62].

SOXO9 functions as a dimer in chondrocyte differentiation [63]. To predict the degree to
which SOX9 dimer/monomer binding motifs were utilized in chondrocyte gene regulation, we
screened for evolutionarily conserved SOX9 binding sites located within 10kb from the tran-
scriptional starting site (TSS). Using the MEME program [64] for long consensus motif analy-
sis, we identified SOX9 dimer motifs with varied length of spacer sequences (Fig 2B). The
most enriched SOX9 dimer motifs were identified for PZ and PHZ genes (p-value<1.0e-5). In
proliferating chondrocytes, SOX9 dimer motifs were associated with the genes which it acti-
vates (e.g. Col2al) or represses (e.g. Coll0al) [24, 40, 65]. The length of the spacer sequences
in the dimer motifs ranges from 4 to 13-bp in the PZ and 4 to 16-bp in the PHZ genes (56
Table), raising the question whether the variation in the linking sequences could confer differ-
ent specificity of co-binding of partner factors with SOX9 dimers [66, 67]. For LHZ where
SOXO9 protein level dropped to undetectable level, no significant SOX9 dimer binding motifs
were identified.

Identification of SOX9 candidate target genes in the growth plate

The enrichment of SOX9 binding motifs in the DEGs (Fig 2A and 2B) is consistent with the
vital roles of SOX9 in regulating phasic gene expression and helps identification of target genes
regulated by SOX9 at each stage of chondrocyte differentiation. We searched the evolutionarily
conserved noncoding DNA elements across 30 vertebrates in gene promoter, intergenic, intro-
nic and 3’- UTR regions for putative SOX9 monomer and dimer binding sites (S7A-S7D
Table). To identify functional binding sites, we integrated the bioinformatics predictions with
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Fig 2. DNA motif enrichment analyses. (A) DNA motifs were identified in the promoter regions of DEGs in the PZ,
PHZ, UHZ and LHZ. The output motifs from the DME program were prioritized according to the FG/BG ratio of
frequency of occurrence. Of the 50 most highly ranked motifs with at least 2-fold ratio difference, those not expressed
or constantly expressed were eliminated from the list. The identified motifs were matched in the TRANSFAC database.

Top ranked and matched TFs that were differentially expressed across the growth plate were selected for further

analysis. (B) SOX9 motif identified from DME program was utilized for prediction of monomer binding sites within
10kb distance of TSS of DEGs in each zone. The 25bp DNA sequences flanking the monomer SOX9 binding sites were
analyzed by using the MEME program. SOX9 dimer motifs were significantly enriched for PZ and PHZ. The width of
the spacer sequences in the dimer motifs ranges from 4- to 11-bp for PZ and 10-bp for PHZ genes, counted from the
last base pair position of the 5-AACAA-3" SOX9 binding core consensus. (C) The numbers of SOX9 monomer motifs

(Regular TRANSFAC consensus, COL2C1, COL2C2 and COL2C3), the SOX9 dimer motifs and the GLI binding

motifs that are located within 250-bp from the SOX9 binding peaks identified in DEGs.

https://doi.org/10.1371/journal.pgen.1007346.g002
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the SOX9 ChIP-seq dataset from mouse neonatal rib chondrocytes [33]. Overall, 503 genes out
of 654 in the PZ cluster, 250 out of 299 in the PHZ cluster, 24 out of 31 in the UHZ cluster and
664 out of 907 in the LHZ cluster were found to harbor at least one SOX9 binding region
(SBR) (S8A1-S8B2 Table), consistent with the major role of SOX9 in regulating chondrocyte
differentiation. SOX9 can act as both an activator and a repressor in PCs [40]. Therefore the
genes identified by this analysis could be either activated or repressed by SOX9.

We selected those genes with predicted SOX9 binding sites located within 250-bp from the
SOX9 ChIP peaks as potential SOX9 targets. Multiple copies of monomer and dimer sites near
the SOX9 binding peaks were identified for known SOX9 targets Sox9, Sox5, Sox6, Col2al, Acan
and Col10al (Fig 2C; S7E and S7F Table). In the Col10al locus, we found a SOX9 binding peak
4.4 kb upstream of the TSS (Fig 3H), where an element has been shown to mediate repression by
SOXO9 in non-hypertrophic chondrocytes [22, 40]. These data affirm the validity of our approach.

We identified several potential SOX9 targets (Zbtb20, Wwp2, Foxp2, Ppal, Slc8a3, Bnip3
and Wnk4). By in situ hybridization or antibody staining on proximal tibia growth plate, we
confirmed the expression patterns of these targets (Fig 3A-3I) as corresponding with the
regions identified in GP-DGEL. These potential SOX9 targets may function in different steps
of chondrocyte differentiation and endochondral bone formation. For instance, Wwp2 (Fig
3B) has been identified as a direct SOX9 target during palatogenesis [68]. Interestingly many
genes encoding major components of the IHH signaling pathway were identified as potential
SOXO9 targets in our study, including Ihh, Ptchl, Glil, Gli2 and Gli3 (Fig 2C), which is consis-
tent with the enrichment for GLI binding motifs for the PZ and PHZ clusters (Fig 2A).

Functional validation of new SOX9 targets

To validate SOX9 binding under the SOX9 peaks, we performed in vivo ChIP-qPCR assays on
three candidates: Cyr61[69, 70], Trpsl1 [59, 71] and Ptchl (S9 Table), with an Aggrecan
enhancer situated 10kb up-stream of TSS as a positive control [12]. The ChIP-qPCR results
showed that SOX9 binds to the promoters of Cyr61 and Ptchl, and the intron 1 of Trps1 (S2A-
S2D Fig). Within the regions covering the validated binding sites, we detected SOX9 binding
peaks (Fig 4A-4C), indicating that these genes are direct SOX9 targets.

To test whether the expression of these candidates is associated with SOX9 activity, we com-
pared their expression levels in wild type (Sox9*'*) and heterozygous null (Sox9*") mutant lit-
termates in embryonic day 13.5 (E13.5) limbs, when the limb abnormality is minimal [72].
Expression of known SOX9 targets (Sox9, Sox5, Sox6 and Col2al) was down regulated in Sox9"""
mutants compared with wild type littermates (Fig 5A), consistent with the dosage requirement
for SOX9. Expression of Cyr61, Trpsl, Ptchl, Glil and Gli2 was reduced by approximately 50%
in Sox9*" mutants (Fig 5A), and Gli3 expression has been reported to be reduced in Sox9*"
mutants [35], indicating that SOX9 positively regulates these genes. Ihh is expressed in PHCs
[14], and its expression is not significantly changed in Sox9*~ mice, consistent with the previous
finding that the expression of Ihh is not affected by Sox9 heterozygous mutation [72].

Since Ptchl is down-regulated in Sox9" mutants, we tested whether Ptchl is transcription-
ally regulated by SOX9. Using the chondrogenic cell line ATDC5, we found SOX9 transacti-
vated a luciferase reporter driven by regulatory sequences in the Ptchl promoter region
containing a SOX9 binding peak in a dosage-dependent manner in (Fig 5C), indicating that
SOX9 directly regulates the expression of Ptchl.

Predicted cooperative transactivation by SOX9 and GLI

The enrichment for SOX9 and GLI motifs in the PZ and PHZ clusters (Fig 2A), the co-expres-
sion of Sox9 and Glil in the PCs (S3A and S3B Fig), the known GLI activation of Ptchl [73]

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007346  April 16,2018 9/32


https://doi.org/10.1371/journal.pgen.1007346

o @
@ : PLOS | GENETICS A SOX9-GLI-FOXA phasic transcriptional network coordinates chondrocyte differentiation transitions

Zbtb20

2 D

SOX9 BS “l
SOX9 BR l

0 Lk L o b Akl n.‘ 0 " wil 1\L l il. ”l NI . 0 | |
Zbtb20 { Wwp2 >: ++ t t —HHH Foxp2 i

Sic8a3
I
B T
N N N
L L I
) [ =
5_SOX9 BS | 25 | 60 |
SOX9 BR ‘ k
0 M h VAN T T ! 0 ki e Ymy L 0 L bl — LA
Ppat >— - H—1 B < Bnip3 H— H—< Sic8a3

.

N
3
SOX9 BS | | (LI 1]
SOX9 BR L l 40 |
0 bobecasaid - i i A 0 | O L R | SOV Y'Y R il
Wnk4 >HH—H—H col10a1 > Sox9 > Il

Fig 3. Expression patterns of putative SOX9 target genes and SOX9 binding regions in their genomic loci. (A-I) Genes with SOX9
binding motifs located within 200bp from SOX9 ChIP-seq peaks (Generated from newborn rib chondrocytes) were selected for
validation. In vivo expression patterns of potential SOX9 targets were validated by in situ hybridization: Zbtb20 (A), Wwp2 (B), Ppal (D),
Bnip3 (E), Slc8a3 (F), Wnk4 (G) and Col10al (H); or immunostaining: FOXP2 (C) and SOX9 (I), revealing similar expression trends with
the microarray data as shown on the left side. The PZ, PHZ and HZ were separated by the white-dot lines. (Bar = 100um). Predicted
SOX9 binding sites (BS: binding site) and SOX9 ChIP-seq signals (BR: binding region) (Green) are shown under each gene.

https://doi.org/10.1371/journal.pgen.1007346.g003

and the cooperative repression of Col10al by SOX9-GLI3® [40] raise the possibility of a sub-
stantial role for cooperation of SOX9 with GLI in activating gene expression. To investigate
whether SOX9 and its targets are co-regulated by GLI factors, we screened the phasic DEGs
for putative GLI binding sites (S7E Table). Abundant GLI consensus motifs were found near
SOX9 peaks in Sox9 itself and SOX9 target, in particular Sox9, Sox5, Sox6 and Col2al (Fig 2C).
Since it has been reported that cells derived from a common progenitor lineage share similar
genome-wide epigenetics and TF binding profiles[74], we integrated the bioinformatics pre-
dictions with the SOX9 ChIP-seq from newborn rib chondrocytes (S8A1 and S8A2 Table),
GLI1 (S8C1 and S8C2 Table) and GLI3 (S8E1 and S8E2 Table) ChIP-chip datasets from E11.5
developing limbs[73] to check whether in principle, these TFs could bind to the putative com-
mon target genes.
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Fig 4. Predicted regulation by SOX9 and GLI1 cooperation. (A-C) SOX9, GLI1 (Generated from E11.5 developing limb) ChIP-seq
signals and conservation score in the loci of Cyr61, TrpsI and Ptch1. BS: binding site; BR: binding region. (D-I) SOX9, GLI1 ChIP-seq
signals and conservation score in the loci of Hedgehog target genes (Glil and Gli2) and Sox9 target genes (Sox9, Col2al, Sox5 and Sox6).

https://doi.org/10.1371/journal.pgen.1007346.9004

Binding regions for SOX9 (SBR), GLI1 and GLI3 (GBR) were found in 1426, 699 and 1421
phasic DEGs respectively (SOX9, S8B1 and S8B2 Table; GLI1, S8D1 and S8D2 Table; and
GLI3, S8F1 and S8F2 Table). Among these, 721 of 1426 SOX9-targeted DEGs (51%) harbored
at least one SOX9/GLI linked binding region (SGBR) with an inter-peak distance shorter than
250-bp (SI0A-S10D Table). The genes that were most enriched for SGBRs include the known
SOX9 targets Sox9, Sox5, Sox6 and Col2al. Interestingly substantial over-representation of
putative SOX9/GLI common targets was found for the PZ, PHZ and UHZ clusters compared
to genes in the LHZ cluster (p-value<0.01), consistent with the expression pattern of SOX9
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Fig 5. Functional validation of SOX9 and GLI cooperation. (A) Relative expression levels of SOX9-GLI common target genes in Sox9"* and
Sox9™" limb chondrocytes (E13.5). (B) Relative expression levels of SOX9-GLI common target genes in Gli2** and Gli2” limb chondrocytes
(E13.5). Gapdh was used as the endogenous control. The error bar represents the standard deviation of the relative expression level of each gene in
independent triplicate. (C) SOX9 activated the expression of Ptchl promoter in a dosage dependent manner in transiently transfected ATDC5
cells. (D-H) SOX9 increased GLI-dependent activation of Ptchl, Glil, Gli2, Sox9 and Col2al regulatory elements in transiently transfected
ATDCS cells. Expression plasmids for Sox9, Glil, Gli2 and their combination were cotransfected as indicated below the bars. Equal amounts of
expression plasmids were used for each well. **: p-value < 0.01; *: p-value < 0.05; NS: Non-significant.

https://doi.org/10.1371/journal.pgen.1007346.9005

protein which spans the PZ, PHZ and persists into the UHZ [26]. The correlation of SGBRs
with phasic gene expression decreased as the inter-peak distance increased (S10A1, S10D2 and
S10D2 Table). Correlation was also found between phasic-specific genes and SGBRs that were
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located in the intergenic regions (p-value = 0.0032, SI0A3 Table), suggesting SOX9-GLI may
also mediate long-range regulation.

SOX9 and GLI cooperatively transactivate gene expression

These bioinformatics predictions suggest that SOX9 and GLI factors cooperate to regulate com-
mon targets in PCs and PHCs. To test these predictions we examined the SOX9 ChIP-seq data and
found that the SOX9-bound regions in TrpsI and Ptchl loci were co-localized with the GLI1 bind-
ing peaks (Fig 4B and 4C). We tested the ability of SOX9 and GLI singly and in combination to
transactivate expression of the PtchI-luciferase reporter vector. Both SOX9 and GLI1 could drive
the expression of the Ptchi-luciferase reporter (Fig 5C and S3C-S3F Fig). We also detected SOX9
binding peaks in the GliI and Gli2 loci (Fig 4D and 4E). In Sox9"" mutants, the expression of Gli1
and GIli2 was down-regulated (Fig 5A), indicating that these genes may be regulated by SOX9.

