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ABSTRACT
Epigenetic modifications play critical roles in regulating cell lineage differentiation, but the epigeneticmechanisms guiding specific differen-
tiation steps within a cell lineage have rarely been investigated. To decipher such mechanisms, we used the defined transition from prolif-
erating (PC) into hypertrophic chondrocytes (HC) during endochondral ossification as a model. We established a map of activating and
repressive histone modifications for each cell type. ChromHMM state transition analysis and Pareto-based integration of differential levels
of mRNA and epigenetic marks revealed that differentiation-associated gene repression is initiated by the addition of H3K27me3 to pro-
moters still carrying substantial levels of activating marks. Moreover, the integrative analysis identified genes specifically expressed in cells
undergoing the transition into hypertrophy. Investigation of enhancer profiles detected surprising differences in enhancer number, location,
and transcription factor binding sites between the two closely related cell types. Furthermore, cell type–specific upregulation of gene expres-
sion was associated with increased numbers of H3K27ac peaks. Pathway analysis identified PC-specific enhancers associated with chondro-
genic genes, whereas HC-specific enhancers mainly control metabolic pathways linking epigenetic signature to biological functions. Since
HC-specific enhancers show a higher conservation in postnatal tissues, the switch to metabolic pathways seems to be a hallmark of differ-
entiated tissues. Surprisingly, the analysis of H3K27ac levels at super-enhancers revealed a rapid adaption of H3K27ac occupancy to changes
in gene expression, supporting the importance of enhancermodulation for acute alterations in gene expression. © 2021 TheAuthors. Journal
of Bone and Mineral Research published by Wiley Periodicals LLC on behalf of American Society for Bone and Mineral Research (ASBMR).
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Introduction

I n the last decade, the role of epigeneticmodifications in regulating
tissuedifferentiationanddevelopmenthasbeenintensivelystudied.

Mostof thesestudieshave focusedonthedifferentiationofdistinctcell
lineages fromembryonicandmesenchymal stemcells, or thecompar-
ison of distinct tissues,(1–3) but the epigeneticmodifications regulating
changes in gene expression at discrete differentiation steps within a
specific cell lineage are less well understood. To receive insight into
such epigenetic mechanisms, we have investigated the transition of
proliferating into hypertrophic chondrocytes during endochondral
ossificationasarepresentativedifferentiationstep.Theswitchbetween
the two differentiation states takes place at a precise morphological
position and is tightly controlled by numerous transcription factors,

signalingpathways, andepigeneticmodifiers,(4–7) allowingus to relate
differences in the epigenetic profile to gene function.

Endochondral ossification is initiated by the formation of Sox9
and Collagen type 2a1 (Col2a1) expressing condensations of pro-
liferating chondrocytes (PC). Once these templates of the later
bones have reached a critical size, PC in their center exit the cell
cycle and differentiate into hypertrophic chondrocytes (HC),
which express Collagen type 10a1 (Col10a1) instead of Col2a1
and mineralize their extracellular matrix (ECM). Because HC are
subsequently replaced by ossified bone tissue, the transition
from PC to HC is critical in balancing growth and stability of the
later skeletal elements.

Epigenetic modifications relevant for the formation of distinct tis-
sues include the acetylation and methylation of specific histone
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residues. Whereas histone acetylation results in an opening of the
chromatinstructureand,consequently, theactivationofgeneexpres-
sion, histone deacetylation leads to a dense chromatin structure and
genesilencing.Acetylatedhistonesare localizedatdistinct regulatory
regions, as, for example, acetylated lysine 9 of histone 3 (H3K9ac),
which demarcates active promoters, whereas acetylated lysine
27 (H3K27ac) marks active promoters and enhancers. In contrast to
acetylation, histone methylation elicits positive or negative effects
ongeneexpressiondependingonthepositionof themethylatedres-
idue. Trimethylation of lysine 4 of histone 3 (H3K4me3) defines the
promoter of active genes and genes primed for expression(8) and tri-
methylationof lysine 36of histoneH3 (H3K36me3) is associatedwith
actively transcribed genes.(9) In contrast, trimethylation of histone
H3 at lysine 9 (H3K9me3) or lysine 27 (H3K27me3) leads to gene
repression.(10,11) Besides different combinations of activating marks
at promoter regions, the combination of activating H3K4me3 and
repressive H3K27me3, the so-called bivalent mark, is found at pro-
moters of many lineage-specific genes in embryonic stem cells
(ESCs) andhasbeenassociatedwithpluripotency.(12)Duringdifferen-
tiation, genes carrying this bivalent mark can either gain additional
activating histonemarks and lose H3K27me3 to initiate transcription
or lose H3K4me3, leading to gene repression.(13,14) Recently, another
bivalent chromatin state, a combination of H3K36me3 and
H3K9me3, has been described onweakly transcribed genes.(15,16)

In chondrocyte, initial studies investigated epigenetic marks
associated with binding of the transcription factor Sox9 in postna-
tal rib chondrocytes(17) and rat chondrosarcoma cells.(18) More
recently, the analysis of open chromatin in mixed growth plate
chondrocytes by ATAC-seq identified specific enhancers modulat-
ing skeletal height(19) and osteoarthrosis susceptibility,(20) but a
systematic investigation of the epigeneticmechanisms controlling
distinct steps of chondrocyte differentiation in vivo is still lacking.

In this study,wehave analyzed the epigenetic alterations regu-
lating the cell state transition from PC to HC, and correlated them
todifferences ingeneexpression.Byestablishinganunbiasedepi-
genetic profile of activating and repressive histonemodifications,
we identified the addition of H3K27me3 to promoter regions still
carryingactivatingmarks as thecritical event to induce the repres-
sion of genes downregulated with the switch into hypertrophy.
Pareto-based integration of differential levels of activating and
repressive histone marks supported this hypothesis. It further
identified a set of genes specifically upregulated in prehyper-
trophic chondrocytes, including new potential regulators of the
onset of hypertrophy. Analysis of H3K27ac occupancy at
enhancers revealed an unexpected difference in enhancer usage
betweentheclosely relatedcell types.Moreover,whilePC-specific
enhancers regulated mainly genes associated with chondrogen-
esis, HC-specific enhancers were primarily associated with meta-
bolic pathways identifying metabolism as a main biological
function of hypertrophic chondrocytes. The higher conservation
of HC-specific enhancers in postnatal tissues indicates that the
switch tometabolic pathways seems to be a hallmark of differen-
tiated tissues. Investigating the H3K27ac levels at super-
enhancers (SE), we found rapid changes in H3K27ac occupancy
related to altered gene expression, supporting the importance
of enhancer modulation for acute alterations in gene expression.

Materials and Methods

Animal models

Collagen 2a1-Cre (Tg[Col2a1-cre]1Star(21)), Collagen 10-Cremice (Tg
[Col10a1-cre]1427Vdm),(22) and ROSA26-YFP (yellow fluorescent

protein) reporter (R26R-YFP, Gt[ROSA]26Sortm1[EYFP]Cos(23)) mice
were maintained on a C57Bl/6J genetic background and crossed
to generate timed pregnancies of Col2-Cre;R26RYFP and Col10-
Cre;R26R-YFP mice. Mouse husbandry was approved by the city of
Essen (Az.32-2-11-80-71/203) in accordance with §11,1 1a of the
“Tierschutzgesetz” and approved by the animal welfare committee
of the University Duisburg-Essen.

