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Abstract

The role of Pinl-mediated isomerization in bone formation

Hye-Rim Shin

Department of Molecular Genetics
The Graduate School

Seoul National University

(Directed by Prof. Hyun-Mo Ryoo, D.D.S., Ph.D.)

One of the most reported post-translational modifications (PTMs)
regulation of protein in the cell is prolin-directed phosphorylation, these
phosphorylated resides also can be the targets of enzyme for other PTMs.
Pinl is an isomerase that recognizes phosphorylated Ser/Thr-Pro residues
and causes the structural change of protein. Our previous studies have
shown that Pinl deficient exhibited a wide range of abnormal bone
phenotypes. Moreover, in the signaling pathways such as FGF, BMP and
PTH, which are responsible for osteoblast differentiation, isomerization of
the molecule by Pinl plays important role.

Wnt/B-catenin signaling pathway, in which [-catenin nuclear

localization is a critical step, also plays a major role in the control of



osteoblast differentiation. However, the association of Pinl with Wnt/B-
catenin signaling pathway during bone development and detailed
mechanism is not clear. In Part 1, we observed a marked reduction of -
catenin in osteoblasts of Pinl null mice tibia. From MC3T3-El cells,
transcription activity, the nucleus B-catenin level and the target gene
expression of B-catenin were all decreased when the activity of Pinl was
reduced by si RNA or by inhibitor. We also demonstrated that Pinl directly
interacted with B-catenin, and the isomerized B-catenin which could not bind
to nuclear adenomatous polyposis coli (APC) only can be retention and act
as a transcription factor in the nucleus. These results might explain the
decrease of B-catenin ubiquitination and showed that Pinl is a critical factor
that can regulate bone formation regulated by Wnt/B-catenin signaling
pathway.

In part 2, the importance of Pinl in osteogenesis was confirmed in
craniosynostosis (CS) disease animal model. CS is characterized by the
premature closure of craniofacial sutures. It is follows autosomal dominant
inheritance pattern, and the mutation of the FGFR2 gene is mainly the
genetic cause of it. This study focused on the change of coronal suture
fusion which is the major phenotype of Apert syndrome (AS) using S252W

gain of function mutation of FGFR2. We aimed to treat CS caused by over-



activated FGF/FGFR signal, and it was targeted that inhibiting Pinl-induced
isomerization of Runx2 in FGF signaling pathway. As a result, we showed
that fusion of coronal suture can be restored to close to the normal
phenotype when the FGFR***“" and the Pinl™" genotype are present
simultaneously. The similar results were obtained when juglone, Pinl

inhibitor, was administered to the fetus of FGFR2%%*"/*

mice for drug
therapy.

Collectively, we demonstrated here that isomerization of B-catenin
through direct interaction of P-catenin with Pinl during osteoblast
differentiation is an important factor controlling nuclear B-catenin retention
and stability. In addition, we demonstrated the drug target of CS by proving

that the inactivation of Pinl causes the recovery of disease through gain of

function mutation in FGFR2.

Keyword : Isomerization, Pinl, Wnt/B-catenin signaling, fibroblast growth
factor receptor (FGFR), bone formation, craniosynostosis.
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1. Abbreviations

PTM post-translational modification

CDK cyclin-dependent kinase

MAPK mitogen-activated protein kinase

GSK3 glycogen synthase kinase 3

PLK polo-like kinase

PPIase peptidyl-prolyl cis-trans isomerase

Pin1 peptidyl-prolyl cis-trans isomerase NIMA-interacting 1
Pro proline

Ser serine

Thr threonine

MSC mesenchymal stem cell

BMP bone morphogenetic protein

FGFR fibroblast growth factor receptor

PTH parathyroid hormone

TGF- transforming growth factor-f3

Runx2 Runt-related transcription factor 2

ERK extracellular signal-regulated kinase
LEF/TCF lymphoid-enhancer factor/T cell factor

LRP lipoprotein-receptor-related protein



APC adenomatous polyposis coli

CHX cycloheximide

WT wild type

MEF mouse embryonic fibroblast

HEK?293 human embryonic kidney 293

FBS fetal bovine serum

LMB leptomycin B

CRMI1 chromosomal region maintenance)/exportin 1 protein
ALP alkaline phosphatase

IHC immunohistochemistry

IP immunoprecipitation

IF immunofluorescence

GST-PD glutathione-S-transferase pulldown
DTM depentamethylene thiuram monosulfide
NLS nuclear localization signal

NES nuclear export signal

CsA cyclosporine A

CS craniosynostosis

AS apert syndrome

IgIl immunoglobulin-like domain II



H&E staining hematoxylin and eosin staining
Dusp dual specificity phosphatase
Spry sprouty RTK signaling antagonist

IC50 inhibitory concentration 50



I1. Literature review

II-1. Post-translational modifications (PTMys)

PTMs are alterations that occur in a protein, which are catalyzed by
enzymes after its translation by ribosomes (Jensen, 2006). PTM generally
represents that functional groups such as phosphorylation and acetylation
are added to the protein covalently, but also represents proteolytic
processing and folding processes essential for a protein to mature
functionally (Snider and Omary, 2014).

These PTMs orchestrate every activity of a protein over its total
lifespan-from subcellular localization to protein-protein interaction, activity
and protein stability (Hansen and O'Shea, 2015). Chemical alterations that
usually occur during the PTM of protein include phosphorylation,
methylation, acetylation, ubiquitination, nitrosylation, glycosylation, and
lipidation (Duan and Walther, 2015). This modification modulates protein
levels and functions to constitute a central mechanism that allows cells to
respond quickly to developmental or environmental impetuses. Thus, PTMs
are important steps leading to cell biology such as signal transduction,

development, cell structure, mitosis, DNA repair, and others (Duan and



Walther, 2015). Many previous reports have studied on these varied PTMs
effects. In this study, we focus on protein phosphorylation and consequent
isomerization PTM process.

Protein phosphorylation is the first PTM to be researched when
observing the control of protein activity. It regulates activation of the
signaling pathway in response to extracellular and intracellular impetuses to
adjust cell growth, proliferation and survival (Brognard and Hunter, 2011).
These signaling actions frequently involve structural modifications in
protein kinases and their substrates (Filtz et al., 2014). Such conformational
changes act for s signal transduction mechanisms that can control both the
spatial and temporal activity of proteins in physiological processes and
diseases such as cancer (Lu and Hunter, 2014). Structural interconversions
of protein involved in signaling pathway a key part in many aspects of cell
functioning, which is mainly controlled by peptidyl prolyl cis-trans
isomerization (Lu and Hunter, 2014).

Pro-directed protein phosphorylation is a shared and crucial signaling
mechanism that plays an essential roles in various cellular progressions (Lu
and Hunter, 2014). Enzymes that induce such phosphorylation belong to a
large superfamily of Pro-directed protein kinases, which include CDKs,

MAPKSs, GSK3 and PLKs (Lu and Hunter, 2014). Pro exists as two different



conformers, cis and trans isoforms, which is fundamentally slow
intertransformed by PPlase enzymes (Creese and Cooper, 2016; Lu et al,,

2007).

I1-2. Peptidyl-prolyl cis-trans isomerase NIMA-interacting 1,
Pinl

PPlases are enzymes that catalyze the cis-trans isomerization and
have the three conserved PPlase families such as cyclophilins, FK506-
binding proteins and parvulins (Bell et al, 1994). Pinl is the parvulin
subfamily of several PPlases that recognizes and isomerizes specific
phosphorylated Ser or Thr residues in pSer/Thr-Pro peptide sequences
(Thorpe et al, 2001). The cis-trans conversion is much more
thermodynamically disturbed when Pro is located after the phosphorylated
Ser or Thr residue. Thus, common PPlase such as cyclophilins and FK506-
binding proteins become inaccessible and only Pinl specifically recognizes
and isomerizes pSer/Thr-Pro residues (Lu and Hunter, 2014).

Pinl binds specifically to phosphorylated Ser/Thr-Pro motifs through
its WW domain of the N-terminal and causes cis/trans isomerization through
its PPlase domain of the C-terminal (Lu and Zhou, 2007). The
conformational change of the protein induced by Pinl following
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phosphorylation is a key step to control diverse intracellular processes as
well as functioning as a molecular timer (Lu and Zhou, 2007). In addition,
Pinl has to be tightly regulated at several levels, and if not properly
regulated, is known to increase the risk of developing diseases such as

cancer and Alzheimer’s disease (Balastik et al., 2007).

II-3. Role of Pinl in osteoblast differentiation signaling

pathways

Osteoblasts are differentiated from MSCs which are multipotent
progenitors that can commit to osteoblast, chondrocyte, adipocyte, and
several other lineages (Lindner et al., 2010). Osteoblasts may form bone
through two pathways. One of them is directly via intramembranous bone
formation and the other is from a chondrocyte-derived cartilage template
during endochondral bone formation (Long and Ornitz, 2013). These
processes are very carefully controlled through several signaling pathways.
Remarkable paracrine signaling pathways include BMP signaling,
FGF/FGFR signaling and PTH signaling pathway (Ornitz and Marie, 2015).

BMPs were first purified from bovine bone and is one of the as
members of the TGF-S superfamily of multifunctional cytokines

(Kirkbride et al., 2008). In our previous paper, canonical BMP signaling
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pathway through Smad 1/5 was shown to be regulated by Pinl. Smad 1/5
are isomerized and stabilized by Pinl, and results in promotes osteoblast
differentiation and bone mineralization (Yoon et al., 2015).