Firstly we tested for the cooperative control of GLI on SOX9 targets. We found GLI1 peaks
in SOXO9 target genes, including Sox9, Col2al, Sox5 and Sox6, which are close to SOX9 binding
regions (Fig 4F-4I). To test whether the expression of SOX9 targets is affected by removal of
the GLI activator, we compared their expression levels in Gli2*"* and Gli2”" littermates. In
Gli2-null mutants, with the exception of Cyr61, the SOX9 targets Sox9, Col2al, Sox5, Sox6 and
Glil, Trps1 and Ptchl were markedly downregulated (Fig 5B), consistent with cooperative reg-
ulation by SOX9 and GLI

We next tested the cooperative activity of SOX9 and GLI in regulating Sox9, Col2al, Ptchl,
Glil and GIli2 by transactivation assays using luciferase reporters driven by genomic fragments
containing at least one SGBR. GLI1 and GLI2 transactivated the Ptchl, Glil and Gli2 reporters.
This transactivation activity was significantly enhanced by SOX9 (Fig 5D-5F). SOX9-depen-
dent transcriptional activation of Sox9 and Col2al reporters was enhanced by GLI1 and GLI2
(Fig 5G and 5H), confirming the addictive action of SOX9 and GLI activators in the regulation
of common target genes.

Transition from SOX9-GLI cooperation in PCs to SOX9-FOXA
competition in HCs

While SOX9 and GLI factors play key roles in the GRN of PCs and PHCs, they are not
expressed in hypertrophic chondrocytes in the LHZ (Fig 6A, S3A and S3B Fig). We therefore
sought to gain insight into the GRN that mediates the transition from proliferation to prehy-
pertrophy and hypertrophy. It is notable that Foxa2, a critical regulator of hypertrophy [22],

is mainly expressed in PHCs and HCs (Fig 6B). Interestingly, SOX9 and FOXA?2 are co-
expressed in PHCs and early HCs (Fig 6C). We analyzed the published FOXA2 ChIP-seq data-
set [75] which has been used in other studies to identify multiple target genes in the notochord
[76], and found multiple FOXA2 binding peaks in the Sox9 promoter and distal gene regula-
tory elements (S8G Table). As Sox9 expression diminishes in the UHZ whilst Foxa2 is robustly
expressed, it is possible that FOXA2 represses Sox9 expression.

As FOXA2 and SOX are co-localized in PHCs and early HCs and bind closely related AT-
rich DNA elements [22], FOXA2 and SOX9 could compete for binding sites and alter the
dynamics of the regulatory phase. To study the relationship between these two factors, we
expressed SOX9 and FOXA2 in ATDCS5 cells and examined their impact on the transactivation
of two established SOX9 targets, Col2al and Coll0al, using promoter/enhancer-driven lucifer-
ase reporter expression. As expected, SOX9 transactivated the expression of a Col2al-luciferase
reporter (Fig 7A). However, this transactivation was progressively weaker with increasing
amounts of FOXA2. Notably, FOXA?2 alone did not transactivate the Col2al reporter. The
reporter was progressively activated with increasing amounts of SOX9 (Fig 7B).
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Fig 6. Co-localization of SOX9 and FOXA?2 in the growth plate. (A-C) In vivo expression patterns of SOX9 (A, red),
FOXA2 (B, green) and co-localization (C) were shown on the cryosectioned growth plate (P10). Boxed regions of PCs (a-a"),
PHCs (b-b") and HCs (c-c") were shown in higher magnification to demonstrate the differential expression and co-
localization of SOX9 and FOXA2. (Bar = 100pum).

https://doi.org/10.1371/journal.pgen.1007346.g006

SOX9 represses the expression of Col10al by direct binding to the conserved regulatory
region located between —4.3 and —3.6 kb of the mouse Col10al gene [40]. We tested the ability
of FOXAZ2 to activate the expression of luciferase driven by the Col10al promoter (-832bp to
+68bp) with the enhancer region (-4433bp to -3780bp). FOXA2 alone could transactivate the
Col10al-luciferase reporter and this activation was gradually dampened with increasing
amounts of co-transfected SOX9 (Fig 7C). SOX9 alone did not transactivate the Col10al
reporter and the repression was released with increasing amounts of FOXA2 (Fig 7D).

To test further the transcriptional competition between SOX9 and FOXA, we selected
known regulatory regions from the Col2al and Coll0al loci [24, 40, 77] containing SOX9/
FOXA binding motifs and carried out electrophoretic mobility shift assay (EMSA) with homo-
genously purified FOXA and SOX9 protein constructs (Fig 7E, Gel I-IV). We found that both
FOXA and SOXO9 effectively associated with the Col2al and Coll0al sequences with FOXA
migrating as a monomer (Fig 7E, Gel I-IV, lane 7) whereas SOX9 migrated as a monomer or
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Fig 7. Competition between SOX9 and FOXA2 during chondrocyte differentiation. (A-D) Competition between
SOX9 and FOXA2 on Col2al intron 1 and Col10al enhancer by luciferase assay in ATDC5. Enh: enhancer; Pro:
promoter. The amount of SOX9 was kept constant and FOXA2 was increased and vice versa. (E) EMSA was performed
using probes for the Col2al intron I (Gel I and II) and Col10al enhancer (Gel III and IV), and SOX9 and FOXA proteins
at indicated concentrations. The sequences from Col2al intron I and Col10al enhancer used in the EMSAs are shown in
the upper panel, and the SOX9/FOXA binding motifs are indicated by capital letters. “*: p-value < 0.01; *: p-value < 0.05;

NS: Non-significant.
https://doi.org/10.1371/journal.pgen.1007346.9007
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dimer under equilibrium conditions (Fig 7E, Gel I-IV, lane 8). The SOX9 monomer fraction
predominates at the tested concentration suggesting that the homodimer cooperativity is pro-
foundly weaker than for canonical SOXE DNA elements in the reverse-forward (ACAATGN;.
sCATTGT) configuration [66]. On the Col2al element, SOX9/FOXA heterodimer fractions
appeared under conditions when the FOXA monomer is also formed suggesting that FOXA is
able to interact with DNA bound by SOX9 monomers (Fig 7E, Gel 1, lane 2 and 3). At high
FOXA concentration when DNA probes become limiting, the SOX9 monomer disappear and
the FOXA monomer and SOX9/FOXA heterodimer become dominant (Fig 7E, Gel I, lane 1).
The dimeric SOX9/DNA complex persisted even at very high FOXA concentrations suggesting
a highly stable association of dimeric SOX9. In the inverse experiment when the FOXA con-
centration is fixed and SOX9 is increased, the SOX9/FOXA heterodimer is formed equally well
and at high Sox9 concentration the Sox9 homodimer is formed at the expense of the FOXA
monomer (Fig 7E, Gel II), suggesting that SOX9 and FOXA can from heterodimers on Col2al
DNA in an un-cooperative fashion but SOX9 homodimers and FOXA monomers are incom-
patible and compete. On the Col10al element, SOX9 also forms a homodimer with similar effi-
ciency as on Col2al DNA whilst FOXA binds monomerically. However, a SOX9/FOXA
heterodimer is barely visible on this element (Fig 7E, Gel III and IV, lane 1-3). Interestingly,
the presence of FOXA counteracts the formation of monomerically bound SOX9/DNA com-
plexes but favors the formation of dimeric SOX9/DNA complexes (Fig 7E, Gel Il and IV,
compare lanes 1-3 with lanes 8). This indicates that dimeric SOX9 more effectively resists
competition by FOXA than monomeric SOX9. Together, these findings demonstrate that
FOXA and SOX9 possess the capacity to associate with highly similar DNA sequences and
indicate that competition between SOX9 and FOXA is a plausible mechanism for the tran-
scriptional switches during chondrogenesis.

Discussion
GP-DGEL and an integrated approach for gene discovery

In our study we have aimed to provide insights into the gene expression dynamics and gene
regulatory network that guide chondrocytes through their phases of differentiation in the
growth plate. Although the cells in each region were not pure populations, especially in the
LHZ which is adjacent to the primary ossification center with vascular invasion, the expression
profiles of many chondrogenic markers (Sox9, Sox5, Sox6, Wwp2, Col2al, Col9al, Acan, Comp,
Ihh, Ptchl, Glil, Gli2, Ppr, Fgfr3,Igfl, Bmp6, Wnt5b, Dkk1, Cdknlc, Mef2c, Bmp2, Coll0al,
Mmp9, Mmp13, et al) did show high consistency with the published data. Cognizant of the
potential limitations we have validated the expression of the novel genes (Zbtb20, Foxp2,
Slc8a3, Ppal and Bnip3). Therefore analysis of these microarray data still provides vast tran-
scriptomic information on chondrocyte differentiation. Towards that end, we developed a
library of differentially expressed genes, GP-DGEL that has fine spatial resolution and global
transcriptomic coverage, allowing systematic analyses of the genes that regulate transition
between these phases. GP-DGEL is a valuable resource to complement efforts to identify caus-
ative mutations in skeletal dysplasia and predict the underlying GRN. This is illustrated by our
correlative analyses of the 1891 DEGs with the MGI and OMIM databases, which identified
genes associated with mouse and human skeletal disorders and additional candidates (S2
Table). GP-DGEL has also enabled the identification of new gene signatures. Many of the
DEGs remain poorly studied in chondrocytes. Integration of the dataset with global ChIP-seq
data allows the identification of target genes for TFs, singly and in combination, thereby
revealing cooperative activities. Using this approach we identified new targets for SOX9 and
evidence for SOX9-GLI cooperation.
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We validated several of the predicted SOX9 targets (Cyr61, Trpsl, Ptchl, Glil and Gli2) by
functional assays. The downregulation of Cyr61, Trps1 and Gli2 in Sox9"" chondrocytes in a
recent report [35] is in agreement with our data. The presence of SOX9 peaks associated with
these genes in SOX9 ChIP-seq data from rat chondrosarcoma cells is also consistent with
direct regulation [37]. We also confirmed the expression patterns of other potential SOX9 tar-
gets (Zbtb20, Wwp2, Foxp2, Ppal, Bnip3, Slc8a3 and Wnk4) that were identified based on the
presence of associated SOX9 binding peaks (Fig 3). These genes are candidates for functional
studies. An example is Wnk4, which is expressed in late PHCs and early HCs (Fig 3G). WNK4
is the major regulator of the Na-Cl co-transporter in the kidney, a regulator of adipogenesis
and energy metabolism and a causal gene for pseudohypoaldosteronism type II [78-80], but
has no known role in chondrocyte hypertrophy.

Cooperative regulation of chondrocyte differentiation phases by SOX9 and
GLI

A major outcome of the integrated approach is the identification of genes that are co-regulated
by both SOX9 and GLI factors. Zbtb20, highly expressed in PHCs and downregulated in the
UHZ, is a potential SOX9-GLI target since SOX9 and GLI binding peaks were identified in the
locus (Fig 3A). Ablation of Zbtb20 in chondrocytes results in an expanded HZ, and delayed
vascularization [81], consistent with a role downstream of SOX9 in regulation of the transition
from prehypertrophy to hypertrophy [26]. This function may additionally require co-regula-
tion of SOX9-GLI. Other predicted targets that can be followed up in functional analyses
include Fgfr3, Igflr, Bmp6, Wnt5a and Ror2, which are the direct targets of GLI1 and/or GLI3,
among which Fgfr3, Igflr and Bmp6 are also targeted by SOX9 (S8 Table), indicating SOX9-
GLI interacts with FGF, IGF, BMP and WNT signaling for regulating chondrocyte prolifera-
tion and differentiation. Although in the luciferase assays, SOX9 show higher transactivation
potential on Ptchl reporter comparing to GLI1 and GLI2 (Fig 5D), their transcriptional activi-
ties are comparable on other Hedgehog targets including Glil and GIli2 (Fig 5E and 5F). Since
the regions used in these experiments only comprise a short representative fragment contain-
ing SOX9 and GLI binding regions, the level of transactivation achieved should not be taken as
an absolute quantification of the degree of activation of the gene in vivo. Therefore we cannot
conclude that SOX9 is a more potent factor for Ptchl then GLI1 and GLI2. But we can confirm
that Ptchl is a common target of SOX9 and GLI.