Cell sorting and chromatin immunoprecipitation with
next-generation sequencing (ChIP-seq)

For chondrocyte isolation, YFP-positive embryos were decapi-
tated. The axial and appendicular skeletons were freed from skin,
muscle, and internal organs under a dissecting microscope
(Leica MZ5, Wetzlar, Germany), dissociated with 0.6 U/mL colla-
genase (Serva Electrophoresis, Heidelberg, Germany) and 0.25
trypsin (Thermo Fisher Scientific, Dreieeichen, Germany), filtered
through a 70 μm cell strainer (Falcon) and fixed with 1% formal-
dehyde (Applichem, Darmstadt, Germany) before cell sorting to
eliminate potential fluorescence-activated cell sorting (FACS)-
induced stress responses and corresponding alterations in chro-
matin structure. PC and HC were isolated from E13.5 Col2-Cre;
R26R-YFP and E15.5 Col10-Cre;R26R-YFP embryos, respectively,
by FACS of YFP-positive cells using a FACSAriaII cell sorter (BD
Biosciences, Heidelberg, Germany) with a 70 μm nozzle. Cells
were enriched to a purity of 77.6% to 96.4% for PC and 72.0%
to 98.5% for HC, measured in the reanalysis. To reduce biological
variation, cells of different sorts were pooled before chromatin
immunoprecipitation (ChIP). A total of 3.5 × 105 cells were used
for each ChIP. Chromatin was sonicated for 30 minutes using a
Biorupter (Diagenode, Denville, NJ, USA) and isolated using the
True MicroChip Kit (Diagenode). Antibodies were obtained from
Diagenode (H3K4me3, H3K36me3, H3K9me3, H3K27me3, IgG) or
Abcam (H3K9ac, H3K27ac; Cambridge, UK). Library preparation
was performed with the MicroPlex Library preparation Kit V2
(Diagenode) and 61 bp reads were sequenced on a Hiseq 2500
(Illumina, San Diego, CA, USA) at a depth of 20 to 30 million reads
per experiment. ChIP was performed in biological triplicate for
PC, each replicate representing cells of approximately
10 embryos, and in duplicate for HC, including cells of approxi-
mately 50 embryos per replicate.

ChIP-seq data processing

Read quality of the raw sequenceswas verifiedwith fastqc (version
0.11.9(24)). All reads were trimmed to a length of 60 bases and
those with a mean Phread score below 20 were discarded using
prinseqlite (version 0.20.4(25)). The remaining reads were mapped
to the mm10 build (UCSC mm10, Dec. 2011) of the mouse refer-
ence genome with bwa (version 0.7.15(26)) using default setting,
except themaximumedit distance, whichwas set to 4. Unmapped
reads and reads with a mapping quality below 30 were removed
with samtools (version 1.4/1.5(26)). Duplicate reads were filtered
with Picard tools (version 2.9, http://broadinstitute.github.io/
picard/). Mapping quality statistics were computed using quali-
map (version 2.1(27,28)). To assess the library complexity, the non-
redundant fraction (NRF) and PCR bottlenecking coefficients
(PBC, https://github.com/imbforge/encodeChIPqc/blob/master/
R/PBC.R) were calculatedwith functions implemented in R (version
3.6.1). Relative strand correlation (RSC) and normalized strand cor-
relation (NSC), which indicate efficiency of the ChIP, were deter-
mined using Phantompeakqualtool(27,29) (https://github.com/
kundajelab/phantompeakqualtools). Based on the FRiP (fraction
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of reads in peaks) parameter, the fraction of reads in enriched
regions was calculated(29) (FRIER, https://github.com/
BioinformaticsBiophysicsUDE/ChIPSeqQualityMetrics/blob/
master/FRIER.R). Briefly, the coverage fold-change over the global
background in 3000 bp windows was computed in an interval
from 0.1 to 4.0 using R-packages csaw and GenomicAlign-
ment.(30,31) The concordance between biological replicates was
computed as Pearson and Spearman correlation (https://github.
com/BioinformaticsBiophysicsUDE/ChIPSeqQualityMetrics/blob/
master/Spearman_Pearson_Correlation.R). For the mapped and
filtered reads, the coverage was binned (5 kb bins) and the corre-
lation was calculated with R. Quality parameters were set tomatch
the criteria defined by the Encode consortium. The code is avail-
able at: https://github.com/BioinformaticsBiophysicsUDE/
ChIPSeqProcessingOld.

Peaks were identified with hiddenDomains (version 3.0(32)). As
a control data set, all IgG data for one cell type were merged. The
bin size was adjusted to 200 bp (narrow domains for H3K4me3,
H3K9ac, H3K27ac) or 800 bp (broad domains for H3K36me3,
H3K9me3, H3K27me3). The parameter for the maximum read
count was decreased to 30 and the posterior probability thresh-
old set to 0.6. Using a sliding window approach, peaks separated
by one or two bins, for broad and narrow domains, respectively,
weremerged. Consensus peaks were obtained by taking the inter-
section of the biological replicates. Comparability between the dif-
ferent replicate numbers was tested by calculating the peak
number and coverage for subsets of two PC replicates. The code
is available at https://github.com/BioinformaticsBiophysicsUDE/
ChIPSeqPeakCalling. The Integrative Genomics Viewer (IGV,
http://software.broadinstitute.org/software/igv(33)) was used to
visualize histone marks and peaks at selected genomic locations.
All sequencing and peak calling data are available at theGEOdata-
base (GSE155401).

Defining epigenetic states with ChromHMM

The peaks generated by hiddenDomains were used as input for
ChromHMM (version 1.20(34)). Each chromosome was seg-
mented into non-overlapping bins of 200 bp. For each histone
mark, a bin was set to 1 if it partially or completely overlapped
with a peak, and to 0 in case of no overlap, generating a separate
track of bins for each histone mark. This data set was used to
train multiple ChromHMM models with increasing number of
states. Based on their log-likelihoods and the biological interpre-
tation, the 15-state ChromHMM model was selected. To assess
the robustness of the model, the duplicate subsets of the PC
and HC data sets were evaluated. Additionally, the Encode
mouse reference epigenomes for limb (ENCSR283NCE,
ENCSR589KOM, ENCSR424HQH, ENCSR705YBY, ENCSR486MYL)
and forebrain (ENCSR415TUB, ENCSR296YDZ, ENCSR911FIM,
ENCSR894URD, ENCSR438IXZ) from developmental stages
E11.5 to E15.5 were included. The code is available at https://
github.com/snaketron/SourceChromHmm/code.zip.

Genomic enrichment of ChromHMM states

The enrichment of ChromHMM states was quantified for 10 func-
tional annotations: RefSeq transcription start site (TSS), transcrip-
tion end site (TES), regions within 2 kb around the TSS, exons,
genes, CpG islands, VISTA (www.enhancer.lbl.gov; accessed
2018), Fantom enhancers (https://fantom.gsc.riken.jp; version
2015) and Zinc finger genes (ENSEMBL annotation for the key-
word “zinc finger protein”), “all enhancers” describes Fantom

enhancers present in at least one tissue, and “forelimb” are Fan-
tom enhancers detected in forelimb only. Enhancer coordinates
were converted to mm10 with liftover (https://genome.ucsc.
edu/cgi-bin/hgLiftOver). For each ChromHMM state, the bin
was set to 1 if it partially or completely overlapped with the
genomic region assigned to the functional annotations. In case
of no overlap, the bin was set to 0. The enrichment of a state at
a given annotation compared with the background was com-
puted as Eij = (Fij/Fi)/(Fj/F); where i and j index different
ChromHMM states and functional annotations; F represents the
frequency of bins.(30)

Enrichment analysis of ChromHMM state transitions

For ChromHMM state transition analysis of PC to HC, genes of the
Gene Ontology (GO) terms, chondrocyte differentiation
(GO:0002062), limb development (GO:0060173), and cartilage
development (GO:0051216) (334 genes, Supplemental
Table S2) and, as a control, a group of housekeeping genes
(265 genes,(35) Supplemental Table S2) were selected. For these
genes, the occurrence of a given ChomHMM transition was com-
pared with the occurrence in the full set of genes. From these
data, a binomial regressionmodel was fitted in a Bayesian frame-
work (brms [2.10.0] to determine an enrichment or depletion of a
transition in a given set of genes with default priors(36) and rstan
[2.19.2]) (Stan Development Team. 2018. RStan: the R interface to
Stan. R package version 2.17.3. http://mc-stan.org).

Yt,x � binomial θt,x,Nxð Þ
θt,x = logistic αt + βt*Xt,xð Þ

The number of genes with transition t and the
condition x (part of the background [x = 0] or the selected group
[x = 1]) is Yt,x. It depends on the number of genes in
condition x (Nx) and the probability θt,x that a given transition
t occurs in a gene that is annotated to one of the two conditions
x. The influence of the condition on θ is expressed by the effect
size β, which is the log odds ratio. The uncertainty that an enrich-
ment (positive log odds ratio) or a depletion (negative log odds
ratio) occurs is represented by the probability that β is either neg-
ative or positive, respectively. The accuracy of the model was
tested by a posterior predictive check and the ability to recover
simulated data. The code is available at https://github.com/
keksundso/StateTransitionEnrichment.

