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SUMMARY
The transcriptional regulator Runx2 (runt-related transcription factor 2) has essential but distinct roles in os-
teoblasts and chondrocytes in skeletal development. However, Runx2-mediated regulatory mechanisms un-
derlying the distinctive programming of osteoblasts and chondrocytes are not well understood. Here, we
perform an integrative analysis to investigate Runx2-DNA binding and chromatin accessibility ex vivo using
neonatal osteoblasts and chondrocytes. We find that Runx2 engages with cell-type-distinct chromatin-
accessible regions, potentially interacting with different combinations of transcriptional regulators, forming
cell-type-specific hotspots, and potentiating chromatin accessibility. Genetic analysis and direct cellular re-
programming studies suggest that Runx2 is essential for establishment of chromatin accessibility in osteo-
blasts. Functional enhancer studies identify an Sp7 distal enhancer driven by Runx2-dependent binding and
osteoblast-specific chromatin accessibility, contributing to normal osteoblast differentiation. Our findings
provide a framework for understanding the regulatory landscape encompassing Runx2-mediated and cell-
type-distinct enhancer networks that underlie the specification of osteoblasts.
INTRODUCTION

The mammalian skeleton is formed from distinct lineages of pro-

genitor cells (Olsen, 2019). Specification of skeletal cell types is

critically dependent on master transcriptional regulators. SRY-

box-containing gene 9 (Sox9) is initially required for establish-

ment of skeletal progenitors and subsequent differentiation to

chondrocytes (Akiyama et al., 2002). Sp7/Osx is essential for

specification of osteoblast precursors (Nakashima et al., 2002).

Runt-related transcription factor 2 (Runx2) is required for osteo-

blast specification and chondrocyte hypertrophy (Ducy et al.,

1997; Komori et al., 1997; Mundlos et al., 1997; Otto et al.,

1997; Yoshida et al., 2004).

In the osteoblast program, skeletal progenitors are committed

to Runx2-positive osteoblast precursors that transition to Runx2

and Sp7 double-positive osteoblast precursors before adopting
C
This is an open access article under the CC BY-N
amature osteoblast phenotype (Olsen, 2019). InRunx2-deficient

mutantmice, osteoblast differentiation is arrested prior to activa-

tion of Sp7 (Nakashima et al., 2002). However, Runx2-positive

osteoblast precursors are present in Sp7-deficient mice but

fail to progress to mature osteoblasts (Nakashima et al.,

2002). These data suggest that Runx2 initiates osteogenesis

upstream of Sp7 early in the regulatory hierarchy of osteoblast

development.

In the chondrocyte program, Runx2 is weakly expressed in

proliferating columnar chondrocytes but markedly up-regulated

as chondrocytes exit the cell cycle, forming prehypertrophic and

then hypertrophic chondrocytes. Ectopic expression of Runx2 in

columnar chondrocytes accelerates chondrocyte hypertrophy

(Stricker et al., 2002; Takeda et al., 2001; Ueta et al., 2001),

and removal of Runx2 activity results in loss of normal hypertro-

phic cartilagemineralization (Yoshida et al., 2004). Restoration of
ell Reports 40, 111315, September 6, 2022 ª 2022 The Authors. 1
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Runx2 in chondrocytes in Runx2-null mutants rescues chondro-

cyte hypertrophy and mineralization but not the adjacent perios-

teal bone program, suggesting that Runx2 acts cell autono-

mously and independently in regulating cartilage and bone

development (Takeda et al., 2001).

These genetic studies have provided broad insights into the

distinct cell-type-specific roles of Runx2. Increasing evidence

also suggests the existence of lineage-specific transcriptional

regulators that may act cooperatively with Runx2 (Karsenty,

2008). However, the gene-regulatory landscape by which

Runx2 executes two distinct skeletal programs has not been

resolved. Here we examined the interactions of Runx2 in devel-

oping cartilage and bones ex vivo relative to lineage-specific pro-

grams of chromatin accessibility. Together with functional

studies of identified enhancer elements, our findings provide in-

sights into the regulatory mechanisms governing mammalian

skeletal development.

RESULTS

Identification of cell-type-distinct open chromatin
signatures in skeletal development
To identify cell-type-distinct signatures in mammalian skeletal

cells, we mapped Runx2 expression within specific skeletal

cell types using transgenic reporter strains: Col2a1-ECFP (Cho-

kalingam et al., 2009), Col10a1-mCherry (Maye et al., 2011), and

Sp7-EGFP (Rodda and McMahon, 2006). Histological analysis

confirmed reporter activities and Runx2 expression in the ribs

and calvariae at post-natal day 1 (P1). Runx2 was weakly ex-

pressed in Col2a1-ECFP-positive columnar chondrocytes,

and its expression was elevated in Col10a1-mCherry-positive

hypertrophic chondrocytes. Runx2 expression was also high

in Sp7-EGFP-positive osteoblast precursors and osteoblasts

(Figures S1A and S1B).

We investigated chromatin accessibility and transcriptional

profiles in skeletal cell types by assaying for transposase-acces-

sible chromatin using high-throughput sequencing (ATAC-seq)

and RNA sequencing (RNA-seq), respectively, in fluorescence-

activated cell sorting (FACS)-purified Col2a1-ECFP-positive rib

chondrocytes (C2-Cho), Col10a1-mCherry-positive rib hypertro-

phic chondrocytes (C10-Cho), and Sp7-EGFP-positive calvarial

osteoblasts (S7-Ob) in newborn mice at P1 (Tables S1 and S2).

Principal-component analysis (PCA) of the RNA-seq and

ATAC-seq data revealed distinct transcriptomes and accessible

chromatin signatures among these cell types (Figure 1A).

Col10a1 and Col1a1 encode key collagen matrix proteins

secreted by hypertrophic chondrocytes and osteoblasts,

respectively. C10-Cho chromatin profiling and S7-Ob chromatin

profiling detected cell-type-specific chromatin accessibility in

regions specifically flanking Col10a1 and Col1a1, respectively

(Figure 1B). In contrast, chromatin accessibility flanking

Col2a1, which encodes collagen secreted predominantly by

non-hypertrophic chondrocytes, was observed in C2-Cho and

C10-Cho chondrocytes; however, the position of accessible re-

gions differed between the two (Figure 1B, top), suggesting reg-

ulatory differences between early-stage columnar chondrocytes

and late-stage chondrocytes, which initiate hypertrophic chon-

drocyte development. As expected, the cell-type-distinct
2 Cell Reports 40, 111315, September 6, 2022
expression of each gene reflected the cell-type-distinct patterns

of chromatin accessibility (Figure 1B). These results highlight the

differences in the chromatin landscape between chondrocytes

and osteoblasts as well as the dynamic differences in chromatin

accessibility associated with chondrocyte differentiation.

To compare chromatin accessibility among skeletal cell types,

we analyzed ATAC-seq profiles of each cell population. Distal

accessible regions, potential cis-regulatory enhancer regions,

better represented the cell-type-distinct signatures of each skel-

etal cell type than open chromatin-encompassing promoter sites

(Figure 1C), consistent with previous studies in different biolog-

ical contexts (Corces et al., 2016; Gury-BenAri et al., 2016). A

comparison of chromatin accessibility profiles highlights the line-

age relationship between columnar (i.e., C2-Cho) and hypertro-

phic chondrocytes (i.e., C10-Cho) in that they are more similar

to each other than either is to developing osteoblasts (i.e., S7-

Ob) (Figure 1C).

Pairwise comparisons of the distal ATAC-seq peak signals re-

vealed cell-type-distinct peaks (C2-Cho-, C10-Cho-, and S7-

Ob-specific) and peaks shared by paired sets (Figures 1D and

S1C). Genomic Regions Enrichment of Annotations Tool

(GREAT) Gene Ontology (GO) analysis (McLean et al., 2010)

highlighted expected cell type signatures; cartilage development

terms were associated with C10-Cho-specific and C2C10-

shared peaks, whereas S7-specific peaks were associated

with skeletal development and ossification (Figure 1E; Table S1).

To examine the relationship between the identified accessible

regions and master transcriptional regulators in skeletal devel-

opment, we performed de novo motif analysis and mapped

consensus motifs for Runx, Sox9, and Sp7 (Figure 1F). The

Sp7 motif is an Sp7-Dlx-cooperative motif that has been identi-

fied previously by osteoblast Sp7 chromatin immunoprecipita-

tion sequencing (ChIP-seq) (Hojo et al., 2016). The Runx motif

was slightly enriched in C2C10-shared peaks, moderately en-

riched in C10-Cho-specific peaks, and highly enriched in S7-

Ob-specific peaks. The Sox9 dimer motif (Ohba et al., 2015)

was enriched in chondrocyte-related peaks; i.e., C2C10-shared

and C10-Cho-specific peaks, whereas the Sp7-Dlx motif was

exclusively enriched in S7-Ob-specific peaks.

These results predict the cell-type-distinct and overlapping ef-

fects of master regulators on putative enhancer regions in skel-

etal development. The enrichment of the Runx motif in the

accessible regions of hypertrophic chondrocytes and osteo-

blasts provides genomic support for the direct transcriptional

role of Runx factors in each cell type (Håkelien et al., 2014;Meyer

et al., 2014; Tai et al., 2017; Wu et al., 2014), consistent with pre-

vious studies (Kern et al., 2001; Li et al., 2011), and reinforces its

regulatory effects reported in mice (Komori et al., 1997; Yoshida

et al., 2004).

Genome-scale analysis of Runx2-DNA associations in
osteoblasts and chondrocytes
To determine the relationship of Runx2 with accessible regions,

we performed genome-scale profiling of Runx2-DNA associa-

tion. To this end, we generated a Runx2-Biotin-3xFLAG knockin

mouse line using a gene-targeting strategy (Runx2-BioFLmouse;

Figure 2; STARMethods). This approach appended a cassette to

the C terminus of the Runx2 protein comprising a biotin (Bio)
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Figure 1. Identification of cell-type-distinct

chromatin accessibility in neonatal chondro-

cytes and osteoblasts

(A) Principal-component analysis (PCA) of ATAC-seq

and RNA-seq data. C2-Cho, Col2a1-ECFP-sorted rib

chondrocytes; C10-Cho, Col10a1-mCherry-sorted rib

chondrocytes; S7-Ob, Sp7-EGFP-sorted calvaria os-

teoblasts.

(B) CisGenome browser screenshots showing chro-

matin accessibility around skeletal marker genes (left)

and the corresponding gene expression in skeletal cell

types (right). Representative data (left) and average of

normalized values (right) from biological triplicates are

shown.

(C) Correlation analysis of ATAC-seq profiles of the

three skeletal cell types. The color indicator represents

the Pearson correlation coefficient. TSS peaks, peaks

located within 500 bp from the transcription start site

(TSS) of the nearest genes; distal peaks, peaks located

more than 500 bp from the TSS.

(D) Heatmap showing chromatin accessibility in the

cell-type-distinct regions. C2, C2-Cho-distinct peaks;

C10, C10-Cho-distinct peaks; S7. S7-Ob-distinct

peaks; C2C10, peaks with high intensity in C2-Cho and

C10-Cho but not S7-Ob; C10S7, peaks with high in-

tensity in C10-Cho and S7-Ob but not C2-Cho; C2S7,

peaks with high intensity in C2-Cho and S7-Ob but not

C10-Cho. The Color indicator represents the normal-

ized ATAC-seq peak intensity.

(E) GREAT Gene Ontology (GO) annotations of identi-

fied chromatin-accessible regions. The top five en-

riched terms are shown in each group.

(F) Enrichment of Runx, Sox dimer, and Sp7-Dlx

consensus motifs in the identified chromatin-acces-

sible regions in the 2-kb window from the center of the

ATAC-seq peaks.

Profiles of biological triplicates were used (A, C, and D).

See also Figure S1 and Tables S1 and S2.
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Figure 2. Generation of a Runx2 Bio-3xFL knockin mouse line and Runx2 association profiles in osteoblasts and chondrocytes

(A) Targeting strategy for the Runx2 Bio-3xFL knockin allele.

(B) Long-range PCR analysis of the Runx2 knockin allele using the primers in (A).