FGF/FGFR signaling pathway is an critical process for osteoblast
differentiation and bone formation. FGF2 is one of the most important FGFs
and has been reported to be mainly expressed in bone cells and tissues
(Islam et al., 2017). Our previous papers showed that Runx2, one of the
most significant factors in the bone development, is transcriptionally
activated through FGF2 signaling pathway, and Erk/MAP Kinase-mediated
phosphorylation of Runx2 is critical (Park et al., 2010). Based on this, we
observed that inhibition of Pinl resulted in destabilization of Runx2 in vitro
and Pinl-mediated isomerization of Runx2 is crucial for the transactivation
activity of Runx2 (Yoon et al., 2014; Yoon et al.,, 2013). Hence, prolyl
isomerization event is part of a cascade of consecutive PTMs that determine
osteoblastic cell differentiation.

Wnt signaling pathway is also important in osteoblast differentiation
and Wnt signaling pathway is historically catagorized as a canonical or non-

canonical signaling (Widelitz, 2005). Canonical Wnts signal through 2 -
catenin, and it is important that [ -catenin acts as a transcription factor in

the nucleus with TCF/LEF (Shin et al., 2016). Genetic studies of the LRP in



both humans and mice showed that Wnt is a effective anabolic stimulus for
bone (Gong et al., 2001; Little et al., 2002; Shin et al., 2016). Especially,
Wnt signaling stimulates osteoblast differentiation, proliferation, and

survival through stabilization of J -catenin (Westendorf et al., 2004).

However, it is not known whether Pinl is related to the regulation of
osteoblast differentiation by B-catenin modulation or, if so, which detailed

molecular mechanisms control this process.

I1-4. Craniosynostosis (CS)

The mammalian skull vault is made up of five major flat bones
combined by structures known as the cranial sutures (Moazen et al., 2015).
These sutures are the most important part of the skull growth during
development (Morriss-Kay and Wilkie, 2005). The cranial sutures offer
pliable joints for passage through the birth canal, act as shock absorbers,
prevent dissociation of the cranial bones, and allow space for the brain to
grow (Jin et al., 2016). CS represents a defection of the skull that occurs
when one or more of the cranial sutures are early fused than normal (Heuze
et al., 2010). The alteration in the shape of the cranial vault varies depends
on the fused sutures, and compensatory development occurs in dimensions
not restricted by sutures (Delashaw et al., 1989). CS may be classified

9



according to the number of sutures included, etiology, and presence or
absence of syndrome (Delashaw et al., 1989; Greenwood et al., 2014).

Particularly, when CS is divided depending on whether it is
syndromic or nonsyndromic, nonsyndromic CS is generally classified
according to the included suture(s) (Greenwood et al., 2014). Syndromic CS
is associated with numerous dysplasia, including the face, bone, nervous
system, and over 180 different syndromes are involved in CS (Kimonis et al.,
2007). So, the syndromes of CS patients are clinically heterogeneous with
coinciding two or more features, and, sometimes it is difficult to diagnose
them precisely (Kimonis et al., 2007). The following clinical descriptions
illustrate the various features of syndromic CS.

Crouzon syndrome (MIM123500) was first pronounced in 1912.
Inheritance is autosomal dominant, which is also known as ‘branchial arch
syndrome’, accompanying secondary changes of the facial bones and
structure (Belludi et al., 2012; Kreiborg and Cohen, 2010; Samatha et al.,
2010). The most prominent characteristic of Crouzon syndrome is CS,
which features a short and broad head (Mohan et al., 2012). Other general
features include hypertelorism, exophthalmos and external strabismus,
parrot-beaked nose, short upper lip, and hypoplastic maxilla results in

relative mandibular prognathism (Kreiborg and Cohen, 2010; Mohan et al.,
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2012).

Pfeiffer syndrome (MIM101600) also has an autosomal dominant
inheritance (Ciurea and Toader, 2009). This CS syndrome shows
characteristic anomalies of the hands and feet (Ciurea and Toader, 2009).
Three clinical subtypes have been established, which are critical for accurate
diagnosis and prognosis (Ciurea and Toader, 2009; Vogels and Fryns, 2006).
Type 1, the classic Pfeiffer syndrome, is associated with standard level of
intelligence and good outcome, midface hypoplasia, finger and toe
abnormalities, brachydcephaly, and variable syndactyly (Ciurea and Toader,
2009; Park et al., 2006; Vogels and Fryns, 2006). The features of type 2 and
type 3 appear to overlap partially. Type 2 is more severe and consists of
cloverleaf skull with acute ocular proptosis, broad hands and feet, together
with ankylosis of the elbows (Ciurea and Toader, 2009; Park et al., 2006;
Vogels and Fryns, 2006). Type 3 is similar to type 2, but has no cloverleaf
skull (Ciurea and Toader, 2009; Park et al., 2006; Vogels and Fryns, 2006).
Type 1 patients have the best long-term outcome, while patients with type 2
and 3 have neurological damage and die at an early age (Cohen, 1993).

Now known as Apert syndrome (AS) (MIM101200), this disorder is
characterized by coronal CS, midface hypoplasia, exorbitism, syndactyly of

the hands and feet with a tendency to fusion of bony structures, and variable
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mental retardation (Akram et al., 2015; Ciurea and Toader, 2009). The
clinical organization of children with AS includes surgical improvement of
the CS, midfacial hypoplasia and syndactyly (Akram et al., 2015). Almost
all patients with AS are caused by mutation in FGFR2, including FGFR2
Ser252Trp or FGFR2 Ser253Arg mutations (Suzuki et al., 2012).
Approximately 50% of cases are random, but autosomal dominant
inheritance also has been described (Akram et al., 2015; Suzuki et al., 2012).

The FGFR mutations in CS syndromes can be parted into four groups:
1) Ig like domain II-III linker region mutations, 2) Ig-like domain III
mutations, 3) transmembrane domain mutations, and 4) tyrosine kinase
domain mutations (Cunningham et al, 2007). In addition, it can be
classified into three according to the activation mechanism by the mutation
of FGFRs: 1) dimerization by unpaired cysteines, 2) enhanced affinity for
the ligand, 3) stimulation by eliminating the inhibition in the activating loop
of the kinase domain (Kannan and Givol, 2000). These gain-of-function
mutations in FGFR1 to 3 have been connected with several CS syndromes
(Kannan and Givol, 2000). Thus, the FGFR2 S252W mutant mouse was
used as a CS model in this paper, this mutation leads to excessive
FGF/FGFR signaling, resulting in faster calvaria suture fusion than normal.

According to this and our previous paper (Islam et al., 2017; Park et al.,

12



2010; Yoon et al, 2014; Yoon et al, 2013), we examined whether
inactivation of Pinl can rescue increased FGF/FGFR signaling and CS

phenotype or not in vivo model.

II-5. Juglone, a Pinl inhibitor

PPIases are enzymes that cause the cis/trans isomerization of peptide
bond that precedes prolyl residue (Hanes, 2015). PPlases can be classified
into three families depending on amino acid sequence homology and on the
characteristics of inhibition by drugs (Hanes, 2015; Hennig et al., 1998).
Two of these families were directly inhibitable by immunosuppressive gents
as primary targets (Hanes, 2015; Hennig et al., 1998). For example, the
cyclophilins, which are reversibly inhibited by CsA, and FK506, ramanycin,

many other « -dicarbonyl amides bind to most of the FKBPs and inhibit its

function (Hanes, 2015; Hennig et al., 1998). While an inhibitor of parvulin
was investigated and improved until recently. In many previous papers, the
natural compound juglone was discovered to exactly inactivate PPlase
activity of the parvulin from E. coli, which means that it can inhibit the
human parvulin, Pinl (Hennig et al., 1998).

Juglone (5-hydroxy-1,4-naphthoquinone) is a brown color separated
from fruit shells and leaves of black walnut trees (Juglans), which is a

13



phenolic compound that has allelopathic qualities belonging to the
naphthoquinones class (Chen et al., 2005; Hennig et al., 1998; Saling et al.,

