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Abstract

RUNX2 is a master transcription factor of osteoblast differentiation. RUNX2 expression in the bone and osteogenic
front of a suture is crucial for cranial suture closure and membranous bone morphogenesis. In this manner, the
regulation of RUNX2 is precisely controlled by multiple posttranslational modifications (PTMs) mediated by the
stepwise recruitment of multiple enzymes. Genetic defects in RUNX2 itself or in its PTM regulatory pathways result in
craniofacial malformations. Haploinsufficiency in RUNX2 causes cleidocranial dysplasia (CCD), which is characterized by
open fontanelle and hypoplastic clavicles. In contrast, gain-of-function mutations in FGFRs, which are known upstream
stimulating signals of RUNX2 activity, cause craniosynostosis (CS) characterized by premature suture obliteration. The
identification of these PTM cascades could suggest suitable drug targets for RUNX2 regulation. In this review, we will
focus on the mechanism of RUNX2 regulation mediated by PTMs, such as phosphorylation, prolyl isomerization,
acetylation, and ubiquitination, and we will summarize the therapeutics associated with each PTM enzyme for the

treatment of congenital cranial suture anomalies.

Introduction

As indicated in the “Central Dogma of Molecular
Biology”, the information encoded in DNA is replicated
for cell doubling, and this information is transcribed into
RNA and translated into protein for maintaining the life
of the cell'. Genetic diseases are caused by abnormal
information in parental DNA that is inherited by des-
cendants. The development of the CRISPR-Cas9 system
creates the possibility of genetic correction of mis-
information in the zygote stage to overcome genetic dis-
eases”. Additionally, recent advances in high-throughput
genomic sequencing have dramatically enhanced the
accumulation of knowledge on the genetic aspects of
diseases®. Unfortunately, we understand that there are still
many obstacles, such as technical, ethical, and legal pro-
blems, involved in making this vision come true®. In the
case of genetic diseases caused by single-gene defects, we
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can design an alternative way to alleviate genetic defects
with our increased understanding of gene expression and
protein regulation®. Since the function of RUNX2 was
first identified in 1997°, profound knowledge about the
gene expression regulation, protein—protein interactions,
and posttranslational modifications (PTMs) of RUNX2
has accumulated. Here, we reviewed therapeutic approa-
ches associated with regulatory mechanisms of RUNX2
mediated by PTMs to address anomalies in congenital
craniofacial suture morphogenesis.

RUNX2 expression in cranial suture closure and
membranous bone morphogenesis

RUNX2 is expressed in membranous bones and endo-
chondral bones’. In situ hybridization has indicated that
Runx2 mRNA expression occurs in undifferentiated
sutural mesenchymal cells, committed preosteoblasts in
osteogenic fronts and developing membranous parietal
bones in the early stage at embryonic day 15.5 (E15.5)%.
The osteogenic signal in the membranous bones becomes
weaker and weaker with the maturation of the membra-
nous bones at E17.5 and E18.5, indicating that Runx2

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changes were made. The images or other third party material in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecormmons.org/licenses/by/4.0/.

Official journal of the Korean Society for Biochemistry and Molecular Biology


http://creativecommons.org/licenses/by/4.0/
mailto:hmryoo@snu.ac.kr

Kim et al. Experimental & Molecular Medicine (2020) 52:1178—1184

expression fades as osteoblasts and osteocytes mature’.
The Runx2-II isoform is bone specific, and its expression
is found only in osteogenic fronts and bone-forming
osteoblasts. On the other hand, the Runx2-I isoform is
expressed in sutural mesenchymal cells in addition to the
Runx2-II expression area®’. These results clearly indicate
the importance of RUNX2 in cranial suture morphogen-
esis. In this sense, delayed cranial suture closure pheno-
types are expected in cleidocranial dysplasia (CCD)
patients in which one allele of RUNX2 has loss-of-
function mutations. Recently, many RUNX2 mutations
have been identified in CCD patients. The mutation sites
are widely distributed throughout the functional domains
of RUNX2'?. In contrast, the major causative factors in
craniosynostosis (CS), which is characterized by early
suture closure and associated skull malformation and
craniofacial deformity, are closely associated with the
RUNX2 regulation mechanism'"'?,