(legend continued on next page)
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recognition motif and three copies of the FLAG (FL) epitope to

enable biochemical isolation of Runx2 and associated DNA tar-

gets or binding partners (Figures 2A–2C). BioFL epitope tagging

didnot alter thenormal characteristics ofRunx2.Westernblotting

detected levels of Runx2-BioFL protein similar to its wild-type

counterpart (Figure 2D), and immunohistochemistry of tibial sec-

tions also showed an identical temporal and spatial distribution

(Figure 2E).Mice homozygous for theRunx2-BioFL allele showed

noovert phenotype,were fertile, and hadundergone normal skel-

etal development when analyzed at P1 (Figures 2F and 2G).

To compare Runx2 interactions in osteoblasts and chondro-

cytes, we performed anti-FL antibody-directed ChIP-seq anal-

ysis on calvarial osteoblasts and rib chondrocytes from neonatal

Runx2-BioFLmice. The intersection of biological replicates iden-

tified a stringent set of 10,241 Runx2-BioFL ChIP-seq peaks in

osteoblasts and 15,390 peaks in chondrocytes (Figure 2H;

Table S3). Peak distribution was similar between the two popu-

lations, and Runx2 was associated with the proximal and distal

genomic regions (Figure 2H). This pattern is consistent with pre-

vious results from Runx2 ChIP-seq in in vitro-cultured osteo-

blasts (Håkelien et al., 2014; Meyer et al., 2014; Wu et al.,

2014). We found that distal Runx2 peaks were highly associated

with genes related to osteoblasts or chondrocytes, whereas TSS

Runx2 peaks were more associated with general cell activities

(Figure 2I). De novo motif analysis showed high enrichment of

Runx consensus motifs in transcription start site (TSS) and distal

Runx2 peaks (Figure 2J). The enriched motif retains the core

sequence of the Runx consensus motif (AACCACA), which was

identified by a systematicmutagenesis analysis of themouse os-

teocalcin promoter (Ducy and Karsenty, 1995; Geoffroy et al.,

1995). Thus, binding of Runx2 to its consensus motif is likely to

be the primary mode of action of Runx2 interaction with DNA, in-

dependent of the distance of the target region from the TSS of

the skeletal cell type, although the possibility that Runx2 may

have non-genomic actions critical for its biological roles cannot

be ruled out.

Considering the physical and functional interaction between

Runx2 and core-binding factor b (Cbfb) in skeletal cells (Kundu

et al., 2002; Yoshida et al., 2002), we investigated the

Cbfb-Runx2 associations with the genome. A Cbfb ChIP-seq

study showed that 64% of the Cbfb peaks overlapped with

Runx2 peaks, which represented 13% of all Runx2 peaks in

chondrocytes (Figure S1D). The motif analysis showed that a

Runx consensus motif was most enriched in TSS and distal

Cbfb peaks (Figure S1E). These data suggest that Runx2 may

pair with Cbfb in chondrocytes on only a small subset of its
(C) PCR genotyping of Runx2-BioFLneo and Runx2-BioFL mice obtained by cro

(D)Western blot comparison of Runx2 and Runx2-BioFL proteins in primary osteob

medium for 7 days. Red arrow, Runx2-BioFL; black arrow, Runx2. Blotting for h

(E) Immunohistochemistry for Runx2 and FL tag detection in tibial sections of P1

(F) Whole-mount skeleton of P1 pups stained with Alcian blue (cartilage) and aliz

(G) Histological analysis of calcified bone matrix stained with von Kossa (black) a

(H) Genome-wide distribution of Runx2-associated regions relative to TSSs in oste

regions is indicated.

(I) GREAT GO annotations of Runx2-associated regions. The top three enriched

(J)De novomotif analysis of the top 1,000 Runx2-associated regions in Obs and C

enriched Runx motif are shown.

Representative images obtained from at least biological duplicates are shown (E
consensus motifs, although the Runx2-Cbfb interaction may be

underestimated in the data because of technical limitations of

ChIP experiments, including a difference in ChIP efficiency be-

tween different antibodies and potentially limited detection of in-

direct interactions between DNA and cofactors.

Next, to directly compare the Runx2 binding signatures in

chondrocytes and osteoblasts, we performed a correlation anal-

ysis between osteoblast and chondrocyte Runx2 ChIP-seq

peaks and found that Runx2 binding signatures were cell type

distinct (Figure S2A). In particular, the signature in the distal

Runx2-bound regions was well separated between the two cell

types, whereas those in the proximal regions were not cell type

distinct. Distal Runx2-DNA regions were highly associated with

genes related to skeletal cell types (Figure 2I). Thus, we ad-

dressed the associations between the Runx2 binding signature

and chromatin accessibility in each cell type using the distal

Runx2 ChIP-seq peaks. We found that Runx2-bound regions in

chondrocytes were associated with higher chromatin accessi-

bility in Col10-positive chondrocytes, whereas Runx2 regions

in osteoblasts were highly associated with chromatin accessi-

bility in Sp7-positive osteoblasts (Figures S2B–S2D). These

data suggest that Runx2 binding signatures are associated

with chromatin accessibility in a cell type-distinct manner.

We next investigated whether Runx2 acts on closed chro-

matin. We extracted 448 chondrocyte Runx2 peaks at the closed

chromatin region in C10-Cho and 87 osteoblasts Runx2 peaks at

the closed chromatin region in S7-Ob (Figure S2E; STAR

Methods). Motif analysis revealed that not only the Runx

consensus motif but also CTCF and RESTmotifs were highly en-

riched in chondrocyte Runx2 peaks, whereas the Runxmotif was

not enriched in osteoblast Runx2 peaks (Figure S2F). GREATGO

analysis showed that chondrocyte Runx2 peaks, having the

Runx motif at the closed chromatin, were associated with genes

related to skeletal system development (Figure S2G; Table S3).

For example, a shared Runx2 peak in chondrocytes and osteo-

blasts was detected in the closed chromatin region flanking

Tgfb2 (Figure S2H). These results suggest that Runx2 may act

at a limited number of closed chromatin regions to regulate skel-

etal development, where Runx2 may bind DNA directly through

the Runx consensus motifs or indirectly by interacting with other

chromatin regulators, including CTCF and REST.

Actions of Runx2 and its potential interaction with other
transcriptional regulators on the genome
We next investigated the cell-type-distinct actions of Runx2. We

extracted genomic regions where Runx2 binding and chromatin
ssing Runx2-BioFLneo mice to Sox2-Cre mice; see (A).

lasts derived from neonatal calvarial cells. Cells were cultured in an osteogenic

istone H3 (H3) was used for the control.

Runx2-BioFL pups. Scale bar, 300 mm.

arin red (mineralized tissue).

nd cartilage stained with Alcian blue in a P1 femur. Scale bar, 100 mm.

oblasts (Obs) and chondrocytes (Chos). The total number of Runx2-associated

terms are shown in each TSS and distal region.

hos. The p value of the shownmotif and the percentage of peaks containing the

–G). See also Table S3.
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accessibility were enriched in a cell-type-specific manner (Fig-

ure 3A; Table S4; see STAR Methods for details). GREAT GO

analysis confirmed that osteoblast- and chondrocyte-distinct re-

gions were enriched in skeletal development- and cartilage-

related gene sets, respectively (Figure 3B). In contrast, the small

number of regions shared between chondrocytes and osteo-

blasts were less associated with genes related to skeletal cell

features (Figure 3B).

To predict cell-type-distinct transcriptional regulators that

may work together with Runx2 in osteoblasts and chondro-

cytes, we performed de novo motif analysis on peak sets (Fig-

ure 3C). In addition to the consensus Runx motif, activator

protein-1 (AP-1)-related motifs were highly enriched in both

cell types. Additionally, although weaker predictions, CAAT

box-binding transcription factor/nuclear factor (NF) and NF of

activated T-cells (NFAT) motifs were enriched in both cell types.

In contrast, a forkhead motif was specifically enriched in chon-

drocyte-specific regions, whereas a homeobox:basic-helix-

loop-helix (bHLH) motif was enriched in osteoblast-specific

ones, suggesting that cell-type-distinct regulatory factors act

with Runx2 on enhancers that regulate cell-type-specific gene

expression. Because the homeobox domain in the homeo-

box:bHLH motif is similar to the Sp7-Dlx motif (Hojo et al.,

2016), the transcriptional complex containing Sp7 and Dlx is

likely to be associated with the motif.

To narrow down the candidate transcription factors that

potentially act with Runx2 on cell-type-specific enhancers, we

compared the expression of the members of the transcription

factors associated with the enriched motifs in C2-Cho, C10-

Cho, and S7-Ob populations (Figure 3D). We observed the

variable expression of multiple family members, suggesting a

complex regulatory relationship among similarly acting family

members in each skeletal cell type. For example, the overlapping

roles of Foxa2 and Foxa3 have been documented in chondro-

genesis (Ionescu et al., 2012) and those of Dlx5 and Dlx6 in skel-

etal development (Robledo et al., 2002). It is also notable that os-

teoblasts and chondrocytes highly express ATF4 and show ATF

motif enrichment (Figures 3C and 3D), which is consistent with

the requirements of ATF transcription factors for skeletogenesis

(Wang et al., 2009; Yang et al., 2004). These results suggest that

Runx2 may act with these transcription factors on cell-type-spe-
Figure 3. Actions of Runx2 and its potential interaction with other tran

(A) Signal intensities of chromatin accessibility and Runx2-DNA binding in Obs and

shared signatures are shown. The number of selected genomic regions is indicate

(B) GREAT GO annotations of the selected regions, showing the top five enriche

(C and D) Enrichment of motifs in Ob- and Cho-distinct regions and their shared re

shown (C). Also shown (D) is the Z score representing the relative gene expression

from the enriched motifs in (D). Average values obtained from biological triplicates

million mapped reads (FPKM) >5 are shown.

(E) CisGenome browser screenshots of the flanking regions of Col10a1 and Col1a

in Obs and Chos. Cell-type-distinct regions are highlighted in gray.

(F) Venn diagram showing the overlap of ChIP-seq peaks. Top: Runx2, Foxa2, an

located more than 500 bp from the nearest TSS were used. Peak numbers for e

(G) Boxplots showing the normalized reads of ATAC-seq at regions associated w

regions occupied by Runx2, Foxa2, and/or Jun in Chos. Bottom: S7-Ob ATAC-se

log2 (normalized reads + 1). The values were averaged from biological triplicates. *

HSD analysis).

See also Figures S2 and S3 and Table S4.
cific enhancers to drive the common and distinct aspects of the

gene-regulatory program of each cell.

To investigate the associations between Runx2 and selected

transcriptional regulators in chromatin accessible regions, we in-

tegrated additional ChIP-seq data with Runx2-DNA binding and

chromatin accessibility profiles. Based onmotif enrichment (Fig-

ure 3C), gene expression (Figure 3D), and biological functions re-

ported in the literature (Karsenty, 2008; Kozhemyakina et al.,

2015), Jun was identified as a potential co-regulator of Runx2

in chondrocytes and osteoblasts, Foxa2 as a chondrocyte-spe-

cific co-regulator, and Sp7 as an osteoblast specific co-regu-

lator. We performed ChIP-seq for chondrocyte Foxa2 and oste-

oblast Jun (Figure S3) and used publicly available ChIP-seq

datasets for chondrocyte Jun and osteoblast Sp7 ChIP-seq

(He et al., 2016; Hojo et al., 2016). As shown in Figure 3E,

Runx2, Jun, and Foxa2 co-occupied genomic regions flanking

Col10a1 in chondrocytes that were accessible in C10-Cho. In

osteoblasts, Runx2, Jun, and Sp7 showed DNA associations

at S7-Ob-specific accessible regions flanking Col1a2. Interest-

ingly, regions co-occupied by more transcription factors show

overall enhanced accessibility in chondrocytes and osteoblasts

(Figures 3F and 3G).

Requirement of Runx2 for establishment of osteoblast-
distinct chromatin accessibility
To determine whether Runx2 is required for establishment of

cell-type-distinct chromatin accessibility, we generated Sp7-

EGFP:Cre;Runx2fl/fl;R26RtdTomato compound mutant mice and

investigated the effect of Runx2 ablation on mutant osteoblasts.

