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Abstract

Runt-related transcription factor 2 (Runx2) has been shown to regulate osteoblast differentiation
by directly or indirectly regulating numerous osteoblast-related genes. However, our understanding
of the transcriptional mechanisms of RUNX2 is mainly restricted to its transactivation, while
the mechanism underlying its inhibitory effect during osteoblast differentiation remains largely
unknown. Here, we incorporated the anti-RUNX2 chromatin immunoprecipitation (ChIP)
sequencing in MC3T3-E1 cells and RNA-sequencing of parietal bone from Runx2 heterozygous
mutant mice, to identify the putative genes negatively regulated by RUNX2. We identified HtrA
serine peptidase 1 (Htral) as a target gene and found ten candidate AHtral enhancers potentially
regulated by RUNX2, among which seven were verified by dual-luciferase assays. Furthermore,
we investigated the motifs in the vicinity of RUNX2-binding sites and identified early growth
response 1 (EGR1) as a potential partner transcription factor (TF) potentially regulating Htral
expression, which was subsequently confirmed by Re-ChIP assays. RUNX2 and EGR1 co-
repressed Htral and increased the expression levels of other osteoblast marker genes, such as
osterix, osteocalcin, and osteoprotegerin at the messenger RNA and protein level. Moreover,
Alizarin red staining combined with alkaline phosphatase (ALP) staining showed decreased
calcified nodules and ALP activity in the SIRUNX2+siEGR1 group compared with SIRUNX2
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group. Our findings revealed the detailed mechanism of the inhibitory function of RUNX2 towards
its downstream genes, along with its partner TFs, to promote osteoblast differentiation.
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1| INTRODUCTION

The development of bone tissue is tightly orchestrated by osteogenic cells, which are
characterized by successive developmental stages and spatiotemporal gene expression
profiles. Various key internal and external factors are related to cell differentiation,
proliferation, and apoptosis, including transcription factors, growth factors, and signaling
pathways (Vimalraj, Arumugam, Miranda, & Selvamurugan, 2015). Runt-related
transcription factor 2 (RUNX2) is an indispensable regulator of osteoblast commitment

and differentiation (Komori, 2010; Liu & Lee, 2013). The depletion of Runx2 leads to
severe defects in mineralized tissues, such as bone and cartilage (Komori et al., 1997).
Previous studies have demonstrated a significant decrease in bone formation in Runx2-

null mice, which may even die at birth due to respiratory failure (Komori et al., 1997).
Skeletal abnormalities have been observed in Runx2heterozygous mutant mice, which are
characterized by hypoplastic clavicles, open fontanels, and short stature (Otto et al., 1997).
RUNX2 is frequently associated with mineralization-related genes, such as those encoding
osteocalcin (Ocn), osterix (Osx), and bone sialoprotein (/bsp/Bsp); it forms a functionally
complicated gene-regulatory network during bone development (Nishio et al., 2006).
Previous studies have also reported that some generic factors, such as histone deacetylase-3,
reciprocally combine with RUNX2 to suppress Ocn expression (Schroeder, Kahler, Li, &
Westendorf, 2004). Transducin-like enhancer-1 (TLE-1) modulates ribosomal RNA genes
through physical association with RUNX2 during mitosis (Ali et al., 2010). These data
indicate that RUNX2 positively or negatively regulates osteoblast gene expression via
interactions with a variety of transcription factors, chromatin-modifying enzymes, and
cofactors (Nishio et al., 2006; Takahashi et al., 2017; Zhang et al., 2016). With the advent of
next-generation sequencing, RUNX2 chromatin immunoprecipitation sequencing (ChiP-seq)
has revealed novel downstream genes, signaling pathways, and transcriptional mechanisms
on a genome-wide scale (Meyer, Benkusky, & Pike, 2014; Wu et al., 2014). RNA-seq
analysis of mouse bone marrow stromal cells (BMSCs) isolated from the parietal bone of
Runx2*/~ mice (wild-type siblings as controls) identified a large number of upregulated and
downregulated genes (Liu et al., 2016). However, the reason why Runx2 haploinsufficiency
induces the expression of its downstream genes and the detailed mechanisms involved
remains unclear. In the present study, we aimed to explore the regulatory network governed
by RUNX2 and determine how RUNX2 interacts with other transcription factors (TFs)
during osteogenic differentiation. Thus, we performed a combined analysis of published
RUNX2-related RNA-seq and ChlP-seq data to find putative targets directly inhibited by
RUNX2 and related cis-regulatory elements, including enhancers. Specifically, we found
that RUNX2 repressed HtrA serine peptidase 1 (Htral) transcription by interacting with
early growth response gene-1 (EGR1).
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Egrl, an early zinc-finger transcription factor, has been reported to play a significant