Many signals, such as FGF, BMP, and Shh, are involved
in cranial suture closure'®. FGF signaling'*> and BMP
signaling'* regulate RUNX2 expression, and RUNX2
regulates FGF2-induced BMP2 expression'® and Shh
signaling'®. These results indicate that RUNX2 must be a
central regulator of cranial suture closure and that it
mutually regulates and is regulated by these signaling
molecules. Therefore, RUNX2 or RUNX2-associated sig-
naling pathways could be therapeutic targets in cranial
suture anomalies (Fig. 1).

1179

Regulation of RUNX2 PTMs

Many osteoinductive signaling pathways participate in
cranial development; among these pathways, the pathways
involving FGFs and their cognate receptors, FGFRs, are
important signaling pathways involved in cranial suture
morphogenesis. FGF2, a basic FGF, is a strong mitogen for
bone-derived cells'”. Disruption of the Fgf2 gene results in
decreased bone formation'®. Constitutively active muta-
tions of Fgfrl, Fgfr2, and Fgfr3 cause CS. In osteoblasts,
the ligand binding of FGFs such as FGF2 with the cor-
responding FGFRs induces receptor dimerization and
autophosphorylation of receptor tyrosine kinases, which
in turn activates multiple signal transduction pathways,
including those involving mitogen-activated protein
kinases (MAPKs) and protein kinase C (PKC)'“'2. We
were the first to identify that FGF-FGFR signaling
enhances RUNX2 mRNA expression and posttransla-
tional protein activation'?, PKC plays a central role in the
stimulation of RUNX2 gene expression'”. On the other
hand, ERK or p38 MAP kinases are involved in RUNX2
protein activation but do not affect RUNX2 mRNA
expression'”.

As indicated in many reviews, RUNX2 is precisely
regulated by phosphorylation, and many phosphorylation
sites exist in this molecule’®?. Several kinases can
phosphorylate discrete ranges of target amino acid resi-
dues in RUNX2. For example, PKC, which is activated by
FGF2, phosphorylates Ser247 in the RUNX2 protein'’.
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Fig. 1 Hypothesis of the molecular mechanism involving RUNX2 in cranial suture anomalies. RUNX2 transcriptional, translational and PTM
level regulations are closely associated with cranial suture anomalies. Based on the amount of RUNX2 expressed in the normal skull, hypoostotic
disease, typically CCD, results from a reduced RUNX2 level in the cranial sutures due to haplodeficiency. In contrast, osteopenic disease, typically CS,
results from an increased RUNX2 level in the cranial sutures due to constitutive FGFR2 signaling. (asterisk means hyper-active mutation of gene; $
means hypo-active mutation of gene).
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ERK, which is activated by FGF signaling, phosphorylates
the Ser301 residue in the PST domain, which is critical for
the enhancement of subsequent acetylation and the sup-
pression of ubiquitination of the RUNX2 protein®.
Moreover, in the BMP2-induced RUNX2 activation pro-
cess, RUNX2 acetylation®® by ERK-activated p300**, an
acetyl transferase, is critical. These results indicate that
RUNX2 phosphorylation and other RUNX2 modifications
have linear correlations with subsequent RUNX2 acet-
ylation. The acetylation of lysine residues in RUNX2
protects the protein from ubiquitination, which conse-
quently stabilizes and activates RUNX2 transactivation
activity”’. In the connection between RUNX2 phosphor-
ylation and acetylation, RUNX2 phosphorylation alone is
not sufficient to explain remote lysine residue acetylation.