Transcriptional network model regulating chondrocyte differentiation phases

Our analyses of the transcriptome and functional assays have implicated SOX9, GLI and
FOXA as key regulators mediating differentiation transitions in the growth plate. Building on
this finding, we went further to infer the wider interaction network mediated by these factors.
By integrating data in GP-DGEL with SOX9, GLI1 and GLI3 ChIP-seq datasets, we found evi-
dence for a regulatory network centered on SOX9-GLI-FOXA (Fig 8A). The GRN presents the
progressive changes in expression of TFs as chondrocyte transition from proliferating to late
differentiated states. Since SOX9 and GLI are highly expressed and their DNA binding regions
are most enriched in the cluster of PZ genes (Fig 2A), we placed SOX and GLI families in the
center of the network (Fig 8A). The common targets of SOX9 and GLI harboring at least one
SGBR were placed in the inner circle of the network, while the genes that were targeted singly
by SOX9 or GLI were arranged in the outer rim. Multiple binding regions for SOX9 and GLI
factors were identified in the promoters and the intergenic regions of Glil and Gli2 and also
the SOX trio of Sox9, Sox5 and Sox6 (S8 Table). The model therefore predicts the existence of
regulatory feedback loops in which GliI and Gli2 are the targets of SOX9 and vice versa.
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Fig 8. Model of the growth plate GRN directing chondrocyte differentiation. (A) Stage-specific gene transcriptional programs
regulating chondrocyte proliferation (PZ), pre-hypertrophy (PHZ), early hypertrophy (UHZ) and terminal differentiation (LHZ).
Each node represents a transcription factor gene or its protein product. All the genes in the network are SOX9 targets identified
from the ChIP-sequencing experiment. Each solid line represents an identified GLI-target gene relationship, pointing from GLI1/
GLI3 to the target. The TF genes that were targeted both by SOX9 and GLI1/GLI3 are in the inner circle of the network, while those
targeted only by SOX9 were placed in the outer circle. The dotted blue line indicates the presence of the predicted evolutionarily
conserved SOX9/FOXA2 binding consensus in the target genes. The changes of color codes in the gene nodes from dark to light red
and white indicate the dynamics of gene expression levels during the chondrocyte state transition (red representing high expression
level; white, low expression). (B) Schematic model of a SOX9-GLI-FOXA phasic GRN coordinating chondrocyte differentiation and
transitions in the growth plate.
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We next focused on the key transition from PHZ to UHZ and LHZ. The expression of
SOX9 single target genes without GLI binding peaks in this outer rim, including transcription
factors Mef2c, Rora, and Tcf3, showed little change in the transition from PHZ to UHZ. Excep-
tions included Irx3, Irx5, Cebpb, Ets-1, Atf6, and Egrl, which were not expressed in the PZ and
PHZ but progressively increased in the UHZ and LHZ as SOX9 expression was down-regu-
lated in the LHZ. These genes may be negatively regulated by SOX9 since SOX9 is both an acti-
vator and a repressor. SOX9 represses Col10al expression in PCs[40] and osteoblastic gene
expression in HCs[26]. The coincident increasing gradient of expression of Foxa2 in the PHZ
and UHZ, and the shared binding consensus of SOX9 and FOXA2, are consistent with the role
of FOXA2 in activating the hypertrophic program[22]. Whether the same motif mediates
transactivation and repressor activities is unclear. The SOX9 motif was also identified in the
LHZ where SOXO9 protein is absent, suggesting this motif may mediate the activity of the
FOXA factors (FOXA2 and FOXA3), which are expressed in HCs and may compete with
SOX9 for the SOX/FOXA motif[22].

A SOX9-GLI-FOXA GRN controlling phases of chondrocyte
differentiation

SOX9 is known to auto-regulate itself through several long-range enhancers [82] and GLI fac-
tors can activate Sox9 through direct binding to a far upstream enhancer[38]. From ChIP-chip
data, GLI1 input was found in the Sox9 promoter region (Fig 4F), suggesting that proximal
chromatin interaction by GLI activator may also contribute to Sox9 expression. Our data indi-
cate that in the context of growth plate cartilage, IHH signaling targets Sox9 as well as its tran-
scriptional targets through GLI factors, and vice versa, to promote stage-specific chondrocyte
differentiation, consistent with previous studies which found that the expression of Sox9 was
induced by HH signaling articular cartilage chondrocytes[83] and retinal explants[84].

The cooperative action of SOX9 and GLI factors may reflect a wider application of coopera-
tion between SOX and GLI factors in other systems. It is interesting that in neural tube pat-
terning, cell fate determination requires both SOX2 and GLI1 inputs [85]. In pancreatic ductal
adenocarcinoma, both SOX9 and GLI1 are important to maintain the malignant phenotype of
cancer stem cells. Suppression of either SOX9 or GLI1 by siRNA reduces the expression of
Sox9, Glil and Gli2 [86]. In primary chondrocytes, SOX9 up-regulates the expression of PthrP
through direct binding to its promoter region via collaboration with GLI2 [87]. Even when
Hedgehog signaling was blocked by cyclopamine, overexpression of Sox9 could still increase
the expression of Ptch1, which is consistent with our finding that SOX9 positively regulates the
transcription of Ptchl without affecting Ihh expression. This report also demonstrated that
SOXO9 can directly bind to GLI2 in vitro[87], thus their direct interaction for cooperation in
vivo warrants further investigation.

We propose a SOX9-GLI-centric model in which SOX9 and IHH signaling initiate control
of chondrocyte differentiation phases, especially in the PZ and PHZ (Fig 8B). Upon transition
to PHC, down-regulation of GLI repressor (due to Hedgehog signaling) allows higher levels of
activator SOX9 together with RUNX2, and increased expression of MEF2C and FOXA2/3
which promote hypertrophic differentiation exemplified by ColI0al expression[26]. We dem-
onstrated that FOXA proteins compete with SOX9 for the binding to regulatory elements
derived from Col2al and Col10al. These data imply FOXA2 competition with SOX9 is impor-
tant for the switch to the down-regulation of Col2al and activation of Col10al in HCs. We
propose that in the presence of high SOX9 level, particularly in its highly stable homodimeric
form, FOXA is precluded from accessing this regulatory element (Fig 7E). However, when
SOX9 level declines and FOXA is elevated, FOXA2 competes off SOX9, accesses this binding
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site and activates Col10al expression. The data are consistent with a model where FOXA2 and
FOXA3 de-repress Col10al by binding the regulatory regions bound by SOX9[22]. FOXA has
been proposed to act as a pioneer factor to displace the linker histone and keep the enhancer
accessible for specific TFs to activate gene expression in liver cells[88]. FOXA factors might
initiate the hypertrophic program by out competing with repressive SOX factors to keep the
chromatin accessible for other synergistic factors including RUNX2, MEF2C and SMAD1/4
[22]. We surmise that SOX9 expression levels need to be lowered for this competition to take
place as SOX9 forms a stable dimer at high concentrations that cannot be easily displaced.
RUNX2 interaction with SOX9 depletes the effective level of SOX9 [89]. Furthermore,
ZBTB20 and TRPSI, which are induced by SOX9, may repress SOX9 in the HZ in a negative-
feedback loop [81, 90]. In view of the reported SOX9/AP1 cooperation in transactivating
Coll0al expression, it is interesting to note that AP1 binding sites were also present close to
the SOX9/FOXA binding motifs in the ColI10al enhancer[21]. This raises questions about
whether FOXA2 could also cooperate with AP1 factors in promoting hypertrophy and if
FOXA factors can compete to modulate the cooperative action of SOX9-AP1.

We have illustrated the powerful utility of integrating GP-DGEL with other databases as a
discovery strategy to determine which biological processes and pathways, transcriptional regu-
lators and their potential cooperating partners are active, in the growth plate. Our phasic GRN
featuring SOX9, GLI and FOXA represents an initial template for the construction of a more
complete model of chondrocyte differentiation that should incorporate a more complete set of
TFs. In particular, it would be important to understand how SOX9-FOXA competition inte-
grates with the SOX9-AP1 cooperation in promoting hypertrophy[21]. The protein interac-
tome, non-coding RNAs, epigenetic status and chromatin/super-enhancer organization
should also be taken into account in the future. It would be too great a task for a single study to
investigate and functionally validate all the different target genes and processes identified.
Therefore the gained information is shared as a public resource to facilitate and inspire addi-
tional discovery (S4 Fig). Mining and integration of the information in GP-DGEL with other
emerging genome-wide data on the binding profiles of other transcription factors will be
essential to extend our understanding of the complex and dynamic GRN mediating the transi-
tion steps in chondrocyte differentiation.

Materials and methods
Animals and growth plate fractionation

Transverse sections of the proximal tibia of 10-day-old female F1 (offspring of CBA and
C57BL/6) mouse were obtained from chondrocyte sub-populations by cryosectioning.
5-micron sections were prepared and pooled into fractions consisting of 10 sections per frac-
tion to ensure separation of each cell type in the growth plate. Samples were dissolved in Trizol
reagent (Invitrogen) for RNA extraction. To guide the sub-division of chondrocyte popula-
tions into zones, every 10 section was examined histologically and 10% of RNA was isolated
from selected sections at regular intervals for RT-PCR analyses of known growth plate markers
(S1C Fig), to guide the sub-division of chondrocyte populations into zones. Sox9 heterozygous
null (Sox9*") mutants were generated by crossing Sox9-flox mice (gift of Andreas Schdel)[10]
with Protamine-Cre transgenic mice (gift of Yelena Marchuk) [91]. Gli2 null (Gli2”") mice
were a gift from C.C Hui[92].

RNA isolation, reverse-transcription PCR and quantitative PCR

Total RNA was isolated according to the instructions for RNA isolation (Invitrogen). Prior to
microarray analysis, 50ng total RNA was used to generate cDNA from each fraction by reverse
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transcription using SuperScript II reverse transcriptase and random hexamers. Semi-quantita-
tive PCR analysis was performed to detect the expression of chondrogenic markers to identify
the subpopulations of chondrocytes. Quantitative PCR was performed using Syber-Green
master mixture to compare the expression levels of SOX9 target genes in the chondrocytes of
wild type and Sox9*/" mice.

Microarray hybridization and data analysis

RNA quality and integrity were analyzed using RNA 6000 Nano Kit (Agilent). The pooled
RNA was amplified for one cycle using MessageAmp' ™ II-Biotin Enhanced Kit, then labeled
and hybridized to Mouse Genome 430 2.0 GeneChip containing 45101 probe sets (Affymetrix)
in the Centre for Genomic Sciences (the University of Hong Kong). All primary microarray
data are deposited in the GEO website (GSE99306). Gene expression data for each zone in trip-
licate were normalized by using RMA algorithm in BioConductor software package [93]. The
k-Means Clustering algorithm [94, 95] and Eisen software tools [96] were used to identify the
distinct expression patterns of genes with Coefficient of Standard Deviation (C.S.D.) > 0.15
across 4 zones. For each gene, the C.S.D. value was calculated with the formula:

C.S.D. = S/X, where S is the standard deviation and X is the mean expression level of the
samples over the 4 zones. The Gene Ontology analysis was performed for each cluster of genes
by using the Gene Ontology database [97] and the David Web Tools [98]. To identify differen-
tiation phase-specific genes and differential patterns of expression across different zones, we
defined a set of “On” and “Off” genes in the dataset. Sox9 mRNA is expressed in the PZ and
PHZ and is down-regulated in UHZ and LHZ. In contrast, Col10al is exclusively expressed in
PHCs and HCs during hypertrophic differentiation in the PHZ, UHZ and LHZ. Therefore, we
used the expression level of Sox9 in HZ (356, the average from UHZ and LHZ) and that of
Coll0al in PZ (511) to set the threshold of “On-Off” states for each zone (S2A Table).

DME motif discovery

The DME analysis were performed by using the Software package CREAD [99] with input
from the promoter sequences extracted from 1k upstream and 200 bp downstream of TSS of
the genes in each cluster. The background sequence file was generated by using the computer
program ‘fasta-shuffle-notryptic.pl’ in the Bioinformatics CPAN Perl module of InSilicoSpec-
tro-Databanks version 0.0.43. The Matcompare program in the CREAD package was used to
compute the similarity between the identified DME motif and those in the TRANSFAC, JAS-
PAR and ENCODE databases [100-103]. The Position Frequency Matrices and the consensus
DNA binding sequences of the transcription factors were compiled from TRANSFAC database
and the literature. Foreground (FG) represents the number of occurrences of the identified
DNA motifs in the set of promoter DNA sequences. Background (BG) represents the number
of occurrences of the motifs in the randomly generated DNA sequences. The ratio of FG/BG
indicates the fold enrichment of the identified motifs in the foreground over the background
set of sequences [104].

MEME dimer motif enrichment analyses

Position Weight Matrix identified in DME promoter analyses and the functional SOX9_-
COL2Cl1, COL2C2 [24], COL2C3 [65] binding consensus (S7 Table) were utilized as the seed
motif for screening of SOX9 monomer binding sites in the genomic region within 10kb from
TSS of the zone DEGs. The DNA sequences of 25-bp flanking the identified SOX9 monomer
site on both sides were retrieved from Reference Genome (mm?9) after removing DNA repeats.
The MEME program was run with the command:
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$meme monomer_site_flanking sequence.fq -dna -mod anr -nmotifs 2 -w 30 -oc mem-
e_out_30bp -pal

The parameter on motif length was set to range from 10 to 30-bp with the palindrome
search mode activated.

Screening of evolutionarily conserved transcription factor binding element

The genomic sequences of evolutionarily conserved non-coding elements in the promoter and
intergenic regions of each gene were retrieved from the Mouse Reference Genome Sequence
of NCBI build 37, mm9. The conservation scores of DNA sequences for 30-vertebrates and the
genomic coordinates of the non-coding elements were obtained from UCSC Genome Browser
Database [105]. The algorithm [106] was implemented to match the Position Weight Matrix of
the transcription factors with the genomic DNA sequences for screening of their binding ele-
ments. A match between the TF and the target sequence was accepted if the sequence similarity
score was over 85% and the UCSC phastCons DNA conservation score was over 300. For pre-
diction of SOX9 COL2C1, COL2C2 and COL2C3 binding elements, we searched for the exact
matches of the binding motifs in the sequence of evolutionarily conserved non-coding DNA
elements. The Position Weight Matrices used for identification of SOX9 dimer and GLI bind-
ing elements were constructed from the SOX9 binding HMG core sequence and the GLI bind-
ing consensus in TRANSFAC database respectively.