role in the homeostasis of the skeletal system. Egrl-knockout mice exhibit reduced body
size, bone volume and a relatively limited degree of mineralization (Lu et al., 2018). In
addition, previous studies have shown that EGR1 regulates the chondrocyte extracellular
matrix via PPARy/RUNX2 signaling pathways (Lu et al., 2018). EGR1 also supports
biomineralization in dental stem cells by inducing the expression of DLX3 and BMP2
(Press, Viale-Bouroncle, Felthaus, Gosau, & Morsczeck, 2014). EGR1 modulates epigenetic
programming by interacting with polycomb group proteins during chondrogenesis (Spaapen
et al., 2013). Functional cooperativity of SMAD3 and EGR1 is involved in luteinizing
hormone B subunit promoter activation (Fortin & Bernard, 2010). However, the detailed
mechanism whereby EGR1 affects mineralization and extracellular matrix accumulation
during skeletal development is still unclear. Therefore, we aimed to unveil the underlying
molecular mechanisms involving RUNX2 and EGR1 during the process of osteogenic
differentiation.

The target gene in this study, Hiral, belongs to the human HtrA serine protease family. It
participates in cell growth, differentiation, apoptosis, osteoarthritis, and bone metabolism
(Chien et al., 2004; Grau et al., 2005). Htral acts as an essential regulator of matrix
mineralization and is secreted by osteoblasts and osteoclasts (Hadfield et al., 2008).
Significant growth in bone mass has been observed in Hfral-knockout mice (Graham et al.,
2013). Recombinant HTRAL has been shown to degrade several matrix proteins, including
decorin, Type Il collagen, fibronectin, fibromodulin, and aggrecan in vitro. Overexpression
of Htral results in the suppression of extracellular matrix mineralization in 2T3 osteoblasts
(Hadfield et al., 2008). Other studies have shown that mineral deposition and osteoblast
differentiation are partly suppressed through the Htral-mediated inhibition of transforming
growth factor (TGF)-p signaling (Hadfield et al., 2008; Oka et al., 2004). Taken together,
these findings imply that Htral is a significant mineralization inhibitor in vivo. However, it
remains unknown whether and by what mechanism Htral is regulated by RUNX2.

Enhancers are small segments of DNA that serve as operational platforms to recruit TFs
(Herz, Hu, & Shilatifard, 2014). Enhancers have been shown to specifically modulate
spatio-temporal expression of related genes, resulting in tissue-specific expression patterns
of these genes (Visel, Rubin, & Pennacchio, 2009). There are 1 million known enhancers

in the human genome, which exceeds the number of protein-coding genes (Rivera & Ren,
2013). Thus, multiple enhancers may cooperatively regulate the expression of a single gene,
depending on the circumstances. Active enhancers are characterized by the presence of
specific histone modifications, including histone H3 lysine 4 monomethylation (H3K4me1l),
H3KO9 acetylation (H3k9ac), and H3K27 acetylation (Ernst et al., 2011). Enhancers, as
regulatory DNA elements, usually contain TF-binding motifs for tissue-specific factors,
which are recruited to the enhancer locus and drive the expression of target genes (Visel

et al., 2009). Recent studies have confirmed the involvement of active enhancers in the
positive and negative regulation of gene expression. For instance, the plasmacytoid dendritic
cell-specific RUNX2 super-enhancer activates the myelocytomatosis oncogene in addition
to RUNX2 (Kubota et al., 2019) and HOXAZQ partly suppresses CEBPA expression through
enhancer repression in 32Dcl3 myeloid cells (Peng et al., 2019). In the current study, we
confirmed that RUNX2 could inhibit Hfral expression by directly repressing the activity of
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seven enhancers. Besides the direct inhibitory effect of RUNX2, we further revealed EGR1
as a partner TF in regulating HtraZ enhancer activity in vitro.