A peptidyl prolyl cis—trans isomerase, PIN1, makes a
pivotal new twist in peptide bonds between phosphory-
lated serine or threonine and proline. This cis—trans iso-
merization creates a tremendous structural shift on the
other side of the peptide bond*!. A previous review
indicated that PIN1 is mainly localized in the nucleus and
modifies nuclear transcription factors as well as various
nuclear enzymes”. More recently, PIN1 activity has also
been shown to modify downstream mediators of FGF,
BMP, and WNT signaling®®. Yoon et al. indicated that
without cis—trans isomerization, phosphorylated proteins
cannot be acetylated but can be ubiquitinated**. In addi-
tion, some lysine residues are not acetylated until the
pSer/pThr-Pro peptide bond is twisted by PIN1***’.
Collectively, the RUNX2 protein phosphorylated in
response to FGF signaling undergoes immediate iso-
merization by PIN1, and the consequent cis—trans struc-
tural modification exposes lysine residues that become
acetylated. These serial PTM steps are reviewed in Kim
et al. %, Although we can control RUNX2 expression via
stimulation with several extracellular ligands, direct con-
trol of RUNX2 activity is relatively complicated. As
RUNX2 undergoes these serial PTMs and RUNX2
transactivation activity is regulated by these modifications,
we can regulate RUNX2 activity by modulating these
enzymatic activities with specific inhibitors of these
enzymes. As summarized in previous studies®, RUNX2
activation can be achieved only by HDAC inhibitors
(HDIs) or direct protein augmentation, but RUNX2
inhibition can be induced by all other inhibitors of PTM
enzymes.

Treatment of CS by regulation of RUNX2
posttranslational modification

CS which is defined as the premature fusion of one or
more of the cranial sutures, presents as secondary dis-
tortion of the skull*® and midfacial hypoplastic changes®
that occur because of the combination of a lack of growth
perpendicular to the fused sutures, compensatory
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overgrowth at the nonfused sutures, and structural
interrelation between cranial bony components®'. Most
genetically determined CS is characterized by autosomal
dominant inheritance, and the genes most commonly
mutated in CS are FGFR2, FGFR3, TWISTI, and EFNBI™.
Among these mutations, the Ser252Trp and Pro253Arg
missense mutations in FGFR2 cause Apert syndrome,
which is characterized by bicoronal synostosis, symme-
trical syndactyly, and complex craniofacial deformities,
including midfacial hypoplasia and cleft palate®®, and
Fgfr2°?°% and Fgfr2"***R mutations are well established
in mouse models®*.

The identification of pathologically activated FGEF-
signaling molecules in CS raises the possibility of
screening candidates for pharmacological therapy. The
FGF-MAPK and FGF-PKC signaling axes directly regulate
Runx2 activation and expression and could be primary
candidates for CS treatment'>*®. The receptor tyrosine
kinase domain of FGFR activates several MAP kinases,
such as ERK and p38, and chemical inhibition of these
MAP kinase-signaling pathways rescues abnormal skeletal
phenotypes in models with Fgfr25%°2¥ or Fgfir2"?*3R sub-
stitution mutations™°.

The posttranslational regulation of RUNX2 by sub-
sequent phosphorylation and acetylation is essential for
FGF-induced cranial development, and these events could
also be strong candidate strategies. Knocking out Pinl, an
important RUNX2 regulatory isomerase, in mice severely
suppresses osteogenesis in the developmental stage
in vitro and in vivo®” and weakens the subnuclear focal
accumulation of RUNX2%*, In this manner, the genetic or
pharmacological inhibition of PIN1 attenuates pheno-
types in an Apert syndrome mouse model®”. In a study
with a genetic approach, crossbreeding Fgfr2°%*?"-het-
erozygous and Pinl-heterozygous mice significantly res-
cued the premature cranial suture closure and abnormal
cranial shape®® and midface hypoplasia®® seen in
Fgfr2°***Y mutant mice. Pharmacological suppression of
PIN1 activity also effectively rescues CS phenotypes in
Fgfr2°2°2Y mutant mice. These results highlight that the
inhibition of PIN1 represents a viable alternative to sur-
gical intervention for the treatment of CS and other
hyperostotic diseases.