SOX9 ChIP-seq and GLI ChIP-chip peak detection

Detailed methods of rib chondrocyte isolation and SOX9 ChIP-seq experiment were described
as reported [33]. The GLI1 promoter and GLI3 Genome-Wide ChIP-chip datasets were down-
loaded from GEO database (GSE11062 and GSE11063)[73] and converted from mm8 to mm9
assembly by using the UCSC Toolkit [107]. The SOX9 and GLI binding regions were identified
by applying the procedure for local maxima finding [108] with 25- and 50-bp genomic win-
dows respectively.

Fisher’s exact test and odds ratio calculation

Fisher’s exact test on two-tailed P value was performed for a 2x2 contingency table with
GraphPad Software (GraphPad Software, Inc.), where group 1 represents the PZ, PHZ and HZ
DEGs in the clustering heatmap, and group 2 represents the DEGs containing SGBR. The
Odds Ratio number was calculated with the formula,

PZ7 PHZSGBR/HZSGBR
PZ,PHZ,,/HZ,

‘total

Odds Ratio =

where PZ,PHZspg is the number of SOX9/GLI common target in the PZ, PHZ gene sets, and
PZ,PHZ,, is the total number of the PZ, PHZ genes in the heatmap. Fisher’s Exact Test was
performed with: (i) varied inter-peak distances between SOX9 and GLI binding regions; (ii)
varied genomic distance between SGBRs and the target gene TSS as in previous studies[109,
110]. The intergenic region was defined by the two nearest genes located at the 5-end and 3’-
end of the gene in query. The gene annotation information was downloaded from UCSC
Genome Database.

In situ hybridization

In situ hybridization was performed as previously described[111]. Hind limbs dissected from
10-day-old F1 littermates were fixed in 4% paraformaldehyde overnight at 4°C and decalcified
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in 0.5M EDTA for 24h before embedding in paraffin. [*>S]JUTP labeled probes for the selected
genes were hybridized on the paraffin sections of the hind limbs.

Immunofluorescence

The paraffin sections were dewaxed and rehydrated. For cryosection, tissues were fixed in 4%
PFA overnight before immersed in 30% sucrose. Sections were blocked with blocking buffer
(5% BSA or goat serum, 0.5% Tween20) for 1 hour at room temperature. The primary antibod-
ies of rabbit anti-Foxp2 (1:400; Abcam), rabbit anti-SOX9 (1:500, Millipore), guinea pig anti-
SOX9 (1:2000, gift from V. Lee, STEMCELL Technologies) and rabbit anti-FOXA?2 (1:500,
Millipore) were diluted in blocking buffer and applied on the sections at 4°C overnight. The
signal was visualized by using 1:500 goat-anti-rabbit or donkey-anti-guinea pig antibodies and
mounting with Vectashield ® mounting medium containing DAPL

Electrophoretic mobility shift assay

EMSAs were performed as described [66]. DNA probes were prepared with cy5-label at the 5’
end of the forward strand and reverse strand unlabeled. Equimolar amounts of complemen-
tary strands were annealed at 95°C for 5 min and subsequent cooling to 4°C at 1°C /min. Reac-
tion mixtures (60nM probes and varying concentrations of proteins) were incubated at 4°C in
the dark for 4h and electrophoresed at 200V for ~40min at 4°C in the dark. The gels were
imaged with a Typhoon FLA-7000 PhosphorImager (FUJIFILM).

Cell culture, DNA transfection and luciferase assay

ATDCS cells were grown in DMEM/F12 supplemented with 5% fetal bovine serum, human
transferrin (10pg/ml) and sodium selenite (5ng/ml), and seeded in 12-well plates. With ~70%-
80% confluency on the following day, the cells were transiently transfected with pGL3-basic
luciferase reporters containing different regulatory elements using Lipofectamine 2000 (Invi-
trogen). Luciferase activity was measured using the Dual luciferase reporter assay kit (Pro-
mega) according to the manufacturer’s instructions. Luciferase expression is given as a fold-
change relative to the activity of Renilla luciferase.

Ethics statement

The work with the use of mice and their care was approved in accordance with our institu-
tional guidelines (Committee for the Use of Live Animals in Research, the University of Hong
Kong).

Supporting information

S1 Fig. Fractionation of different chondrocyte populations in wild type growth plate for
transcriptomic profiling. (A) A schematic diagram of tibia growth plate showing the expres-
sion patterns of chondrogenic markers (Col2al, Col10al, Ihh, Ppr, Sox9 and Mmp13) and the
rationale to fractionate the growth plate into different chondrocyte populations. (B) Histology
of chondrocytes at different differentiation stages. The section between each fraction was
stained with Safranin O showing the distinctive morphology of PCs, PHCs, HCs and trabecu-
lar bone (TB). (C) Expression profiles of characteristic chondrogenic markers in WT growth
plate. Fractions from PZ to HZ of growth plate based on the histological morphologies were
chosen for RNA extraction. cDNA was synthesized using 10% of the total RNA from each frac-
tion and analyzed by Semi-quantitative PCR on the expression profiles of chondrogenic mark-
ers. (D) Flowchart for the data processing, motif analyses, validation and model generation.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007346  April 16,2018 23/32


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007346.s001
https://doi.org/10.1371/journal.pgen.1007346

@'PLOS | GENETICS

A SOX9-GLI-FOXA phasic transcriptional network coordinates chondrocyte differentiation transitions

(E) The numbers of genes that were transcriptionally turned ‘On’ in one zone but ‘Off in the
others as determined by using the expression level of Col10al in PZ and Sox9 in HZ as thresh-
old were shown in the Venn chart.

(PPTX)

S2 Fig. Validation of predicted SOX9 binding sites on target genes. (A-C) Predicted SOX9
binding sites, SOX9 binding regions and conservation score were shown in the loci of Cyr61,
Trps1 and Ptchl. The inverted triangles (orange) indicate the predicted SOX9 binding sites
selected for validation. BS: binding site; BR: binding region. (D) Predicted SOX9 binding sites
in the promoter of Cyr61 and Ptchl, and intron I of TrpsI were validated by ChIP assay using
E13.5 limb chondrocytes. The ChIP-qPCR indicated the SOX9 interaction with the predicted
binding sites on Cyr61, Trpsl and Ptchl. SOX9 binding site on Acan promoter was used as a
positive control.

(PPTX)

S3 Fig. Expression patterns of Sox9 and Glil in the growth plate. (A-B) In vivo expression
patterns of Glil (A) and Sox9 (B) were shown by in situ hybridization. The PZ, PHZ and HZ
were separated by the white-dot lines. (C-E) Significant upregulation of SOX9, Glil and GIli2
in ATDCS5 cells, revealed by western blot (C) and quantitative RT-PCR (D, E). (F) GLI1 acti-
vated the Ptchl reporter in transiently transfected ATDC5 cells.

(PPTX)

$4 Fig. GP-DGEL: A searchable online Gene Expression Library for gene discovery. (A) A
Growth Plate Differential Gene Expression Library (GP-DGEL) was generated for the query of
gene expression pattern changes in the growth plate and their associated gene regulatory
regions targeted by SOX9, GLI1 and GLI3 transcription factors.

(PPTX)

S1 Table. Genes showing ‘On’-‘Off’ expression in the growth plate.
(DOCX)

S2 Table. Differentially expressed genes (DEGs) and their association with skeletal pheno-
types. (A) DEGs in PZ, PHZ, UHZ and LHZ and their association with mouse and human
abnormalities in skeletal system. Genes with the Coefficient of Standard Deviation (CSD) of
expression levels among the four zones greater than 0.15 are defined as the DEGs. (B) DEGs
associated with mouse skeletal phenotypes (396 genes). -’ represents the references from Inter-
national Mouse Phenotyping Consortium or the direct submissions from third party organiza-
tions. (C) DEGs associated with human skeletal diseases in orthologous (93 genes).

(XLSX)

S3 Table. Enriched biological process in the growth plate.
(DOCX)

$4 Table. Enriched signaling pathways in the growth plate. Genes involved in IHH, IGF,
WNT, BMP, FGF, HIPPO and NOTCH signaling pathways are listed. Fisher’s exact probabil-
ity test was performed by categorizing the genes into the 2 groups (PZ and PHZ versus UHZ
and LHZ). The whole set of the DEGs in S2 Table was set as the background group.

(DOCX)

S5 Table. Differentially expressed transcription factors and their association with skeletal
phenotypes. The association of these TFs with human skeletal diseases and mouse skeletal
phenotypes according to the OMIM and MGI databases are also summarized respectively.
CSD: coefficient of standard deviation (mean normalized standard deviation); Exp: expression
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level; H: human skeletal disorders; M: mouse skeletal phenotypes; 1: mutations of the gene are
associated with H or M; 0: mutations of the gene are not associated with H or M; -: mutations
of the gene have not been reported to be associated with H or M.

(DOCX)

S6 Table. Enriched SOX9 dimer motifs in PZ and PHZ MEME program was applied to
identify SOX9 dimer motifs of varied width (W) ranging from 20 to 50-bp and P-
value<1.0e® was set as the threshold for statistical significance. We defined the spacer
length L,, as the number of DNA bases located between the paired SOX9 core binding consen-
sus, represented as 5’-AACAA(L,)-TTGTT3.

(DOCX)

S$7 Table. Predicted SOX9 and GLI motif pattern nearby SOX9 peaks. The SOX9 monomer
(SOX9 COL2C1, COL2C2, COL2C3 and consensus from Transfac database), dimer binding
sites and GLI binding sites were screened in the conserved noncoding DNA elements for
DEGs. (A) Numbers of SOX9 and GLI motifs nearby SOX9 peaks in DEGs. (B) Summary of
SOX9 and GLI motifs nearby SOX9 peaks in DEGs. (C to G) Prediction of SOX9 monomer
and dimer binding sites in DEGs. (H) Prediction of GLI motifs nearby SOX9 peaks in DEGs.
(XLSX)

S8 Table. SOX9, GLI1, GLI3 and FOXA2 ChIP-seq peaks in the target genes. (A1) Genome
wide SOX9 peaks associated with the nearest genes; 177890 associations (p-value <0.05, peak
height>5) were detected. Among these, the top 72769 associations with 36076 distinct peaks
identified in 21083 genes (p-value < 0.05, peak height>15) were selected for further analysis.
(A2) Number of SOX9 peaks in each target gene (peak height > 15, p-value<0.05). (B1) SOX9
peaks in DEGs (p-value<0.05, peak height > 15). (B2) Number of SOX9 peaks in each DEG.
S8C1 GLI1 peaks (promoter) associated with the nearest genes. Totally 7648 distinct peaks
associated with 9159 distinct genes were detected. (C2) Number of GLI1 peaks in each target
gene. (D1) GLI1 peaks in DEGs. (D2) Number of GLI1 peaks in each DEG. (E1) Genome-
wide GLI3 peaks associated with the nearest genes. Totally 58250 distinct peaks associated
with 18990 genes were detected. (E2) Number of GLI3 peaks in each target gene. (F1) GLI3
peaks in DEGs. (F2) Number of GLI3 peaks in each DEG. (G) FOXA?2 binding peaks in Sox9
gene.

(XLSX)

$9 Table. SOX9 binding sites identified and validated in Cyr61, Trps1 and Ptchl. Con-
served SOX9 binding sites in the regulatory elements of Cyr61, Trpsl and Ptchl were selected
for ChIP-PCR validation. The genomic coordinates of these SOX9 binding site and their rela-
tive position to the nearest SOX9, GLI1 and GL3 binding peaks were shown.

(DOCX)

$10 Table. Fisher exact test on SOX9-GLI common targets. (A1) Association between
SOX9-GLI inter-peak distance and target gene expression patterns (PZ, PHZ, UHZ over LHZ
genes). (A2) Association between SOX9-GLI inter-peak distance and target gene expression
patterns, with varied distance of SGBR from TSS. (A3) Association between SGBR distance-
to-TSS and target gene expression patterns (PZ, PHZ, UHZ genes versus LHZ genes). (B1)
Odds Ratios for GBR, SBR and SGBR (50-bp inter-peak distance) target genes zone specifically
expressed in (PZ, PHZ, UHZ) over LHZ. (B2) Fisher’s exact on SOX9 target genes (SBR) in
zone specific expression. (B3) Fisher’s exact test on GLI1 target genes. (B4) Fisher’s exact test
on GLI3 target genes. (C1) Genomic locations of SGBRs in DEGs (inter-peak distance <
50-bp, intergenic region >25kb). (C2) Number of SGBRs in each DEG. (D1) Genomic
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locations and numbers of SGBRs in DEGs (inter-peak distance < 250 bp, intergenic region
>25kb). (D2) Number of SGBRs in each DEG.
(XLSX)

Acknowledgments

We thank Vivian Lee and Chi Chung Hui for generous gifts of reagents and members of the
Cheah lab for helpful discussion.

Author Contributions

Conceptualization: Zhijia Tan, Ben Niu, Kwok Yeung Tsang, Ian G. Melhado, Danny Chan,
Michael Q. Zhang, Kathryn S. E. Cheah.

Data curation: Zhijia Tan, Ben Niu, Shinsuke Ohba, Xinjun He, Yongheng Huang, Cheng
Wang, Andrew P. McMahon, Ralf Jauch, Danny Chan, Michael Q. Zhang.