Enhancer analysis

The consensus H3K27ac peaks, separated into common, PC-specific,
and HC-specific peaks, were compared with reference H3K27ac
peaks from embryonic and adult tissues (GSE83072, GSE83010,
GSE82890, GSE82891, GSE82726, GSE82423, GSE82525, GSE82574,
GSE82884, GSE82850, GSM100108, GSM100093, GSM100140,
GSM100097). Peaks were converted to mm10 with liftover. Peaks
covering the same genomic region were defined as colocalized
using StrandNGS (StrandLifeScience v2.9).

The number of H3K27ac peaks outside promoter regions (TSS
±2.5 kb) within a TAD(37) was calculated for PC and HC. The ratio
(PC/HC) of peaks was used to rank the TADs based on the differ-
ential H3K27ac peak number. Information of TADs from ESCs was
obtained from GEO (GSE35156(38)). Pairs of H3K27ac peaks were
incrementally clustered together if their distance was lower than
12.5 kb. Clusters with at least five H3K27ac peaks were
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annotated as SE.(39,40) Enrichment analysis of enhancer states
and SEs was performed using GREAT (http://great.stanford.edu/
public/html, version 3.0.0(41)). Enhancers were assigned to the
nearest gene within 1 Mb. Enrichment is given as –log 10 of
the binomial probability parameters.

To quantify the effect of SEs on differential gene expression,
the ß of the nearest gene was fitted to a linear model (brms
[2.10.0] with default priors(36) and rstan [2.19.2]) (Stan Develop-
ment Team. 2018. RStan: the R interface to Stan. R package ver-
sion 2.17.3. http://mc-stan.org).

βg � T ν,μg,σg
� �

μg = α0 + α1*Enhg

σg = γ0 + γ1*Enhg

It models the differential gene expression β for a given gene g,
by a Student’s t distribution, defined by ν, μ, and σ (degrees of
freedom, mean, and standard deviation, respectively). The slope
α1 can be interpreted as the effect the presence of a SE (Enh = 1)
has on the differential gene expression compared with its
absence (Enh = 0). The accuracy of the model was tested by a
posterior predictive check. The code is available at https://
github.com/keksundso/SEGeneExpression.

Class I and class II Sox9 peaks (GSE69109(17)) within the same
genomic region of enhancer states or SEs were defined as colo-
calization using StrandNGS (StrandLifeScience, version 2.9). To
analyze the enrichment of Sox9 peaks in SEs, the overlap
(Y) was compared with that of random shuffled genomic
sequences of the same length (bedtools 2.26.0(42)). As an addi-
tional control, the Sox9 peaks were shuffled and the process
was repeated. With these data, the following binomial regression
model was fitted in a Bayesian framework (brms [2.10.0] with
default priors(36) and rstan [2.19.2]) (Stan Development Team.
2018. RStan: the R interface to Stan. R package version 2.17.3.
http://mc-stan.org).

Yt,s �binomial θt,s,Ntð Þ
θt,s = logistic αt + βt*St,sð Þ

θt,s is the probability for each type t (PC and HC, each original
Sox9 peaks and shuffled peaks) that a SE (s = 1) or SE-sized peak
(s = 0) has a matching Sox9 peak. N is the number of SE peaks
and the slope β is the log odds ratio of SE peaks (S = 1) overlap-
ping with Sox9 compared with randomly located genomic
regions (S = 0) overlapping with Sox9. The accuracy of the model
was tested by a posterior predictive check. The code is available
at https://github.com/keksundso/SE_Sox9.

Transcriptome analysis

Chondrocytes were morphologically distinguished in 10 μm
cryosections of E14.5 (PC) and E15.5 (HC) embryonic forelimbs
and isolated by laser-microdissection with the PALM Microbeam
System (Zeiss MicroImaging, Jena, Germany). RNA from fixed
chondrocytes sorted by FACS was isolated with the RNeasy FFPE
Kit (Qiagen, Hilden, Germany) but yielded low-quality RNA
(RIN < 3.2), while laser-microdissection yielded high-quality
RNA. RNA was prepared with the RNeasy Micro Kit (Qiagen).
RNA integrity was measured with the RNA 600 Pico Kit on a Bioa-
nalyser (Agilent, Waldbronn, Germany). RNA was isolated in

several rounds of microdissection from 12 to 16 embryos for
each replicate of PC and 24 to 33 embryos for HC. The mean RINs
for the PC replicates were 7.2 and 7.4, ranging from 6.9 to 7.6 per
isolation. For HC, the mean RINs were 7.6 and 7.8, ranging from
7.0 to 8.7. A total of 10 ng of pooled RNA was used for each
library preparation with the NuGen Ovation FFPE library system
kit and mouse lnDA-C primers. Sequencing (RNA-seq) was per-
formed on an Ilumina HiSeq2500 with 101 cycles (PE mode).
The quality of the fastq data was examined with FastQC.
Trimmomatic-0.36(43) was used to remove adapters and reads
with a quality score below 20. The reads were then pseudo-
aligned to mm10 and quantified using Kallisto, version
0.43.1.(44) Expression levels were calculated as transcripts per
million (TPM). Transcripts with an expression value below
1 TPM were removed. Differential expression between PC and
HC was analyzed with Sleuth(45) using the Wald test. Signifi-
cance was defined as q value <0.05, with Benjamini-Hoch-
berg-adjusted false discovery rate to correct for multiple
comparisons. The code is available at https://github.com/
yingstat/ScriptsforPaperChondrocytes. The sequencing data
are available at the GEO database (GSE155401).

GO enrichment analyses were carried out and visualized using
clusterProfiler.(46) Significant enrichment was determined based
on q values. For qPCR, cDNA was synthesized with the Maxima
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific) using
1 ng RNA. qPCR was performed on the CFX384Touch Real-Time
PCR detection system (Bio-Rad, München, Germany) with the
my-Budget 5x EvaGreen QPCR-Mix II (Bio-Budget, Krefeld, Ger-
many) using primers listed in Table 1. Expression data were nor-
malized to Beta-2 microglobulin (B2M), and differential
expression of four biological replicates was calculated as –2ΔCT.
Graphs were plotted with GraphPad (La Jolla, CA, USA) Prism
(version 8.4.1). Statistical analysis tested distribution using
Shapiro–Wilk test and unpaired, two-tailed Student’s t test for
significance. Error bars mark the standard deviation between
replicates.

In situ hybridization and immunofluorescence staining

For in situ hybridization, the Dlk1 coding sequence was cloned in
the pCR4 vector using the TOPO-TA cloning kit (Thermo Fischer
Scientific) using the primers Dlk1fw: CCTGGCTGTGTCAATGGAGT,
Dlk1rev: GGTGAGGAGAGGGGTACTC (Metabion, Planegg, Ger-
many). RNA antisense probes were labeled with Digoxigenin-
11-UTP (Roche, Mannheim, Germany). Hybridization was per-
formed as described previously.(47) Immunofluorescence

Table 1. Primers Used for qPCR

Gene name Fw primer Rev primer

B2M qPCR GCTCGGTGACC
CTGGTCTTT

GAGGCGGGTGGAA
CTGTGTT

CD44 qPCR ACTCAGACTCAGG
AGCCCAC

TCCGTACCAGGCAT
CTTCGT

Col2a1 qPCR CGAGTGGAAGAG
CGGAGACT

AACTTTCATGGCGT
CCAAGGT

Col10a1 qPCR ACGGCACGCCTA
CGATGT

CCATGATTGCACTC
CCTGAA

Dlk1 qPCR TGCGCCAACAATG
GAACTTG

GCGGCTACGATCTC
ACAGAA

Sox9 qPCR AGTACCCGCATCT
GCACA AC

TACTTGTAATCGGGG
TGGTCT
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staining was performed with a rat-CD44 antibody (Invitrogen,
Carlsbad, CA, USA) as described previously.(48) Fluorescence pic-
tures were taken on a Zeiss Axio Observer7 microscope with an
AxioCam 506 mono CCD camera and Zen2.3 software.