2011). When exposed to the air, the « -hydrojuglone is spontaneously

oxidized and becomes juglone, which is closely related to the developmental
procedures and defense systems of the nuts (Chen et al., 2005; Hennig et al.,
1998; Saling et al., 2011). Pinl, inactivated by juglone, includes two juglone
molecules linked by a covalent bone in the side chains because of a Michael
addition of the thiol groups to juglone (Hennig et al., 1998). Thus, partial
unfolding of the active site following thiol group alteration was supposed to
be the reason of the aggravation of PPlase activity (Hennig et al., 1998).
Juglone experiences biotransformation in the liver to form various
metabolites, which can be detected mainly in the urine (Saling et al., 2011).
Thus, the compound has obviously access to the liver cells and several
metabolites are created such as 1,4,5-trihydroxynaphthalene di-glucuronide,
1,4,5-trihydroxynaphthalene mono-glucuronide mono-sulfate, 2-sulfo-2,3-
dihydrojuglone, 4,8-dihydroxy-1-tetralone mono-glucuronide and 1,4,5-
trihydroxynaphthalene mono-glucuronide (Chen et al., 2005; Saling et al.,
2011). For this reason, juglone is a very interesting substance as a drug, with
the potential to regulate liver function or to be used for medicinal purpose in

other parts of the body (Chen et al., 2005; Hennig et al., 1998; Saling et al.,
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2011). On the other hand, pure juglone is used only for a study chemical
purposes and black walnut hull creations are registered as ‘Unapproved
Herbs’ in the German Commission E Monographs due to probable
mutagenic and carcinogenic properties (Chen et al., 2005). And, because of
the metabolism and temper of juglone, it has been designated as a
potentially toxic natural product by the National Toxicology Program in
USA (Chen et al., 2005; Saling et al., 2011). In addition, it has been found
that juglone is a potent inhibitor not only Pinl but also other enzyme such as
RNA polymerase II (Hanes, 2015). In this study, when we treated juglone
for inhibition of Pinl in vitro and in vivo, it is necessary to carry out
experiments with the concentration and specificity of juglone. The part 2
results showed that control of Pinl is important for target of CS therapy and
Pinl inhibitor such as juglone needs to be modified to be more valuable as a

drug.
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II1. Purpose of study

The critical role of Pinl in osteoblast differentiation has been reported.
In addition, the importance of Pinl and Wnt/B-catenin in breast cancer and
neuronal differentiation was also described. However, it is not known
whether Pinl is related to the regulation of osteoblast differentiation by -
catenin modulation or, if so, which detailed molecular mechanisms control
this process. In addition, the importance of Pinl in FGF/FGFR2 signaling
was described. We hypothesized that suppression of Pinl would normalized
hyper activated FGFR2 signaling, and then subsequently rescue premature
obliteration of coronal sutures by gain-of-function mutation of FGFR2.
Therefore, the purpose of this study is to investigate the relationships
between Pinl and Wnt/B-catenin signaling in osteoblast differentiation, and
suggest Pinl could be a promising molecular target to overcome CS by non-

surgical approaches.

PART 1: Effect and molecular mechanisms of Pinl on Wnt/B-catenin

signaling in osteoblasts

PART 2: Therapeutic effect of Pinl inhibition by genetic and chemical

approaches on CS
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IV. Part 1.
Pinl-mediated Modification Prolongs the Nuclear Retention

of B-catenin in Wnt3a-induced Osteoblast Differentiation

This research was originally published in the Journal of Biological Chemistry. J. Biol.

Chem. VOL. 291, NO.11, pp. 5555-5565, March 11, 2016
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Abstract

Canonical Wnt signaling pathway in which [-catenin nuclear
localization is a crucial step plays an important role in osteoblast
differentiation. Pinl, a prolyl isomerase, is also known as a key enzyme in
osteogenesis, however, the association of Pinl in canonical Wnt signal-
induced osteoblast differentiation is poorly understood. We found Pinl
deficiency caused osteopenia and reduction of B-catenin in bone lining cells.
Similarly, Pinl knock-down or the treatment of Pinl inhibitors strongly
decreased nuclear B-catenin level, the TOP flash activity and the expression
of bone marker genes induced by canonical Wnt activation, and vice versa
in Pinl overexpression. Pinl directly interacts with and isomerizesfp-catenin
in the nucleus. The isomerized B-catenin could not bind to nuclear APC that
drives B-catenin out of nucleus for proteasomal degradation, which
consequently increases the retention of -catenin in the nucleus and might
explain the decrease of f-catenin ubiquitination. These results indicate that

Pinl could be a critical target to modulate B-catenin-mediated osteogenesis.
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Introduction

Wnt signaling is critical for the regulation of genes involved in
normal embryonic development, cellular proliferation and differentiation
(Holland et al., 2013; Logan and Nusse, 2004). In the canonical pathway, in
the absence of Wnt, [-catenin is subjected to proteasome-mediated
degradation by a destruction complex, which predominantly includes
GSK3p, Axin, and the APC protein (Bikkavilli et al., 2008). In the presence
of Wnt signaling, there is reduced GSK3p kinase activity and increased
accumulation of B-catenin in the nucleus, which is followed by stimulation
of LEF/TCF transcriptional activation (Behrens et al., 1996; MacDonald et
al., 2009; Molenaar et al., 1996). The well-established canonical Wnt/j-
catenin pathway is a key signaling pathway in bone development
(Westendorf et al., 2004). For example, genetic studies in humans and mice
have determined that low-density LRP5/Wnt signaling plays a major role in
the control of bone mass (Gong et al., 2001; Hill et al., 2005; Kolpakova
and Olsen, 2005; Little et al., 2002).

The nuclear localization of B-catenin in response to Wnt is an
essential event of the canonical Wnt signaling pathway for communicating
with the transcription factor TCF/LEF (Behrens et al., 1996; Huber et al.,

1996). Aberrant accumulation of [B-catenin contributes to abnormal
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development and tumorigenesis; therefore, it requires strict regulation.
Previous reports have suggested that BCL9 (Townsley et al., 2004),
Smad3(Jian et al., 2006; Zhang et al., 2010) and glucose-induced B-catenin
and LEF1 interaction (Chocarro-Calvo et al., 2013) actively import [-
catenin to the nucleus, whereas APC (Henderson, 2000; Neufeld et al.,
2000; Rosin-Arbesfeld et al., 2000) and Axin (Cong and Varmus, 2004)
export it to the cytoplasm. Specifically, APC has two major mechanisms by
which it modulates the concentration of B-catenin in the nucleus. First, APC
promotes the degradation of B-catenin by combining it with the degradation
complex, and second, APC binds nuclear B-catenin and exports it to the
cytoplasm for degradation (Ryo et al., 2001).

The pSer/Thr-Pro motifs in certain proteins exist in either cis- or
trans- conformation, and conversion between these states is catalyzed by the
unique prolyl isomerase Pinl (Lu et al., 1996; Nakamura et al., 2012). Pinl-
catalyzed post-phosphorylation conformational regulation often functions as
a molecular timer (Liou et al., 2011). Previously, we found that the
interaction of Pinl with Runx2, the major transcription factor for osteoblast
differentiation, is critical for bone development (Yoon et al., 2014a; Yoon et
al.,, 2013a). We showed that Pinl hetero and KO mice exhibit reduced

mineralization at birth. Pinl mutation causes short stature with
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hypomineralization throughout the skeleton. Pinl is known to bind and
modulate B-catenin stability and subcellular localization at the post-
translational level by regulating its interaction with APC in breast cancer
(Ryo et al., 2001) and neuronal differentiation (Nakamura et al., 2012).
However, it is not known whether Pinl is related to the regulation of
osteoblast differentiation by B-catenin modulation or, if so, which detailed
molecular mechanisms control this process.

In this study, we found that Pinl is required for the transcriptional
activity of f-catenin and demonstrated that interaction between Pinl and -
catenin is critical in the osteogenic pathway. Furthermore, our data showed
that Pinl-directed conformational changes in nuclear B-catenin are critical
for the nuclear retention of B-catenin, which modulates the export of -
catenin to the cytosol by regulating the interaction of B-catenin with APC in
the nucleus. Taken together, our results reveal that Pinl is a novel regulator
that promotes osteoblast differentiation through structural modification and

stabilization of B-catenin in the nucleus.

Materials and methods

Animal experiments

Pinl-deficient mice have been described previously (Fujimori et al.,
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1999) and were kindly given by Dr. Takafumi Uchida (Tohuku University).
Pinl KO mice were generated from heterozygous mating (Islam et al.,
2014a). All mice have maintained in the Specific-pathogen-free (SPF)
condition, and were approved by the Special Committee on Animal Welfare,

Seoul National University, Seoul, Republic of Korea.

Antibodies and reagents
The antibodies and reagents are described in detail in Tables 1.1. and

1.2.

DNA construction and site-directed mutagenesis

Construction of the Pinl (HA-pcDNA3.1-Pinl) WT and mutant
(Y23A, W34A and C113A) expression vectors has been described
previously (Yoon et al., 2013a). Ds-Red Pinl WT and mutant constructs
have also have been described previously (Yoon et al., 2014a). Full-length
B-catenin cDNAs were generated by PCR and subcloned between BamH|1
and Notl sites in pcDNA3.1, respectively, to create FLAG-epitope fusion
proteins. All mutant constructs of Pinl binding sites were generated by
serial mutagenesis from the single and double binding site mutants with

PCR, and the fragments were ligated using an In-Fusion HD cloning kit per
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the user manual. PCR primers (Table 1.3.) were synthesized and purchased
from Integrated DNA Technology. PrimeSTAR DNA Polymerase (Takara,
Shiga, Japan) was used, and PCR was performed using the manufacturer’s

protocol.

Cell culture and nuclear—cytoplasmic fractionation

All cell culture media and antibiotics were from Hyclone (GE
Healthcare, Little Chalfont, UK). Cells used in this study were cultured at
37C, in 5% CO,. Mouse myogenic C2C12, HEK293, and MEF cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) with 10%
heat-inactivated FBS containing 1% penicillin and streptomycin antibiotics.
And pre-osteoblast MC3T3-E1 and multipotent ST2 mesenchymal
progenitor cells were cultured in alpha-Minimunm Essential Medium (a-
MEM) with 10% FBS and 1% antibiotics (Cho et al., 2014; Yoon et al.,
2013a). Nuclear—cytoplasmic fractionation was conducted using the NE-
PER Nuclear and Cytoplasmic Extraction Reagent kit (Thermo Fisher

Scientific, Massachusetts, USA) according to the manufacturer’s protocol.