Formal analysis: Zhijia Tan, Ben Niu, Kathryn S. E. Cheah.
Funding acquisition: Kathryn S. E. Cheah.
Investigation: Zhijia Tan.

Methodology: Zhijia Tan, Ian G. Melhado, Shinsuke Ohba, Xinjun He, Cheng Wang, Michael
Q. Zhang.

Project administration: Danny Chan, Michael Q. Zhang, Kathryn S. E. Cheah.
Resources: Kathryn S. E. Cheah.

Software: Ben Niu, Michael Q. Zhang.

Supervision: Danny Chan, Michael Q. Zhang, Kathryn S. E. Cheah.
Validation: Zhijia Tan.

Writing - original draft: Zhijia Tan, Ben Niu, Kathryn S. E. Cheah.

Writing - review & editing: Zhijia Tan, Ben Niu, Kwok Yeung Tsang, Ian G. Melhado, Shin-
suke Ohba, Xinjun He, Yongheng Huang, Andrew P. McMahon, Ralf Jauch, Danny Chan,
Michael Q. Zhang, Kathryn S. E. Cheah.

References

1. Salazar VS, Gamer LW, Rosen V. BMP signalling in skeletal development, disease and repair. Nat
Rev Endocrinol. 2016; 12(4):203-21. https://doi.org/10.1038/nrendo.2016.12 PMID: 26893264.

2. TsangKY, Chan D, Cheah KS. Fate of growth plate hypertrophic chondrocytes: Death or lineage
extension? Development, growth & differentiation. 2015; 57(2):179-92. https://doi.org/10.1111/dgd.
12203 PMID: 25714187.

3. Yangl, TsangKY, Tang HC, Chan D, Cheah KS. Hypertrophic chondrocytes can become osteoblasts
and osteocytes in endochondral bone formation. Proceedings of the National Academy of Sciences of
the United States of America. 2014; 111(33):12097—-102. https://doi.org/10.1073/pnas.1302703111
PMID: 25092332; PubMed Central PMCID: PMC4143064.

4. ParkJ, Gebhardt M, Golovchenko S, Perez-Branguli F, Hattori T, Hartmann C, et al. Dual pathways to
endochondral osteoblasts: a novel chondrocyte-derived osteoprogenitor cell identified in hypertrophic
cartilage. Biol Open. 2015; 4(5):608-21. https://doi.org/10.1242/bio.201411031 PMID: 25882555;
PubMed Central PMCID: PMCPMC4434812.

5. Bonafe L, Cormier-Daire V, Hall C, Lachman R, Mortier G, Mundlos S, et al. Nosology and classifica-
tion of genetic skeletal disorders: 2015 revision. American journal of medical genetics Part A. 2015;
167A(12):2869-92. https://doi.org/10.1002/ajmg.a.37365 PMID: 26394607.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007346  April 16,2018

26/32


https://doi.org/10.1038/nrendo.2016.12
http://www.ncbi.nlm.nih.gov/pubmed/26893264
https://doi.org/10.1111/dgd.12203
https://doi.org/10.1111/dgd.12203
http://www.ncbi.nlm.nih.gov/pubmed/25714187
https://doi.org/10.1073/pnas.1302703111
http://www.ncbi.nlm.nih.gov/pubmed/25092332
https://doi.org/10.1242/bio.201411031
http://www.ncbi.nlm.nih.gov/pubmed/25882555
https://doi.org/10.1002/ajmg.a.37365
http://www.ncbi.nlm.nih.gov/pubmed/26394607
https://doi.org/10.1371/journal.pgen.1007346

@’PLOS | GENETICS

A SOX9-GLI-FOXA phasic transcriptional network coordinates chondrocyte differentiation transitions

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Zelzer E, Olsen BR. The genetic basis for skeletal diseases. Nature. 2003; 423(6937):343—-8. Epub
2003/05/16. https://doi.org/10.1038/nature01659 PMID: 12748653.

Wright E, Hargrave MR, Christiansen J, Cooper L, Kun J, Evans T, et al. The Sry-related gene Sox9 is
expressed during chondrogenesis in mouse embryos. Nature genetics. 1995; 9(1):15-20. Epub 1995/
01/01. https://doi.org/10.1038/ng0195-15 PMID: 7704017.

Bi W, Deng JM, Zhang Z, Behringer RR, de Crombrugghe B. Sox9 is required for cartilage formation.
Nature genetics. 1999; 22(1):85-9. Epub 1999/05/13. https://doi.org/10.1038/8792 PMID: 10319868.

Lefebvre V, Behringer RR, de Crombrugghe B. L-Sox5, Sox6 and Sox9 control essential steps of the
chondrocyte differentiation pathway. Osteoarthritis and cartilage / OARS, Osteoarthritis Research
Society. 2001; 9 Suppl A:S69-75. Epub 2001/10/30. doi: S1063458401904479 [pii]. PMID: 11680692.

Akiyama H, Chaboissier MC, Martin JF, Schedl A, de Crombrugghe B. The transcription factor Sox9
has essential roles in successive steps of the chondrocyte differentiation pathway and is required for
expression of Sox5 and Sox6. Genes & development. 2002; 16(21):2813-28. Epub 2002/11/05.
https://doi.org/10.1101/gad. 1017802 PMID: 12414734; PubMed Central PMCID: PMC187468.

Ikeda T, Kawaguchi H, Kamekura S, Ogata N, Mori Y, Nakamura K, et al. Distinct roles of Sox5,

Sox6, and Sox9 in different stages of chondrogenic differentiation. Journal of bone and mineral metab-
olism. 2005; 23(5):337—40. Epub 2005/09/01. https://doi.org/10.1007/s00774-005-0610-y PMID:
16133682.

Han'Y, Lefebvre V. L-Sox5 and Sox6 drive expression of the aggrecan gene in cartilage by securing
binding of Sox9 to a far-upstream enhancer. Molecular and cellular biology. 2008; 28(16):4999-5013.
Epub 2008/06/19. doi: MCB.00695-08 [pii] https://doi.org/10.1128/MCB.00695-08 PMID: 18559420.

Ikegami D, Akiyama H, Suzuki A, Nakamura T, Nakano T, Yoshikawa H, et al. Sox9 sustains chondro-
cyte survival and hypertrophy in part through Pik3ca-Akt pathways. Development. 2011; 138(8):1507—
19. Epub 2011/03/04. https://doi.org/10.1242/dev.057802 PMID: 21367821.

St-Jacques B, Hammerschmidt M, McMahon AP. Indian hedgehog signaling regulates proliferation
and differentiation of chondrocytes and is essential for bone formation. Genes & development. 1999;
13(16):2072—-86. Epub 1999/08/31. PMID: 10465785; PubMed Central PMCID: PMC316949.

Wang B, Fallon JF, Beachy PA. Hedgehog-regulated processing of Gli3 produces an anterior/poste-
rior repressor gradient in the developing vertebrate limb. Cell. 2000; 100(4):423-34. Epub 2000/02/29.
PMID: 10693759.

Ehlen HW, Buelens LA, Vortkamp A. Hedgehog signaling in skeletal development. Birth defects
research Part C, Embryo today: reviews. 2006; 78(3):267—79. Epub 2006/10/25. https://doi.org/10.
1002/bdrc.20076 PMID: 17061262.

Joeng KS, Long F. The Gli2 transcriptional activator is a crucial effector for Ihh signaling in osteoblast
development and cartilage vascularization. Development. 2009; 136(24):4177-85. Epub 2009/11/13.
doi: dev.041624 [pii] https://doi.org/10.1242/dev.041624 PMID: 19906844.

Otto F, Thornell AP, Crompton T, Denzel A, Gilmour KC, Rosewell IR, et al. Cbfa1, a candidate gene
for cleidocranial dysplasia syndrome, is essential for osteoblast differentiation and bone development.
Cell. 1997; 89(5):765-71. Epub 1997/05/30. doi: S0092-8674(00)80259-7 [pii]. PMID: 9182764.

Yoshida CA, Yamamoto H, Fujita T, Furuichi T, Ito K, Inoue K, et al. Runx2 and Runx3 are essential
for chondrocyte maturation, and Runx2 regulates limb growth through induction of Indian hedgehog.
Genes & development. 2004; 18(8):952—63. Epub 2004/04/27. https://doi.org/10.1101/gad. 1174704
PMID: 15107406; PubMed Central PMCID: PMC395853.

Arnold MA, Kim Y, Czubryt MP, Phan D, McAnally J, Qi X, et al. MEF2C transcription factor controls
chondrocyte hypertrophy and bone development. Developmental cell. 2007; 12(3):377-89. Epub
2007/03/06. https://doi.org/10.1016/j.devcel.2007.02.004 PMID: 17336904.

He X, Ohba S, Hojo H, McMahon AP. AP-1 family members act with Sox9 to promote chondrocyte
hypertrophy. Development. 2016; 143(16):3012—23. https://doi.org/10.1242/dev.134502 PMID:
27471255; PubMed Central PMCID: PMCPMC5004882.

lonescu A, Kozhemyakina E, Nicolae C, Kaestner KH, Olsen BR, Lassar AB. FoxA family members
are crucial regulators of the hypertrophic chondrocyte differentiation program. Developmental cell.
2012; 22(5):927-39. https://doi.org/10.1016/j.devcel.2012.03.011 PMID: 22595668; PubMed Central
PMCID: PMC3356573.

Hojo H, McMahon AP, Ohba S. An Emerging Regulatory Landscape for Skeletal Development. Trends
in genetics: TIG. 2016; 32(12):774-87. https://doi.org/10.1016/}.tig.2016.10.001 PMID: 27814929;
PubMed Central PMCID: PMCPMC5126973.

Bell DM, Leung KK, Wheatley SC, Ng LJ, Zhou S, Ling KW, et al. SOX9 directly regulates the type-I|
collagen gene. Nature genetics. 1997; 16(2):174-8. Epub 1997/06/01. https://doi.org/10.1038/
ng0697-174 PMID: 9171829.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007346  April 16,2018 27/32


https://doi.org/10.1038/nature01659
http://www.ncbi.nlm.nih.gov/pubmed/12748653
https://doi.org/10.1038/ng0195-15
http://www.ncbi.nlm.nih.gov/pubmed/7704017
https://doi.org/10.1038/8792
http://www.ncbi.nlm.nih.gov/pubmed/10319868
http://www.ncbi.nlm.nih.gov/pubmed/11680692
https://doi.org/10.1101/gad.1017802
http://www.ncbi.nlm.nih.gov/pubmed/12414734
https://doi.org/10.1007/s00774-005-0610-y
http://www.ncbi.nlm.nih.gov/pubmed/16133682
https://doi.org/10.1128/MCB.00695-08
http://www.ncbi.nlm.nih.gov/pubmed/18559420
https://doi.org/10.1242/dev.057802
http://www.ncbi.nlm.nih.gov/pubmed/21367821
http://www.ncbi.nlm.nih.gov/pubmed/10465785
http://www.ncbi.nlm.nih.gov/pubmed/10693759
https://doi.org/10.1002/bdrc.20076
https://doi.org/10.1002/bdrc.20076
http://www.ncbi.nlm.nih.gov/pubmed/17061262
https://doi.org/10.1242/dev.041624
http://www.ncbi.nlm.nih.gov/pubmed/19906844
http://www.ncbi.nlm.nih.gov/pubmed/9182764
https://doi.org/10.1101/gad.1174704
http://www.ncbi.nlm.nih.gov/pubmed/15107406
https://doi.org/10.1016/j.devcel.2007.02.004
http://www.ncbi.nlm.nih.gov/pubmed/17336904
https://doi.org/10.1242/dev.134502
http://www.ncbi.nlm.nih.gov/pubmed/27471255
https://doi.org/10.1016/j.devcel.2012.03.011
http://www.ncbi.nlm.nih.gov/pubmed/22595668
https://doi.org/10.1016/j.tig.2016.10.001
http://www.ncbi.nlm.nih.gov/pubmed/27814929
https://doi.org/10.1038/ng0697-174
https://doi.org/10.1038/ng0697-174
http://www.ncbi.nlm.nih.gov/pubmed/9171829
https://doi.org/10.1371/journal.pgen.1007346

@’PLOS | GENETICS

A SOX9-GLI-FOXA phasic transcriptional network coordinates chondrocyte differentiation transitions

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Mertin S, McDowall SG, Harley VR. The DNA-binding specificity of SOX9 and other SOX proteins.
Nucleic Acids Res. 1999; 27(5):1359—64. Epub 1999/02/12. doi: gkc251 [pii]. PMID: 9973626.

Dy P, Wang W, Bhattaram P, Wang Q, Wang L, Ballock RT, et al. Sox9 directs hypertrophic matura-
tion and blocks osteoblast differentiation of growth plate chondrocytes. Developmental cell. 2012; 22
(3):597-609. Epub 2012/03/17. doi: S1534-5807(12)00005-6 [pii] https://doi.org/10.1016/j.devcel.
2011.12.024 PMID: 22421045.

Kronenberg HM. Developmental regulation of the growth plate. Nature. 2003; 423(6937):332—6. Epub
2003/05/16. https://doi.org/10.1038/nature01657 PMID: 12748651.

Mau E, Whetstone H, Yu C, Hopyan S, Wunder JS, Alman BA. PTHrP regulates growth plate chondro-
cyte differentiation and proliferation in a Gli3 dependent manner utilizing hedgehog ligand dependent
and independent mechanisms. Developmental biology. 2007; 305(1):28—-39. https://doi.org/10.1016/].
ydbio.2007.01.031 PMID: 17328886.