MATERIALS AND METHODS

Cell isolation and culture

All mouse experiments were approved by the Institutional Animal Care and Use Committee
at the School of Stomatology and Hospital of Stomatology of Wuhan University (protocol
no. 00265690). Mouse BMSCs were isolated from bone marrow using a previously
described protocol (Zhu et al., 2010). Runx2*/~ mice were kindly provided by Professor
Weiguo Zou (Liu et al., 2016). Eight-week-old Runx2*~ mice and their littermates were
sacrificed by cervical dislocation and femurs were obtained. The isolated cells were
maintained in a-MEM (Gibco, Carlsbad, CA) containing 10% fetal bovine serum (FBS;
HyClone, Logan, UT) and 100U/ml penicillin/streptomycin (HyClone). Adherent cells were
harvested at passage 0 after reaching 70% confluency.

The mouse pre-osteoblastic cell line, MC3T3-E1 (Sigma-Aldrich, St. Louis, MO) and
HEK?293FT cells (Invitrogen, Carlsbad, CA) were maintained in a-MEM cell culture
medium (Gibco) supplemented with 10% FBS and 100 U/ml penicillin/streptomycin
(HyClone) in a humidified 37°C incubator with a 5% CO, atmosphere. For osteogenic
induction, MC3T3-EL1 cells were cultured in mineralization medium supplemented with
10mM B-glycerophosphate (Sigma-Aldrich), 1078 M dexamethasone (Sigma-Aldrich), and
50 mg/ml ascorbic acid (Sigma-Aldrich) (Langenbach, Handschel, & Stark, 2013).

ChIP and Re-ChlP assays coupled with quantitative polymerase chain reaction

MC3T3-E1 cells were exposed to mineralization medium and normal culture medium for 0,
9, and 15 days. A Magna ChlIP One-Day Chromatin Immunoprecipitation Kit (#17-100859;
Millipore/Upstate, Lake Placid, NY) was used for ChIP assays, following the manufacturer’s
instructions. Approximately 1 x 108 MC3T3-E1 cells were subjected to crosslinking with
1% formaldehyde, chromatin preparation, and chromatin immunoprecipitation using an
anti-EGRI antibody (#4153; Cell Signaling Technology, Beverly, MA) according to the
manufacturer’s instructions. In total, 6 x 105 MC3T3-E1 cells were used for Re-ChIP
analyses according to a standard protocol. Briefly, chromatin fragments were precipitated
with anti-EGRI or control 1gG antibodies in the ChIP assay. For Re-ChIP assays, the

first eluted ChIP products were diluted 20 times with a dilution buffer and subjected to

the ChIP procedure again. The chromatin-EGRI complex was re-immunoprecipitated using
anti-RUNX2 (#12556; Cell Signaling Technology) or rabbit 1IgG (ABclonal Biotechnology,
Woburn, MA) antibodies. Quantitative polymerase chain reaction (qQPCR) was performed to
analyze the precipitated genomic DNA using primer sets targeting Htral enhancers 4, 6, and
7. The sequences of the primers used for ChIP and Re-ChlP assays are shown in Table S1.

RNA extraction and quantitative reverse transcription PCR

Total RNA was isolated from BMSCs or MC3T3-EL1 cells using an HP Total RNA Kit
(Omega Bio-Tek, Norcross, GA) according to the manufacturer’s instructions. The yield and
quality of the RNA samples were determined using a NanoDrop spectrophotometer (Thermo
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Fisher Scientific, Waltham, MA). Complementary DNA (cDNA) was synthesized from
total RNA using a RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific).
Quantitative reverse transcription PCR (qRT-PCR) was performed using a QuantStudio™
6 Flex Real-Time PCR System (Applied Biosystems, Foster City, CA) using a SYBR
Green Kit (Roche Diagnostics GmbH, Mannheim, Germany). Glyceraldehyde 3-phosphate
dehydrogenase was used as an internal reference. The 272ACt method was used for the
relative quantitation of gene expression levels. The sequences of the primers used for
gRT-PCR are shown in Table S2.