The accumulation of new findings regarding the FGF-
Runx2 regulatory mechanism in cranial sutures opens the
potential for additional therapeutic options for CS treat-
ment. As shown in Fig. 2, FGF signaling can be sum-
marized in five steps. First, FGF signaling is activated by a
ligand—receptor interaction that results in the autopho-
sphorylation of tyrosine residues in the intracellular
region of FGFR. Second, the receptor tyrosine kinase
signal is relayed through the phosphoinositide phospho-
lipase C (PLC)-PKC and ERK pathways. Third, ERK-
mediated and PKC-mediated phosphorylation occurred in
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Fig. 2 Therapeutic intervention points targeting RUNX2 activity regulation for the treatment of craniosynostosis. The soluble FGFR2 decoy
receptor sFGFR25252W may sequester and inhibit FGF ligands from binding to cell surface receptors. The receptor tyrosine kinase inhibitors PLX052,
PD173074 and ARQ087 may block ligand binding-induced signaling propagation to cytosolic mediators. The MEK1/2 inhibitor U0126 or p38 inhibitor
SB203580 blocks cytosolic mediator or nuclear transcription factor phosphorylation. The PINT inhibitors juglone and DTM block cis-trans structural
modification of phosphorylated proteins. The HAT inhibitor anacardic acid blocks protein stabilization and activation by acetylation.
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RUNX2. Fourth, phosphorylated RUNX2 is immediately
isomerized by PIN1, exposing the acetylation site. Fifth,
the exposed lysine residues are acetylated by a histone
acetyl transferase (HAT), increasing the stability of
RUNX2. Consequently, by inhibiting the above steps with
specific inhibitors, we can regulate the pathological acti-
vation of RUNX2 for CS treatment (Fig. 2).

In the ligand—receptor interaction step, a soluble decoy
receptor or ligand—receptor interaction inhibitor could be
candidates. In a recent study, nanogel-mediated delivery
of a purified soluble form of FGFR2 carrying the S252W
mutation (sFGFR25%°2Y) was tested in calvarial tissue
cultures from Apert syndrome model mice®®. Addition-
ally, Mooney et al. reported that the application of an anti-
TGEF-B2 antibody inhibited postoperative resynostosis in a
rabbit CS model®.

Although originally developed as anticancer agents,
multiple FGFR kinase inhibitors are also currently being
investigated as potential treatment options for CS*’. The
FGER tyrosine kinase inhibitors PLX052*" and PD173074**
have been reported to successfully prevent premature
suture fusion in a model with the C342Y mutation in
FGFR2. Another FGFR tyrosine kinase inhibitor, ARQ-
0873, has also been shown to suppress the hyperactivation
of mutant FGFR1, FGFR2, and FGFR3 signaling.

After receptor kinase activation, downstream signaling
molecules are also good targets for treatment. The MEK1
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inhibitor PD98059 was tested in calvarial tissue obtained
from an Apert syndrome (Fgfi*****) mouse model and
produced partial alleviation of premature coronal suture
fusion*®, In another study, the MEK1/2 inhibitor U0126
was injected intraperitoneally into pregnant mice with the
Fgfr2°***Y mutation, and the offspring were phenotypi-
cally normal at birth, including the patency of the coronal
sutures®®. A p38 kinase inhibitor (SB203580) has been
employed to treat Fgfr2">**“ mice (an animal model of
Beare—Stevenson cutis gyrata syndrome), which are
characterized by CS and epidermal hyperplasia®
Although the mice that received injections of SB203580 in
utero had significantly ameliorated the incidence of skin
abnormalities, there was no obvious improvement in the
skull phenotype and neonatal lethality in Fgfr2t*3%¢
mice®. These results indicate that MEK1/ERK signaling is
more closely related to the pathogenesis of FGFR2
mutation-related CS than p38 signaling.

The phospho-serine/threonine and proline sequences of
RUNX2 become the substrate of the isomerase PIN1. The
cis—trans isomerization mediated by PIN1 can be blocked
by well-known inhibitors such as juglone*® and DTM".
Intraperitoneal administration of juglone to pregnant
Fgfr2°***Y mice from E14.5 to E18.5 was found to suc-
cessfully interrupt fetal development of Apert syndrome
phenotypes, including early suture closure* and midfacial
deformalities®. Additionally, the expression levels of the
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FGFR2 downstream genes Dusp6, Spry2, and Spry3 are
attenuated by juglone treatment in primary cultured
osteoblasts from Fgfr2°**" mice**?°. Posttranslational
stabilization and activation of RUNX2 in Fgfi25**"
osteoblasts are also attenuated by PIN1 inhibition®®.