Kronenberg HM. PTHrP and skeletal development. Annals of the New York Academy of Sciences.
2006; 1068:1—13. Epub 2006/07/13. https://doi.org/10.1196/annals.1346.002 PMID: 16831900.

Mundlos S, Otto F, Mundlos C, Mulliken JB, Aylsworth AS, Albright S, et al. Mutations involving the
transcription factor CBFA1 cause cleidocranial dysplasia. Cell. 1997; 89(5):773-9. Epub 1997/05/30.
doi: S0092-8674(00)80260-3 [pii]. PMID: 9182765.

Amano K, Densmore M, Nishimura R, Lanske B. Indian hedgehog signaling regulates transcription
and expression of collagen type X via Runx2/Smads interactions. The Journal of biological chemistry.
2014; 289(36):24898-910. https://doi.org/10.1074/jbc.M114.570507 PMID: 25028519; PubMed Cen-
tral PMCID: PMCPMC4155658.

Watanabe T, Oyama T, Asada M, Harada D, Ito Y, Inagawa M, et al. MAML1 enhances the transcrip-
tional activity of Runx2 and plays a role in bone development. PLoS genetics. 2013; 9(1):e1003132.
https://doi.org/10.1371/journal.pgen.1003132 PMID: 23326237; PubMed Central PMCID:
PMCPMC3542067.

Ohba S, He X, Hojo H, McMahon AP. Distinct Transcriptional Programs Underlie Sox9 Regulation of
the Mammalian Chondrocyte. Cell Rep. 2015. https://doi.org/10.1016/j.celrep.2015.06.013 PMID:
26146088.

Kamachi Y, Kondoh H. Sox proteins: regulators of cell fate specification and differentiation. Develop-
ment. 2013; 140(20):4129—44. https://doi.org/10.1242/dev.091793 PMID: 24086078.

Lee WJ, Chatterjee S, Yap SP, Lim SL, Xing X, Kraus P, et al. An Integrative Developmental Geno-
mics and Systems Biology Approach to Identify an In Vivo Sox Trio-Mediated Gene Regulatory Net-
work in Murine Embryos. Biomed Res Int. 2017; 2017:8932583. https://doi.org/10.1155/2017/
8932583 PMID: 28630873; PubMed Central PMCID: PMCPMC5467288.

Lefebvre V, Li P, de Crombrugghe B. A new long form of Sox5 (L-Sox5), Sox6 and Sox9 are coex-
pressed in chondrogenesis and cooperatively activate the type Il collagen gene. The EMBO journal.
1998; 17(19):5718-33. Epub 1998/10/02. https://doi.org/10.1093/emboj/17.19.5718 PMID: 9755172.

Liu CF, Lefebvre V. The transcription factors SOX9 and SOX5/SOX6 cooperate genome-wide through
super-enhancers to drive chondrogenesis. Nucleic Acids Res. 2015; 43(17):8183-203. https://doi.org/
10.1093/nar/gkv688 PMID: 26150426; PubMed Central PMCID: PMCPMC4787819.

Bien-Willner GA, Stankiewicz P, Lupski JR. SOX9cre1, a cis-acting regulatory element located 1.1 Mb
upstream of SOX9, mediates its enhancement through the SHH pathway. Human molecular genetics.
2007; 16(10):1143-56. https://doi.org/10.1093/hmg/ddm061 PMID: 17409199.

Mead TJ, Wang Q, Bhattaram P, Dy P, Afelik S, Jensen J, et al. A far-upstream (-70 kb) enhancer
mediates Sox9 auto-regulation in somatic tissues during development and adult regeneration. Nucleic
Acids Res. 2013; 41(8):4459-69. https://doi.org/10.1093/nar/gkt140 PMID: 23449223; PubMed Cen-
tral PMCID: PMCPMC3632127.

Leung VY, Gao B, Leung KK, Melhado IG, Wynn SL, Au TY, et al. SOX9 governs differentiation stage-
specific gene expression in growth plate chondrocytes via direct concomitant transactivation and
repression. PLoS genetics. 2011; 7(11):e1002356. Epub 2011/11/11. https://doi.org/10.1371/journal.
pgen.1002356 PMID: 22072985; PubMed Central PMCID: PMC3207907.

James CG, Appleton CT, Ulici V, Underhill TM, Beier F. Microarray analyses of gene expression dur-
ing chondrocyte differentiation identifies novel regulators of hypertrophy. Molecular biology of the cell.
2005; 16(11):5316-33. Epub 2005/09/02. https://doi.org/10.1091/mbc.E05-01-0084 PMID: 16135533;
PubMed Central PMCID: PMC1266429.

Cameron TL, Belluoccio D, Farlie PG, Brachvogel B, Bateman JF. Global comparative transcriptome
analysis of cartilage formation in vivo. BMC developmental biology. 2009; 9:20. Epub 2009/03/11.
https://doi.org/10.1186/1471-213X-9-20 PMID: 19272164; PubMed Central PMCID: PMC2662817.

James CG, Stanton LA, Agoston H, Ulici V, Underhill TM, Beier F. Genome-wide analyses of gene
expression during mouse endochondral ossification. PloS one. 2010; 5(1):e8693. Epub 2010/01/20.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007346  April 16,2018 28/32


http://www.ncbi.nlm.nih.gov/pubmed/9973626
https://doi.org/10.1016/j.devcel.2011.12.024
https://doi.org/10.1016/j.devcel.2011.12.024
http://www.ncbi.nlm.nih.gov/pubmed/22421045
https://doi.org/10.1038/nature01657
http://www.ncbi.nlm.nih.gov/pubmed/12748651
https://doi.org/10.1016/j.ydbio.2007.01.031
https://doi.org/10.1016/j.ydbio.2007.01.031
http://www.ncbi.nlm.nih.gov/pubmed/17328886
https://doi.org/10.1196/annals.1346.002
http://www.ncbi.nlm.nih.gov/pubmed/16831900
http://www.ncbi.nlm.nih.gov/pubmed/9182765
https://doi.org/10.1074/jbc.M114.570507
http://www.ncbi.nlm.nih.gov/pubmed/25028519
https://doi.org/10.1371/journal.pgen.1003132
http://www.ncbi.nlm.nih.gov/pubmed/23326237
https://doi.org/10.1016/j.celrep.2015.06.013
http://www.ncbi.nlm.nih.gov/pubmed/26146088
https://doi.org/10.1242/dev.091793
http://www.ncbi.nlm.nih.gov/pubmed/24086078
https://doi.org/10.1155/2017/8932583
https://doi.org/10.1155/2017/8932583
http://www.ncbi.nlm.nih.gov/pubmed/28630873
https://doi.org/10.1093/emboj/17.19.5718
http://www.ncbi.nlm.nih.gov/pubmed/9755172
https://doi.org/10.1093/nar/gkv688
https://doi.org/10.1093/nar/gkv688
http://www.ncbi.nlm.nih.gov/pubmed/26150426
https://doi.org/10.1093/hmg/ddm061
http://www.ncbi.nlm.nih.gov/pubmed/17409199
https://doi.org/10.1093/nar/gkt140
http://www.ncbi.nlm.nih.gov/pubmed/23449223
https://doi.org/10.1371/journal.pgen.1002356
https://doi.org/10.1371/journal.pgen.1002356
http://www.ncbi.nlm.nih.gov/pubmed/22072985
https://doi.org/10.1091/mbc.E05-01-0084
http://www.ncbi.nlm.nih.gov/pubmed/16135533
https://doi.org/10.1186/1471-213X-9-20
http://www.ncbi.nlm.nih.gov/pubmed/19272164
https://doi.org/10.1371/journal.pgen.1007346

@’PLOS | GENETICS

A SOX9-GLI-FOXA phasic transcriptional network coordinates chondrocyte differentiation transitions

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

https://doi.org/10.1371/journal.pone.0008693 PMID: 20084171; PubMed Central PMCID:
PMC2805713.

Cameron TL, Bell KM, Tatarczuch L, Mackie EJ, Rajpar MH, McDermott BT, et al. Transcriptional pro-
filing of chondrodysplasia growth plate cartilage reveals adaptive ER-stress networks that allow sur-
vival but disrupt hypertrophy. PloS one. 2011; 6(9):e24600. Epub 2011/09/22. https://doi.org/10.1371/
journal.pone.0024600 PONE-D-11-07777 [pii]. PMID: 21935428.

Nilsson O, Parker EA, Hegde A, Chau M, Barnes KM, Baron J. Gradients in bone morphogenetic pro-
tein-related gene expression across the growth plate. J Endocrinol. 2007; 193(1):75-84. https://doi.
org/10.1677/joe.1.07099 PMID: 17400805.

LiJ, LuoH, Wang R, Lang J, Zhu S, Zhang Z, et al. Systematic Reconstruction of Molecular Cascades
Regulating GP Development Using Single-Cell RNA-Seq. Cell Rep. 2016; 15(7):1467-80. https://doi.
org/10.1016/j.celrep.2016.04.043 PMID: 27160914.

Schipani E, Ryan HE, Didrickson S, Kobayashi T, Knight M, Johnson RS. Hypoxia in cartilage: HIF-
1alpha is essential for chondrocyte growth arrest and survival. Genes & development. 2001; 15
(21):2865—76. Epub 2001/11/08. https://doi.org/10.1101/gad.934301 PMID: 11691837; PubMed Cen-
tral PMCID: PMC312800.

Chan DA, Sutphin PD, Denko NC, Giaccia AJ. Role of prolyl hydroxylation in oncogenically stabilized
hypoxia-inducible factor-1alpha. The Journal of biological chemistry. 2002; 277(42):40112-7. Epub
2002/08/21. https://doi.org/10.1074/jbc.M206922200 PMID: 12186875.

Amarilio R, Viukov SV, Sharir A, Eshkar-Oren |, Johnson RS, Zelzer E. HIF1alpha regulation of Sox9
is necessary to maintain differentiation of hypoxic prechondrogenic cells during early skeletogenesis.
Development. 2007; 134(21):3917-28. Epub 2007/10/05. https://doi.org/10.1242/dev.008441 PMID:
17913788.

Cooper MK, Wassif CA, Krakowiak PA, Taipale J, Gong R, Kelley R, et al. A defective response to
Hedgehog signaling in disorders of cholesterol biosynthesis. Nature genetics. 2003; 33(4):508—13.
https://doi.org/10.1038/ng1134 PMID: 12652302.

Woods A, James CG, Wang G, Dupuis H, Beier F. Control of chondrocyte gene expression by actin
dynamics: a novel role of cholesterol/Ror-alpha signalling in endochondral bone growth. Journal of cel-
lular and molecular medicine. 2009; 13(9B):3497-516. https://doi.org/10.1111/].1582-4934.2009.
00684.x PMID: 20196782.

Wu S, De Luca F. Role of cholesterol in the regulation of growth plate chondrogenesis and longitudinal
bone growth. The Journal of biological chemistry. 2004; 279(6):4642—7. Epub 2003/11/13. https://doi.
org/10.1074/jbc.M305518200 PMID: 14612457.

Vornehm SI, Dudhia J, Von der Mark K, Aigner T. Expression of collagen types IX and XI and other
major cartilage matrix components by human fetal chondrocytes in vivo. Matrix biology: journal of the
International Society for Matrix Biology. 1996; 15(2):91-8. PMID: 8837010.

Sato R. Sterol metabolism and SREBP activation. Arch Biochem Biophys. 2010; 501(2):177-81. Epub
2010/06/15. doi: S0003-9861(10)00223-7 [pii] https://doi.org/10.1016/j.abb.2010.06.004 PMID:
20541520.

Schones DE, Sumazin P, Zhang MQ. Similarity of position frequency matrices for transcription factor
binding sites. Bioinformatics. 2005; 21(3):307—-13. https://doi.org/10.1093/bioinformatics/bth480
PMID: 15319260.

Smith AD, Sumazin P, Xuan Z, Zhang MQ. DNA motifs in human and mouse proximal promoters pre-
dict tissue-specific expression. Proceedings of the National Academy of Sciences of the United States
of America. 2006; 103(16):6275-80. https://doi.org/10.1073/pnas.0508169103 PMID: 16606849;
PubMed Central PMCID: PMC1458868.

Martinez MJ, Smith AD, Li B, Zhang MQ, Harrod KS. Computational prediction of novel components of
lung transcriptional networks. Bioinformatics. 2007; 23(1):21-9. https://doi.org/10.1093/
bioinformatics/btl531 PMID: 17050569.

Benita Y, Kikuchi H, Smith AD, Zhang MQ, Chung DC, Xavier RJ. An integrative genomics approach
identifies Hypoxia Inducible Factor-1 (HIF-1)-target genes that form the core response to hypoxia.
Nucleic Acids Res. 2009; 37(14):4587-602. https://doi.org/10.1093/nar/gkp425 PMID: 19491311;
PubMed Central PMCID: PMC2724271.

Wouelling M, Kaiser FJ, Buelens LA, Braunholz D, Shivdasani RA, Depping R, et al. Trps1, a regulator
of chondrocyte proliferation and differentiation, interacts with the activator form of Gli3. Developmental
biology. 2009; 328(1):40-53. Epub 2009/04/25. https://doi.org/10.1016/j.ydbio.2009.01.012 PMID:
19389374.