2.4| Vector construction

Genomic DNA was extracted from wild-type mouse livers using a TIANamp Genomic
DNA Kit (TIANGEN, Beijing, China). Enhancer fragments, including HtraZ-EQ (mm9,
chr7: 138079707-138079807), Htral-E1 (mm9, chr7: 138081131-138081254), Htral-E2
(mm3, chr7: 138086759-138086863), HtraI-E3 (mm9, chr7: 138089914-138090014),
Htral-E4 (mm9, chr7: 138093068-138093168), Htral-E5 (mm9, chr7:
138105019-138105146), Htral-E6 (mm9, chr7: 138108952-138109052), Htral-E7 (mmo9,
chr7: 138109623-138109723), Htral-E8 (mm9, chr7: 138111903-138112003), and Hiral-
E9 (mm9, chr7: 138112161-138112270) were cloned from genomic DNA and inserted into
pGL3-promoter reporter plasmids (Promega, Madison, WI). The mouse £gr sequence was
cloned from cDNA templates and inserted into pcDNA3.1(-) (Invitrogen). The primers
sequences are shown in Table S1. The deletion mutations of RUNX2-binding sites on
Htral enhancers were performed using a KOD-Plus Mutagenesis Kit (Toyobo, Osaka,
Japan), following the manufacturer’s instructions. Mutant vectors carrying the RUNX2-

or EGR1-binding sites were defined as MRUNX2-EO to MRUNX2-E9 and MEGR1-EO to
MEGR1-E9, respectively. The primers sequences for mutation are shown in Table S3.

2.5| Dual luciferase activity assay

Wild-type or mutant pGL3-promoter-containing Hfral-EQ to Hiral-E9 were cotransfected
with a RUNX2 overexpression vector (a kind gift from Prof Shuo Chen) (Lin et al., 2019)
or an empty vector (pcDNA3.1(-)) (Invitrogen) into HEK293FT/MC3T3-EL1 cells, along
with a Renillaluciferase reporter plasmid as an internal control. Forty-eight hours after
transfection, cells were lysed, and luciferase activity was detected using a Dual-Luciferase
Reporter Assay System (Promega). Assays were performed on three independent occasions,
according to the manufacturer’s instructions.

2.6 | Small-interfering RNA and plasmid transfection

Small-interfering RNAs (siRNAs) targeting RUNX2 or EGR1 and negative control

siRNAs were purchased from Ambion (Austin, TX). Transfection was performed using
Lipofectamine™ 2000 (Invitrogen). sSiRUNX2 and siEGR1 were transfected into MC3T3-E1
cells at a final concentration of 50 nM.

2.7| Co-immunoprecipitation and western blot analysis

Co-immunoprecipitation was performed according to the manufacturer’s instructions. In
brief, 4 x 105 MC3T3-E1 cells were collected and lysed with NP-40 lysis buffer (Beyotime,
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Nantong, China), followed by centrifugation for 10 min at 12,000xg at 4°C. To investigate
the interaction between endogenous RUNX2 and EGR1, the clarified supernatants were
incubated overnight with protein A/G-agarose and an anti-RUNX2 antibody (Cell Signaling
Technology), an anti-EGRI antibody (Cell Signaling Technology), or negative control 1gG
(ABclonal Biotechnology). The precipitates were then washed five times with NP-40

lysis buffer before analysis by western blotting. Equal amounts of protein were loaded