CRE activity under Sp7 regulation conditionally removed Runx2

activity while genetically marking CRE-producing cells and their

descendants through recombination-mediated activation of

tdTomato. BecauseRunx2 is genetically upstream of Sp7 (Naka-

shima et al., 2002), Sp7 activation and expression are expected

in early osteoblast progenitors with subsequent loss of Runx2

expression and Runx2 activity in Sp7-positive osteoblasts (Fig-

ure 4A). We confirmed that skeletal formation was severely

impaired in conditional homozygous Runx2 knockout mice

(Runx2 cHomo KO) at embryonic day 18.5 (E18.5), as reported

previously (Takarada et al., 2016; Figure 4B); it was partially

impaired in the littermates of conditional heterozygous Runx2
scriptional regulators on the genome

Chos. The selected regions showingOb- andCho-distinct signatures and their

d. Representative data obtained from at least biological duplicates are shown.

d terms.

gions. Motifs with p < 1.03 10�50 and target sequences with motifs >10% are

of transcription factors in C2-Cho, C10-Cho, and S7-Ob. Genes were selected

were used. Transcription factors with fragments per kilobase of transcript per

2 showing chromatin accessibility and the associations of transcription factors

d Jun in Chos. Bottom: Runx2, Sp7, and Jun in Obs. ChIP-seq peaks distally

ach ChIP-seq peak are shown.

ith the indicated number of transcription factors. Top: C10-Cho ATAC-seq at

q at the regions occupied by Runx2, Sp7, and/or Jun in Obs. The y axis value is

p < 0.0001 versus normalized reads with the one factor-associated site (Tukey-
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Figure 4. Effects of Runx2 ablation on establishment of Ob chromatin accessibility

(A) Schematic of Ob differentiation and the genetic strategy.

(B) Whole-mount skeleton of E18.5 pups stained with Alcian blue and alizarin red.

(legend continued on next page)
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KO mice (Runx2 cHet KO) (Figure 4B). Histological analysis did

not detect SP7 protein in tdTomato-positive cells in Runx2

cHomo KO calvariae at E18.5 Figure 4C). Considering the

expression of key osteoblast marker genes, we confirmed that

Runx2 cHomo KO cells did not display a mature osteoblast

phenotype (Figure S4A).

To address chromatin accessibility after Runx2 removal, we

performed ATAC-seq on tdTomato-positive calvarial cells puri-

fied fromRunx2 cHomo KOandRunx2 cHet KO littermates using

S7-Ob ATAC-seq data as a Runx2 wild-type control. PCA

showed that the chromatin accessibility pattern inRunx2 cHomo

KO cells wasmarkedly different from that in wild-type andRunx2

cHet KO cells (Figure 4D). For example, Spp1-flanking regions

were accessible in wild-type and Runx2 cHet KO cells but not

in Runx2 cHomo KO cells (Figure 4E). Runx2-dependent acces-

sible regions were bound by Runx2 in Runx2-BioFL osteoblasts

(Figure 4E). We found 3,311 significantly changed accessible re-

gions in Runx2 cHomo KO compared with Runx2 cHet KO cells.

Upon Runx2 removal, chromatin accessibility increased in 669

regions and decreased in 2,643 regions (Figures 4F and 4G).

Most of the differentially accessible regionswere located in distal

regions, potential enhancers, and not in the TSS (Figure 4F).

Runx2-dependent regions with decreased accessibility after

Runx2 removal were highly associated with genes related to

skeletal development and ossification (Figure 4H). Regions

with decreased accessibility contained a knownRunx2 enhancer

(Kawane et al., 2014) as well as enhancers around osteoblast

marker genes (Figures 4E and S4B; Table S5). De novo motif

analysis revealed motifs for AP-1, NF, and NFAT enriched in re-

gions with increased accessibility after Runx2 removal, whereas

Runx, Sp7-Dlx, and AP-1 motifs were highly enriched in regions

that lost chromatin accessibility (Figure 4I). These results sug-

gest that direct Runx2 binding is required for establishment of

chromatin accessibility associated with several osteogenesis-

related genes and reveal a potential interplay with other tran-

scription factors, including Sp7 and AP-1.

To investigate the involvement of Runx2 and its co-regulator

candidates, we mapped ChIP-seq signals for Sp7, AP-1, and
(C and D) Immunohistochemistry for SP7 expression and native tdTomato expr

100 mm. Also shown (D) is a PCA plot of ATAC-seq. Profiles of biological duplica

(E) CisGenome browser screenshot of the flanking region of Spp1 showing chrom

binding in Runx2-BioFL calvaria cells. Runx2-dependent chromatin accessible r

(F) Pie chart showing the change in chromatin accessibility in tdTomato-sortedRu

Genome-wide distribution of genomic regions shows altered accessibility becau

(G) Histogram showing the average of normalized ATAC-seq signals in genomic r

chromatin-accessible regions (top) and 2,643 significantly decreased chromatin

those in Runx2 cHet KO cells are shown. Average values from biological duplica

(H) GREAT GO annotations of significantly changed chromatin-accessible region

(I)De novomotif analysis of the top 500 significantly changed chromatin-accessibl

of peaks are shown.

(J) Heatmap showing the signal intensities of ATAC-seq in E18.5 calvaria cells wit

factors in wild-type (WT) P1 Obs.

(K) Relative gene expression of selected transcription factors inRunx2 cHom KO a

duplicates. *p < 0.05.

(L) Histogram showing the average of normalized ATAC-seq signals in Runx2 cH

selected based on their associations with transcription factors: regions associated

(top right, 7,012), those associated with Runx2 and Sp7 (bottom left, 685), and th

normalized from biological duplicates.

Representative images obtained from at least biological duplicates are shown (B
Runx2 in the differentially accessible regions. Runx2 and Sp7

were highly associated with regions requiring Runx2 for accessi-

bility, whereas Jun was associated with regions where Runx2 is

associated with suppression of chromatin accessibility (Fig-

ure 4J). GREAT GO analysis showed that Sp7 binding regions

were highly associated with skeletal development, whereas

AP1 binding regions were associated with angiogenesis

(Figures S4B–S4D). Transcriptional profiling revealed that

expression of Sp7 and Dlx members is decreased, whereas

that of AP-1 family members is increased after Runx2 ablation

(Figure 4K).

Thus, we hypothesized that binding of co-regulatory factors

normally acting with Runx2 may explain the alteration in the

chromatin profiles observed after Runx2 removal. To verify

this, we investigated the effect of Runx2 ablation on ATAC-seq

profiles at the intersected peak regions for Runx2, AP-1, and

Sp7. We found an association between Runx2 ablation, height-

ened chromatin accessibility, and binding of co-regulatory tran-

scriptional partners at target enhancers (Figure 4L). Chromatin

accessibility was decreased by Runx2 ablation in putative en-

hancers sharing Runx2 and Sp7 binding (Runx2-Sp7 shared re-

gions), whereas it was intermediately decreased in regions

sharing Runx2, Sp7, and Jun (Runx2-Sp7-Jun shared regions).

This suggests a compensatory mechanism to keep chromatin

accessibility upon Runx2 ablation by increasing Jun expression.

Chromatin accessibility in osteoblasts may be maintained by the

cooperative actions of Runx2 and its potential co-regulatory fac-

tors, including Sp7 and AP-1, on enhancer modules that regulate

osteoblast development.

Pioneering action of Runx2 to establish chromatin
accessibility
‘‘Pioneer factors’’ have been identified that facilitate opening

of closed chromatin sites (Iwafuchi-Doi and Zaret, 2016). To

address whether Runx2 exhibits pioneer factor properties, we

overexpressed Runx2-BioFL in NIH3T3 fibroblasts in the pres-

ence of bone morphogenetic protein 2 (BMP2), generating oste-

oblast-like cells (Ohba et al., 2007). Two days after Runx2-BioFL
ession of E18.5 calvariae. Nuclei were stained by DAPI (blue) (C). Scale bar,

tes and triplicates were plotted.

atin accessibility in calvaria cells of the indicated genotypes and Runx2-DNA

egions are highlighted in gray.

nx2 cHomo KO calvaria cells compared with that inRunx2 cHomKO cells (top).

se of Runx2 ablation (bottom).

egions with altered accessibility by Runx2 ablation. 668 significantly increased

-accessible regions (bottom) in Runx2 cHom KO calvaria cells compared with

tes were used.

s in (G).

e regions in (G). The top threemost enrichedmotifs with p value and percentage

h the indicated genotypes and those of ChIP-seq for the indicated transcription

nd cHet KO calvaria cells at E18.5. The values were normalized from biological

et KO and cHom KO calvaria cells at E18.5. The following distal regions were

with Runx2 only (top left, 5,180 regions), those associated with Runx2 and Jun

ose associated with Runx2, Jun, and Sp7 (bottom right, 83). The values were

and C). See also Figure S4 and Table S5.
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Figure 5. Effects of Runx2 gain of function on acquisition of chromatin accessibility in fibroblasts

(A) Schematic of the experiment.

(B) ALP staining of NIH 3T3 fibroblasts overexpressing GFP or Runx2-BioFL. Cells were cultured with DMEM or an osteogenic medium.

(C) Heatmap showing the signal intensities of ATAC-seq and Runx2 ChIP-seq of NIH 3T3 cells overexpressing GFP or Runx2-BioFL for the indicated culture

periods. We selected 731 genomic regions representing the pioneer action of Runx2. Cells were cultured in an osteogenic medium.

(D) Histogram showing the average of normalized signals in ATAC-seq (top) and Runx2 ChIP-seq (bottom) on day 0 (left) and day 3 (right) in a 2-kb window from

the center of the peaks. The values were normalized from biological duplicates.

(E) Genome-wide distribution of Runx2-responsive chromatin-accessible regions relative to TSSs.

(F) GREAT GO annotations of genomic regions representing the pioneer action of Runx2.

(G) Motif logo of de novomotif analysis of 731 genomic regions representing the pioneer action of Runx2 (top) and a pie chart showing the percentage of peaks

containing the Runx consensus motif in these genomic regions (bottom).

(H) CisGenome browser screenshot of the flanking region ofWnt3a showing chromatin accessibility and Runx2-DNA binding in NIH 3T3 cells overexpressingGFP

or Runx2-BioFL. A genomic region representing the pioneer action of Runx2 is highlighted in gray.

See also Figure S5 and Table S6.
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transduction, cells were cultured in an osteogenic medium in the

presence of BMP2. ATAC-seq and Runx2-FL ChIP-seq were

performed on day 0 and day 3 after BMP2 addition and osteo-

genic induction (Figure 5A). Alkaline phosphatase (ALP) staining

confirmed Runx2/BMP-dependent osteoblast differentiation
10 Cell Reports 40, 111315, September 6, 2022
(Figure 5B). We selected Runx2-and osteogenic induction-

dependent chromatin-accessible regions (STAR Methods;

Table S6). Runx2 binding to these regions was observed as early

as day 0, but in a closed chromatin conformation. In contrast, by

day 3, these regions exhibited enhanced chromatin accessibility
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Figure 6. Screening for putative enhancers targeted by Runx2 in Obs

(A) Dot plots showing genes with significantly altered expression induced by sgRunx2 expression. Ob marker genes are highlighted. Normalized values in cells

expressing sgRNAs for negative control sequences (sgNC, n = 820) and those for Runx2 (sgRunx2, n = 312) were used.

(B) g:Profiler GO annotations of biological processes in genes with significantly decreased expression induced by sgRunx2 expression.

(C) Heatmap showing Z scores representing relative gene expression in cells expressing the indicated sgRNAs (top) and boxplot of Z scores (bottom). Genes with

significantly decreased expression induced by sgRunx2 were selected. Ob-related genes are indicated on the right. *p < 0.05 versus cells expressing sgNC in the

one factor-associated site (Tukey-HSD analysis). Normalized values in cells expressing each gRNA (n = 87–368) were used.

(D) Violin plot showing normalized reads of the indicated genes in cells expressing sgNC or Sp7 Enhancer 1 (sgSp7E1). Each dot represents a cell. *p < 5.03 10�4

versus cells expressing sgNC. Normalized values from sgNC (n = 820) and sgSp7E1 (n = 498) were used.

(legend continued on next page)
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and Runx2 binding (Figures 5C and 5D). The ‘‘Runx2-respon-

sive’’ accessible regions were mainly located distal to the TSS

(Figure 5E). GREAT GO analysis of Runx2-responsive regions

identified a strong association of targets with skeletal develop-

ment (Figure 5F). De novo motif analysis confirmed a Runx

consensus motif highly enriched within these regions, and

approximately 80% of the Runx2-responsive regions were pre-

dicted to encode a Runx2-binding motif (Figure 5G). These re-

sults indicate that Runx2 may act as a pioneer factor for distal

enhancers of a certain set of skeletal genes by direct binding

to the Runx consensus motif. Figure 5H shows an example of

a Runx2-responsive region associated with the osteogenic fac-

tor-encoding gene Wnt3a (Tu et al., 2007). An ATAC-seq peak

was not detected until day 3, whereas a Runx2 ChIP-seq peak

was detected on day 0.