Hiramatsu K, Sasagawa S, Outani H, Nakagawa K, Yoshikawa H, Tsumaki N. Generation of hyaline
cartilaginous tissue from mouse adult dermal fibroblast culture by defined factors. The Journal of

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007346  April 16,2018 29/32


https://doi.org/10.1371/journal.pone.0008693
http://www.ncbi.nlm.nih.gov/pubmed/20084171
https://doi.org/10.1371/journal.pone.0024600
https://doi.org/10.1371/journal.pone.0024600
http://www.ncbi.nlm.nih.gov/pubmed/21935428
https://doi.org/10.1677/joe.1.07099
https://doi.org/10.1677/joe.1.07099
http://www.ncbi.nlm.nih.gov/pubmed/17400805
https://doi.org/10.1016/j.celrep.2016.04.043
https://doi.org/10.1016/j.celrep.2016.04.043
http://www.ncbi.nlm.nih.gov/pubmed/27160914
https://doi.org/10.1101/gad.934301
http://www.ncbi.nlm.nih.gov/pubmed/11691837
https://doi.org/10.1074/jbc.M206922200
http://www.ncbi.nlm.nih.gov/pubmed/12186875
https://doi.org/10.1242/dev.008441
http://www.ncbi.nlm.nih.gov/pubmed/17913788
https://doi.org/10.1038/ng1134
http://www.ncbi.nlm.nih.gov/pubmed/12652302
https://doi.org/10.1111/j.1582-4934.2009.00684.x
https://doi.org/10.1111/j.1582-4934.2009.00684.x
http://www.ncbi.nlm.nih.gov/pubmed/20196782
https://doi.org/10.1074/jbc.M305518200
https://doi.org/10.1074/jbc.M305518200
http://www.ncbi.nlm.nih.gov/pubmed/14612457
http://www.ncbi.nlm.nih.gov/pubmed/8837010
https://doi.org/10.1016/j.abb.2010.06.004
http://www.ncbi.nlm.nih.gov/pubmed/20541520
https://doi.org/10.1093/bioinformatics/bth480
http://www.ncbi.nlm.nih.gov/pubmed/15319260
https://doi.org/10.1073/pnas.0508169103
http://www.ncbi.nlm.nih.gov/pubmed/16606849
https://doi.org/10.1093/bioinformatics/btl531
https://doi.org/10.1093/bioinformatics/btl531
http://www.ncbi.nlm.nih.gov/pubmed/17050569
https://doi.org/10.1093/nar/gkp425
http://www.ncbi.nlm.nih.gov/pubmed/19491311
https://doi.org/10.1016/j.ydbio.2009.01.012
http://www.ncbi.nlm.nih.gov/pubmed/19389374
https://doi.org/10.1371/journal.pgen.1007346

@’PLOS | GENETICS

A SOX9-GLI-FOXA phasic transcriptional network coordinates chondrocyte differentiation transitions

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

clinical investigation. 2011; 121(2):640-57. https://doi.org/10.1172/JCI44605 PMID: 21293062;
PubMed Central PMCID: PMC3026734.

Yang G, ZhuL, Hou N, Lan Y, Wu XM, Zhou B, et al. Osteogenic fate of hypertrophic chondrocytes.
Cell Res. 2014; 24(10):1266-9. https://doi.org/10.1038/cr.2014.111 PMID: 25145361; PubMed Cen-
tral PMCID: PMCPMC4185343.

Zhou X, von der Mark K, Henry S, Norton W, Adams H, de Crombrugghe B. Chondrocytes transdiffer-
entiate into osteoblasts in endochondral bone during development, postnatal growth and fracture heal-
ing in mice. PLoS genetics. 2014; 10(12):e1004820. https://doi.org/10.1371/journal.pgen.1004820
PMID: 25474590; PubMed Central PMCID: PMCPMC4256265.

Bernard P, Tang P, Liu S, Dewing P, Harley VR, Vilain E. Dimerization of SOX9 is required for chon-
drogenesis, but not for sex determination. Human molecular genetics. 2003; 12(14):1755-65. Epub
2003/07/03. PMID: 12837698.

Bailey TL, Boden M, Buske FA, Frith M, Grant CE, Clementi L, et al. MEME SUITE: tools for motif dis-
covery and searching. Nucleic Acids Res. 2009; 37(Web Server issue):W202-8. https://doi.org/10.
1093/nar/gkp335 PMID: 19458158; PubMed Central PMCID: PMC2703892.

Zhou G, Lefebvre V, Zhang Z, Eberspaecher H, de Crombrugghe B. Three high mobility group-like
sequences within a 48-base pair enhancer of the Col2a1 gene are required for cartilage-specific
expression in vivo. The Journal of biological chemistry. 1998; 273(24):14989-97. PMID: 9614106.

Huang YH, Jankowski A, Cheah KS, Prabhakar S, Jauch R. SOXE transcription factors form selective
dimers on non-compact DNA motifs through multifaceted interactions between dimerization and high-
mobility group domains. Sci Rep. 2015; 5:10398. https://doi.org/10.1038/srep10398 PMID: 26013289.

Jankowski A, Szczurek E, Jauch R, Tiuryn J, Prabhakar S. Comprehensive prediction in 78 human
cell lines reveals rigidity and compactness of transcription factor dimers. Genome Res. 2013; 23
(8):1307-18. https://doi.org/10.1101/gr.154922.113 PMID: 23554463; PubMed Central PMCID:
PMC3730104.

Nakamura Y, Yamamoto K, He X, Otsuki B, Kim Y, Murao H, et al. Wwp2 is essential for palatogenesis
mediated by the interaction between Sox9 and mediator subunit 25. Nat Commun. 2011; 2:251. Epub
2011/03/24. doi: ncomms1242 [pii] https://doi.org/10.1038/ncomms1242 PMID: 21427722.

Wong M, Kireeva ML, Kolesnikova TV, Lau LF. Cyr61, product of a growth factor-inducible immediate-
early gene, regulates chondrogenesis in mouse limb bud mesenchymal cells. Developmental biology.
1997; 192(2):492-508. https://doi.org/10.1006/dbio.1997.8766 PMID: 9441684.

O’Brien TP, Lau LF. Expression of the growth factor-inducible immediate early gene cyr61 correlates
with chondrogenesis during mouse embryonic development. Cell Growth Differ. 1992; 3(9):645-54.
PMID: 1419914.

Suemoto H, Muragaki Y, Nishioka K, Sato M, Ooshima A, ltoh S, et al. Trps1 regulates proliferation
and apoptosis of chondrocytes through Stat3 signaling. Developmental biology. 2007; 312(2):572-81.
Epub 2007/11/13. https://doi.org/10.1016/.ydbio.2007.10.001 PMID: 17997399.

Bi W, Huang W, Whitworth DJ, Deng JM, Zhang Z, Behringer RR, et al. Haploinsufficiency of Sox9
results in defective cartilage primordia and premature skeletal mineralization. Proceedings of the
National Academy of Sciences of the United States of America. 2001; 98(12):6698—703. Epub 2001/
05/24. https://doi.org/10.1073/pnas.111092198 [pii]. PMID: 11371614.

Vokes SA, Ji H, Wong WH, McMahon AP. A genome-scale analysis of the cis-regulatory circuitry
underlying sonic hedgehog-mediated patterning of the mammalian limb. Genes & development. 2008;
22(19):2651-63. Epub 2008/10/04. doi: 22/19/2651 [pii] https://doi.org/10.1101/gad.1693008 PMID:
18832070.

Liu'Y, Giannopoulou EG, Wen D, Falciatori I, Elemento O, Allis CD, et al. Epigenetic profiles signify
cell fate plasticity in unipotent spermatogonial stem and progenitor cells. Nat Commun. 2016; 7:11275.
https://doi.org/10.1038/ncomms11275 PMID: 27117588; PubMed Central PMCID:
PMCPMC4853422.

Wederell ED, Bilenky M, Cullum R, Thiessen N, Dagpinar M, Delaney A, et al. Global analysis of in
vivo Foxa2-binding sites in mouse adult liver using massively parallel sequencing. Nucleic Acids Res.
2008; 36(14):4549-64. https://doi.org/10.1093/nar/gkn382 PMID: 18611952; PubMed Central
PMCID: PMCPMC2504304.

Tamplin OJ, Cox BJ, Rossant J. Integrated microarray and ChIP analysis identifies multiple Foxa2
dependent target genes in the notochord. Developmental biology. 2011; 360(2):415-25. https://doi.
org/10.1016/j.ydbio.2011.10.002 PMID: 22008794

Metzakopian E, Lin W, Salmon-Divon M, Dvinge H, Andersson E, Ericson J, et al. Genome-wide char-
acterization of Foxa2 targets reveals upregulation of floor plate genes and repression of ventrolateral
genes in midbrain dopaminergic progenitors. Development. 2012; 139(14):2625-34. https://doi.org/
10.1242/dev.081034 PMID: 22696295; PubMed Central PMCID: PMCPMC3383233.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007346  April 16,2018 30/32


https://doi.org/10.1172/JCI44605
http://www.ncbi.nlm.nih.gov/pubmed/21293062
https://doi.org/10.1038/cr.2014.111
http://www.ncbi.nlm.nih.gov/pubmed/25145361
https://doi.org/10.1371/journal.pgen.1004820
http://www.ncbi.nlm.nih.gov/pubmed/25474590
http://www.ncbi.nlm.nih.gov/pubmed/12837698
https://doi.org/10.1093/nar/gkp335
https://doi.org/10.1093/nar/gkp335
http://www.ncbi.nlm.nih.gov/pubmed/19458158
http://www.ncbi.nlm.nih.gov/pubmed/9614106
https://doi.org/10.1038/srep10398
http://www.ncbi.nlm.nih.gov/pubmed/26013289
https://doi.org/10.1101/gr.154922.113
http://www.ncbi.nlm.nih.gov/pubmed/23554463
https://doi.org/10.1038/ncomms1242
http://www.ncbi.nlm.nih.gov/pubmed/21427722
https://doi.org/10.1006/dbio.1997.8766
http://www.ncbi.nlm.nih.gov/pubmed/9441684
http://www.ncbi.nlm.nih.gov/pubmed/1419914
https://doi.org/10.1016/j.ydbio.2007.10.001
http://www.ncbi.nlm.nih.gov/pubmed/17997399
https://doi.org/10.1073/pnas.111092198
http://www.ncbi.nlm.nih.gov/pubmed/11371614
https://doi.org/10.1101/gad.1693008
http://www.ncbi.nlm.nih.gov/pubmed/18832070
https://doi.org/10.1038/ncomms11275
http://www.ncbi.nlm.nih.gov/pubmed/27117588
https://doi.org/10.1093/nar/gkn382
http://www.ncbi.nlm.nih.gov/pubmed/18611952
https://doi.org/10.1016/j.ydbio.2011.10.002
https://doi.org/10.1016/j.ydbio.2011.10.002
http://www.ncbi.nlm.nih.gov/pubmed/22008794
https://doi.org/10.1242/dev.081034
https://doi.org/10.1242/dev.081034
http://www.ncbi.nlm.nih.gov/pubmed/22696295
https://doi.org/10.1371/journal.pgen.1007346

@’PLOS | GENETICS

A SOX9-GLI-FOXA phasic transcriptional network coordinates chondrocyte differentiation transitions

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.
95.

Susa K, Sohara E, Takahashi D, Okado T, Rai T, Uchida S. WNK4 is indispensable for the pathogene-
sis of pseudohypoaldosteronism type Il caused by mutant KLHL3. Biochem Biophys Res Commun.
2017; 491(83):727-32. https://doi.org/10.1016/j.bbrc.2017.07.121 PMID: 28743496.

Takahashi D, Mori T, Nomura N, Khan MZ, Araki Y, Zeniya M, et al. WNK4 is the major WNK positively
regulating NCC in the mouse kidney. Bioscience reports. 2014; 34(3). https://doi.org/10.1042/
BSR20140047 PMID: 24655003; PubMed Central PMCID: PMC4212913.

Takahashi D, Mori T, Sohara E, Tanaka M, Chiga M, Inoue Y, et al. WNK4 is an Adipogenic Factor
and Its Deletion Reduces Diet-Induced Obesity in Mice. EBioMedicine. 2017; 18:118-27. https://doi.
org/10.1016/j.ebiom.2017.03.011 PMID: 28314693; PubMed Central PMCID: PMCPMC5405161.

Zhou G, Jiang X, Zhang H, Lu Y, Liu A, Ma X, et al. Zbtb20 regulates the terminal differentiation of
hypertrophic chondrocytes via repression of Sox9. Development. 2015; 142(2):385-93. https://doi.
org/10.1242/dev.108530 PMID: 25564625.

Yao B, Wang Q, Liu CF, Bhattaram P, Li W, Mead TJ, et al. The SOX9 upstream region prone to chro-
mosomal aberrations causing campomelic dysplasia contains multiple cartilage enhancers. Nucleic
Acids Res. 2015. https://doi.org/10.1093/nar/gkv426 PMID: 25940622.

LinL, Shen Q, Xue T, Duan X, Fu X, Yu C. Sonic hedgehog improves redifferentiation of dedifferenti-
ated chondrocytes for articular cartilage repair. PloS one. 2014; 9(2):88550. https://doi.org/10.1371/
journal.pone.0088550 PMID: 24533105; PubMed Central PMCID: PMCPMC3922882.

McNeill B, Perez-Iratxeta C, Mazerolle C, Furimsky M, Mishina Y, Andrade-Navarro MA, et al. Com-
parative genomics identification of a novel set of temporally regulated hedgehog target genes in the
retina. Mol Cell Neurosci. 2012; 49(3):333—40. https://doi.org/10.1016/j.mcn.2011.12.008 PMID:
22281533.