onto a 10% sodium dodecyl sulfate-polyacrylamide gel. After electrophoresis, the proteins
were transferred onto polyvinylidene difluoride membranes and blocked with 5% nonfat
milk for 1 hr at room temperature. The membranes were incubated with primary anti-
RUNX2 (Cell Signaling Technology) or anti-EGR1 (Cell Signaling Technology) antibodies
and then probed with a horseradish peroxidase-conjugated secondary antibody. Western
blotting was performed as previously described (Li et al., 2018) and membranes were
blotted with antibodies against RUNX2 (Cell Signaling Technology), EGR1 (Cell Signaling
Technology), HTRAL (Santa Cruz Biotechnology, Dallas, TX), OCN (ab93876; Abcam),
OSX (sc-22536-R; Santa Cruz Biotechnology), and p-actin (Santa Cruz). Anti-OPN
antibody is a kind gift from Prof Shuo Chen. The proteins were detected using enhanced
chemiluminescence (ECL) solution (Merck Millipore, Darmstadt, Germany).

Alkaline phosphatase activity detection and alizarin red staining

Alkaline phosphatase (ALP) activity quantitation was measured using an Alkaline
Phosphatase Assay Kit (Sigma-Aldrich), according to the manufacturer’s instructions.

In brief, assay values were measured at 520 nm using a spectrophotometer and were
normalized to total lysate protein concentration, as determined by a BCA Protein Assay Kit
(Thermo Fisher Scientific). An ALP staining assay was performed by using an ALP Staining
Kit (Sigma-Aldrich). Briefly, cells were washed three times with phosphate-buffered saline
(PBS) and fixed for 10 min in 4% paraformaldehyde, which was then replaced with a
freshly prepared Tris-buffered staining solution containing BCIP/NBT. Color development
was stopped by washing with PBS. For Alizarin Red staining, SiRUNX2, siEGR1, and their
respective scrambled siRNA controls were transfected individually or together into MC3T3-
E1 cells. The normal growth medium was replaced with osteogenic induction medium 72

hr later. After 14 days osteogenic induction, cells were assessed by staining cells with 1%
Alizarin Red S, pH 5.5 (Sigma-Aldrich) for 10 min at room temperature and rinsing with
distilled water.

Statistical analysis

Each experiment was performed at least three times. Unless otherwise noted, data are
presented as mean + standard deviation. Statistical analysis was performed with a two-tailed
Student’s t-test using SPSS statistics 17.0 (IBM, Armonk, NY). A value of p <.05 was
considered statistically significant.
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RESULTS

Htral is a putative downstream gene negatively regulated by RUNX2 during

osteogenic differentiation

3.2

To determine whether RUNX2 directly exerts negative effects on gene regulation in
osteoblasts, we analyzed anti-RUNX2 ChlIP-seq data from MC3T3-E1 cells (Wu et al.,
2014) (GEO ID: GSE54013) and RNA-seq data from BMSCs isolated from Runx2*/~
parietal bone (wild-type siblings as controls; GEO ID: GSE77007) (Liu et al., 2016) to
screen for downstream genes. We used the GREAT tool (McLarren et al., 2000) to identify
the nearest genes to the anti-RUNX2 ChlP-seq peaks (distance rule) and compared the list
with the genes that were upregulated (by sleuth, ¢-value <.05, p-value <.05) in Runx2*/~
parietal bone. We found 25 genes that were upregulated in Runx2*/~ mice compared with
wild-type mice (Figure 1a). Of note, RUNX2 ChIP-seq peaks were present near these

genes (-5 kb and +1 kb relative to the transcriptional start site). Among the 25 genes

that were putatively directly downregulated by RUNX2, Hfral was selected for further
investigation because it is highly expressed in the musculoskeletal system, according to data
from the MGI database (Eppig, 2017), and is able to inhibit mineral deposition in osteoblasts
(Hadfield et al., 2008). The heatmap of RNA-seq results is shown in Figure S1. To determine
the RUNX2-regulated expression pattern of HtraZ during osteoblast differentiation, we
harvested BMSCs from Runx2*/~ and wild-type mice and observed a 60% decrease in
Runx2 messenger RNA (mRNA) levels, but an approximately three-fold increase in Htral
expression levels in Runx2*~ mice compared with wild-type mice (Figure 1b,c). These
results demonstrated that HtraZ was negatively regulated by RUNX2 during the osteogenic
differentiation of BMSCs in vitro and in vivo.