Chondrocyte micromass cultures

Primary chondrocytes of E12.5 mouse embryos were digested
with 1 U/mL neutral protease NB (Serva) for 15 minutes and with
0.3 U/mL collagenase NB 4 (Serva)/0.05% trypsin (Life Technolo-
gies, Carlsbad, CA, USA) for 30 minutes at 37�C. Single-cell sus-
pensions were obtained by passing through a 40-μm cell
strainer. A total of 2 × 107 cells were cultured in high density as
described previously.(49) RNA isolation and Alcian blue (Merck,
Darmstadt, Germany) staining(50) was performed after 4 and
7 days of differentiation. Cells were treated with 120 μM CD44
inhibitor Verbascoside (Taufkirchen, Germany)(51) during differ-
entiation. Images were taken on a Zeiss Axioplan 2 microscope
with a SPOT 14.2 camera and SPOT advanced software
(Diagnostic Instruments, Sterling Heights, MI, USA). Alcian blue
was extracted with 6 M guanidine hydrochloride (Merck) and
measured on a GeniosPro reader (Tecan, Mannedorf, Switzer-
land) in technical duplicates. qPCR was performed as described
above in four biological replicates. Results are given as fold-
change over control. Unpaired, two-tailed Student’s t test was
used to calculate significance. Error bars mark standard deviation
between replicates.

Correlation of gene expression and H3K36me3 occupancy

To analyze the effect the H3K36me3 load and the distance
between the H3K36me3 and the start of a given gene (g) have
on its expression (mload and mdist, respectively), we fitted a lin-
ear model in a Bayesian framework using rstan (2.19.2) (Stan
Development Team. 2018. RStan: the R interface to Stan. R pack-
age version 2.17.3. http://mc-stan.org). The distance was defined
as the scaled logarithm of the number of base pairs between the
gene start (retrieved with biomaRt [version 2.42.1](52,53) depen-
dent on strandness) and the closest called H3K36me3 peak.
The load was defined as the scaled logarithm of the number of
H3K36me3 reads on the gene body (normalized by library size).
We chose weakly informative priors with a normal(0.0, 10.0) for
the intercept (alpha), mdist and mload, exponential(0.5) for the
standard deviation (sigma), and gamma(2, 0.1) for the degrees
of freedom (ν).

scaled log tpmg

� �� �� T ν,μg,σ
� �

μg = alpha +mdist*distg +mload*loadg

Correlation between gene expression and ChromHMM
state prevalence

The genomic regions (gene: transcribed region, ENSEMBL), TSS
(±2.5 kb) and enhancer (transcribed region ±10 kb) of a given
gene were described by a binary vector with 15 elements, with
each element of the vector representing the prevalence of a par-
ticular ChromHMM state, with an element set to 1 if the region
overlaps a bin of that ChromHMM state and 0 otherwise. To asso-
ciate ChromHMM state prevalence with gene expression levels,
the TPM values of each gene were sorted by increasing TPM
values and ranked accordingly. The TPM ranks were split into

non-overlapping sets of 500 ranks (genes). For each gene set,
the mean prevalence of the different ChromHMM states and
the mean TPM value was computed using bootstrapping (R-
package boot version 1.3-23, number of bootstrap replicates
R = 10,000). The 95% highest-density intervals (HDIs) of themean
state prevalence are given.

Integrative analysis of ChIP-seq and RNA-seq data

The integrative analysis was done with R package intePareto
(https://github.com/yingstat/intePareto).54 Counts were esti-
mated from the raw RNA-seq data (FASTQ format) with Kallisto
(version 0.43(44)). The raw ChIP-seq data in FASTQ format were
aligned to mm10 with BWA (0.7.15(26)) and sorted with Samtools
(version 1.5(55)). To define the epigenetic signal for the number of
ChIP-seq reads of each mark falling into the promoter region
(TSS ±2.5 kb) were calculated. Matching of RNA-seq and ChIP-
seq data on the gene level was performed with “highest” strat-
egy implemented in intePareto. The fold-change was calculated
for each histone mark with DESeq2 (version 1.24.0(56)), and
assigned a Z-score, reflecting the differential coverage between
PC and HC in relation to the fold-change in RNA-seq. Genes were
ranked by Pareto front in the space defined by all Z-scores. The
code is available at https://github.com/yingstat/
ScriptsforPaperChondrocytes.

Results

Cell type–specific epigenetic profiles of chondrocytes

To identify epigenetic changes linked to the differentiation of PC
into HC, the axial and appendicular skeletons of mice expressing
YFP under the control of the Col2a1 (Col2-Cre;R26R-YFP) or the
Col10a1 (Col10-Cre;R26R-YFP) promoter were dissected. Flow
cytometry of cells isolated from Col2-Cre;R26R-YFP embryos at
E13.5, a time point before hypertrophic differentiation takes
place, detected about 15% to 20% YFP-positive PC. These were
enriched to about 90% by FACS. HC were isolated from E15.5
Col10-Cre;R26R-YFP embryos before the transdifferentiation into
osteoblasts takes place. In accordance with the low fraction of
HC in E15.5 skeletons, only 1% of the isolated cells were YFP pos-
itive. These were enriched to approximately 80% YFP-positive
cells (Fig. 1A, B). Enrichment of the respective cell population
was verified by qPCR of Sox9 and Col2a1 for PC and Col10a1 for
HC (Supplemental Fig. S1A–C).

For epigenetic profiling, we investigated the distribution of
the activating promoter marks H3K4me3 and H3K9ac, the pro-
moter and enhancer mark H3K27ac, the transcription-associated
mark H3K36me3, and the repressive marks H3K9me3 and
H3K27me3 by ChIP-seq (Supplemental Fig. S1D). Due to the
restricted number of HC per embryo, the ChIP-seq experiments
were performed in biological triplicates for PC and in duplicates
for HC. Principal component analysis and hierarchical clustering
revealed clustering according to distinct histone marks
(Supplemental Fig. S1E, F) and a high similarity between the acti-
vating and repressive modifications, respectively. H3K36me3
showed a similar correlation with both groups (Supplemental
Fig. S1F), likely reflecting the potential overlap with activating
and repressive marks.(16)

Genomic regions enriched for each chromatin mark
(Supplemental Table S1) were identified by hiddenDomains.(32)

Peak distribution analysis detected the expected enrichment of
activating promoter marks and the repressive modification
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Fig 1. Epigenetic profiling of PC andHC. (A, B) Fluorescent images and flow cytometry of cells isolated fromE13.5 Col2-Cre;R26R-YFP (A) and E15.5 Col10-Cre;R26R-
YFP (B) mice before (sorting) and after cell sorting (reanalysis). Black ellipse: YFP-positive populations. (C) Peak density of histonemarks around the TSS (±5 kb) in PC
(orange) andHC (blue). (D) Ratio (PC/HC) of genesmarked by the indicated histonemodification. Green: activatingmarks; red: repressivemarks. (E, F) Venn diagram
of genes carryingH3K36me3 (E) or the activating histonemarks H3K4me3, H3K9ac, H3K27ac, and H3K36me3 (F) in PC (orange) andHC (blue). (G,H) Read and peak
coverages of histone marks in the genomic regions of Sox9 (G) and Sox5 (H) visualized in IGV. Black arrow: TSS.
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H3K27me3 at the transcription start site (TSS ±1 kb), whereas
H3K36me3 and H3K9me3 were distributed throughout the
genome (Fig. 1C). To exclude that different replicate numbers
in PC and HC affect the analysis, we compared peak coverage
and associated gene number of the PC data sets pairwise but
did not detect major differences between the PC triplicate and
the different subsets of PC duplicates (Fig. 1D; Supplemental
Fig. S2A, B). We compiled a conserved data set of peaks that were
detected in the respective replicates and used this data set for
further analyses. Comparison of peak coverage and gene num-
ber revealed a similar distribution of most modifications in PC
and HC and a slightly increased number of H3K27me3 peaks in
HC (Fig. 1D; Supplemental Fig. S2A–E).

Analysis of genes marked as transcribed by H3K36me3 identi-
fied 2286 genes specifically expressed in PC and 1688 in HC,
whereas 15,060 genes were expressed in both cell types, reflect-
ing the common chondrogenic lineage (Fig. 1E). A large fraction
of these genes was additionally marked by the three activating
promotermarks (Fig. 1F). Evaluation of genes known to be down-
regulated in HC, like Sox9 and Sox5,(17,50) revealed a high cover-
age of activating promoter marks at the TSS and H3K36me3 on
the gene body in PC, whereas repressive marks were absent.
Interestingly, in HC, these genes gain the repressive mark
H3K27me3 especially at the promoter region but remain deco-
rated with reduced levels of activating marks (Fig. 1G, H), indicat-
ing that gene repression is initiated by the addition of H3K27me3
in regions still marked as active. In contrast, genes not expressed
in chondrocytes, like NeuroD4, did not carry repressive marks in
either cell type (Supplemental Fig. S6C), making an unspecific
increase in histone methylation during differentiation unlikely.