ALP staining

For ALP staining, cells were washed twice with phosphate-buffered
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saline, fixed with 2% paraformaldehyde, and stained for ALP-induced
chromophores according to the manufacturer’s instructions (Sigma, St.

Louis, MO, USA).

Luciferase reporter assay

The transcriptional activity of TCF/LEF was measured with the
TOP/FOPflash reporter plasmid vectors (Molenaar et al., 1996). For
luciferase assay, cells were lysis with passive lysis buffer (Promega, WC,
USA). After treatment of substrate using a Bright- Glo™ Luciferase assay
system (Promega, WC, USA), luciferase activity was detected with a

GloMax-Multi Detection System reader (Promega, WC, USA).

Extraction of total RNAs, reverse transcription polymerase chain
reaction (RT-PCR) and Real time PCR (qPCR)

Total RNA was extracted from cultured cell using the QIAzol®

(QIAGEN, Hilden, Germany). RNA samples were reverse-transcribed by
using the PrimeScript RT kit (Takara Bio, Shiga, Japan). Quantitative real-
time PCR was performed by using Takara SYBR premix Ex Taq (Takara,
Shiga, Japan) on an Applied Biosystems 7500 Real Time PCR system

(Foster city, CA). Primers were synthesized by Integrated DNA technology
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(IDT, Coralville, TA) and the primer sets were well explained previously

(Islam et al., 2014a; Yoon et al., 2013a)

GST-PD assay, IP, and immunoblot analyses

Cellular proteins and GST-PD assays were prepared in a lysis buffer
of 50mM HEPES (pH 7.5), 150mM NaCl, 100mM NaF, ImM DTT, 1mM
EDTA, 0.25% Na-deoxycholate, 0.25% CHAPS, 1% NP-40 and 10%
glycerol added with protease and phosphatase inhibitors, including NazVO,
(Yoon et al., 2013a). For the immunoblot assays, the cells were lysed in
buffer containing 0.1% SDS. Recombinant GST or GST-Pinl proteins (1lug)
were incubated with cell lysates for 2hr at 4 C. After incubation, glutathione
agaroses beads were added, and incubated for 30min. The precipitated
proteins were analyzed by immunoblot with specific antibodies
(Supplemental Table. S3). For the IP, the cell lysates were incubated with
antibody for 1h, IgG beads were added, and the mixture was incubated for

2hin4TC.

IF and IHC
For the detection of Pinl and B-catenin by IF, cells were fixed in 4%

formaldehyde. The cells were then treated with the primary antibody or only
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IgG as a negative control, and stained with fluorescent-conjugated
secondary antibody (Islam et al., 2014a; Yoon et al., 2014b). Imagining was
conducted with a Carl Zeiss LSM700 confocal microscope, and analyzed
with associated software program, ZEN2011 (Carl Zeiss, Oberkochen,
Germany). For the IHC, tissues were fixed in 4% paraformaldehyde solution
for 2h and dehydrated, and then embedded in paraffin. Serial paraffin
sections (Sum thicknesses) were made, and analyses of samples were
performed with the Dako Cytomtion Envision System (Dako, Glostrup,
Denmark). The tissue samples were observed with a DP72 digital camera

(Olympus, Tokyo, Japa).

Knock-down assay with siRNA and transfection

To knockdown Pinl expression, siRNAs against Pinl were purchased
from Dharmacon (Lafayette, CO), siGENOME SMART pool. siGENOME
non-targeting siRNA #2 was used as a control (scramble siRNA). Forty
pmol of siRNA was transfected. MC3T3-E1, ST2, and C2C12 cells were
transfected by electroporation using the Neon Transfection system
(Invitrogen) according to the manufacturer's instructions. Transfection of the
HEK293 cells was performed using PolyJet reagent (SignaGen Laboratory)

according to the manufacturer’s instructions.
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Statistical analysis

The results are presented as mean+SD. Each experiment was
performed at least three times, and the results of one representative
experiment are shown. The significance of the difference was evaluated

using the Student's t test.
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Table 1.1. Antibodies used in this study.

Antigen Clone

p-catenin -

Pin1 H-123
FLAG -
B-actin Cc-4

GAPDH FL-335
Lamin A/C N-18

HA 16B12
APC CC-1
GST -

Cat.# Host
#9562 Rb, pAb
#3722 Rb, pAb
sc-15340 Rb, pAb
NBP1-05424 Ch, pAb
PMO020 Rb, pAb
Sc-47779 M, mAb
sc-25778 Rb, pAb
Sc-6215 G, pAb
MMS-101P M, mAb
OP80 M, pAb

RPN1236V  pAb

Appl.
WB, IP, IHC

1B

IF, IP

IF

WB, IP, IHC
WB, IHC

WB, IP, IF, IHC
WB,IP,IF

IP,IB

WB,ICC, IHC
‘WB

Source
Cell signlaing

Cell Signaling
Santa Cruz
Novus

MBL

Santa Cruz
Santa Cruz
Santa Cruz
Covance
Calbiochem®
GE Health

M, mouse; Rb, rabbit; G, goat
mAb, monoclonal antibody; pAb, polyclonal antibody
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Table 1.2. Chemical reagents used in this

study.
Chemical —
—— Application Source
Juglone Pin1 inhibitor Calbiochem
DTM Pinl inhibitor Calbiochem
Wnt3a ‘Wnt signaling pathway ligand R&D Systems
CHX Protein synthesis inhibitor Sigma-Aldrich
SB216763 GSK3p inhibitor Sigma-Aldrich
LMB Inhibitor of nuclear export Sigma Aldrich

signal

Juglone, 5-hydroxy-1,4-naphthalenedione; DTM, Dipentamethylene thiuram monosulfide;
CHX, Cycloheximide; LMB, Leptomycin B
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Table 1.3. Primer sequences for the generation of B-catetnin mutant
constructs. The lowercase letters indicate the substitution of nucleotide for

site-directed mutagenesis of B-catenin.

5'-GACACGCTATCATGCGTGCCCCTCAGATGGTGTCTGC-3'
5-GCAGACACCATCTGAGGGGCACGCATGATAGCGTGTC-3"

5" -CTGGTGAAAATGCTTGGTGCCCCAGTGGATTCTGTGTTG-3"
5'-CAACACAGAATCCACTGGGGCACCAAGCATTTTCACCAG-3"

5 GTTTGTGCAGCTGCTTTATGCCCCCATTGAAAACATCCAAAG-3"
5"-CTTTGGATGTTTTCAATGGGGGCATAAAGCAGCTGCACAAAC-3'
5-TACCGAGCTCGGATCCATGGCTACTCA-3’

RNyl S Ml 5 -TAGACTCGAGCGGCCGCGACGACGATI-3’
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Results

Pinl controls p-catenin protein stability and Wnt3a-induced
transactivation activity

In this context, we aimed to characterize the role of Pinl in adult bone
metabolism through canonical Wnt signaling. For this purpose, B-catenin
protein level in the proximal tibial metaphysis of WT and Pinl KO mice
was determined by IHC. Brown-colored B-catenin expression spots were
easily identified in the osteoblasts of WT, while spots were difficult to
identify in the Pinl KO counterpart (Fig. 1.1). Since previous reports have
indicated that Pinl action influences substrate protein stability, we suspected
that the decrease in B-catenin protein level in Pinl KO mice was a result of
decreased protein stability. For this purpose, we confirmed that mRNA level
of B-catenin was not changed by Wnt3a treatment or not in WT and Pinl
KO MEF cells (Fig. 1.2A). We determined B-catenin stability after blocking
de novo protein synthesis by treatment with CHX. WT Pinl overexpression
strongly enhanced B-catenin stability, and the level was sustained 5 h after
CHX treatment. However, CII3A Pinl, an enzyme-defect mutant,
overexpression did not enhance B-catenin stability (Figs. 1.2B, C). The TCF
reporter gene (TOP Flash) activity in WT MEF cells was increased more

than 5-fold by Wnt3a treatment, while that in Pinl KO MEF cells was
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increased about 2-fold (Fig. 1.2D). In addition, overexpression of Pinl WT
enhanced TOP Flash activity by about 5-fold. On the other hand,
overexpression of Pinl mutants did not demonstrate a comparable
enhancement of TOP Flash activity (Fig. 1.2E). Collectively, these results
indicate that Pinl action on B-catenin enhances its protein stability and

Wnt3a-induced transactivation activity.
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Figure 1.1. Reduced p-catenin levels in the proximal tibia of P40 Pinl-
deficient mice.

IHC for B-catenin protein in histological sections of the proximal tibia.
Coronal sections of the proximal tibia of P40 Pinl WT and KO mice were
stained with anti-f-catenin antibody (brown coloration) and anti-IgG (n=3 in

each group).
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Figure 1.2. Abnormal Pinl expression reduces B-catenin level and
stability and controls Wnt-induced transactivation activity.