On day3, Runx2 mRNA expression was not altered upon oste-

ogenic induction with BMP2, whereas Runx2 protein expression

increased (Figure S5). This is consistent with previous reports

showing that BMP2 enhances Runx2 expression and activity

through post-transcriptional regulation (Jeon et al., 2006; Ohba

et al., 2007). Thus, enhanced binding of Runx2 at day 3 may

reflect the enhanced activity of Runx2 for opening of chromatin

revealing new sites or cooperative interactions with other factors

enabled by opening of chromatin.

Identifying functional osteoblast enhancers targeted by
Runx2
To directly address whether Runx2 binding identifies enhancer

regions, we performed a CROP-seq assay (Datlinger et al.,

2017), where CRISPR-based enhancer KO was combined with

single-cell RNA-seq for simultaneous detection of the genotype

(from the target guide RNA sequence) and the phenotype (from

mRNA levels). We designed single guide RNAs (sgRNAs) for

nine putative enhancers as Runx2 targets; the sgRNA targeted

the Runx consensusmotif located at the center of each enhancer

(Table S7). We also prepared sgRNAs for the Runx2 gene as a

positive control and for the non-targeting sequence as a negative

control (Table S7). The sgRNA library was transduced into the

MC3T3-E1 osteoblast cell line, which was engineered to stably

express Cas9 (Figures S6A and S6B). We analyzed single-cell

RNA-seq (scRNA-seq) data from 5,136 cells in which one sgRNA

was detected. Gene expression analysis identified significantly

decreased expression of 47 genes, including the known Runx2

targets Bglap, Ibsp, and Spp1, in cells carrying Runx2 sgRNA

(Figure 6A). We defined the 47 genes as Runx2-dependent

genes in the analysis. GO analysis confirmed that the 47 genes

were highly associated with ossification and skeletal develop-

ment (Figure 6B), validating the general detection approach.
(E and F) CisGenome browser screenshot of the Sp7Enh-Ob region showing chro

black bar in (E) is enlarged in (F), indicating a Runx motif targeted by sgSp7E1.

(G) Schematic of the luciferase reporter driven by Sp7Enh-Ob (top) and luciferas

constructs together with different amounts of Runx2-expressing plasmids (bottom

shown. Data are presented as the means ± SD of triplicate experiments.

(H) EMSA of Runx2-BioFL using a probe containing the Runx motif targeted by sg

the competitor assay. Anti-FL (a-FL) and anti-Runx2 antibodies (a-R2) and an imm

RUNX2-DNA complex; arrowhead, RUNX2-DNA-antibody complex; asterisk, no

See also Figures S6 and S7 and Table S6.
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Comparative analysis of cells expressing sgRNAs for putative

enhancers revealed that expression of Runx2-dependent genes

was significantly decreased in cells expressing the sgRNA for

Sp7 enhancer-1 (Figures 6C and 6D), whereas that of the house-

keeping genes Actb and Gapdh, were not significantly altered

(Figure 6D), implicating the Sp7 enhancer-1 as a functional

enhancer mediating Runx2 transcriptional regulation of Sp7-

directed osteoblast differentiation.

Sp7 enhancer-1 is located in a conserved block between Sp7

and Sp1, exhibiting Runx2 binding and Runx2-dependent chro-

matin accessibility in osteoblasts (Figures 6E and 6F; Figure S7).

To verify the effect of Runx2 on Sp7 enhancer-1, we cloned the

1.8-kb putative enhancer region (chromosome 15 [chr15]: 102

207 000–102 208 800) containing Sp7 enhancer-1 (Sp7Enh-

Ob; Figure 6F). We examined the effect of Runx2 expression

on enhancer-driven luciferase activity. We found that luciferase

reporter activity was elevated in a Runx2-dependent manner

and that its activity was attenuated by mutagenesis in the

Runx motif that was targeted by sgRNA in the CROP-seq assay

(Figure 6G). An electrophoretic mobility shift assay (EMSA) re-

vealed direct binding of Runx2 to the Runx motif (Figure 6H).

These results suggest that Runx2 directly binds to the distal

Sp7 enhancer and regulates Sp7 transcription.

A luciferase assay showed that the combination of Runx2,

constitutively active Alk6, and Smad1 synergistically induced

Sp7 enhancer activity (Figure S7C). Considering that Smad1

binding to the Sp7 enhancer was detected in embryonic limb

bud cells (Salazar et al., 2019), the result suggests that the inter-

action of Runx2 and BMP-Smad signaling regulates Sp7 tran-

scription through the identified enhancer.

Verification of the Sp7 enhancer activity in vivo

To investigate the activity of Sp7Enh-Ob in vivo, we generated a

transgenic reporter mouse line expressing a lacZ-GFP fusion

cassette (Peterson et al., 2012) under the control of Sp7Enh-

Ob. Whole-mount b-galactosidase staining showed reporter ac-

tivities specific to the developing skeletal tissues (Figure 7A).

Immunohistochemistry revealed that reporter activity is

restricted to a subset of SP7-positive osteoblasts in calvariae

and long bones (Figure 7B). Although endogenous SP7 was ex-

pressed in osteoblasts and pre-hypertrophic chondrocytes in

the long bone, enhancer-driven reporter activity was only de-

tected in osteoblasts (Figure 7B).

To examine the contribution of Sp7Enh-Ob to skeletal

development, we generated a KO of Sp7Enh-Ob (Sp7Enh-

Ob�/�) (Figure S7). Histological analysis revealed impaired

bone collar formation in Sp7Enh-Ob�/� mice at E17.5, whereas

cartilage mineralization was normal (Figure 7C). Compared
matin accessibility and Runx2-DNA binding in Obs. The region indicated by the

e reporter assay in 293T cells transfected with WT and mutated (Mut) reporter

). WT andMut DNA sequences of the Runxmotif targeted by sgSp7E1 (top) are

Sp7E1. WT and Mut probes, whose sequences are shown in (G), were used for

unoglobulin G (IgG) negative control were used for the supershift assay. Arrow,

n-specific signal.
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Figure 7. In vivo Sp7 enhancer activity and the contribution of the enhancer activity to skeletal development

(A) b-Galactosidase staining to visualize Sp7Enh-Ob-driven lacZ:GFP reporter activity in E16.5 transgenicmice. Similar reporter activities were detected in 9 of 13

independent transgenic lines. Views of whole bodies, heads, and forelimbs are shown.

(B) Immunohistochemistry for SP7 and GFP signal of Sp7Enh-Ob-driven lacZ:GFP reporter activity in E17.5 calvariae and tibiae of transgenic reporter mice.

Boxed regions are enlarged. Blue box, perichondrium containing Obs; pink box, prehypertrophic chondrocytes. Scale bars, 100 mm in the whole view and 20 mm

in the enlarged view.

(C) von Kossa staining and immunohistochemistry for RUNX2 and SP7 in WT and Sp7Enh-Ob�/� metatarsals at E17.5. Regions between white broken lines

indicate the perichondrium. Scale bar, 100 mm.

(legend continued on next page)
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with wild-type skeletal elements, decreased SP7 expression in

the perichondrium and periosteum regions of Sp7Enh-Ob�/�

was observed at E17.5 We observed significantly decreased

expression of Sp7 and osteoblast marker genes in Sp7Enh-

Ob�/� primary osteoblasts relative to wild-type osteoblasts (Fig-

ure 7D), whereas the closely linked Sp1 gene was not signifi-

cantly different between the two genotypes (Figure 7D). Similar

results were observed in Sp7Enh-Ob+/� MC3T3-E1 cells and

their wild type (Figures S6C and S6D). In adult mice, bone min-

eral density was decreased in Sp7Enh-Ob�/� compared with

the wild type (Figures 7E and 7F). The distal Sp7 enhancer is

essential for normal osteoblast-specific activation of Sp7

(located downstream of Runx2) and for the normal programming

of Sp7-driven osteoblast differentiation.

DISCUSSION

Characterization of the gene-regulatory landscape is key to

understanding how the genome is linked to developmental

processes. Chromatin accessibility is determined by the cooper-

ative actions of transcription factors on gene-regulatory ele-

ments and is an essential step in establishing cellular identity

(Long et al., 2016). This study shows that chondrocytes and os-

teoblasts are characterized by different repertoires of distal

chromatin-accessible regions. Distinct combinations of tran-

scription factors, which are likely associated with Runx2,

contribute to enhancer activity. Motif analysis integrated with

gene expression profiles suggests complex and redundant as-

sociations among multiple transcription factors in the regulatory

regions. For example, the integrity of biological functions of key

transcription regulators, including Foxa2, Foxa3, and Foxc1 for

chondrogenesis (Ionescu et al., 2012; Tan et al., 2018; Xu

et al., 2021; Yoshida et al., 2015) and Sp7 and Dlx members

for osteogenesis (Hojo et al., 2016), has been confirmed. The

common enrichment of AP-1 and ATF transcription factors in os-

teoblasts and chondrocytes is consistent with the requirement of

AP-1 and ATF4 for both cell types (Bozec et al., 2010; He et al.,

2016; Karreth et al., 2004; Wang et al., 2009; Yang et al., 2004).

Considering that AP-1 is also highly associated with active en-

hancers in many cell types and ubiquitously expressed in

throughout the body, AP-1 is likely to act as a general enhancer

component (Andersson et al., 2014; Madrigal and Alasoo, 2018).

Integrative analysis with ChIP-seq analysis for Runx2 and

selected transcriptional regulators indicated that a number of

transcriptional regulators associated with genomic regions are

correlated with the degree of chromatin accessibility. These find-

ings suggest that Runx2 and the transcriptional regulators form

so-called ‘‘hotspots’’ to maximize chromatin accessibility and

gene expression (Long et al., 2016; Rickels and Shilatifard,

2018). Combinatorial gain- or loss-of-function analyses are
(D) qRT-PCR analysis of Sp1,Sp7, and osteogenicmarkers in primary Obs derived

an osteogenic medium for 10 days. Data are presented as the mean ± SD of b

significant.

(E) von Kossa staining of 10-week-old femora in WT and Sp7Enh-Ob�/�. Scale b

(F) Microcomputed tomography (mCT) analysis for BV/TV (bone volume/tissue volu

the means ± SD. n = 6, *p < 0.05. Representative images obtained from at least

See also Figure S7 and Table S7.
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needed to assess the requirements of combinatorial transcrip-

tion factors in chromatin accessibility in the future.

Our findings support the hypothesis that Runx2 acts as a

pioneer factor. Pioneer factors are defined as a specific class

of proteins that (1) bind to target DNA sequences in heterochro-

matin, (2) implement epigenetic stability of the open chromatin

state, (3) permit binding with other transcription factors, and (4)

initiate chromatin remodeling (Mayran and Drouin, 2018).

Runx2 meets the first and second criteria in the study. The inter-

actions of Runx2 with chromatin remodelers, including histone

deacetylases and Mediator MED23 (Liu et al., 2016; Stein

et al., 2004), suggest that Runx2meets the fourth criterion. How-

ever, extensive genome-scale analysis of Runx2 interaction with

other transcriptional regulators is necessary to determine

whether Runx2 meets the full definition of a pioneer factor.

Considering that other Runx transcription factors have also

been reported to have pioneer activity in different cell types

(Hass et al., 2021; Lee et al., 2019; Lichtinger et al., 2012;

Wang et al., 2018), further comparative analysis of the members

will provide a better understanding of the universal or Runx

member-specific pioneer actions across cell types.

In addition to its pioneering action, we demonstrated that

Runx2 is required for establishment of osteoblast chromatin

accessibility. Chromatin accessibility was dynamically altered

upon Runx2 removal, and we speculate that the degree of chro-

matin alteration is dependent on co-occupancy of other tran-

scription factors in Runx2-mediated enhancer modules. The

interplay between Runx2 and other transcription factors may ac-

count for the plasticity of the cellular identity between osteo-

blasts and chondrocytes. Removal of osteogenic inputs,

including hedgehog activity (Long et al., 2004), Wnt/b-catenin

activity (Day et al., 2005; Hill et al., 2005; Rodda and McMahon,

2006), and Sp7 (Nakashima et al., 2002), in skeletal progenitors

results in ectopic chondrocyte formation in the periosteum.

Our data add insight and definition to Runx2-Sp7 interactions

revealed through epistasis analysis of genetic mutants. Runx2

mediates transactivation of an Sp7 cis-regulatory element

located approximately 11 kb distal to the Sp7 TSS. the enhancer

was activated exclusively in osteoblasts, whereas Sp7 is ex-

pressed in osteoblasts and pre-hypertrophic chondrocytes.