Genes marked as active gain H3K27me3 during
differentiation

To identify epigenetic changes linked to differentiation in an
unbiased approach, we defined 15 chromatin states carrying dis-
tinct combinations of epigenetic marks using ChromHMM
(Fig. 2A; Supplemental Fig. S3A, B; Supplemental Fig. S4A–C).
Based on the combination of histonemarks, the chromatin states
were classified as activating (states 8, 9, 11, 13), enhancer (states
5, 7, 10), expressed (states 3, 4), repressive (states 1, 2, 14), and
empty (state 6). In addition, ChromHMM identified two chroma-
tin states with a combination of H3K27me3 and activating pro-
moter marks (state 13) or H3K36me3 (state 15), here referred to
as repressed-active states (Fig. 2A). In the same cell type, transi-
tions between states along the genome occurred with highest
probability between functionally related states or into the empty
state 6 (Supplemental Fig. S3C). Functional assignment revealed
the expected, region-specific enrichment of promoter-
associated states 8 to 13 at the TSS and CpG islands. The
enhancer states 5, 7, and 10 colocalized with published
enhancers extracted from the Vista and Fantom databases
(Supplemental Fig. S3D). To confirm that the identified
ChromHMM states represent histone combinations frequently
occurring during development, we included epigenetic data
from E11.5 to E15.5 limb bud and brain tissue into the model.
Besides the detection of more promoter states, we did not find
major differences in the generalizedmodel. Themost interesting
difference was the loss of the repressed-active state 15, indicat-
ing that the combination of activating and repressive histone
marks was overrepresented in our data set (Supplemental
Fig. S4D).

We next asked if hypertrophic differentiation is associated
with distinct changes in the epigenetic profile. Comparing the
histone states of the two cell populations revealed more states
defined by activating marks in PC, whereas repressive and
repressed-active states weremore frequent in HC (Fig. 2A, B). This
is in good agreement with the observation that genes downre-
gulated in HC gain H3K27me3 while maintaining activating his-
tone marks (Fig. 1G, H). We tested if this gain in repressive
states is characteristic for chondrocyte-specific genes by calcu-
lating the enrichment of ChromHMM state transitions between
PC and HC in a set of 334 chondrogenesis-associated genes
and compared it to the enrichment in a set of housekeeping
genes(35) (Supplemental Table S2). For the housekeeping genes,
transitions between the activating states 4, 9, and 11 showed the
highest enrichment (Fig. 2C; Supplemental Fig. S4E). Likewise,
transitions between activating (5.4, 4.5), activating and empty
(4.6, 6.4, 5.6, 7.6), and the same (1.1, 4.4, 5.5, 9.9, and 13.13) states
were enriched in the set of chondrocyte-specific genes, likely
reflecting the similar expression pattern in the closely related cell
types (Fig. 2D; Supplemental Fig. S4F). Transitions between the
silencing state 1 and the repressed-active promoter state 13 also
occurred rather frequently in both directions, pointing to a high
variability of marks on permanently repressed genes
(Supplemental Table S3).

Importantly, transitions from the activating promoter states
9 and 11 to the repressed-active promoter state 13 were unidi-
rectionally enriched in the chondrocyte-specific data set
(Fig. 2D). Genes undergoing this transition included several
genes known to be downregulated in HC like Sox5, Sox6, Sox9,
and Ptch1 (Supplemental Table S3). Enrichment analysis revealed
an association with non-canonical Wnt-signaling and Myc/Maz
transcription factors, which have been linked to the switch from
PC to HC (Fig. 2E).(57,58) In summary, the gain of H3K27me3 on
promoters still decorated with activating marks seems to be spe-
cifically linked to the repression of transcription.

The gain of H3K27me3 initiates gene repression

To correlate changes in epigenetic states and gene expression,
we analyzed the transcriptome of PC and HC isolated by laser
microdissection from E14.5 and E15.5 mouse forelimbs by RNA-
seq in duplicates for each cell type (Fig. 3A, B). Similar read num-
bers were obtained for all data sets and a high correlation was
detected between replicates (Supplemental Fig. S5A, B). Many
genes known to be differentially expressed, like Sox5, Wwp2,
and Matn4 in PC and Col10a1, Mef2c, Foxp1, and Mmp9 in HC
were found in the respective data set (Fig. 3C). Furthermore, dif-
ferentially expressed genes were highly enriched in GO terms
related to bone development and ossification reflecting the
chondrogenic cell type (Fig. 3D). To identify new potential regu-
lators of chondrogenesis, we inspected the topmost 30 differen-
tially expressed genes in detail. Of these, 8 were included in
cartilage differentiation associated GO terms and 11 have previ-
ously been described in chondrocytes, whereas the remaining
genes represent potential novel regulators of chondrocyte dif-
ferentiation (Supplemental Table S4). Spearman-rank correlation
detected a positive correlation between the RNA-seq data and
the activating but not the repressive histone marks
(Supplemental Fig. S1F). Interestingly, we also found a positive
correlation between the differential levels of gene expression
and the occupancy of activating promoter and enhancer marks.
Furthermore, differential H3K27me3 occupancy negatively cor-
related with those of the activating marks (Fig. 3E). Genes
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Fig 2. Enrichment of ChromHMM state transitions from active to repressed-active states at chondrocyte-specific genes. (A) Emission probabilities of a 15-state
ChromHMM model based on the conserved PC and HC data sets. Left column: functional annotations of states. Green: activating states; red: repressive states;
purple: repressed-active states; gray: empty state. Right column: ratio and frequencies of the respective states in PC and HC. (B) Ratio (PC/HC) of genomic bins
in each ChromHMM state. (C,D) Enrichment or depletion of each ChromHMM state transition in a given set of 265 housekeeping genes (C) and 334 chondrogen-
esis-associated genes (D) (listed in Supplemental Table S2). The log(odds ratio) is plotted against the probability of direction (enrichment or depletion). (E) Enrich-
ment analysis of chondrogenic genes undergoing the transition from the activating promoter state 9 and the expressed state 11 in PC to the repressed-active
promoter state 13 in HC.

Journal of Bone and Mineral Research EPIGENETIC REGULATION OF CHONDROCYTE DIFFERENTIATION 975 n



identified as transcribed by RNA-seq were decorated with
H3K36me3 in both cell types (Fig. 3F–H) and the expression level
showed a slight correlation with the quantitative occupancy of
H3K36me3 (positive) and the distance of this mark to the start
of the gene (negative) (Supplemental Fig. S5C–F). However, the
uncertainty in the prediction was very high (Supplemental
Fig. S5C, D) and differential H3K36me3 occupancy did not corre-
late with changes in gene expression (Fig. 3E). The presence of
H3K36me3 seems thus to reliably predict gene expression,
whereas the degree of H3K36me3 occupancy is less informative.

Analyzing the distribution of ChromHMM states, we found a
positive correlation between TPM values and the prevalence of
promoter, enhancer, and transcription-associated states at the
promoter region (TSS ±2.5 kb), while repressive histone states
were enriched on genes with low TPM values. Similarly, the
repressed-active state 13 was prevalent on genes with interme-
diate to low TPM values (Fig. 3I; Supplemental Fig. S5G). Based
on the transition analysis, we hypothesized that the gain of
H3K27me3 associated with the transitions 9.13 (active/
repressed-active promoter) and 11.13 (TSS transcribed gene/
repressed-active promoter) (Fig. 2D) lead to the downregulation
of PC-specific genes in HC. To confirm this hypothesis, the differ-
ential expression of genes undergoing these transitions was
compared with their published expression patterns and many
of these genes, like Sox9 and Sox5, showed the expected down-
regulation in HC, while another set of genes was higher
expressed in HC (Fig. 4A; Supplemental Table S3). Many genes
in this group, like Pth1r, are known markers of prehypertrophic
chondrocytes (PHC), which are upregulated with the onset of
hypertrophy and repressed at later hypertrophic stages. These
data indicate that PHC are present in the HC pool of the tran-
scriptome analysis, wheras they are enriched in the PC popula-
tion used for epigenetic profiling (Fig. 4B).