A. Confluent WT and Pinl KO MEF cells were treated with Wnt3a for 3
days. mRNA level of B-catenin was quantitatively analyzed (n=3). B.
Degradation of B-catenin with CHX treatment was observed in the presence
of WT and mutant (C113A) Pinl. HEK293 cells were transfected with

control or WT or C113A Pinl mutant expression plasmids. The cell lysates
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were collected at 0, 30, 60, 120, or 300 min after CHX treatment (10 pg/ml),
and the B-catenin protein level was detected by immunoblot (left). C.
Protein blot bands were quantified and normalized against B-actin level
(graph on the right) (n=3). D. MEF from WT and Pinl KO mice were
transfected with a TCF reporter gene (TOP Flash) or a control reporter gene
(FOP Flash). After 24 h, cells were treated with 100 ng/ml Wnt3a for an
additional 24 h, and luciferase activity was analyzed from cell lysates (n=3).
E. TOP Flash activity was also verified in MC3T3-E1 cells that were
transfected with an expression vector for WT Pinl or functionally inactive

Pinl mutants including Y23A, W34A, C113A, or empty vector (EV) (n=3).
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Pin1 is indispensable for Wnt3a-induced osteoblast differentiation

In order to understand the Pinl contribution to Wnt3a-induced
osteoblast differentiation, we performed cytochemical analysis of ALP
activity and analysis of typical bone marker mRNA expression. Wnt3a-
induced ALP staining was almost completely abrogated (Fig. 1.3A) by Pinl
knockdown (Fig. 1.3B) in MC3T3-E1 cells. On the contrary, ALP activity
stimulated by minimal Wnt3a treatment was further enhanced (Fig. 1.3D) by
Pinl overexpression (Fig. 1.3D). Similarly, Wnt3a-stimulated mRNA level
of several bone marker genes was almost completely blocked by
knockdown of Pinl in the cells (Figs. 1.4A-D). These results clearly indicate
that Pinl action is indispensable for Wnt3a-induced osteoblast
differentiation. In addition, Pinl knockdown also suppressed some bone
marker gene expression and ALP staining even in the absence of Wnt3a
treatment, suggesting a possibility of Pinl involvement in B-catenin-

independent osteogenic signaling pathways.
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Figure 1.3. Pinl is critical for osteoblast differentiation on Wnt3a
signaling pathway.

A. Confluent MC3T3-E1 cells were transfected with scramble (control) or
siPinl of siRNA. After 24 h, cells were treated with 100ng/ml Wnt3a for an
additional 3 days, and ALP activity was cytochemically analyzed. B. Pinl
expression level was confirmed by immunoblot assay at 24 h after
transfection of siPinl in MC3T3-El cells. C. MC3T3-El1 cells
overexpressing Pinl were treated with 50ng/ml Wnt3a for 3 days. ALP
activity was cytochemically analyzed. D. HA expression level was
confirmed by immunoblot assay at 24h after transfection of HA-Pinl in

MC3T3-E1 cells.
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Figure 1.4. Pinl is indispensable for Wnt3a-induced osteoblast

differentiation.
A-D. Confluent MC3T3-E1 cells were transfected with scramble siRNA or
siPinl. After 24 h, cells were treated with or without 50ng/ml Wnt3a for 3

days. mRNA levels of bone marker genes such as osteocalcin, Bmp2, OPG,

and osterix were quantitatively analyzed (n=3).
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p-Catenin is the target of Pinl in the Wnt3a signaling pathway
B-Catenin is the bottleneck molecule in the canonical Wnt signaling
pathway, and Wnt3a-induced signal suppresses GSK3-p activity, which in
turn increases B-catenin levels in the cytosol and nucleus (Bikkavilli et al.,
2008). Transcriptional activity such as TOP Flash (Fig. 1.5A) and ALP
promoter (Fig. 1.5B) stimulated by P-catenin was further enhanced by
overexpression of Pinl in MC3T3-E1 cells. As B-catenin was suspected as a
candidate target for Pinl substrate, we tested the molecular interaction in
MC3T3-E1 cells. Endogenously expressed -catenin protein co-precipitated
with GST-Pinl recombinant protein. Moreover, B-catenin extracted from
Wnt3a-treated cells showed greater binding than Wnt3a not treated cells
because nuclear B-catenin is increased by Wnt3a (Fig. 1.6A). To investigate
the endogenous interaction between these two proteins, B-catenin protein
was identified in the immunoprecipitate (IP) of anti-Pinl antibody (Fig.
1.6B). When we observed localization of Pinl in our previous reports (Yoon
et al., 2015b; Yoon et al., 2013b), expressed Pinl was localized to a nuclear
substructure. We examined GST-PD and IP of nuclear B-catenin with anti-
Pinl in nuclear fraction (Figs. 1.6C, D). Pinl bound to nuclear B-catenin and
the interactions were increased with Wnt3a treatment. In order to confirm

the biochemical interaction between these two molecules, MC3T3-E1 cells
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were transfected with Ds-Red Pinl expression vectors, and endogenous [-
catenin (green) and Ds-Red Pinl (red) were analyzed using confocal
microscopy. In the absence of Wnt3a treatment, most of the Pinl and B-
catenin molecules were independently localized in the nucleus. Only a small
fraction of Pinl molecules were co-localized with endogenous B-catenin
(yellow) molecules (Fig. 1.6E, first row). With Wnt3a treatment, nuclear 3-
catenin increased, and co-localization with the Pinl molecule also increased
(Fig. 1.6E, second row). The co-localization intensity was quantified and is
shown in the graph in Fig. 1.6F. These results clearly demonstrate that Pinl
target of the canonical Wnt signaling pathway is B-catenin, and the
interaction of Pinl and B-catenin becomes stronger following an increase in

nuclear B-catenin by Wnt3a.
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Figure 1.5. Pinl activates Wnt/p-catenin-induced transacting activity
A-B. MC3T3-E1 cells were transfected with the TOP Flash reporter (A) or
mouse Alp promoter reporter (B) and B-catenin expression vector. Reporter

activity was analyzed using chemiluminescence assays (n=3).
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A, B. Confluent MC3T3-El cells were treated with or without 100 ng/ml
Wnt3a for 24 h. Endogenous p-catenin level was determined with

immunoblots after GST-PD assays (Fig. 1.6A) or IP (Fig. 1.6B) (n=3). C, D.

After MC3T3-El cells were treated with or without 50ng/ml Wnt3a for 24 h,
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nuclear fractions were isolated from cell lysates. Endogenous [B-catenin
interaction with Pinl was determined by GST-PD (Fig. 1.6C) and IP (Fig.
1.6D) (n=3). E. MC3T3-E1 cells were transfected with Ds-Red Pinl (red)
expression vectors. After 6 h of transfection, cells were treated without or
with 100 ng/ml Wnt3a for an additional 24 h. Cells were fixed and stained
for endogenous f-catenin using anti-B-catenin antibody. In the merged
image, B-catenin and Pinl co-localization (yellow) was observed with
confocal microscopy, and the nucleus was counterstained with 4’,6-
diamidino-2-phenylindole (DAPI, blue). F. Yellow intensity per nuclear area
was quantified and is shown as a sigma plot (n=20 in each group, **

indicates p<0.01).
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Pinl is crucial for pB-catenin accumulation in the nucleus upon
stabilization by Wnt3a

To evaluate whether Pinl regulates the subcellular distribution of
endogenous B-catenin, we performed IF analysis in MC3T3-E1 cells. In the
absence of Wnt3a, endogenous B-catenin staining was almost exclusively
localized to the cell membrane (Figs. 1.7A, B first row). However, upon
Wnt3a stimulation, B-catenin is accumulated in the nucleus where it can
stimulate transcription of osteogenic marker genes (Figs. 1.7A, B second
row). The addition of Pinl inhibitors, juglone or DTM (Islam et al., 2014b),
with Wnt3a resulted in reduced accumulation of B-catenin in the nucleus
(Fig. 1.7A, third and fourth rows). Knockdown of Pinl also showed
reduction in nuclear B-catenin accumulation (Fig. 1.7B, third row). To
confirm that Pinl deficiency causes a strong decrease in nuclear B-catenin,
we transfected WT or C113A, a dominant negative mutant, Pinl constructs
to examine the localization of endogenous B-catenin after treatment with
Wnt3a. Almost all B-catenin was localized in the nucleus by Wnt3a (Fig.
1.8A, arrow). In particular, in WT Pinl-transfected cells, most of the f-
catenin was strongly observed in the nucleus (Fig. 1.8A, arrowhead). In
C113A Pinl-transfected cells, the amount of nuclear [B-catenin was

dramatically reduced (Fig. 1.8B, arrowhead), and most B-catenin of un-
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transfected cells was observed in the nucleus, which is consistent with the
finding that Pinl determines the localization of B-catenin (Figs. 1.7A, B). To
biochemically confirm this localization pattern, an immunoblot of B-catenin
was performed. SB216763, a potent inhibitor of GSK3 isozymes, is used to
mimic Wnt3a effect (Inoue et al., 2006). Treatment with DTM abolished
nuclear B-catenin that was increased by SB216763 (Fig. 1.9). We also
determined whether [-catenin mislocalization can be rescued by
overexpression of Pinl in Pinl KO primary osteoblast cells (Fig. 1.8B).
Nuclear B-catenin was increased in WT osteoblast cells when treated with
Wnt3a. However, in Pin KO osteoblasts, the nuclear -catenin was absent
even after Wnt3a treatment. We determined the nuclear [-catenin
localization change after Pinl was overexpressed. In Pinl KO primary
osteoblasts, when Pinl was overexpressed, nuclear pB-catenin was slightly
increased. Furthermore, when Pinl was overexpressed in Pinl KO primary
osteoblasts, nuclear -catenin was highly increased by Wnt3a. This shows
that the defect of nuclear B-catenin in Pinl KO primary osteoblasts can be
rescued by reinstatement of Pinl. These results indicate that Pinl is crucial

for nuclear localization of B-catenin.
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Figure 1.7. Pinl is important for the nuclear localization of B-catenin in
osteoblasts.