However, considering that the osteoblast phenotype was

weaker for the Sp7 enhancer KO mouse compared with Sp7

gene KO (Nakashima et al., 2002), additional regulatory inputs

are predicted to govern Sp7 osteoblast expression. Multiple en-

hancersmay have redundant roles, as reported for different skel-

etal genes (Osterwalder et al., 2018; Will et al., 2017).

Our findings provide insights into the regulatory landscape en-

compassing the cell-type-distinct enhancer network in mamma-

lian skeletal programming. Runx2 plays a critical role in initiating

osteoblast development and chondrocyte maturation, likely by
from the calvariae of WT and Sp7Enh-Ob�/� at E17.5. Cells were culturedwith

iological duplicate experiments with technical triplicates. *p < 0.05; N.S., not

ar, 500 mm.

me) in 10-week-old femora ofSp7Enh-Ob�/�malemice. Data are presented as

biological duplicates are shown (B–D).
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facilitating chromatin accessibility and directing cell-type-spe-

cific gene-regulatory programs. The study lays a foundation for

a more detailed exploration of gene-regulatory circuits in

mammalian skeletal development.

Limitations of the study
In this study, we performed ChIP-seq for multiple transcription

factors using chondrocytes and osteoblasts. Although these

cells were enriched, contamination of other cell types was not

completely ruled out. Future studies should employ FACS fol-

lowed by ChIP-seq or single-cell ChIP-seq to examine cell-

type-specific datasets, which will help us to better understand

the stage-specific actions of transcription factors in skeletal

development.
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Mouse monoclonal anti-FLAG M2 antibody Sigma-Aldrich F1804; RRID:AB_262044

Mouse monoclonal anti-RUNX2 antibody

(used for Western blotting and EMSA)

Abcam ab76956; RRID:AB_1565955

Rabbit polyclonal anti- RUNX2 antibody

(used for immunohistochemistry)

Santa Cruz Biotechnology sc-10758; RRID:AB_2184247

Rabbit polyclonal anti-SP7 antibody Abcam ab22552; RRID:AB_2194492

Mouse monoclonal anti-FOXA2 antibody Merck 17–10258; RRID:AB_11204693
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Mouse monoclonal anti-CRISPR-Cas9 antibody Abcam ab191468; RRID:AB_2692325
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Chemicals, peptides, and recombinant proteins

Recombinant human BMP2 R&D 355-BM

Critical commercial assays

Tagment DNA Enzyme 1 Illumina 15027865

ThruPLEX�-FD Prep Kit Rubicon Genomics R40012

TruSeq Illumina kit illumina RS-122-2001

SMARTer Stranded Total RNA-seq Kit v2 Pico

Input Mammalian

Takara 634411

Chromium Single Cell 30 Library & Gel Bead Kit 10x Genomics PN-120237

Chromium Single Cell A Chip Kits 10x Genomics PN-120236

Chromium Multiplex Kit 10x Genomics PN-120262

Deposited data

Raw and analyzed ChIP-seq, ATAC-seq and

bulk RNA-seq data

This paper GSE178293

Raw and analyzed scRNA-seq data This paper DDBJ BioProject

database: PRJDB8387

Mouse osteoblast Sp7 ChIP-seq and

Sp7-positive osteoblast RNA-seq data

GEO GSE76187

Mouse chondrocyte Jun ChIP-seq data GEO GSE73372

Experimental models: Cell lines

MC3T3-E1 ATCC CRL-2593

NIH3T3 ATCC CRL-1658

HEK293T ATCC CRL-3216

COS7 ATCC CRL-1651

Plat-E Cell Biolabs RV-101

Experimental models: Organisms/strains

Col2-ECFP transgenic reporter mice (Chokalingam et al., 2009) N/A

Col10-mCherry transgenic reporter mice (Maye et al., 2011) N/A
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Sp7/Osx-EGFP::Cre BAC

transgenic reporter mice

(Rodda and McMahon, 2006),

The Jackson laboratory

Stock No: 006361

R26RtdTomato reporter mice The Jackson laboratory Stock No: 007905

Runx2BioFL/+ mice This paper, The

Jackson laboratory
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Runx2flox/+ mice Nagata K et al., unpublished N/A

Sp7Enh-Ob-lacZ::GFP

transgenic reporter mice

This paper N/A

Sp7Enh-Ob+/� mice This paper N/A
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pMx-GFP (Hojo et al., 2016) N/A

pMx-Runx2-BioFL This paper N/A

pKLV2-EF1aBsd2ACas9-W (Tzelepis et al., 2016) Addgene 67978
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psPAX2 Unpublished Addgene 12260
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pGL4.23- Sp7Enh-Ob-mut This paper N/A
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Software and algorithms

CisGenome software v.2.0 (Ji et al., 2008) http://www.biostat.jhsph.edu/�hji/cisgenome/

Trimmomatic v.0.33 (Bolger et al., 2014) http://www.usadellab.org/cms/?page=trimmomatic

Bowtie v.1.1.2 (Langmead et al., 2009) http://bowtie-bio.sourceforge.net/index.shtml

Tophat-2 v.2.1.0 (Trapnell et al., 2009) https://ccb.jhu.edu/software/tophat/index.shtml

Cufflinks v.2.2.1 (Trapnell et al., 2010) http://cole-trapnell-lab.github.io/cufflinks/

HOMER v.3 (Heinz et al., 2010) http://homer.ucsd.edu/homer/

factoextra v.1.0.7 (Kassambara and Mundt, 2020) https://cran.r-project.org/web/packages/factoextra/

index.html

ggplot2 v.3.3.2 (Hadley, 2016) https://ggplot2.tidyverse.org/

Java TreeView (Saldanha, 2004) http://jtreeview.sourceforge.net/

GREAT v.3.0.0 (McLean et al., 2010) http://great.stanford.edu/public/html/

BEDTools v.2.16.2 (Quinlan and Hall, 2010) https://bedtools.readthedocs.io/en/latest/

DiffBind v.2.10.0 (Ross-Innes et al., 2012) https://bioconductor.org/packages/release/bioc/

html/DiffBind.html

Cellranger v.2.0.0 (Zheng et al., 2017) https://bioconductor.org/packages/release/bioc/

html/DEsingle.html

DEsingle (Miao et al., 2018) https://bioconductor.org/packages/release/bioc/

html/DEsingle.html

g:Profiler (Raudvere et al., 2019) https://biit.cs.ut.ee/gprofiler/gost
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Hironori

Hojo (hojo@g.ecc.u-tokyo.ac.jp).

Materials availability
Newly generatedmaterials from this study are available upon request from the lead contact, Hironori Hojo (hojo@g.ecc.u-tokyo.ac.jp).
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Data and code availability
d ATAC-seq, ChIP-seq, and RNA-seq data have been deposited at Gene Expression Omnibus (GEO: GSE178293). scRNA-seq

data have been deposited at the DDBJ BioProject database (DDBJ BioProject database: PRJDB8387).

d This paper does not report original code.

d Any additional information required to reanalyze the data presented in this work is available from the lead contact upon request.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Mice
To construct Runx2-BioFL-targeting vectors, homologous arms were subcloned by PCR using C57BL/6J mouse genomic DNA and

Platinum Pfx DNA Polymerase (11708-013; Invitrogen, Carlsbad, CA). The 50 homologous arm (chr17:44744857-44747419) carrying

Aat II and Nde I sites at its C-terminus was cloned into the Sac II and Not I sites, which lies upstream of the PGKneo cassette flanked

by two loxP sites, of the pPGKneobpAlox2PGKDTA vector (generously provided by P. Soriano, Mount Sinai School of Medicine,

NY, USA). Biotin-3xFLAG (50-GGGTCCGGCCTGAACGACATCTTCGAGGCTCAGAAAATCGAATGGCACGAAGGCGCGCCGAGCTC

GAGGGACTACAAAGACCATGACGGTGATTATAAAGATCATGACATCGACTACAAGGATGACGATGACAAG-30) was cloned into the

Aat II and Nde I sites of the 50 homologous arm with a stop codon. The 30 homologous arm (chr17:44740547-44744853) was cloned

into the Sal I site, which lies downstream of the PGKneo cassette, of the pPGKneobpAlox2PGKDTA vector. The targeting vector was

linearized with Sac II and introduced by electroporation into 129/Sv3 C57BL/6J F1 hybrid ES cells (v6.5). After the expansion of the

G418-resistant clones, homologous recombination was screened using long-range PCR. The primer sequences used in the

screening were as follows: P1, 50-tgacttctttccgttttaaattaccc-30 (in 50 external region); P2, 50-atctttataatcaccgtcatggtctt-30 (Biotin-
3xFLAG sequence); P3, 50-tggttaggcaaatttggatttaatag-30 (50 homologous arm); P4, 50-gaggattgggaagacaatagcag -30 (Neo

sequence); and P5, 50-atattcatcttgaaagcgctacaaac-30 (30 external region). Correctly targeted ES cells were injected into

B6D2F1 3 C57BL/6 blastocysts to generate chimeric mice. Runx2BioFL�Neo/+ mice were then crossed with Sox2-Cre transgenic

mice (Hayashi et al., 2002) to remove the PGKneo cassette. The following primers were used for PCR genotyping of Runx2BioFL/+

(Figure 2C): P6, 50-ttgcaagatcatgactagggatt-30; and P7, 50-ccccaactgttttgaattctagc-30. Runx2BioFL/BioFL mice were maintained on a

C57BL/6J background. Postnatal day 1 (P1) males and females of the mice were used in this study.

To generate Sp7 enhancer transgenic reporter mice (Sp7Enh-Ob-lacZ::GFP), the Sp7 enhancer region (chr15:102207000–

102208800, mm9) was cloned into the Hsp68-lacZ::nGFP reporter construct (Peterson et al., 2012). The entire reporter cassette

was purified by electroelution. Transgenic founders were generated by pronuclear injection of the transgene DNA into 100 fertilized

zygotes and subsequent transfer of the zygotes into the oviducts of pseudopregnant wild-type ICRmice. For the G0 transgenic anal-

ysis, 200 injected zygotes were harvested. After the F0 animals were genotyped and the transgenic animals were bred to confirm

germline transmission, the Sp7Enh-Ob-lacZ::GFP transgenic reporter mice were maintained on a C57BL/6J background. E16.5

and E17.5 males and females of the mice were used in this study.

To generate the Sp7 enhancer knockout (Sp7Enh-Ob+/) mouse line, Cas9-mediated removal of the Sp7 enhancer

(chr15:102207224-102208686) was performed. The following single guide RNA (sgRNA)-target sequences flanking the enhancer

were identified using the CRISPR Design Tool (crispr.mit.edu): 50 sgRNA-1: ggcatctccaccgcttacgctgg; 50 sgRNA-2: ccaccgct
tacgctggccacct; 30 sgRNA-1: ccaagaagttagacggggatggg; and 30 sgRNA-2: gggtggtatcccgttatttttgg. Cas9 protein (Guide-it recom-

binant Cas9 protein, TaKaRa) and sgRNA (Fasmac) were delivered by electroporation to C57BL/6J embryos at the pronuclear stage

as described previously with slight modifications (Hashimoto and Takemoto, 2015). Briefly, the embryos were washed three times

with Opti-MEM I (Thermo Fisher Scientific) supplemented with 0.1% polyvinylalchol (PVA) and once with 0.1% PVA-Opti MEM I con-

taining Cas9 protein (100 ng/mL) and four sgRNAs (25 ng/mL each). The embryos were then placed in a line in the gap of an electrode

(LF501PT1-10, BEX, Tokyo, Japan) filled with RNA containing 0.1% PVA-Opti-MEM I (total volume: 5 mL), and electroporation was

performed using a CUY21EDIT II electroporator (BEX). After electroporation, the embryos were cultured in mWMand transferred into

the oviducts of 0.5-day-post-coitum ICR recipients. After the F0 animals were genotyped and the knockout animals were bred to

confirm germline transmission, Sp7Enh-Ob+/� mice were maintained on a C57BL/6J background. To minimize the off-target effects

of sgRNAs, Sp7Enh-Ob+/� mice were used for experiments after five generations. The following primers were used for the PCR gen-

otyping of Sp7Enh-Ob+/� (Figure S7): P1, 50-ggcatgcaggttttaaagttcagtg-30; P2, 50-gcttgtcatcgtcatccttgtagtc-30; and P3, 50-ttcat
gaatgtctgtgtgagggtgt-30. Sp7Enh-Ob+/� mice were maintained on a C57BL/6J background. E17.5 males and females and

10-week-old males of the mice were used in this study.