ChromHMM states combine histone modifications at specific
genomic locations, but the number of reads detected for each
modification is not considered. To quantitatively correlate alter-
ations in epigenetic modifications with differential expression,
we integrated the differential level of RNA-seq and promoter-
specific ChIP-seq reads (TSS ±2.5 kb) by Pareto optimization.
Because the differential occupancy of H3K36me3 and
H3K9me3 did not correlate with differential gene expression
(Fig. 3E), thesemarks were excluded from the analysis. The genes
were sorted into Pareto fronts based on their positive (for the
activating marks) or negative (for H3K27me3) Z-scores
(Supplemental Table S5). Many genes known to be differentially
expressed, like Sox5, Sox9, and Col10a1, were found in the
topmost-ranking Pareto fronts (Fig. 4C). These fronts also
included genes with epigenetic profiles similar to those of Sox5
and Sox9, like Delta-like kinase 1 (Dlk1; Supplemental
Fig. S6A)(59,60) in PC or to Col10a1, like CD44, in HC
(Supplemental Fig. S6B).(51,61,62) The cell type–specific expression
and function of Dlk1 and CD44 was confirmed by qPCR, in situ
expression analyses, antibody staining, and micromass cultures
(Fig. 4D–I; Supplemental Fig. S6D–I). Together these results
strongly support the hypothesis that repression of
chondrocyte-specific genes is initiated by the gain of
H3K27me3 on promoters still carrying a combination of at least
three activating marks.

Surprisingly, the lowest-ranking Pareto fronts included several
genes, like Runx2, Mef2c, Trps1, and Pth1r, which are specifically
upregulated in PHC and are subsequently downregulated in
HC (Fig. 4C; Supplemental Table S5). These genes also undergo
the transition from an activating to a repressed-active state

(Fig. 4A; Supplemental Table S3). The repressed-active state in
HC corresponds to the downregulation of expression in these
cells. Closer inspection of individual Z-scores revealed a negative
correlation of differential mRNA expression and activating marks
further supporting the hypothesis that PHC were included in dif-
ferent cell pools used for RNA-seq (HC) and epigenetic character-
ization (PC) (Fig. 4B). While supporting the repressed-active state
as an indicator of early gene repression, the different sampling
methods led to a specific accumulation of transition associated
genes in the lowest-ranking Pareto fronts (Fig. 4C), making them
a source of new potential regulators of the switch in cell state.

HC-specific enhancers regulate metabolic pathways

Based on H3K27ac occupancy,(63) we defined three enhancer
states, the proximal enhancer state 10, which included the pro-
moter mark H3K9ac and was mainly found close to the TSS,
and the distal enhancer states, state 5 (intragenic enhancer)
and state 7 (intergenic enhancer), which were located at dis-
tances of up to >500 kb outside the next TSS (Fig. 5A, B; Supple-
mental Fig. S7A). All enhancer states were more prevalent in PC
and correlated positively with the expression of the nearest gene
(±1 Mb) in both cell types (Supplemental Fig. S7A; Supplemental
Fig. S5G). Classifying enhancers as common (22%), PC-specific
(51%), and HC-specific (27%) revealed substantial differences in
their genomic localization between the cell types (Supplemental
Fig. S7A, B). As expected, most proximal enhancers were found
close to the TSS. Interestingly, HC-specific, distal enhancer states
were located closer to the TSS (5 to 50 kb) than PC-specific, distal
enhancer states, which were more frequently found at larger dis-
tances (>500 kb) (Fig. 5A, B). Enrichment analysis using GREAT
assigned proximal enhancer states of both cell types to genes
regulating cellular functions like DNA-, RNA-, and protein-
metabolism (Fig. 5C). The common, distal enhancer states were
linked to pathways relevant for both cell types, like skeletal and
blood vessel development. In contrast, PC-specific, distal
enhancer states were associated with genes of
chondrogenesis-related pathways, whereas the HC-specific, dis-
tal enhancer states regulated metabolic processes, likely
required for the increase in cell volume and ECM remodeling in
HC (Fig. 5D).

To investigate the conservation of H3K27ac peaks, which
include promoter and enhancer regions, we compared the
chondrocyte-specific H3K27ac peaks to those of different embry-
onic and adult tissues. Overall, a high fraction of common
H3K27ac peaks, which were enriched at the promoter region
(Supplemental Fig. S7C), overlapped with H3K27ac peaks in
pre- and postnatal tissues (62% to 88% in embryonic, 52% to
63% in adult tissue), while tissue-specific enhancers showed less
conservation, especially in postnatal tissues (Fig. 5E). Comparing
the relative distribution of cell type–specific enhancers revealed
that a higher percentage of PC-specific H3K27ac peaks coloca-
lized with peaks in actively proliferating and developing tissues,
like limb and brain, whereas more HC-specific H3K27ac peaks
were conserved in early differentiating embryonic tissues like
heart and liver and in postnatal tissues (Fig. 5E). In combination
with the pathway analysis of common and cell type–specific
H3K27ac peaks (Supplemental Fig. S7D), these data indicate that
tissue maturation is linked to a switch from differentiation regu-
lating pathways to general cellular and metabolic functions.

Super-enhancers (SEs), defined as clusters of H3K27ac
peaks,(40) are important regulators of differentiation. We
detected 360 SEs specifically in PC, 205 in HC, and 158 shared
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Fig 3. Correlation of differential gene expression and epigenetic modifications. (A, B) Chondrocytes were isolated by laser-microdissection from cryosec-
tions of E14.5 (PC, A) or E15.5 (HC, B) forelimbs based on morphology. (C) Volcano plot of differential gene expression between PC (beta > 0) and HC
(beta < 0). Fifty genes with the highest differences (beta value) and confidence (−log10 q value) are annotated. (D) GO terms with the highest enrichment
of genes differentially expressed between PC and HC. (E) Spearman correlation of differential gene expression and differential occupancy of the indicated
histone marks. (F–H) Venn diagrams of genes identified as expressed by RNA-seq (green) and genes carrying H3K36me3 in PC (orange; F) or HC (blue; G).
Comparison of all data sets (H). (I) TPM values of genes assigned to a specific ChromHMM state (silenced: 1; expressed: 4; active promoter: 9; repressed-
active promoter: 13) at the promoter region (TSS ±2.5 kb) in PC (orange) and HC (blue). Mean state prevalence was plotted against mean log(TPM).

Journal of Bone and Mineral Research EPIGENETIC REGULATION OF CHONDROCYTE DIFFERENTIATION 977 n



by both cell types. Assignment of SEs to the nearest gene identi-
fied tissue-specific SEs associated with regulators of chondro-
genesis, like Sox5, Sox9, and Col10a1, besides new potential
regulators (Supplemental Table S6). We identified 30 genes,
including Tcf4 and Smad7, that carried cell type–specific SEs at

different genomic locations indicating different activatingmech-
anisms in the respective cell type (Supplemental Table S6).
Enrichment analysis assigned similar biological functions to SEs
as to distal enhancer states, chondrogenic differentiation for
PC-specific SEs, and metabolism for HC-specific SEs

Fig 4. Legend on next page.
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(Supplemental Fig. S8A). On average, genes carrying a cell type–
specific SE were expressed at a significantly higher level in the
respective cell population (Fig. 5G, H; Supplemental Fig. S8B)
with several PHC-specific genes being associated with PC-
specific SEs (Supplemental Table S6). Comparing the relation of
SEs to independently obtained expression data(7) confirmed
the association of PC-specific SEs to genes expressed in PC and
PHC, whereas HC-specific SEs were mainly associated with genes
found in the lower hypertrophic zone (Fig. 5I).

To gain insight into the transcriptional control of chondrocyte
differentiation, we screened the enhancer states for predicted
transcription factor binding motifs. We found binding motifs
for Maz, Max, Srf/Fos, Runx, Ets1, C/EBP, and Tead, general regu-
lators of differentiation, differentially enriched in both cell types
(Supplemental Fig. S7E). In accordance with their role as main
regulators of differentiation, SEs included additional binding
sites for chondrogenesis-related transcription factors like Sox9,
LEF/TCF, FoxD1, FoxA1, and GATA in PC and NFkb and Pax2 in
HC (Fig. 5F).