A. MC3T3-E1 cells were pretreated with 10 uM juglone and 1 uM DTM,
which are Pinl inhibitors, for 1 h and were then treated with 50ng/ml Wnt3a
for an additional 24 h. B. Pinl expression was inhibited by siPinl for 24 h
and then treated with 50ng/ml Wnt3a for an additional 24 h. A-B. Cells
were fixed, and endogenous proteins were immunostained with anti-f3-
catenin (green) and anti-Pinl (red) antibodies and DAPI (blue). C-D.
Endogenous nuclear B-catenin was quantified and statistical analysis was

performed by Student’s t-test (n=50 in each group, ** indicates p<0.01).
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Figure 1.8. Pinl deficiency causes a strong attenuation of nuclear p-
catenin accumulation.

A, B. MC3T3-E1 cells were transfected with Ds-Red Pinl WT (Fig. 1.8A)
or C113A mutant (Fig. 1.8B) plasmids. Ds-Red Pinl C113A has a mutant
catalytic domain with dominant negative action. After 24 h of transfection,
cells were fixed and stained with anti- B-catenin antibody or DAPI. C.
Endogenous nuclear B-catenin of Ds-Red Pinl transfected cells was

quantified and statistical analysis was performed by Student’s t-test (n=20 in
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each group, ** indicates p<0.01). D. WT and Pinl KO primary osteoblast
cells were transfected with HA-Pinl or pcDNA plasmids. After 24 h of
transfection, cells were treated with or without 50ng/ml Wnt3a for an
additional 24 h. Then, cells were harvested, and the nuclear fractions were
isolated, followed by immunoblotting with marked antibodies (n=3).

Arrowhead ; HA-Pinl, Arrow ; Endogenous Pinl.
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Cytosol Nucleus

IB:R-actin

Figure 1.9. Nuclear B-catenin localization change by Pinl

HEK293 cells were pretreated for 1h with 1TuM DTM, and then treated with
or without 20uM SB216763 for 24h. Nuclear and cytosolic fractions were
isolated from cell lysates, and were further analyzed by immunoblot

analysis with anti-B-catenin, lamin A/C and B-actin antibodies.
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Only B-catenin isomerized by Pinl can be retained in the nucleus

Since Pinl increases the accumulation of B-catenin in the nucleus, we
assumed that there were two possibilities for Pinl-mediated nuclear -
catenin accumulation; that Pinl enhances Wnt3a-induced nuclear
translocation of B-catenin and that Pinl inhibits the export of nuclear -
catenin to the cytosol. Wnt3a treatment induced nuclear translocation of B-
catenin such that it was co-localized with Pinl protein in the nucleus (Figs.
1.10A, B, second row). LMB is an inhibitor of CRM1 (Nishi et al., 1994),
which is critical for the export of protein containing a NES (Kuersten et al.,
2001; Watanabe et al., 1999; Wolff et al., 1997). LMB can be used to inhibit
export of B-catenin from nucleus to cytoplasm because B-catenin binds to
APC which has NESs near the N terminus to export its partner proteins
through the CRM1 export pathway (Henderson, 2000). Wnt3a and LMB co-
treatment maintained the nuclear co-localization of B-catenin and Pinl (Figs.
1.10A, B, third row). Wnt3a and juglone, which inhibit Pinl activity, or
siPinl, which reduces Pinl expression, significantly decreased nuclear -
catenin (Figs. 1.10A, B, fourth row). However, Wnt3a, LMB, and juglone or
siPinl co-treated cells showed strong nuclear co-localization of B-catenin
and Pinl (Figs. 1.10A, B, fifth row). These results indicate that, even in the

absence of Pinl activity or Pinl expression, Wnt3a-induced nuclear
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translocation of B-catenin occurred; juglone- or siPinl-mediated clearance
of nuclear B-catenin was effectively suppressed by LMB, which is known to
inhibit APC-mediated nuclear clearance of B-catenin (Henderson, 2000;
Rosin-Arbesfeld et al., 2000). We also quantified the intensity of nuclear -
catenin (Figs. 1.10C, D). Consistent with the confocal images, western
blotting analysis also showed that the juglone-induced decrease of Wnt-
induced nuclear accumulation of B-catenin was completely recovered by
LMB (Fig. 1.11A). In vivo data, we could find that B-catenin expression in
WT tibia is more condensed inside the nucleus compared with Pinl KO
tibia (Fig. 12). In addition, we were more convinced with the high resolution
images that nuclear B-catenin retention is regulated by Pinl not B-catenin
translocation into the nucleus because nuclear pB-catenin of Pinl KO tibia
was also lightly stained (Fig. 12). Since APC protein is a critical chaperone
of nuclear B-catenin to the cytosol (Ryo et al, 2001), we investigated
whether Pinl-mediated structural modification of B-catenin influences the
interaction between [B-catenin and APC in the nucleus. Wnt3a treatment
strongly increased nuclear B-catenin level (Fig. 1.11B), while it decreased -
catenin-bound APC level (Fig. 1.11B). Inhibition of Pinl increased [-
catenin-bound APC level, which was attenuated by LBM treatment both

with and without Wnt3a treatment (Fig. 1.11B). Based on these results and
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the constitutive nuclear localization of Pinl protein, we suggest that Pinl is
not actively involved in the nuclear translocation of B-catenin in response to
canonical Wnt signaling but plays a crucial role in the APC-mediated

cytosolic export of B-catenin.
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Figure 1.10. Pin1 activity enhances the nuclear retention of p-catenin.

A. MC3T3-E1 cells were pretreated without or with 10 pM juglone and/or
100 ng/ml LMB for 1 h and then treated with 50 ng/ml Wnt3a for 24 h.
Endogenous B-catenin translocation was detected using cells immunostained
with anti-B-catenin, Pinl, and DAPI. LMB blocks the export system. B.
MC3T3-El cells were transfected with a scramble (control) or siPinl of
siRNA. After 24 h, the same procedure was conducted. C, D. Endogenous
nuclear B-catenin was quantified and showed as a sigma plot (n=50 in each

group, ** indicates p<0.01).
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Figure 1.11. Pinl promotes the nuclear retention of p-catenin via the

dissection with APC

A. MC3T3-El cells were pretreated without or with 2 uM juglone and/or
100 ng/ml LMB for 1 h. Cells were treated without (upper) or with (lower)
50 ng/ml Wnt3a for 24 h. Cells were fractionated in hypotonic buffer into
nuclear and cytoplasmic fractions, followed by immunoblot analysis with
anti-B-catenin, anti-GAPDH, and anti-lamin A/C antibodies. Lamin A/C and
GAPDH were used as a loading control for the nuclear and cytoplasmic
fractions, respectively (left) (n=3). B. IP assay of APC and B-catenin. IP was
performed with anti-B-catenin from dissociated nuclear extracts in HEK293
cells grown. APC was analyzed using immunoblot analysis with anti-APC

antibody (n=3).
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Figure 1.12. IHC for nuclear p-catenin in histological sections of the
proximal tibia.

Coronal sections of the proximal tibia of P40 WT and Pinl KO mice were
stained with anti- PB-catenin antibody (brown coloration). Arrowhead:

nuclear B-catenin in the tibia.
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p-Catenin as a substrate of Pinl is protected by nuclear localization

Pinl only binds to peptide bonds between pSer-Pro or pThr-Pro
substrates. In silico analysis of -catenin indicated there are three candidate
target sites, Ser 191, 246, and 605 (Fig. 1.13A). We generated mutants with
individual Ser to Ala substitutions, combinations of any two Ser to Ala
substitution, or all three substitutions (3AP). We measured the biochemical
molecular interaction by overexpression and GST-PD analysis of flag-
tagged B-catenin WT or mutants with Pinl (Fig. 1.13B). Our analysis
revealed that B-catenin mutants interact, except for the 3AP mutant (Fig.
1.13B). Compared to WT [B-catenin, each single substitution mutant or
combination of two substitution mutants did not significantly change TOP
Flash activity (data not shown). Only 3AP B-catenin showed a dramatic
decrease in the TOP Flash enhancing activity of B-catenin (Fig. 1.13C).
Figure 1.13. indicates that structural modification by Pinl is critical for -
catenin nuclear retention, so we compared nuclear retention of WT B-catenin
and 3AP. After 24 h overexpression of either WT or 3AP in MC3T3-E1 cells,
each culture was treated with CHX for the indicated time, and then the
intensity and localization of B-catenin were analyzed. Nuclear -catenin was
exported to the cytosol (Fig. 1.13D), and exported B-catenin is known to

undergo proteasomal degradation (Henderson, 2000). The rate of decay of
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the 3AP was faster than that of the WT (Fig. 1.13D). We quantified the
intensity of the WT and 3AP nuclear B-catenin (Fig. 1.13E). Nuclear B-
catenin interacts with Lefl and enhances its transcriptional activity to
stimulate osteogenesis in canonical Wnt stimulation (Behrens et al., 1996).
We need to clarify whether the decrease of TOP flash enhancing activity of
3AP mutant B-catenin (Fig. 1.13C) is resulted from its decreased stability or
intractability with Lefl. The interaction between Lefl and -catenin WT or
3AP mutant was determined by IP assay (Fig. 1.13F), which showed Flag-
tagged PB-catenin level is quite proportional to co-precipitated LEF1 level
indicating its intractability with Lefl was not abrogated by 3AP substitution
mutation. Input protein levels of 3AP B-catenin showed a strong decrease
compared to WT B-catenin (Fig. 1.13F) indicating the stability change is the
main cause of decreased activity in 3AP mutant. Overexpression of 3AP
mutation abrogated the stimulatory effect of B-catenin on osteogenic marker
genes (Figs. 1.14A-C). These results strongly indicated that Pinl stabilizes
B-catenin and prolongs its nuclear retention which subsequently increases

osteogenic marker gene expression.
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Figure 1.13. Pinl protects against B-catenin degradation by controlling
the release of B-catenin from the nucleus