Htral enhancer activities are repressed by RUNX2 overexpression

To determine whether RUNX2 directly regulates Hiral expression through cis-regulatory
elements, we integrated the published anti-H3K9ac and anti-H3K4mel ChlP-seq (GSE ID:
GSE41955) (Meyer et al., 2014) data from MC3T3-E1 cells with anti-RUNX2 ChlP-seq
(GEO ID: GSE54013) (Wu et al., 2014) data during osteoblastic differentiation from the
Gene Expression Omnibus database. We found that the H3K4mel modification was quite
prevalent in Htral introns and exons. The previous paper also reported that the majority

of RUNX2 binding occurred at intergenic and intronic regions by analyzing anti-RUNX2
ChiIP-seq data (Wu et al., 2014), which indicated a critical role of cis-regulatory such as
enhancers in RUNX2 regulatory network. Therefore, we hypothesized that RUNX2 directly
modulates Htral expression through its enhancers/promoters. As shown in Figure 2a, the

10 exonic or intronic enhancers near Htral overlapped with RUNX2 ChIP-seq peaks on
Day 9 (hereafter referred to as Htral-EO, which overlapped with the Htral promoter,

and Htral-E1 to Htral-E9) of osteogenic differentiation. Furthermore, the active enhancer
signals, H3H9ac and H3K4mel, at DO and D15, could be detected in these 10 elements. To
confirm the enhancer activity, the 10 enhancer candidates were cloned and inserted into the
luciferase reporter plasmid, pGL3-promoter. Compared with the empty plasmid, Htral-E3 to
E9 showed a significant increase in luciferase activity. Moreover, overexpression of RUNX2
led to the downregulation of enhancer activity in all 10 enhancer reporter plasmids (Figure
2b), indicating that these 10 enhancers were negative regulatory elements. To determine

J Cell Physiol. Author manuscript; available in PMC 2022 March 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

3.3]

Page 8

whether these 10 elements were directly regulated by RUNX2, we used the JASPAR
database (Mathelier et al., 2016) to search for RUNX2-binding sites in these 10 enhancers.
Only seven of the ten enhancers (Htral-EQ, -E2, -E3, -E4, -E5, -E6, and -E7) contained
RUNX2-binding sites, which were mutated in the corresponding reporter plasmids. As for
Hitral-E1, E8, and E9, which were also influenced by RUNX2 overexpression, we propose
that they were modulated by RUNX2 through an indirect mechanism. We found that at
least one mutation in the RUNX2-binding sites led to the recovery of enhancer activity

in Htral-EQ, -E2, -E4, -E5, -E6, and -E7 (Figures 2c,d and 2f-i), but not in Htral-E3
(Figure 2e). These results indicated that RUNX2 directly inhibited HtraZ enhancer activity
by binding to Htral-EQ, -E2, -E4, -E5, -E6, and -E7. Sequences of mutated binding sites
were listed in Figure S2.

RUNX2 directly co-operates with EGRL1 to regulate osteogenic differentiation by

binding to Htral enhancers

3.4

The enhancer acts as a platform to supply sufficient binding sites for a variety of TFs in

a stage-specific manner (Visel et al., 2009). We investigated whether any other TFs could

be recruited to Htral enhancers and functionally collaborate with RUNX2 to modulate
downstream gene expression during osteogenic differentiation. Multiple cooperative TFs are
able to bind to closely located motifs (Jolma et al., 2015). Thus, we used the JASPAR
database (Mathelier et al., 2016) to search for other TF-binding sites located within the
15-bp region flanking the RUNX2 motifs in seven enhancers and ranked them according