The R26RtdTomato reporter mouse line (Madisen et al., 2010) was obtained from the Jackson Laboratory. The R26RtdTomato reporter

andSp7-EGFP:CreBAC transgenic reporter (Rodda andMcMahon, 2006) mouse lines weremaintained on a C57BL/6J background.

Runx2-flox mice were generated by Dr. Taku Saito at the University of Tokyo (Nagata K et al., unpublished data). E18.5 males and

females of the compound mice, Sp7-EGFP::Cre; R26RtdTomato;Runx2-flox, were used in this study.

Transgenic reporter mouse lines of Col2a1-ECFP (Chokalingam et al., 2009) and Col10a1-mCherry (Maye et al., 2011) were main-

tained in ICR mice. P1 males and females of the mice were used in this study.

All experimental protocols were approved by the Institutional Animal Care and Use Committee of the University of Southern Cal-

ifornia, Los Angeles, CA (IACUC #11830 and #11892) and the Animal Care and Use Committee of the University of Tokyo, Tokyo,

Japan (approval number P17-037). All mouse experiments in this study were carried out in accordance with the recommendations
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in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health, USA, and the Animal Care and Use Com-

mittee of the University of Tokyo, Japan.

Cloning and culture of cells in vitro

NIH3T3 (CRL-1658, ATCC), MC3T3-E1 (CRL-2593, ATCC), HEK293T (CRL-3216, ATCC), Plat-E (RV-101, Cell Biolabs), and COS-7

(CRL-1651, ATCC) were used in this study. NIH3T3, HEK293T, Plat-E, and COS-7 cells were cultured in high-glucose Dulbecco’s

modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. MC3T3-E1 cells were

cultured in alpha-MEM (A10490-01, Life Technologies) containing 10% FBS and 1% penicillin/streptomycin (10% FBS/alpha-

MEM). For osteoblast differentiation, cells were cultured in 10% FBS/DMEM supplemented with 50 mg/mL ascorbic acid phosphate,

10 mM b-glycerophosphate, and 100 ng/mL recombinant human bone morphogenetic protein (BMP)2 (rhBMP2, 355-BM, R&D). All

cells were grown at 37�C in a humidified incubator with 5% CO2.

Primary osteoblasts were isolated from osteoblast-enriched partial calvarias consisting of the frontal bone and a rostral part of the

parietal bone (Hojo et al., 2016). The partial calvaria was digested in five changes of 0.1%collagenase D (Roche Applied Science) and

0.2% Dispase (383–02281, Fujifilm) for 10 min each at 37�C. Cells were cultured in the osteogenic medium containing 10% FBS/

DMEM supplemented with 50 mg/mL ascorbic acid phosphate, 10 mM b-glycerophosphate, and 100 ng/mL rhBMP-2.

For the Runx2 gain-of-function analysis, NIH3T3cells were transduced with retroviruses produced by Plat-E retrovirus packaging

cells transfected with either pMx-GFP or pMX-Runx2BioFL. Blasticidin selection was performed after transduction at 10 mg/mL for

2 days. Cells were then cultured in 10% FBS/DMEM supplemented with 50 mg/mL ascorbic acid phosphate, 10 mM b-glycerophos-

phate, and 100 ng/mL rhBMP-2. Alkaline phosphatase (ALP) staining was performed as previously described (Hojo et al., 2012).

To establish a stable Cas9-expressing osteoblast cell line, MC3T3-E1 cells were transduced with lentiviruses produced by the

transfection of pKLV2-EF1aBsd2ACas9-W (Tzelepis et al., 2016), psPAX2 (Addgene Plasmid #12260, Cambridge, MA), and

pMD2.G (Addgene Plasmid #12259) using Fugene HD transfection reagent (E2311, Promega) in 293T cells. Blasticidin selection

was performed 2 days after transduction at 10 mg/mL for 3 days. By limited dilution, single clones were plated in each well of

96-well plates and expanded. A positive clone was selected based on Cas9 expression and normal osteoblast differentiation in

an osteogenic medium. Clone #76 was used in this study (Figures S6A and S6B).

To establish Sp7Enh-Ob knockout cells, we used a dual gRNA expression lentiviral vector called pKLV2.2-mU6gRNA5(SapI)-

hU6gRNA5(BbsI)-PGKpuroBFP-W (Addgene Plasmid #72667) (Tzelepis et al., 2016). The following gRNA sequences were inserted

into the vector: gRNA1, GGCATCTCCACCGCTTACGC and gRNA2, GCAAGAAGTTAGACGGGGAT (chr15:102207224-102208686).

The lentivirus carrying these gRNAs was transduced into clone #76 MC3T3-E1 cells stably expressing Cas9. Puromycin selection

was performed 2 days after transduction at 4 mg/mL for 3 days. By limited dilution, single clones were plated in each well of

96-well plates and expanded. Three Sp7Enh-Ob+/� clones were selected based on Sanger sequencing with genomic DNA and

used for differentiation assays (Figures S6C and S6D).

METHOD DETAILS

Cell extraction for FACS-sorting and ChIP-seq
To isolate rib chondrocytes, wemanually dissected rib cartilage to include columnar cartilage and part of mineralized cartilage, but to

exclude the vascularized bone marrow. For FACS-sorting, the ribs were initially digested in 2 mg/mL Pronase (53702, EMDMillipore

Corporation) for 30 min at 37�C, washed three times with phosphate buffered saline (PBS), and then digested in 0.2% collagenase D

(1088858, Roche Applied Science) for 3 h at 37�C. For ChIP-seq experiments, the ribs were digested in 2 mg/mL Pronase for 1 h at

37�C, washed three times with PBS, and then digested in 0.67 units/mL Liberase TM (5401119001, Sigma-Aldrich) for 2 h at 37�C. To
isolate calvarial osteoblasts for both FACS-sorting and ChIP-seq experiments, we manually dissected osteoblast-enriched partial

calvarias consisting of the frontal bone and a rostral part of the parietal bone (Hojo et al., 2016). The partial calvarias were digested

in five changes of 0.1% collagenase D and 0.2% dispase for 10 min each at 37�C. For FACS, cells were resuspended in PBS con-

taining 2% FBS and then filtered through a 40-mm nylon cell strainer (352340, BD Falcon). FACSAria II and FACSMelody (BD Biosci-

ences, Franklin Lakes, NJ) were used for FACS analysis.

Skeletal staining, histology, and radiological analysis
Whole mount skeletons were stained with 0.05% alizarin red (A5533, Sigma-Aldrich) and 0.15% alcian blue 8GX (A5268, Sigma-

Aldrich), and then transferred with glycerol/KOH solutions from 20% glycerol/1% KOH to 80% glycerol/1% KOH. For whole-mount

lacZ staining, reporter mice were fixed in 1% formaldehyde and 0.2% glutaraldehyde in PBS for 90 min, stained in X-gal for 2 h at

37�C, and cleared in 80% glycerol/PBS. For histological analysis with alcian blue and von Kossa staining, sections were stained

with 1% aqueous silver nitrate (196–00831, Fujifilm) solution and 1% alcian blue (pH 2.5, 8GX, Sigma-Aldrich) solutions. Unreacted

silver was removed using 5% sodium thiosulfate. Counterstaining was performed using nuclear fast red staining. Micro-computed

tomography (mCT) scanning of the harvested femurs was performed using a microfocus X-ray CT system SMX-90CT (Shimadzu,

Kyoto, Japan); the three-dimensional construction software package TRI/3D-BON (Ratoc System Engineering, Tokyo) was used

for quantitative analysis.
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Immunohistochemistry
Tissueswere fixed in 4%paraformaldehyde (PFA)/PBS for 1 h at 4�Cand soaked in 30%sucrose/PBS overnight at 4�C. After embed-

ding in OCT compound, cryosections were cut into 12 mm-thick sections. The sections were blocked with 3% bovine serum albumin

(A7960, Sigma-Aldrich) and 1% heat-inactivated sheep serum (S2263, Sigma-Aldrich) in PBSwith Tween 20. The sections were then

incubated with primary antibodies overnight at 4�C, followed by incubation with secondary antibodies for 1 h at room temperature,

and mounted with Immu-Mount (99-904-02, Fisher Scientific). The following antibodies were used in the study: anti-Runx2 (1:1,000

with sc-10758X or 1:50 with sc-10758, Santa Cruz Biotechnology), anti-FLAG M2 (1:500, F1804, Sigma-Aldrich), anti-Sp7 (1:5,000,

ab22552, Abcam), Alexa Fluor 488 (1:500, secondary anti-rabbit, Life Technologies), Alexa Fluor 546 (1:500, secondary anti-rabbit;

anti-mouse, Life Technologies), and Alexa Fluor 647 (1:500, secondary anti-rabbit, Life Technologies). For immunostaining with anti-

mouse antibodies, a Mouse on Mouse (M.O.M.) Basic Kit (BMK-2202, Vector Laboratories) was used.

RT-qPCR analysis
Total RNA was extracted and purified using an RNeasy mini kit (74106, Qiagen) and reverse-transcribed into single-strand comple-

mentary DNA using a ReverTra Ace qPCR RT Master Mix kit (FSQ-301, Toyobo) according to the manufacturer0s instructions. qPCR
was performed using a FastStart Universal SYBRGreenMaster kit (4913850, Roche) on a 7500 Fast Real-Time PCRSystem (Applied

Biosystems). The expression of target genes was normalized to that of the reference gene (Actb). The primers used in this study are

listed in Table S7.

Western blotting
Whole-cell lysates or nuclear proteins were isolated using RIPA Lysis and Extraction Buffer (89900, Thermo Fisher Scientific) or NE-

PER nuclear and cytoplasmic extraction reagents (PI78833, Thermo Fisher Scientific), according to the manufacturer0s protocol.

Standard protocols were used for western blotting and immunostaining. Immunoblotting images were captured using a LAS-4000

luminescent image analyzer (GE Fujifilm). All antibodies used in this study are listed in the key resources table.

Luciferase reporter assay
Sp7 enhancer region (chr15:102207000–102208800, mm9, called as Sp7Enh-Ob in this study) was cloned into the pGL4.23 lucif-

erase vector. For site-directed mutagenesis in a Runx motif in the reporter (pGL4.23-Sp7Enh-Ob-mut), PCR with the following

primers were used: forward: TTACGATTGCTGGGAGTCGCGTCC; reverse: TCGGGACCGCAGATATGCAGCT. Cells were plated

onto 24-well plates, and 0.4 mg of a DNAmixture containing a firefly luciferase reporter driven by tested regulatory elements, a thymi-

dine kinase promoter-renilla luciferase reporter, and effector plasmids were introduced by Fugene HD transfection reagent (E2311,

Promega). Forty-eight hours after transfection, luciferase activity was measured using the Dual-Luciferase Reporter Assay System

(E1910, Promega) with a GloMax 96 Microplate Luminometer (Promega).

EMSA
Nuclear extracts were prepared from COS7 cells transfected with either GFP or Runx2-BioFL expression vectors were prepared as

previously described (Dignam et al., 1983). Nuclear protein extract (1 mg) was used for the binding reaction. The binding mixture con-

tained 50 mM KCl, 25 mM HEPES-KOH (pH 7.9), 5 mMMgCl2, 1 mMDTT, 12% glycerol, 0.1% NP-40, 0.5 mg of Poly d(I-C), and 100

fmol of the Biotin-labeled probe. The binding reaction was performed on ice for 30 min. For competition analysis, unlabeled probes

were added at a 100-fold molar excess. For the supershift assay, 1 mg of anti-FLAGM2 antibody (Sigma-Aldrich, F1804), anti-Runx2

antibody (ab76956, Abcam), or non-immune IgG (ab46540, Abcam) were incubated with the nuclear protein extract in the binding

mixture on ice for 30 min prior to the addition of probes. Images of the EMSA were captured using an LAS-4000 luminescent image

analyzer. The sequences of the probes used in this study are listed in Table S7.