As developmentally relevant transcription factors frequently
bind to less-conserved binding motifs,(17,64) we compared Sox9
ChIP-seq data(17) with our enhancer states. Sox9 peaks have
been classified as being located close to the TSS (±500 bp; class
I), regulating general cellular functions, or outside this region
(>500 bp; class II) controlling the differentiation of the chondro-
genic lineage.(17) As expected, proximal enhancers merely over-
lapped with Sox9 peaks of either class. The distal enhancers
contained few class I peaks, whereas 7% to 20% of the distal
enhancer overlapped with class II peaks. Intriguingly, nearly all
SEs colocalized with Sox9 class II peaks, whereas 10% to 25%
contained class I peaks (Fig. 6A, B; Supplemental Fig. S8C). In
accordancewith the collection ofmainly PC and PHC in the study
by Ohba and colleagues,(17) common and PC-specific SEs
showed the highest overlap with either class of Sox9 peaks
(Fig. 6A). Together, these results support the hypothesis that
establishing the Sox9-dependent chondrogenic fate is the main
biological function of PC, whereas the differentiation of HC is
dependent on Sox9-independent metabolic pathways.

Cell state transitions are associated with a rapid change in
enhancer usage

Enhancers have been predicted to act on genes within the same
topologically associating domain (TAD)(65) with the number of
H3K27ac peaks within a TAD correlating with the strength and
the robustness of gene expression.(38,39) To gain further insight
into the importance of enhancer coverage on gene expression,
we calculated the number of H3K27ac peaks within a TAD(38)

and ranked TADs according to the ratio of H3K27ac peaks

between PC and HC (Fig. 6C, D; Supplemental Fig. S8D, E; Supple-
mental Table S7). The TADs with the greatest differential number
of H3K27ac peaks contained the genes Sox5, Sox9, and Col10a1.
Other TADs with high differences in enhancer marks contained
transcriptional regulators like Fox-family proteins in PC and
Tead1 in HC (Fig. 6D; Supplemental Fig. S8E; Supplemental
Table S7) marking them as potentially important regulators of
chondrocyte differentiation. In agreement with the decline in
Sox9 and Sox5 expression during hypertrophy, the clustering of
enhancer peaks observed in PC was lost in HC, but few
H3K27ac peaks were maintained (Fig. 6E, F). In contrast, the
TAD covering the Col10a1 gene contained few H3K27ac peaks
in PC, whereas their number was increased, and several clusters
were identified in HC (Fig. 6G). Several of the Sox5 and Sox9 asso-
ciated enhancers matched conserved enhancers of the Vista
database, but none of the HC-specific enhancers were included
(Fig. 6E–G), indicating that less conserved mechanisms regulate
hypertrophy. To test the correlation of peak accumulation and
expression changes, we inspected the genomic location of
genes like Fos, Gadd45b, and Rxra, which were upregulated and
linked to SEs in HC (Fig. 6H–J). As observed for Col10a1, the geno-
mic regions were premarked with H3K27ac peaks in PC, pointing
to a priming of enhancer clusters before gene expression and a
fast accumulation of additional marks with the onset of
expression.

Discussion

Previous studies of chromatin remodeling focusedmainly on the
in vitro differentiation of embryonic andmesenchymal stem cells
into different cell lineages,(1–3) but the epigenetic mechanisms
regulating distinct differentiation steps within one cell type are
less well understood. In this study, we have, for the first time,
investigated changes in the epigenetic profile linked to a specific
differentiation step, the terminal differentiation of proliferating
into hypertrophic chondrocytes, and have correlated these to
differential gene expression.

Analyzing a set of activating and repressive histone marks, we
generated an unbiased map of epigenetic modifications. Inter-
estingly for H3K4me3, H3K9ac, and H3K27ac, not only the cover-
age but also the differential level of modification correlated with
differences in gene expression, identifying them as predictors for
changes in transcriptional activity. H3K27me3 negatively corre-
lated with the activating promoter marks, indicating that its dif-
ferential occupancy also affects gene expression. Combining
histone marks into states by ChromHMM identified two states
that combine the repressive mark H3K27me3 with either activat-
ing promoter marks (state 13) or H3K36me3 (state 15). Analyzing
the frequency of state transitions between PC and HC in a set of

Fig 4 Integration of RNA-seq and ChIP-seq data. (A) Chondrocyte-specific genes with the transition from the active promoter state 9 to the repressed-
active promoter state 13 (blue), from the TSS transcribed gene state 11 to the repressed-active promoter state 13 (orange), or both transitions (black) were
sorted by their expression level (beta value) and assigned to their published expression pattern in PC, PHC and HC, or not annotated (NA). Representative
genes are depicted. (B) Model depicting differences in chondrocyte isolation for ChIP-seq and RNA-seq. PHCs were enriched in the PC pool for ChIP-seq
and in the HC pool for RNA-seq. (C) Number of genes in a given Pareto front with front 1 being the optimal. Genes are color coded according to their
differential expression. Orange: PC > HC; blue: HC > PC. Representative genes of the topmost- and lowest-ranking Pareto fronts are labeled. (D, E) Differ-
ential expression of Dlk1 (D) and CD44 (E) mRNA was measured by qPCR (2-ΔCT) detecting higher expression of Dlk1 in PC (orange) and CD44 in HC (blue).
n = 4 biological replicates; p = 0.0013 (D), p = 0.022 (E), error bars show standard deviation. (F, G) In situ hybridization of Dlk1 on sections of E16.5 forelimbs
detects expression in PC. (H, I) Immunofluorescence on E16.5 forelimb sections detects CD44 protein in the cell membrane of HC (white arrows), the peri-
osteum, and the bone marrow. Nuclei were counterstained with DAPI. Scale bars: 100 μm (F, H); 50 μm (G, I).
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chondrogenesis-related genes revealed a specific enrichment of
transitions from activating promoter states 9 and 11 into the
repressed-active promoter state 13 on genes like Ptch1, Sox5,
Sox6, and Sox9, which are downregulated during hypertrophy.
Furthermore, integrating differential expression and epigenetic
modifications identified many genes known to be

downregulated in HC in the topmost-ranking Pareto fronts, sup-
porting the hypothesis that the addition of H3K27me3 on
regions still marked as active and not the removal of activating
marks is the repression-inducing event.

Overall, the differential occupancy of promoter marks corre-
lated well with gene expression. In contrast, the lowest-ranking

Fig 5. Legend on next page.
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Pareto fronts displayed a specific discrepancy between activat-
ing marks and gene expression. These fronts include critical reg-
ulators of cell cycle exit and hypertrophy, like Pth1r and Runx2,
which are specifically upregulated in PHC and repressed during
hypertrophy. Because the systematic enrichment of these genes
cannot be explained by random fluctuation, this discrepancy is
likely attributable to differences in cell isolation. Cells were iso-
lated based on genetically induced fluorescence for ChIP-seq,
which led to the enrichment of PHCs in the PC pool, as demon-
strated by the increased decoration of activating marks on
PHC-specific genes. In contrast, based on gene expression
detected by RNA-seq, PHCs were clearly enriched in the HC pool,
which was isolated based on morphology. Consequently, the
chosen isolation strategy led to a discrepancy between RNA
expression and the histone profile, leading to the specific accu-
mulation of PHC-specific genes in the lowest-ranking Pareto
fronts. These fronts will serve as an important source to identify
novel regulators of the transition into hypertrophy.

A gain of H3K27me3 at H3K4me3-decorated promoters has
recently been described for neuronal genes downregulated in
the process of neural differentiation.(66) The presence of other
activating marks, which were included in our data, has not been
investigated. It is likely that during differentiation, neuronal pro-
genitor cells, like chondrocytes, add H3K27me3 to promoters
marked as active by other modifications besides H3K4me3.
Sodersten and colleagues(66) also detected an enrichment of
the combination H3K27me3/H3K9me3 (corresponding to our
state 1; silenced) on genes that are permanently silenced in dif-
ferentiated neurons. In our data set, we found an enrichment
of the transitions 1.13 (silenced/repressed-active promoter) and
13.1. These transitions were mostly associated with early limb
patterning genes, which are no longer expressed in either chon-
drocyte type and likely reflect the transition into permanent
repression with rare leftovers of activating marks. Surprisingly,
genes downregulated between PC and HC were not enriched
in the transition into the silenced state 1. This difference to the
neuronal data likely reflects the longevity of neurons, whereas
HCs have a life span of a few days before they undergo apoptosis
or transdifferentiate into osteoblasts.(67,68) They might thus not
have sufficient time to convert the epigenetic decoration from
repressed-active into permanently silenced. In neuronal cells,
genes repressed by H3K4me3/H3K27me3 are preferably reacti-
vated during neuronal stress.(66) Recent studies demonstrated
that hypertrophic chondrocytes undergoing ER stress can reen-
ter the proliferating state.(69,70) One might thus speculate that
the incomplete loss of activating marks facilitates this redifferen-
tiation under pathological conditions.