We previously suggested that the isomerization of
RUNX2 subsequently induced acetylation by p3007°".
Treatment with the p300 inhibitor anacardic acid*® dra-
matically suppresses FGF2-stimulated Runx2 activity,
whereas the administration of trichostatin A (HDI)
synergistically augments Runx2 activity”®. These results
do not directly define the HAT inhibitor as a CS ther-
apeutic, but Runx2 activation by FGF2 is crucially asso-
ciated with lysine acetylation by p300, and the histone
deacetylase inhibitor represents a viable alternative for CS
treatment.

Treatment of CCD by inhibition of RUNX2
deacetylation

As RUNX2 is an indispensable transcription factor of
osteogenesis and osteoblast differentiation and hetero-
zygotic RUNX2 loss-of-function mutation causes delayed
cranial suture closure, it is natural to consider RUNX2-
activating agents to be candidate therapeutics for CCD as
well as hypoostotic conditions such as osteoporosis.
Despite extensive research and drug development of
protein inhibitors, the development of drugs for protein
activation is limited*®. Because of the natural moiety of
small chemical drugs, these drugs are effective in inhi-
biting actions mediated through structural changes in a
target protein site but are not suitable for activating the
target protein®’. To overcome this limitation, many
alternatives to target activation have been explored, such
as gene therapy, protein augmentation, or bypassing the
inhibition of target-inhibiting pathways.

Naturally, signaling cascades are terminated by protein
ubiquitination, and the rate of ubiquitination is an
important factor in the maintenance and intensity of
target signaling®'. As described above, many osteogenic
signaling pathways ultimately result in RUNX2 activation,
and this activity is precisely regulated by phosphorylation
and isomerization, which is critical for the enhancement
of the subsequent acetylation and suppression of the
ubiquitination of the RUNX2 protein®'. In this manner, a
strategy for increasing the level of RUNX2 protein acet-
ylation is a unique alternative to compensating for a
reduced RUNX2 level. Many HDIs, such as SAHA®?,
TSA%3, valproic acid®*, sodium butyrate5 5, and MS-275%°,
have been indicated as therapeutics for osteopenic con-
ditions. Among these HDIs, MS-275 has shown strong
osteogenic effects in cell culture and animal studies™®.

MS-275 has been studied as a CCD treatment®’.
Because HDIs have strong RUNX2-enhancing activities,
they were applied to pregnant Rumx2™~ mice®’. As
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cranial bone formation begins at E14.5°, MS-275 was
intraperitoneally injected beginning on E14.5. When it
was injected only once, its osteogenic effect was apparent
at E16.5 but had disappeared at birth, which indicates that
pharmacokinetically, MS-275 activity was not sustained
4-5 days after injection. Double injection at E14.5 and
E16.5 was sufficient to show a therapeutic effect at birth.
The clavicle is one of the earliest forming bones (around
E13.5)°® in mice and humans, so E14.5 injection appears
to be a little late to recover clavicle development. Both
alleles of Runx2 contribute to the expressed RUNX2 level
for bone development, so a loss-of-function mutation in
one allele causes Runx2 haplodeficiency. MS-275 treat-
ment opens a novel therapeutic avenue to treat CCD by
compensating for genetic RUNX2 insufficiency by meta-
bolic stabilization. In addition, MS-275 may influence
RUNX2 transcription by modifying histones around the
RUNX2 promoter or enhancers®’. Unfortunately, it is very
difficult to determine which effect is the major mechan-
ism of action of MS-275 in CCD therapy.