ATAC reaction
ATAC-seq was performed as previously described (Buenrostro et al., 2013). Briefly, 10,000–50,000 cells were collected and lysed

using lysis buffer containing 10 mM Tris-HCl, 10 mMNaCl, 3 mMMgCl2, and 0.1% IGEPAL CA-630. Tn5 transposase reaction using

the Tagment DNA Enzyme 1 (TDE1) (Illumina, catalog # 15027865) was carried out at 37�C for 30 min. The reacted DNA was purified

using a MinElute PCR purification kit (28004, QIAGEN) and amplified for 8–15 cycles to produce libraries for sequencing. The ATAC-

seq libraries were sequenced on an Illumina HiSeq X sequencer. Two or three biological replicates were analyzed.

Chromatin immunoprecipitation and DNA sequencing
Protein-DNA complexes were crosslinked with 1% formaldehyde, and the crosslinking was quenched by the addition of 1 M glycine.

After washing with PBS three times, cells were lysed in lysis buffer (50 mM HEPES-KOH pH7.5, 140 mM NaCl, 1mM EDTA, 10%

glycerol, 0.5% NP40, 0.25% Triton-X 100) at 4�C with agitation for 10 min, then washed with Buffer 2 (200 mM NaCl, 1 mM

EDTA, 0.5 mM EGTA, 10 mM Tris-HCl pH8.0) for 10 min at room temperature. Chromatin was fragmented by sonication (Branson

Digital Sonifier with Microtip) in Buffer 3 (1 mMEDTA, 0.5 mMEGTA, 10 mMTris-HCl pH8.0) to obtain 100–600 bp of DNA fragments.

Lysates were cleared by centrifugation and supplemented with NaCl, NaDeoxycholate, TritonX 100, and Sarkosyl (L9150, Sigma-

Aldrich) to final concentrations of 130 mM, 0.13%, 1.3%, and 0.5%, respectively. Dynabeads (Life Technologies) were blocked
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with a blocking buffer (5 mg/ml BSA in PBS) and incubated with antibodies in the blocking buffer overnight. The unbound antibody

was removed by extensive washes with blocking buffer. The bead/antibody complex was incubated with the lysate overnight at 4�C.
Beads were washed five times with RIPA buffer (1% NP40, 0.7% NaDeoxycholate, 1 mM EDTA, 50 mM HEPES-KOH pH7.5, and

0.5 M LiCl). DNA was eluted by heating the beads in an elution buffer (50 mM Tris-HCl pH8.0, 10 mM EDTA, and 1% SDS) at

65�C for 15 min, and the eluate was incubated overnight at 65�C for reverse crosslinking. DNA was purified using a MinElute PCR

Purification Kit. All buffers were supplemented with a protease inhibitor cocktail mix (04,693,159,693159001, Roche). ChIP-seq li-

braries were constructed using a ThruPLEX�-FD Prep Kit (R40012, Rubicon Genomics) according to the manufacturer’s instruc-

tions. Library quality was validated using a Bioanalyzer (Agilent) before sequencing on Hiseq X and NextSeq500 (Illumina) platforms.

Information about the antibodies is listed in the Key Resources Table. We used 5 mg of antibodies for one ChIP experiment.

Bulk RNA-seq
Total RNA was extracted and purified using an RNeasy mini kit (74,106, Qiagen) or RNeasy micro kit (74,004, Qiagen). For RNA-seq

with rib chondrocytes sorted from Col2a1-ECFP and Col10a1-mCherry mice at P1, 100 ng of total RNA was subjected to analysis.

RNA quality was confirmed by Experion (700–7105, Bio-lad) analysis, and the RNA libraries were constructed using a Tru-Seq

Illumina kit (RS-122-2001, Illumina) with some modifications. For RNA-seq with tdTomato-sorted calvarial cells isolated from Sp7-

EGFP:Cre;Runx2fl/+;R26RtdTomato and Sp7-EGFP:Cre;Runx2fl/fl;R26RtdTomato at E18.5, 1.7 ng of total RNA was subjected to the

analysis. RNA quality was confirmed using a Bioanalyzer with an RNA6000 pico kit (5067-1513, Agilent), and the RNA libraries

were constructed using a SMARTer Stranded Total RNA-Seq Kit v2 Pico Input Mammalian (634,411, Takara). Library quality was

validated using a Bioanalyzer (Agilent) before sequencing on Hiseq X and NextSeq500 (Illumina) platforms. Two or three biological

replicates were analyzed.

CROP-seq analysis
Individual gRNA cassettes were annealed from two oligonucleotides and cloned into lentiviral CROPseq-Guide-Puro vectors (Addg-

ene Plasmid #86708) as previously described (Datlinger et al., 2017). The cloning of gRNAs in CROPseq-Guide-Puro vectors was

performed by restriction enzymes, confirmed by Sanger sequencing, and pooled as the gRNA library. The lentiviral library was pre-

pared in 293T cells by transfection of the pooled library plasmid psPAX2 (Addgene Plasmid #12260) and pMD2.G (Addgene Plasmid

#12259) using Fugene HD transfection reagent (E2311, Promega). The lentiviral library was transduced into #76 MC3T3-E1 cells sta-

bly expressing Cas9 (Figure S6A and S6B). We used the lentivirus at multiplicity of infection 2 in 1.03 106 cells. Two days after trans-

duction, cells were cultured in an osteogenic medium containing 50 ng/mL rhBMP2, 10 mg/mL blasticidin, and 5 mg/mL puromycin for

7 days. The single-cell suspension was prepared by enzyme digestion with trypsin-EDTA solution 1X (Wako, 206–17291). Single-cell

RNA-seq (scRNA-seq) was performed with chromium platform chromium (10x Genomics) using Chromium Single Cell 30 Library &

Gel Bead Kit v2 (10x Genomics, PN-120237), Chromium Single Cell A Chip Kits (10x Genomics, PN-120236), and Chromium Multi-

plex Kit (10x Genomics, PN-120262). Library quality was validated using a Bioanalyzer (Agilent) before sequencing on Hiseq2500

(Illumina) platforms. Paired-end sequences of 26 bp and 98 bp were performed. The gRNA sequence, oligo DNA sequence, and tar-

geted putative enhancer coordinates are listed in Table S7.

QUANTIFICATION AND STATISTICAL ANALYSIS

General statistical analysis
For statistical analysis, R was used. The number of replicates is indicated in the figure legends. Student0s t test and Tukey-HSD anal-

ysis were used as indicated in the figure legends. Statistical details are written in the figure legends.

ATAC-seq, ChIP-seq, and bulk RNA-seq
For ATAC-seq andChIP-seq, the sequence readswere trimmed using Trimomatic-0.33 (Bolger et al., 2014) and aligned to themouse

genome reference sequence mm9 by Bowtie aligner (Langmead et al., 2009). Peak calling was performed by two-sample analysis

using CisGenome software (Ji et al., 2008) with a p-value cutoff of 10�5 compared with the input control. Peaks were incorporated

into further analysis, displaying an FDR of <0.01. For RNA-seq, the sequence reads were trimmed by Trimomatic-0.33 (Bolger et al.,

2014) and aligned to the mouse genome reference sequence mm9 using Tophat-2.1.0 (Trapnell et al., 2009). Quantification of gene

expression and differentially expressed gene analysis were performed using Cufflinks/Cuffdiff 2.2.1 (Trapnell et al., 2010, 2012). The

data fromCufflinks/Cuffdiff 2.2.1 were output as fragments per kilobase of transcript per million mapped reads (FPKM) values, which

is a normalized count of a transcript0s abundance.

In the analysis in Figure 1A, PCA was performed using the R package factoextra and visualized as plots using ggplot2 (Hadley,

2016). For analyzing ATAC-seq data, we used selected ATAC-seq peaks based on raw fe > 30. For analyzing RNA-seq data, we

used selected genes based on fpkm >2. In Figure 1C, the correlation matrix was created by the R function "cor" and the correlation

heatmapwas generated using the ggplot2 package in R. The correlationmatrix was reordered according to the correlation coefficient

using hierarchical clustering. The values of the correlation coefficients are shown in the heatmap. All peak regions were unified to

obtain ATAC-seq peak intensity. Then, ATAC-seq tag densities within a 150 bp window were calculated using the HOMER package

(Heinz et al., 2010) and normalized using the quantile normalized method (LeMartelot et al., 2012). For analysis in Figure 1D, we used
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selected ATAC-seq peaks with the normalized peak intensity based on the following criteria: raw fe > 30, fold change >5, and p

value < 0.05, for cell-type specific regions. Heatmaps were generated using the Homer program (Heinz et al., 2010) and Java

TreeView software (Saldanha, 2004). Gene ontology analysis was performed using the online Genomic Regions Enrichment of An-

notations Tool (GREAT), version 3.0.0 (McLean et al., 2010) with default settings. To examine the distribution of the consensus motifs

in the peaks, we mapped each position weight matrix (PWM) back to the whole mouse genome mm9 using a likelihood ratio (LR)

cutoff of 500, compared to a pre-calculated third-order Markov chain backgroundmodel; peaks are normalized to a 2,000 bpwindow

at the peak center (Figure 1F). Each PWMwas obtained from a previous study (Hojo et al., 2016; Ohba et al., 2015). Peak-associated

genes were obtained from GREAT analysis with the default setting.

In Figure 2, peak distribution in the genome and gene ontology were performed usingGREAT version 3.0.0 (Figures 2H and 2I). TSS

peaks and distal peaks were defined as peaks <500 bp from the nearest TSS and >500 bp from the nearest TSS, respectively. In

Figure 2J, de novo motif analysis was performed using the HOMER package (Heinz et al., 2010).

In Figure S2, we performed a pairwise comparison of normalized peak intensities between the chondrocyte Runx2 ChIP-seq peaks

and osteoblast Runx2 ChIP-seq peaks using the DiffBind package (Ross-Innes et al., 2012). The correlation analysis was performed

in the DiffBind with default setting (Figure S2A). The normalized ATAC-seq peak intensity was obtained using Homer annotate-

Peaks.pl command with the default setting (Figure S2C). To identify the Runx2 bound region at closed chromatin in a cell type,

we calculated the normalized peak reads in ATAC-seq and Runx2 ChIP-seq using the DiffBind package (Figure S2E). We extracted

chondrocyte Runx2 peaks where the normalized reads in ATAC-seq of C10-Cho were less than 1 and osteoblast Runx2 peaks where

the normalized reads in ATAC-seq of S7-Obwere less than 1. Heatmapswere generated using theHomer program (Heinz et al., 2010)

and Java TreeView software (Saldanha, 2004).

In Figure 3, to identify the cell-type specific- or shared-genomic regions where both Runx2 binding and chromatin accessibility

were enriched, we performed the pairwise comparison using DiffBind. In the analysis, the chondrocyte signatures were obtained

by grouping chondrocyte Runx2 ChIP-seq profiles and C10 ATAC-seq profiles, and the osteoblast signatures were obtained by

grouping osteoblast Runx2 ChIP-seq profiles and S7-ATAC-seq profiles. DiffBind was applied with the parameters "summits =

15000 in the step of "dba.count" to resize peaks. The statistical analysis in the pairwise comparison provided the mean of normalized

peak reads in each group, the fold change (FC) of the values in each genomic region between the two groups, and the false discovery

rate (FDR) for each region. In the analysis, we used a default setting of DiffBind that used the DESeq2 package for differential peak

intensities. We selected genomic regions displaying cell type-specific Runx2-DNA binding and accessible chromatin by the following

three criteria: (1) FC > 2, (2) FDR <0.05, and (3) genomic regions called as peaks in all replicates of Runx2 ChIP-seq and ATAC-seq in

the cell type but not called in any replicates of ChIP-seq or ATAC-seq in its counterpart cell types. Similarly, the shared Runx2 peaks

in both chondrocytes and osteoblasts were selected by the following three criteria: (1)�2% FC% 2, (2) FDR >0.05, and (3) genomic

regions called peaks in all replicates of Runx2 ChIP-seq and ATAC-seq in both chondrocytes and osteoblasts.

Figure 3Cshows motif analysis performed using Homer under default settings. Motifs were selected using the following criteria:

"p value < 1.0e-5000 and "% of the target sequence with motif >10%" As shown in Figure 3E, transcription factors were selected

based on FPKM >5. The Z score was calculated using the log2 transformed FPKM+1 value among the members of transcription fac-

tors. Heatmaps were generated using heatmap.2. Figure 3F shows peak intersections performed using BEDTools v.2.16.2 (Quinlan

and Hall, 2010). The normalized ATAC-seq peak intensity was obtained using Homer annotatePeaks.pl command with the default

setting. As shown in Figure 3G, statistical analysis was performed using one-way ANOVA with post-hoc Tukey-HSD.