to their frequencies (Figure 3a,b). Among the genes that ranked higher than RUNX2, we
found that MEIS1 and ZNF354C are not detectable in bone, as reported in the MGI database
(Eppig, 2017). Egrl is highly expressed in bone and Egrl-knockout mice exhibit reduced
bone volume (Lu et al., 2018). These data suggested that EGR1 was a potential co-activator
of RUNX2. To narrow the range, we also predicted EGR1-binding sites and found that
EGR1 only bound to Hiral-E4, -E6, and -E7. To test this hypothesis, we performed anti-
EGR1 ChIP-gPCR during osteogenic differentiation. We found that EGR1 was able to bind
to Htral-E4, -E6, and -E7 and that this binding was significantly increased at Day 9 and
Day 15 compared with Day 0 (Figure 3c—e€). Similar to RUNX2-binding motifs, EGR1
overexpression also repressed the enhancer activities of Hfral-E4, -E6, and -E7. However,

at least one mutation of the EGR1-binding motifs in Hfral-E4, -E6, and -E7 increased
enhancer activity (Figure 3f-h). Sequences of mutated binding sites were listed in Figure S2.

EGR1 interacts with RUNX2 to regulate osteogenic differentiation

Given the short distance between the motifs of RUNX2 and EGR1, we also determined
whether these two proteins could interact with each other. Considering the physical
interaction between RUNX2 and EGR1, we performed co-immunoprecipitation experiments
and found that RUNX2 directly bound to EGR1 (Figure 4a). Furthermore, Re-ChlIP assays
indicated that EGR1 and RUNX2 directly interacted with HtraZ-E6, but not Htral-E4

or Htral-E7 (Figure 4b). Co-overexpression of RUNX2 and EGR1 further decreased the
enhancer activity of Htral-E6 (Figure 4d). However, no such effect was found for either
Htral-E4 or Htral-E7 (Figures 4c and 4e). We speculated that Htral-E4 and Htral-E7 may
be bound by other transcription factors or mediators except for RUNX2, which are also
involved in enhancer activation or repression.
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Based on our finding that RUNX2 and EGR1 directly co-regulated Hfral enhancers, we
investigated whether these two proteins could cooperatively regulate Htral expression

and other osteogenesis-related genes and further induce osteoblast differentiation. We

first knocked down RUNX2 and EGRL1 expression individually or together via SIRNA
(Figure 4f,g). We found that the simultaneous knockdown of RUNX2 and EGR1
(SIRUNX2+siEGR1) not only led to a further increase in Htral mRNA expression levels,
but also repressed the expression of mineralization-related genes, such as Osx, Ocn, and
Opn at the MRNA (Figure 4f) and protein level (Figure 4g), compared with the SIRUNX2 or
SIEGR1 group. Alizarin Red staining combined with ALP staining showed fewer calcified
nodules and decreased ALP activity in the SIRUNX2 + siEGR1 group compared with

the sSiRUNX2 group (Figure 4h,i). These findings showed that RUNX2 and EGR1 could
co-repress Hiral expression and increase other osteoblast-related genes. Taken together, our
study revealed a detailed trans-inactivation mechanism of RUNX2 and EGR1 on their target
gene, Hiral, thus providing more insights into the transcriptional regulatory mechanism of
RUNX2 during osteogenic differentiation (Figure 5a).

DISCUSSION

Previous studies have reported that multiple mineralization-related genes, including
MMP13, MMPSY, Bsp, and Opn (Liu & Lee, 2013) are activated or repressed by RUNX2
during bone formation. Based on these previous findings and bioinformatic analysis in
the current study, we identified a novel target gene, Htral, cooperatively regulated by
RUNX2 and EGR1 through an enhancer-repression mechanism, to promote osteogenic
differentiation.

The combinatory analysis of RNA-seq in Runx2*~ mice and anti-RUNX2 ChIP-seq
revealed 25 candidate genes potentially directly downregulated by RUNX2. We then
narrowed the scope based on gene expression patterns. Some of the candidate genes have
been reported to be the downstream of RUNX2. For example, RUNX2 overexpression has
been shown to enhance MMP13 promoter activity in chondrocytes (Takahashi et al., 2017)
and induce IBSP expression in adipose-derived stem cells (Zhang et al., 2016). Cad200and
Prgfrare expressed at low levels in bone tissue. Ptgfi-knockout mice are unable to deliver
normal foetuses at term (Sugimoto et al., 1997) and Cd200-knockout mice have an increased
susceptibility to experimentally induced arthritis (Hoek, 2000). As recorded in the MGI
database, Htral is highly expressed in the musculoskeletal system (Eppig, 2017) and bone
volume is increased in HfraZ-knockout mice (Graham et al., 2013). However, whether the
downregulation of this gene is due to direct modulation by RUNX2 was previously unclear.
In this study, we confirmed this regulatory mechanism using reporter assays and ChlP
assays. Furthermore, Re-ChlIP experiments indicated EGR1 as a partner of RUNX2 during
its trans-inactivation.