Although many HDIs show osteogenic effects that
increase calvarial bone density, they do not effectively
enhance cranial suture closure. In the case of SAHA, TSA,
or valproic acid treatment enhanced additional new bone
mineralization over original calvarial bones in a
fluorescence-labeling experiment and micro-CT bone
density analysis. In contrast to the above-mentioned
HDIs, which share a hydroxamate functional group, MS-
275 has a benzamide functional group. In terms of
molecular targets, MS-275 has a specificity for Class I-
HDAC s, while the others have pan-HDAC or class II
HDAC specificities™. This difference may explain why
MS-275 is more effective in CCD treatment. We also do
not exclude the possibility of a sufficient effect with MS-
275 through the pharmacokinetic fine-tuning of other
HDIs. Adjustments in the application dosage and treat-
ment interval of other HDIs may also improve their
therapeutic activity for CCD treatment.

Recently, some studies have attempted to solve protein
dysfunction due to genetic problems through intracellular
delivery of recombinant proteins®. The isomerization
mediated by PIN1 consequently increases the activity and
stability of RUNX2, so the recovery of the intracellular
level of PIN1 is one of the solutions for osteopenic con-
ditions. However, direct delivery of biomacromolecules,
such as proteins, into the cytoplasm is quite challenging,
and for this purpose, it is necessary to develop a carrier
with high delivery efficiency and biocompatibility®’. In
our previous study, we reported an intracellular protein
delivery system based on silk fibroin nanoparticle-
encapsulated cationic lipid (DOTAP:DOPE) com-
plexes®®. Using this complex, we delivered recombinant
PIN1 into Pinl knockout primary embryonic fibroblasts
to attenuate the reduction in osteogenic differentiation in
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a Pinl-deficient model. Direct delivery of PIN1 led to
increased ERK and SMAD signaling and resulted in
recovery of osteogenic marker gene expression and
mineral deposition in Pinl-deficient cells®®. These pre-
liminary results for the protein delivery application indi-
cated that recombinant PIN1 delivery could be a potential
therapeutic option for osteopenic conditions.

Conclusion

Over the past 20 years, molecular and genetic advances
have provided a new approach to dissecting the
mechanisms underlying genetic bone diseases; success has
mostly come from the identification of pathogenic sig-
naling mechanisms, and recent advances in mechanism-
based drug selection have dramatically enhanced the
possibility of utilizing pharmacological approaches to
treat genetic bone diseases. Enhanced RUNX2 acetylation
by HDIs*” and direct PIN1 delivery®® may upregulate
RUNX2 activity to rescue genetic RUNX2 deficiency in
CCD. FGFR2 receptor tyrosine kinase inhibitors*! ™3,
downstream ERK inhibitors*® or PIN1 inhibitors***® can
rescue FGFR2-hyperactivating mutations in CS. Previous
results also suggest that a genetic disease caused by a
single gene mutation can be overcome by regulation of
the molecular metabolism associated with the causative
protein. The understanding of the stepwise regulatory
mechanism that controls RUNX2 PTMs may also be
utilized for the treatment of fractures, bone regeneration,
and hyperostotic or hypoostotic conditions. RUNX2
repression is strongly associated with postmenopausal
osteoporosis and breast cancer®®. Additionally, enhanced
expression of RUNX2 is observed during fracture heal-
ing®, and Runx2 is required for the early stages of
endochondral bone formation®. In particular, MS-275
exerts a strong bone anabolic effect in models of osteo-
porosis, showing potential applications for treating bone
disease via regulation of posttranslational modification of
RUNX2°. Collectively, the enhanced stability of RUNX2
by posttranslational regulation could offer important
candidates for bone regeneration therapy. Therapeutic
candidates selected in these genetic bone diseases are also
applicable to other diseases with the same regulatory
mechanism. Proline phosphorylation and isomerization
cascades are quite universal in various diseases, such as
cancer®, Alzheimer’s disease®, vascular diseases®’, aller-
gic airway response’’, and even infections’'. Further
research focused on identifying the disease-related roles
of RUNX2 PTMs will broaden the horizon of drug can-
didates for genetic bone diseases and other diseases that
share similar regulatory mechanisms. Overall, we can say
that a broad and profound understanding of the mole-
cular biology of a single causative gene in a congenital
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disease may provide us with a novel therapeutic avenue
for genetic diseases as well as molecule-related diseases.
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