In Figure 4, to identify the differential binding regions between genotypes, DiffBind was applied with the following parameters

‘‘summits = 150’’ in the step of "dba.count" to resize peaks. PCA plot was also generated by DiffBind using the normalized peak in-

tensity. To obtain statistically different chromatin-accessible regions, we selected the peaks based on FDR <0.05. Peak distribution

in the genome was analyzed using GREAT version 3.0.0. Histograms and heatmaps were generated using Homer within a 2-kb win-

dow, and the heatmap was visualized using Java TreeView (Saldanha, 2004). Intersected peaks shown in Figure 3F were used

(Figure 4L).

In Figure 5, to identify Runx2-responsive and osteoblast induction-responsive regions, DiffBind was applied with the following pa-

rameters "summits = 25000 in the step of "dba.count" to resize peaks. Pairwise comparison was performed on ATAC-seq profiles be-

tween (1) day 0 GFP-expressing cells vs. day 0 Runx2-expressing cells; (2) No-transduction cells (None) vs. day 0 Runx2-expressing

cells. We then selected chromatin regions that showed significant increases in ATAC-seq signals based on the following criteria: FDR

<0.05, fold change >4. By further intersections with these selected regions, we obtained shared regions as Runx2-mediated open

chromatin regions at day 0. Similarly, we performed a pairwise comparison with ATAC-seq profiles between (1) day 3 GFP-express-

ing cells vs. day 3 Runx2-expressing cells; (2) None vs. day 3 Runx2-expressing cells. Using the same criteria of FDR <0.05, fold

change >4, and following intersection, we selected peaks as Runx2-and osteogenic induction-mediated open chromatin regions

on day 3. Finally, to obtain the genomic regions where chromatin was closed at day 0 in Runx2-expressing cells, we performed inter-

section to obtain Runx2-and osteogenic induction-mediated open chromatin regions on day 3where chromatin was closed on day 0.

Heatmaps and histograms were generated using Homer within a 2-kb window, and the heatmap was visualized using Java TreeView

(Saldanha, 2004).
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CROP-seq analysis
To map sequence reads, gRNA sequences were aligned to the mm10 reference genome. Cellranger v2.0.0 (Zheng et al., 2017) was

used as the reference genome. A gene expression matrix was generated by collecting cells that had one gRNA sequence and was

used for further analysis. To identify differentially expressed genes between cells with and without Runx2 sgRNA, DEsingle (Miao

et al., 2018) was performed with raw read counts. 47 genes were identified to be significantly downregulated in cells carrying

Runx2 sgRNA. To determine the effects of sgRNAs targeting putative enhancers on the expression of the identified 47 genes,

fold-change gene expression was calculated with normalized read counts of cells carrying sgRNAs and the negative control. The

values were further transferred to z-scores to determine the distribution of the fold change across the genes. Differentially expressed

genes were defined as those with an FDR <0.05. Gene ontology analysis was performed using g:Profiler (Raudvere et al., 2019). Violin

plots were generated using ggplot2 with normalized read counts. Statistical analysis was performed using Tukey-HSD.
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Figure S1 (related to Figures 1 and 2). Reporter activities and ATAC-seq profiles of Col2a1-ECFP, Col10a1-

mCherry, and Sp7-EGFP, Runx2 expression, and interactions of Runx2 and Cbfβ in genome. 

(A,B) Native expression of reporter fluorescence and immunohistochemistry for Runx2 of the ribs and calvariae at P1. 

Col2a1-ECFP and Col10a1-mCherry double transgenic mice were used for rib staining (A). Sp7-EGFP was used for 

calvarial staining (B). DAPI (white) indicates the nucleus in the merged images. Enlargement of the boxed regions is 

shown. Representative images obtained from biological duplicates are shown. Scale bar: 100 μm.  

(C) CisGenome browser screenshots showing chromatin accessibility (left) and the corresponding gene expression in 

skeletal cell types (right). Peaks highlighted in gray indicate chromatin accessible regions shared between C2-Cho and 

C10-Cho in the flanking regions of Col11a1 (upper panel); an accessible region shared between C10-Cho and S7-Ob in 

the flanking regions of Phospho1 (middle panel); and an accessible region shared between C2-Cho and S7-Ob in the 
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flanking regions of Nfib (lower panel). Representative data obtained from biological triplicates (left) and normalized 

values from biological triplicates (right) are shown. 

(D) Venn diagram showing the overlap between Runx2 ChIP-seq peaks and Cbfβ ChIP-seq peaks in P1 chondrocytes. 

Numbers of each ChIP-seq peaks and the overlapped peaks are shown. 

(E) De novo motif analysis of Cbfβ ChIP-seq peaks. TSS peaks and distal peaks were defined as peaks < 500 bp from the 

nearest TSS, and > 500 bp from the nearest TSS, respectively. Peak numbers in each data sets and the p-value of motifs 

are shown. 
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Figure S2 (related to Figure 2 and 3). Comparison analysis of Runx2–DNA binding signatures between 

chondrocytes and osteoblasts and associations with chromatin signatures in skeletal cell types. 

(A) Correlation analysis of Runx2–DNA associations in between chondrocytes and osteoblasts. Signal intensities in the 

whole Runx2 ChIP-seq peaks (left), those in the regions located within 500 bp from the nearest TSS regions (TSS peaks), 

and those in the distal regions far more than 500 bp from the nearest TSS regions (Distal regions) were used. Color 

indicator represents correlations among profiles in normalized read counts. Profiles of biological duplicates were ised. 

(B, C) Heatmaps (B) and box plots (C) showing signal intensities of the indicated ATAC-seq in the distal Runx2 peak 

regions in chondrocytes and osteoblasts. Color indicator represents intensity of the normalized reads in the ATAC-seq 

profiles. In Figure S2C, y-axis value is log2 (normalized reads +1). *p < 0.01 vs. normalized reads in biological triplicates 

with the one factor-associated site (Tukey-HSD analysis).  

(D) CisGenome browser screenshots showing the cell type-distinct Runx2 binding regions and the chromatin 

accessibility.  

(E) Heatmaps showing signal intensities of chromatin accessibility and Runx2-DNA binding in the Runx2 peaks at the 

closed chromatin regions in chondrocytes and osteoblasts. 488 regions of chondrocyte Runx2 peaks at closed chromatin 

regions in Col10-positive chondrocytes (C10-Cho), and 87 regions of osteoblast Runx2 peaks at closed regions in Sp7-

positive osteoblasts (S7-Ob) were extracted. The color indicator represents the intensity of the normalized reads in the 

ATAC-seq profiles (left) and Runx2 ChIP-seq profiles (right). 

(F) De novo motif analysis of the selected regions is shown in (E). The top three enriched motifs are shown. 

(G) GREAT GO annotations of the chondrocyte Runx2 peaks, having the Runx consensus motif at closed chromatin 

regions in C10-Cho cells. The top three enriched terms are shown.  

(H) CisGenome browser screenshot showing a Runx2 peak at closed chromatin regions. 
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Figure S3 (related to Figure 3). ChIP-seq studies for chondrocyte Foxa2 and osteoblast Jun. 

(A) Genome-wide distribution of Foxa2-associated regions relative to TSSs in chondrocytes (Cho). The total number of 

Foxa2-associated regions is indicated.  

(B) GREAT GO annotations of Foxa2-associated regions showing the top three enriched terms. TSS regions and distal 

regions were separately analyzed. 

(C) De novo motif analysis of top 1,000 Foxa2-associated regions in chondrocytes. The most enriched motif is shown. 

(D) Genome-wide distribution of Jun-associated regions relative to transcriptional start sites (TSSs) in osteoblasts (Ob). 

The total number of Jun-associated regions is indicated.  

(E) GREAT GO annotations of Jun-associated regions showing the top three enriched terms. TSS regions and distal 

regions were separately analyzed. 

(F) De novo motif analysis of top 1,000 Jun-associated regions in osteoblasts. The most enriched motif is shown. 
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Figure S4 (related to Figure 4). Effects of Runx2 ablation on gene expression and chromatin accessibility in 

osteoblasts. 

(A) Gene expression analysis of Runx2 cHet-KO and cHom-KO mice at E18.5 by RNA-seq analysis. cHet and cHom 

indicate tdTomato-positive cells sorted from Sp7-EGFP::Cre;Runx2fl/+;R26RtdTomato calvarias, and Sp7-

EGFP::Cre;Runx2fl/fl;R26RtdTomato calvarias, respectively. Relative gene expression is shown. *p < 0.05; N.S.: not 

 



 
 

7 
 

significant. Normalized values from biological duplicates were used. 

(B) CisGenome browser screenshots showing regions with the significantly decreased chromatin accessibility by Runx2 

deficiency. ChIP-seq for Runx2-BioFL, Sp7-BioFL and Jun in P1 osteoblasts were followed.  

(C) GREAT GO annotations of the osteoblasts Sp7 peaks (upper panel) and Jun peaks (lower panel) where ATAC signals 

was significantly decreased by Runx2 cKO. The top five enriched terms are shown.  

(D) A CisGenome browser screenshot showing the significantly increased chromatin accessible regions by Runx2 

deficiency. ChIP-seq signals for Runx2-BioFL, Sp7-BioFL and Jun in P1 osteoblasts are also shown. 
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Figure S5 (related to Figure 5). mRNA and protein expression of Runx2-BioFL in NIH3T3 cells.  

Runx2 mRNA expression was determined by RT-qPCR (A) and Runx2 protein expression was determined by western 

blot (B) in NIH3T3 fibroblast cells overexpressing GFP or Runx2-BioFL. Cells were cultured with either DMEM or an 

osteogenic medium for 3 days. In (A), data are presented as the means ± SD of triplicate experiments. Blotting for 

Histone H3 (H3) was used for the control. 
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Figure S6 (related to Figures 6 and 7). Osteoblast differentiation in Sp7Enh-Ob deficient MC3T3-E1 cells. 

(A) Western blot for the expression of CAS9 protein in Cas9-stable MC3T3-E1 clones. CAS9 protein was detected at 

approximately 150 kDa in clones #49 and #76.  

(B) Alkaline phosphatase staining of Cas9-stable MC3T3E1 clones. Cells were cultured in the osteogenic medium with 

the indicated concentrations of rhBMP2 for 7 days. Staining intensity was increased in a rhBMP2-dependent manner 

regardless of the clones, suggesting that osteoblast differentiation is not attenuated by Cas9-stable expression. We used 

the clone #76 in experiments shown in Figure 6. 

(C) Alkaline phosphatase staining of Sp7 enhancer-knockout (Sp7Enh-Ob+/-) and the control MC3T3-E1 cells (Mock). 
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Enhancer-knockout cells were generated using the CRISPR-Cas9 system with dual guide RNA expressions targeting the 

Sp7 enhancer. Cells were cultured in the osteogenic medium with 50 ng/ml rhBMP2 for 10 days. Staining intensity was 

decreased in Sp7Enh-Ob+/- cells compared to the control.  

(D) Expression of Sp7, Sp1, and osteoblast marker genes in Sp7Enh-Ob+/- MC3T3-E1 cells relative to the control 

(Mock). Cells were cultured in the osteogenic medium with or without 50 ng/ml rhBMP2 for 10 days. Each dot 

represents gene expression in each clone averaged by technical triplicates; red lines represent the average gene 

expression. *P < 0.05 vs. mock cells with rhBMP2 treatment. 
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Figure S7 (related to Figure 6 and 7). Chromatin accessibilities and Runx2–DNA binding profiles in the Sp7Enh 

and generation of Sp7Enh-Ob knockout mouse. 

(A,B) CisGenome browser screenshot showing chromatin accessibility and Runx2–DNA binding profiles in the flanking 
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regions of Sp7 and Sp1. The identified Sp7 enhancer region is highlighted in (A) and enlarged in (B).  

(C) Luciferase assay for the Sp7 enhancer activity. Different combinations of the indicated plasmid DNA were 

transfected into 293T cells. Data, i.e., relative light unit (RLU), are presented as the means ± SD of triplicate 

experiments. caALK6; constitutive active form of ALK6. *p < 0.05; **p < 0.01  

(D) CisGenome browser screenshot of the flanking region of the Sp7 enhancer and the experimental schematic diagram 

for the design of gRNAs and genotyping primers. 

(E) PCR genotyping analysis of Sp7Enh-Ob knockout mouse. P1 and P3 primers yielded amplification products of 

approximately 1 kb in length, P2 and P3 primers, 600 bp. 
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