In the present study, we found that RUNX2 physically interacted with EGR1 through cis-
elements, to promote osteogenic differentiation. Previous studies have shown that RUNX2
interacts with different co-activators, co-repressors, and TFs to modulate multiple biological
processes. For instance, RUNX2 cooperatively interacts with MED23 in the regulation

of osteogenesis (Liu et al., 2016) and combines with histone deacetylase 3 to repress
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the osteocalcin promoter (Schroeder et al., 2004). Cooperative interactions between ATF4
and RUNX2 stimulate osteoblast-specific Ocn expression (Xiao et al., 2005). Moreover,
the interaction of RUNX2 and SMAD6 mediates SMAD ubiquitination regulatory factor
1-induced RUNX2 degradation (Shen et al., 2006). Our study provided additional evidence
for the interaction of RUNX2 with its partner TFs during bone development. However, as
a master regulator of bone formation, more details of the mechanism of RUNX2 and its
partners need to be uncovered in future studies.

Our study revealed a functional interaction between EGR1 and RUNX2 that contributed

to osteogenic differentiation. Furthermore, this novel mechanism helps our understanding

of the multiplexed transcriptional modulation of RUNX2, which is critical for the correct
execution of bone tissue formation. The interaction between RUNX2 and EGR1 as well as
their effects on enhancer activity need to be confirmed in vivo in future studies. Although
we showed that Hfral-E6 is crucial for RUNX2 and EGRL1 regulation in vitro, knockout
experiments in transgenic mice may help confirm the biological function of HtraZ-E6 during
osteogenic differentiation in vivo.
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putative enhancers with a RUNX2 overexpression plasmid or an empty vector in HEK293FT
cells. (c)-(i) Deletion analysis of RUNX2-binding sites in each putative Htral enhancer in
MC3T3-EL1 cells. All data are presented as means=SDs. *p < .05, **p < 001, ***p < .0001.
Runx2, Runt-related transcription factor 2; SD, standard deviation
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J Cell Physiol. Author manuscript; available in PMC 2022 March 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhang et al.

Page 17

in MC3T3-E1 cells. All data are presented as means + SDs. *p < .05, **p < .01, ***p<
.0001. ChIP-gPCR, chromatin immunoprecipitation- quantitative polymerase chain reaction;
EGR1, early growth response 1; Runx2, Runt-related transcription factor 2; SD, standard
deviation
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Cooperation of RUNX2 and EGR1 in Hiral enhancers (a) Co-immunoprecipitation

indicated a direct interaction between RUNX2 and EGRL1. (b) Re-ChIP experiments
were performed to determine whether RUNX2 and EGR1 were co-bound within Hral-
E4, E6, and E7. Relative luciferase activity of Htral-E4 (c), E6 (d), and E7 (e) was
detected after RUNX2 and EGR1 overexpression. RNA (f) and protein levels (g) of
RUNX2, EGR1, HTRAL, OSX, OPN, and OCN in MC3T3-EL1 cells with the individual
or combined knockdown of RUNX2 and EGR1. Alizarin Red staining combined with
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alkaline phosphatase staining (h) showed calcified nodules and alkaline phosphatase activity
(i) in individual or combined knockdown of RUNX2 and EGR1. All data are presented

as meanstSDs. *p < .05, **p < .01, ***p < .0001. ChlP, chromatin immunoprecipitation;
EGR1, early growth response 1; Runx2, Runt-related transcription factor 2; SD, standard
deviation
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