Whereas the repression of genes is linked to the repressed-
active chromatin modification, we did not detect an enrichment
in transitions from a bivalent to an activating state in genes upre-
gulated in HC as it has been observed for lineage-specific genes in
ES cells.(71) Inspection of CD44, whichwe identified as a newmaker
of HC, did not show repressive marks at the promoter region in
PC. The bivalent modification preparing for expression might thus
be preferentially found in ES cells,(71) whereas at later developmental
stages, lineage-specific genes have lost the pluripotency associated
label. In summary, although we did not find an enrichment of
repressed-active modifications on genes prone to be upregulated
in HC, we gained strong evidence that the initiation of gene repres-
sion is linked to the addition of the repressive mark H3K27me3 to
regions still marked as active, identifying the addition of this mark
rather than the removal of activating marks as the repression-
inducing event. Long-term repression might subsequently require
the addition of H3K9me3 as indicated by the neuronal data.

The modification of histone marks is regulated by a large
number of enzymes. Many of these are expressed in chondro-
cytes; however, their global epigenetic role in the process of
chondrocytes differentiation has not been systematically investi-
gated. Nevertheless, inactivation of components of the poly-
comb repressive complex (PRC), which mediate the
trimethylation of H3K27, led to distinct skeletal
malformations,(72) whereas chondrocyte-specific deletion of
Ezh2, the enzymatic component of PRC, had no obvious effect
on growth plate morphology.(73) Surprisingly, deletion of the
H3K27me3 demethylase Jmjd3 also disturbs chondrocyte
morphology,(74) indicating that H3K27 trimethylation needs to
be tightly balanced to ensure the timely onset of hypertrophy.
In this context, it is also noteworthy that several transcriptional
regulators, like Sox9, Mef2c, and Runx2, interact with histone-
modifying enzymes and recruit them to specific transcriptional
targets,(75,76) thereby providing an additional level of activation
and specificity. In summary, while first mouse mutants support
the importance of histone-modifying enzymes for chondrocyte
differentiation, deciphering their exact function will require
extensive systematic analyses of changes in the epigenetic pro-
file and the interactionwith the transcriptionmachinery. Further-
more, repressive histone modifications are tightly linked to the
methylation of DNA. Although changes in the DNA methylation
status have been associated with hypertrophic differentiation
of articular chondrocytes,(77–79) a systematic analysis in distinct
chondrocytes subtypes is yet lacking. Correlating DNA methyla-
tion to H3K27me3 decoration at promoters will subsequently
be required to fully understand epigenetic alterations initiating
gene repression in the chondrogenic lineage.

Fig 5 Characterization of enhancers in PC and HC. (A) Distribution of proximal and distal enhancer states and SEs in PC, HC, or both (common) at a given
distance from the TSS of the assigned gene. (B) The percentage of enhancer states and SEs more than 500 kb distant from the assigned gene. (C,D) Enrich-
ment analysis of genes annotated to either proximal (C) or distal (D) enhancer states showing the five GO terms with the highest enrichment for PC-spe-
cific, HC-specific, and common enhancers. Enhancers were assigned to the nearest gene within 1000 kb using GREAT. (E) Comparison of common and cell
type–specific H3K27ac peaks to H3K27ac data sets of different embryonic and postnatal tissues. (F) Enrichment (−log10 p value) of predicted transcription
factor binding sites. (G–I) Differential gene expression (G) and effect size of the correlation (H) between genes regulated by PC-specific, HC-specific, and
common SEs compared with the differential expression of all genes. (I) Pie chart of the distribution of SE-carrying genes in PC, HC, or both cell types (com-
mon) in relation to their published expression pattern in the proliferating (PZ), prehypertrophic (PHZ), upper hypertrophic (UHZ) and lower hypertrophic
(LHZ) zone.(7) The total number of enhancers in the specified zone and cell type is given. (F–I) Orange: PC-specific SE; blue: HC-specific SE; gray: common.
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Fig 6. Correlation of differential H3K27ac occupancy within a TAD with cell type–specific gene expression. (A) Colocalization of different enhancer states
and SEs in PC and HC with class I and class II Sox9 peaks. (B) Effect size of Sox9 peak enrichment in SEs in both cell types compared with randomly chosen
genomic regions of similar size. (C) The number of H3K27ac peaks outside the TSS in a TAD in PC (x-axis) and HC (y-axis) was plotted. Red dots show TADs
with the highest number of differential H3K27ac peaks between PC and HC (compare to deltaTADs in D). (D) TADs were ranked according to their differ-
ential occupancy with H3K27ac peaks (deltaTAD peaks). Genes in the highest- and lowest-ranking TADs are given. (E–I) H3K27ac peaks (circles) and SEs
(bars) detected in PC (orange) and HC (blue) within TADs (gray bars) containing Sox5 (E), Sox9 (F), Col10a1 (G), Fos (H), Gadd45b (I), and Rxra (J) are given
with the expression of all genes in the respective TAD. Distances are given in Mb.
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To gain further insight into the cell state–specific control of
gene expression, we identified enhancers based on H3K27ac
occupancy. Although both PC and HC belong to the chondro-
genic lineage, the identified enhancers are quite different,
with only about 30% common to both cell types. GO analyses
gave insight into the chondrocyte-specific function of
enhancer associated genes. As expected, PC-specific
enhancers were enriched in chondrogenesis-related path-
ways establishing the cell lineages. Furthermore, a high per-
centage contained a Sox9 class II binding site that has been
shown to regulate chondrogenic genes.(17) Intriguingly, con-
tinuous activation of lineage-defining genes is less important
in HC after the chondrogenic lineage has been established.
The loss of lineage-specific enhancers might be indicative
for the terminal differentiation of a cell type. In contrast to
PC, HC-specific enhancers related mainly to metabolism-
associated genes. Little is known about the mechanisms by
which HCs acquire their size and specific ECM. Increased met-
abolic activity,(80,81) Bmp-dependent mTor,(82,83) and IGF1 sig-
naling(84,85) have been implicated in regulating hypertrophy,
and our data strongly emphasize the importance of metabo-
lism for the generation of HC. Moreover, analyzing the conser-
vation of enhancers strongly indicates that the switch to
general cellular and metabolic function might be characteris-
tic for terminal differentiated tissues.

The association of enhancers to the regulated gene is ham-
pered by their function over long distances, which may also
include other genes.(19,86,87) It is thus difficult to predict if spe-
cific enhancers control different genes or if different
enhancers regulate the same gene at distinct differentiation
stages. Inspection of SEs indicates that both might be the
case. Differentially expressed genes, like Sox9 and Col10a1,
were associated with cell type–specific SEs, whereas genes
like Tcf4 and Smad7 were assigned to different SEs in PC and
HC. More direct investigations of enhancer usage by, for
example, unbiased chromatin conformation capture(88) will
be required to gain a detailed understanding of their cell
type–specific use, interaction, and function.

Several studies have linked the number of enhancers to
the level and robustness of gene expression.(89) To analyze
differences in enhancer usage, we ranked TADs by their dif-
ferential H3K27ac abundance. The highest-ranking TADs
contained cell type–specific genes like Sox9, Sox5, and
Col10a1, whereas genes like Smad7 and Tcf4, which are reg-
ulated by distinct SEs in either cell type, were found in
average-ranked TADs. Inspection of specific TADs confirmed
that the downregulation of genes like Sox9 and Sox5 was
linked to a rapid loss of enhancers in HC. In contrast, upregu-
lation of genes like Col10a1 and Gadd45b in HC was accom-
panied by a low enhancer coverage in PC followed by a
dramatic increase in HC. Although the association of
enhancers to genes was only possible for selected TADs, cor-
relating expression differences of single genes to enhancer
usage inside a TAD in more detailed studies will provide
valuable insight into the control of gene expression.(90,91)

Furthermore, recent studies indicate that TADs might be
remodeled depending on transcription.(65) Establishing
chondrocyte-specific TADs will, thus, refine the interpreta-
tion of enhancer association and usage. In summary,
although differences in enhancer usage have been reported
for genes expressed in different cell lineages,(92) our data
provide first insight into the dynamics of enhancer usage in
sequential differentiation stages.
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