A. Diagram of B-catenin structure and possible Pinl binding sites. A mutant
form of B-catenin (3AP) was generated by the site-directed mutagenesis of
three Ser codons to alanine codons. B. HEK293 cells were transfected with
the WT or mutant forms of B-catenin (single, double, or all sites mutant).
After 24h, cells were treated with 50ng/ml Wnt3a for 24 h. The interaction
of overexpressed B-catenin with Pinl was determined by GST-PD (n=3). C.
TOP Flash activity was characterized in HEK293 cells, which

overexpressed the WT or 3AP (Serl91Ala, Ser246Ala, and Ser605Ala)
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mutant of B-catenin or the empty vector (EV). After 24 h, luciferase activity
was determined (n=3). D. MC3T3-EI cells were transfected with the WT or
3AP mutant expression plasmids. After transfection for 24 h, the cells were
harvested at 0 or 60 min after CHX treatment (10 pg/ml), and B-catenin was
detected using IF. E. Nuclear -catenin was quantified and showed a graph

by time course (n=10 in each group).
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Figure 1.14. Change of bone marker genes by 3AP mutation of B-

catenin

A-C. MC3T3-E1 cells were transfected with WT or 3AP mutant expression

plasmids or EV. After 48 h, mRNA levels of Bmp2, Alp, and Osteocalcin

were quantitatively analyzed (n=3).
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Discussion

Pin1 is critical for the nuclear retention of p-catenin

In the presence of a Wnt signal, the inhibition of phosphorylation and
subsequent ubiquitination of B-catenin results in its accumulation in the
cytosol (Logan and Nusse, 2004). However, the mechanisms controlling the
nuclear localization of B-catenin, especially entrance into and exit from the
nucleus are poorly understood. Since B-catenin does not contain a NLS or
NES sequence (MacDonald et al., 2009), the efficient entry and exit of B-
catenin to and from the nucleus are unknown. Even though previous reports
have investigated the many molecules involved in the import and export of
B-catenin (Henderson, 2000; Kramps et al., 2002; Tolwinski and Wieschaus,
2001; Townsley et al., 2004), the results are quite controversial. Rigorous
control of PB-catenin-mediated transcription is essential to prevent the
tenacious activation of Wnt target genes in the canonical Wnt signaling
pathway. Export of B-catenin from the nucleus completely terminates the
transcriptional function of B-catenin. Our data show that Pinl is critical to
keep B-catenin in the nucleus and is not critical to translate -catenin from
the cytosol to the nucleus (Figs. 1.10, 1.11). If Pinl were involved in the
nuclear translocation of B-catenin, B-catenin would not be present in the

nucleus when cells were treated with siPinl or juglone and LMB, as j-
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catenin would have already failed to enter the nucleus due to inhibited Pinl
expression and activity. We observed that nuclear B-catenin was still highly
maintained (Figs. 1.10, 1.11). This result is congruous with the results of
earlier studies where Pinl-mediated conformational change determined the
molecular localization in a cell (Ryo et al., 2001; Yang et al., 2012).
Regulation of [-catenin retention by Pinl affects to reductions in
transcriptional activity and target gene expression when Pinl was inhibited

or absent (Figs. 1.1-4).

p-Catenin directly interacts with Pinl in the nucleus

Among the many prolyl isomerases, Pinl shows the narrowest target
specificity for Pro-directed phosphorylation sites in a subset of proteins
(Lim and Lu, 2005). In silico analysis of -catenin indicates that it has three
candidate Pinl binding sites, Serl191, Ser246, and Ser605 (Fig. 1.13A).
Previous reports have suggested that post-phosphorylation binding of Pinl
to the Ser246 of B-catenin is vital for the stability and/or subcellular
localization of B-catenin (Nakamura et al., 2012; Ryo et al., 2001). Another
study stresses that Ser191 and Ser605 are more critical for -catenin nuclear
localization than Ser246 (Wu et al., 2008). In the present study, we did not

find any significant difference in interaction (Fig. 1.13B), transcriptional
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activity and localization between the WT and any Ser to Ala single or
double substitution mutants in B-catenin. Only 3AP failed to bind to Pinl
(Fig. 1.13B) and showed a significant down-regulation of its transcriptional
activity (Fig. 1.13C), indicating that all three candidate sites are targets of
Pinl substrate. These results are different from those of previous reports in
which the authors designated one or two specific sites for Pinl interaction.
We assume that this is because multiple signaling cascades converge on -
catenin via phosphorylation to control canonical Wnt signaling. Studies
indicate that intracellular molecular mechanisms of B-catenin are tightly
controlled by multiple signaling pathways in different biological contexts; in
fibroblasts, Wnt3a activates ERK and plays an important role in cell
proliferation (Yun et al., 2005); in differentiated osteoblasts, Wnt3a prevents
apoptosis through [-catenin-dependent signaling cascades involving
Src/ERK and phosphoinositide 3 kinase (PI3K)/AKT (Almeida et al., 2005);
and TGFp and Notch signaling pathways also maintain crosstalk with the
Whnt signaling pathway (Attisano and Labbe, 2004; Caliceti et al., 2014; Fre
et al., 2009; Warner et al., 2005). Pinl target sequences are shared by several
protein kinases, such as ERK, CDK, and GSK3a (Yoon et al., 2014a).
Therefore, we suggest that the conformational change of each of the three

different phosphorylation sites probably has different biological implications.
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Nuclear interaction of B-catenin and APC is regulated by Pinl

Our next question addressed the mechanism by which Pinl-modified
B-catenin remains in the nucleus for long periods of time. Previous reports
have indicated that a nuclear-cytoplasmic shuttling protein, APC, can
function as a chaperone for B-catenin export from the nucleus (Henderson,
2000; Rosin-Arbesfeld et al., 2000). Pinl affects the interaction between [3-
catenin and APC (Ryo et al., 2001); therefore, we hypothesized that the
conformational change of nuclear B-catenin by Pinl does not allow for the
interaction with APC, inhibiting the export of B-catenin to the cytosol from
the nucleus and consequently enhancing the nuclear retention of B-catenin.
We observed that the interaction between nuclear APC and -catenin was
generally reduced in the presence of Wnt ligand and increased when Pinl
activity was inhibited by juglone (Fig. 1.11B). Therefore, we suggest that
the conformational change of nuclear B-catenin by Pinl inhibits the ability
of B-catenin to interact with nuclear APC and subsequent APC-guided

export of B-catenin to the cytosol (Fig. 15).

Regulation of nuclear p-catenin retention by Pinl implicates it as a drug

target for bone diseases and cancer
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The canonical Wnt signaling pathway is an important regulatory
pathway in the osteogenic differentiation of MSCs (Holland et al., 2013;
Kim et al., 2013) and bone development (Westendorf et al., 2004). Induction
of the Wnt signaling pathway promotes bone formation (Gong et al., 2001;
Hill et al., 2005; Little et al., 2002). Genetic studies have shown that LRP5
can control bone mass (Gong et al., 2001; Little et al., 2002) and conditional
deletion of B-catenin in the embryonic limb, and head mesenchyme results
in the absence of mature osteoblasts in membranous bones (Hill et al., 2005;
Kolpakova and Olsen, 2005). Our previous studies have shown the
importance of Pinl in bone development (Yoon et al., 2014a; Yoon et al.,
2014b; Yoon et al., 2013a). Considering this, Wnt signaling including all the
components of the canonical pathway and Pinl are deemed essential for
bone formation. We demonstrated that Pinl increases Wnt-induced
osteoblast differentiation. These results are consistent with those of previous
reports showing that Pinl KO mice had low bone mineral density (Shen et
al., 2013; Yoon et al., 2013a). These data identify for the first time a major
function of Pinl in osteoblast differentiation by regulating the interaction
between -catenin and APC. Therefore, Pinl is a potential biological marker
or therapeutic target that enhances Wnt-induced osteoblast differentiation.

Both the Wnt signaling pathway and Pinl have been studied in pathological
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human cancers (Anastas and Moon, 2013; Driver and Lu, 2010; Lu and
Zhou, 2007; Morin, 1999; Wulf et al., 2003). Pinl plays a key role in the
pathogenesis of other malignancies such as breast, colon, and prostate
cancer (Chen et al.,, 2006; Driver and Lu, 2010; Suizu et al., 2006). In
particular, unregulated activation of [B-catenin is a major cause of
tumorigenesis in cancers (Luu et al., 2004). In addition, Pinl increases the
transcription of several B-catenin target genes by inhibiting its interaction
with APC (Ryo et al., 2001) in cancer. Thus, our novel finding that Pinl is
important for regulating the interaction between B-catenin and APC in the
nucleus and the export of B-catenin to the cytosol (Fig. 1.11) can also be a
useful tool in cancer therapeutics.