Peterson KA, Nishi Y, Ma W, Vedenko A, Shokri L, Zhang X, et al. Neural-specific Sox2 input and dif-
ferential Gli-binding affinity provide context and positional information in Shh-directed neural pattern-
ing. Genes & development. 2012; 26(24):2802—16. https://doi.org/10.1101/gad.207142.112 PMID:
23249739; PubMed Central PMCID: PMC3533082.

Deng W, Vanderbilt DB, Lin CC, Martin KH, Brundage KM, Ruppert JM. SOX9 inhibits beta-TrCP-
mediated protein degradation to promote nuclear GLI1 expression and cancer stem cell properties. J
Cell Sci. 2015; 128(6):1123-38. https://doi.org/10.1242/jcs. 162164 PMID: 25632159; PubMed Central
PMCID: PMC4359920.

Amano K, Hata K, Sugita A, Takigawa Y, Ono K, Wakabayashi M, et al. Sox9 family members nega-
tively regulate maturation and calcification of chondrocytes through up-regulation of parathyroid hor-
mone-related protein. Molecular biology of the cell. 2009; 20(21):4541-51. https://doi.org/10.1091/
mbc.E09-03-0227 PMID: 19759178; PubMed Central PMCID: PMC2770942.

Iwafuchi-Doi M, Donahue G, Kakumanu A, Watts JA, Mahony S, Pugh BF, et al. The Pioneer Tran-
scription Factor FoxA Maintains an Accessible Nucleosome Configuration at Enhancers for Tissue-
Specific Gene Activation. Molecular cell. 2016; 62(1):79-91. https://doi.org/10.1016/j.molcel.2016.083.
001 PMID: 27058788; PubMed Central PMCID: PMCPMC4826471.

Zhou G, Zheng Q, Engin F, Munivez E, Chen Y, Sebald E, et al. Dominance of SOX9 function over
RUNX2 during skeletogenesis. Proceedings of the National Academy of Sciences of the United States
of America. 2006; 103(50):19004—9. Epub 2006/12/05. https://doi.org/10.1073/pnas.0605170103
PMID: 17142326; PubMed Central PMCID: PMC1748167.

Fantauzzo KA, Kurban M, Levy B, Christiano AM. Trps1 and its target gene Sox9 regulate epithelial
proliferation in the developing hair follicle and are associated with hypertrichosis. PLoS genetics.
2012; 8(11):e1003002. https://doi.org/10.1371/journal.pgen.1003002 PMID: 23133399; PubMed Cen-
tral PMCID: PMC3486859.

O’Gorman S, Dagenais NA, Qian M, Marchuk Y. Protamine-Cre recombinase transgenes efficiently
recombine target sequences in the male germ line of mice, but not in embryonic stem cells. Proceed-
ings of the National Academy of Sciences of the United States of America. 1997; 94(26):14602—7.
Epub 1998/02/07. PMID: 9405659.

Mo R, Freer AM, Zinyk DL, Crackower MA, Michaud J, Heng HH, et al. Specific and redundant func-
tions of Gli2 and Gli3 zinc finger genes in skeletal patterning and development. Development. 1997;
124(1):113-23. PMID: 9006072.

Gentleman RC, Carey VJ, Bates DM, Bolstad B, Dettling M, Dudoit S, et al. Bioconductor: open soft-
ware development for computational biology and bioinformatics. Genome Biol. 2004; 5(10):R80.
https://doi.org/10.1186/gb-2004-5-10-r80 PMID: 15461798; PubMed Central PMCID: PMC545600.
Jain AK. Data clustering: 50 years beyond K-means. Pattern Recognition Letters. 2010; 31: 651-66.

Quackenbush J. Computational analysis of microarray data. Nature reviews Genetics. 2001; 2
(6):418-27. https://doi.org/10.1038/35076576 PMID: 11389458,

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007346  April 16,2018 31/32


https://doi.org/10.1016/j.bbrc.2017.07.121
http://www.ncbi.nlm.nih.gov/pubmed/28743496
https://doi.org/10.1042/BSR20140047
https://doi.org/10.1042/BSR20140047
http://www.ncbi.nlm.nih.gov/pubmed/24655003
https://doi.org/10.1016/j.ebiom.2017.03.011
https://doi.org/10.1016/j.ebiom.2017.03.011
http://www.ncbi.nlm.nih.gov/pubmed/28314693
https://doi.org/10.1242/dev.108530
https://doi.org/10.1242/dev.108530
http://www.ncbi.nlm.nih.gov/pubmed/25564625
https://doi.org/10.1093/nar/gkv426
http://www.ncbi.nlm.nih.gov/pubmed/25940622
https://doi.org/10.1371/journal.pone.0088550
https://doi.org/10.1371/journal.pone.0088550
http://www.ncbi.nlm.nih.gov/pubmed/24533105
https://doi.org/10.1016/j.mcn.2011.12.008
http://www.ncbi.nlm.nih.gov/pubmed/22281533
https://doi.org/10.1101/gad.207142.112
http://www.ncbi.nlm.nih.gov/pubmed/23249739
https://doi.org/10.1242/jcs.162164
http://www.ncbi.nlm.nih.gov/pubmed/25632159
https://doi.org/10.1091/mbc.E09-03-0227
https://doi.org/10.1091/mbc.E09-03-0227
http://www.ncbi.nlm.nih.gov/pubmed/19759178
https://doi.org/10.1016/j.molcel.2016.03.001
https://doi.org/10.1016/j.molcel.2016.03.001
http://www.ncbi.nlm.nih.gov/pubmed/27058788
https://doi.org/10.1073/pnas.0605170103
http://www.ncbi.nlm.nih.gov/pubmed/17142326
https://doi.org/10.1371/journal.pgen.1003002
http://www.ncbi.nlm.nih.gov/pubmed/23133399
http://www.ncbi.nlm.nih.gov/pubmed/9405659
http://www.ncbi.nlm.nih.gov/pubmed/9006072
https://doi.org/10.1186/gb-2004-5-10-r80
http://www.ncbi.nlm.nih.gov/pubmed/15461798
https://doi.org/10.1038/35076576
http://www.ncbi.nlm.nih.gov/pubmed/11389458
https://doi.org/10.1371/journal.pgen.1007346

@’PLOS | GENETICS

A SOX9-GLI-FOXA phasic transcriptional network coordinates chondrocyte differentiation transitions

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Eisen MB, Spellman PT, Brown PO, Botstein D. Cluster analysis and display of genome-wide expres-
sion patterns. Proceedings of the National Academy of Sciences of the United States of America.
1998; 95(25):14863-8. PMID: 9843981; PubMed Central PMCID: PMC24541.

Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene ontology: tool for the uni-
fication of biology. The Gene Ontology Consortium. Nature genetics. 2000; 25(1):25-9. https://doi.org/
10.1038/75556 PMID: 10802651; PubMed Central PMCID: PMC3037419.

Dennis G Jr., Sherman BT, Hosack DA, Yang J, Gao W, Lane HC, et al. DAVID: Database for Annota-
tion, Visualization, and Integrated Discovery. Genome Biol. 2003; 4(5):P3. Epub 2003/05/08. PMID:
127340009.

Smith AD, Sumazin P, Zhang MQ. Tissue-specific regulatory elements in mammalian promoters.
Molecular systems biology. 2007; 3:73. https://doi.org/10.1038/msb4100114 PMID: 17224917
PubMed Central PMCID: PMC1800356.

Kheradpour P, Kellis M. Systematic discovery and characterization of regulatory motifs in ENCODE
TF binding experiments. Nucleic Acids Res. 2013. https://doi.org/10.1093/nar/gkt1249 PMID:
24335146.

Matys V, Fricke E, Geffers R, Gossling E, Haubrock M, Hehl R, et al. TRANSFAC: transcriptional regu-
lation, from patterns to profiles. Nucleic Acids Res. 2003; 31(1):374-8. PMID: 12520026; PubMed
Central PMCID: PMC165555.

Sandelin A, Alkema W, Engstrom P, Wasserman WW, Lenhard B. JASPAR: an open-access data-
base for eukaryotic transcription factor binding profiles. Nucleic Acids Res. 2004; 32(Database issue):
D91-4. https://doi.org/10.1093/nar/gkh012 PMID: 14681366; PubMed Central PMCID: PMC308747.

Wang J, Zhuang J, lyer S, Lin X, Whitfield TW, Greven MC, et al. Sequence features and chromatin
structure around the genomic regions bound by 119 human transcription factors. Genome Res. 2012;
22(9):1798-812. https://doi.org/10.1101/gr.139105.112 PMID: 22955990; PubMed Central PMCID:
PMC3431495.

Smith AD, Sumazin P, Zhang MQ. Identifying tissue-selective transcription factor binding sites in ver-
tebrate promoters. Proceedings of the National Academy of Sciences of the United States of America.
2005; 102(5):1560-5. https://doi.org/10.1073/pnas.0406123102 PMID: 15668401; PubMed Central
PMCID: PMC547828.

Karolchik D, Barber GP, Casper J, Clawson H, Cline MS, Diekhans M, et al. The UCSC Genome
Browser database: 2014 update. Nucleic Acids Res. 2014; 42(1):D764-70. https://doi.org/10.1093/
nar/gkt1168 PMID: 24270787.

Kel AE, Gossling E, Reuter |, Cheremushkin E, Kel-Margoulis OV, Wingender E. MATCH: A tool for
searching transcription factor binding sites in DNA sequences. Nucleic Acids Res. 2003; 31(13):3576—
9. PMID: 12824369; PubMed Central PMCID: PMC169193.

Kent WJ, Sugnet CW, Furey TS, Roskin KM, Pringle TH, Zahler AM, et al. The human genome
browser at UCSC. Genome Res. 2002; 12(6):996—1006. https://doi.org/10.1101/gr.229102 Article
published online before print in May 2002. PMID: 12045153; PubMed Central PMCID: PMC186604.

Valouev A, Johnson DS, Sundquist A, Medina C, Anton E, Batzoglou S, et al. Genome-wide analysis
of transcription factor binding sites based on ChlP-Seq data. Nat Methods. 2008; 5(9):829-34. https://
doi.org/10.1038/nmeth.1246 PMID: 19160518; PubMed Central PMCID: PMCPMC2917543.

Kim S, Brostromer E, Xing D, Jin J, Chong S, Ge H, et al. Probing allostery through DNA. Science.
2013; 339(6121):816-9. https://doi.org/10.1126/science. 1229223 PMID: 23413354; PubMed Central
PMCID: PMC3586787.

Wang YM, Tegenfeldt JO, Reisner W, Riehn R, Guan XJ, Guo L, et al. Single-molecule studies of
repressor-DNA interactions show long-range interactions. Proceedings of the National Academy of
Sciences of the United States of America. 2005; 102(28):9796—-801. https://doi.org/10.1073/pnas.
0502917102 PMID: 15994229; PubMed Central PMCID: PMC1168954.

Wai AW, Ng LJ, Watanabe H, Yamada Y, Tam PP, Cheah KS. Disrupted expression of matrix genes
in the growth plate of the mouse cartilage matrix deficiency (cmd) mutant. Dev Genet. 1998; 22
(4):349-58. Epub 1998/07/17. https://doi.org/10.1002/(SICI)1520-6408(1998)22:4<349::AlD-
DVG5>3.0.C0O;2-6 PMID: 9664687.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007346  April 16,2018 32/32


http://www.ncbi.nlm.nih.gov/pubmed/9843981
https://doi.org/10.1038/75556
https://doi.org/10.1038/75556
http://www.ncbi.nlm.nih.gov/pubmed/10802651
http://www.ncbi.nlm.nih.gov/pubmed/12734009
https://doi.org/10.1038/msb4100114
http://www.ncbi.nlm.nih.gov/pubmed/17224917
https://doi.org/10.1093/nar/gkt1249
http://www.ncbi.nlm.nih.gov/pubmed/24335146
http://www.ncbi.nlm.nih.gov/pubmed/12520026
https://doi.org/10.1093/nar/gkh012
http://www.ncbi.nlm.nih.gov/pubmed/14681366
https://doi.org/10.1101/gr.139105.112
http://www.ncbi.nlm.nih.gov/pubmed/22955990
https://doi.org/10.1073/pnas.0406123102
http://www.ncbi.nlm.nih.gov/pubmed/15668401
https://doi.org/10.1093/nar/gkt1168
https://doi.org/10.1093/nar/gkt1168
http://www.ncbi.nlm.nih.gov/pubmed/24270787
http://www.ncbi.nlm.nih.gov/pubmed/12824369
https://doi.org/10.1101/gr.229102
http://www.ncbi.nlm.nih.gov/pubmed/12045153
https://doi.org/10.1038/nmeth.1246
https://doi.org/10.1038/nmeth.1246
http://www.ncbi.nlm.nih.gov/pubmed/19160518
https://doi.org/10.1126/science.1229223
http://www.ncbi.nlm.nih.gov/pubmed/23413354
https://doi.org/10.1073/pnas.0502917102
https://doi.org/10.1073/pnas.0502917102
http://www.ncbi.nlm.nih.gov/pubmed/15994229
https://doi.org/10.1002/(SICI)1520-6408(1998)22:4<349::AID-DVG5>3.0.CO;2-6
https://doi.org/10.1002/(SICI)1520-6408(1998)22:4<349::AID-DVG5>3.0.CO;2-6
http://www.ncbi.nlm.nih.gov/pubmed/9664687
https://doi.org/10.1371/journal.pgen.1007346