In conclusion, our results reveal a novel molecular mechanism
whereby Pinl promotes the nuclear retention of B-catenin through inhibition
of the interaction between APC and B-catenin in the nucleus, which, in turn,
up-regulates osteoblast differentiation. This mechanism is a new avenue for
studying the translocation of nuclear B-catenin, and this knowledge leads to
a deeper understanding of the importance of isomerized B-catenin in bone
development. Although we examined the Pinl and B-catenin relationship
under physiological conditions in osteoblast differentiation, these results

raise the possibility as a cancer drug target.
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Figure 1.15. Model of Pinl-mediated nuclear retention of p-catenin.

We propose that Pinl is critical for the retention of B-catenin to properly
control transcriptional activity. After P-catenin phosphorylation through
some mechanism, Pinl recognizes the phosphorylated WW motifs and
catalyzes conformational change(s) of B-catenin. The conformational change
enhances nuclear retention of B-catenin by inhibiting interaction of f-catenin
and APC, positively affecting the trans-acting activity of B-catenin. Taken
together, our results reveal that Pinl is a novel regulator of B-catenin

localization and promotes cell differentiation like osteoblast differentiation.

69



Our results reveal a novel mechanism whereby Pinl activity is needed to
enhance the nuclear retention of B-catenin. This finding sheds light on the

potential for novel therapeutic approaches.
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V. Part 2.

Pinl is a new therapeutic target of craniosynostosis
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Abstract

Gain-of-function mutations in FGFRs cause congenital skeletal
anomalies including CS, which is characterized by the premature closure of
craniofacial sutures. AS is one of the severest forms of CS, and the only
treatment is surgical expansion of prematurely fused sutures in infants.
Previously, we demonstrated that the prolyl isomerase Pinl plays a critical
role in mediating FGFR signaling, and that Pinl™" mice exhibit delayed
closure of cranial sutures. In this study, using both genetic and
pharmacologic approaches, we tested whether Pinl modulation could be
used as a therapeutic regimen against AS. In the genetic approach, we
crossbred Fgfr2°?"* a mouse model of AS, and Pinl"" mice. Down-
regulation of Pin/ gene dosage attenuated premature cranial suture closure
and other phenotypes of AS in Fgfi2®”?"" mutant mice. In the
pharmacological approach, we intraperitoneally administered juglone, a

252W/+
2S 7

Pinl enzyme inhibitor, to pregnant Fgfr mutant mice, and found that

this treatment successfully interrupted fetal development of AS phenotypes.

Primary cultured osteoblasts from Fgfi-25?""*

mutant mice expressed high
levels of FGFR2 downstream target genes, but this phenotype was

attenuated by Pinl inhibition. Post-translational stabilization and activation

of Runx?2 in Fgfir25?""* osteoblasts were also attenuated by Pinl inhibition.
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Based on these observations, we conclude that Pinl enzyme activity is
important for FGFR2-induced Runx2 activation and craniofacial suture
morphogenesis. Moreover, these findings highlight that juglone or other
Pinl inhibitors represent viable alternatives to surgical intervention for

treatment of CS and other hyperostotic diseases.
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Introduction

CS, defined as premature fusion of one or more of the cranial
sutures, occurs in approximately 1 in 2,500 live births (Johnson and Wilkie,
2011). Normally, the mammalian cranial vault consists of five major flat
bones joined by structures known as cranial sutures (Clendenning and
Mortlock, 2012), which play a key role in cranial growth during
development (Jin et al., 2016). To permit brain growth in the early stage of
life, the sutures should remain patent (Johnson and Wilkie, 2011). However,
in CS, premature fusion prevents skull expansion to accommodate brain
growth, potentially resulting in elevated intracranial pressure and multiple
sequelae including brain dysfunction, hydrocephalus, reduced intelligence,
and visual impairment due to pressure on the optic nerve (Derderian and
Seaward, 2012; Johnson and Wilkie, 2011). Currently, the only treatments
for these disorders involve postnatal surgery.

In a prospective analysis of a cohort presenting with CS, the genes
most frequently mutated were FGFR2 (32%), FGFR3 (25%), TWISTI
(19%), and EFNBI (7%) (Johnson and Wilkie, 2011). Heterozygous
mutations of FGFR2 cause three classical CS syndromes: Apert, Crouzon,
and Pfeiffer (Bagheri-Fam et al., 2015). AS, one of the severest form of CS

(Du et al., 2010; Koca, 2016), is accompanied by facial abnormalities such
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as bicoronal synostosis, hypertelorism, mid-face hypoplasia, narrow arched
palate, and mitten-like syndactyly of fingers and toes (Robin et al., 1993).
Over 98% of cases are caused by specific missense mutations of FGFR2,
either Ser252Trp (66%) or Pro253Arg (32%), in the linker between the Igll
and IglIl domains (Ibrahimi et al., 2004; Johnson and Wilkie, 2011). These
substitutions increase the affinity and broaden the specificity of FGF-ligand
binding, explaining the cellular consequences of mutation including
accelerated proliferation and differentiation of osteoblasts in the cranial
suture; premature differentiation is probably the most important factor
leading to CS (Anderson et al., 1998; Ibrahimi et al., 2004). In this study, we
focused on early coronal suture closure using a mouse model of AS that
harbors a targeted mutation (S252W) in Fgfr2.

Pinl catalyzes post-phosphorylation conformational regulation. It
binds only to specific pSer/Thr-Pro motifs, causing a cis—trans
conformational change of the substrate (Nakamura et al, 2012). In a
previous study, we demonstrated that Runx2 expression is regulated by
FGF2 (Kim et al., 2003), and that prolyl isomerization of Runx2 mediated
by Pinl is crucial for acetylation and stabilization of the Runx2 in
FGF/FGFR2 signaling (Yoon et al, 2014a; Yoon et al, 2013a). This

molecular modification is essential for proper bone development (Kim et al.,
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2016; Shin et al., 2016; Yoon et al., 2014a; Yoon et al., 2015a; Yoon et al.,
2013a). Excessive FGFR2 downstream signaling, including elevated Runx2
activity and stability due to FGFR2 mutations, could be a crucial driver of
CS phenotypes.

Juglone (5-hydroxy-1,4-naphthoquinone) is a brown dye isolated
from walnut shells and leaves of walnut trees (genus Juglans) (Hennig et al.,
1998). Numerous in vitro and in vivo studies have shown that juglone
effectively inhibits Pinl activity (Aithal et al., 2012; Hennig et al., 1998;
Jeong et al., 2009; Reese et al., 2010). We hypothesized that suppression of
Pinl would normalize hyper-activated FGFR2 signaling, thereby rescuing
the premature obliteration of coronal sutures that is the hallmark symptom
of CS. To test our hypothesis, we pursued two independent approaches in
Fgfir2* 22 mice, a model for human AS: a genetic approach targeting one
allele of Pinl, and a pharmacological approach in which Pinl activity was
suppressed by administration of juglone during fetal development. Both
approaches successfully attenuated CS phenotypes in the disease model
mice, suggesting that Pinl represents a promising molecular target for

overcoming CS without surgery.
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Materials and methods

Animal experiments

Fgfir2* 232W and Pinl-deficient mice (Fujimori et al., 1999; Shukla et
al., 2007) were maintained under specific pathogen—free (SPF) conditions.
The loxP-neo-loxP cassette, a blocker sequence, can be removed to
stimulate the Fgfr2°”?" allele upon crossing with mice carrying a
ubiquitous Cre transgene (EIIA-Cre, The Jackson Laboratory) (Lakso et al.,
1996; Shukla et al., 2007). Mice carrying the Fgfr2°”?" and EIIA-Cre
alleles were mated, and Pinl,Fgfr2 compound mutant mice were generated
by mating Pinl ™" Fgfir2"°*?""* mice with Pinl""Ella-Cre/+ mice. The
genetic background of Fgfi-2"%?""* mice is FVB (Shukla et al., 2007),
and the Ella-Cre transgene (B6.FVB-TgN(Ella-cre)C5379Lm, No: 003724)
was from the Jackson Laboratory. The genetic background of the Pinl™"
mice is C57BL/6 (Komori et al, 1997). Pregnant mice were injected
intraperitoneally with juglone (Calbiochem, Darmstadt, Germany). The
numbers of animals in experimental groups are indicated in the figure
legends. Animals were housed in cages following IACUC policies. All
animal studies were reviewed and approved by the Special Committee on
Animal Welfare, Seoul National University, Seoul, Republic of Korea.
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Skeletal staining

For skeletal staining, P0.5 mice were exenterated, skin was pareed
follow by fat tissue was removed. After overnight fixation in ethanol with
95% dose, samples were stained in alcian blue solution (150mg Alcian blud,
800ml 98% ethanol, 200ml acetic acid) for 24h. After then, they were
transported to 2% KOH for 24h. Overnight staining in Alizarin red solution
(50mg/1 Alizarin red in 2% KOH) was successively performed and then
samples were cleared in solution of 1% KO with 20% glycerol and slowly

increase the amount of glycerol for 2-3 weeks and saved in 100% glycerol.

Micro-CT analysis

P0.5 mice were sacrificed and fixed with 4% paraformaldehyde
overnight at 4°C. Micro-CT sanning was achieved on an inspeXio SMX-
100CT, and data were examined using the TriBON software (RATOC,
Tokyo, Japan). The use of these methods for bone analyses was described
previously (Cho et al., 2016; Ruan et al., 2016; Ruan et al., 2013). After
taking 3-dimentional images of micro-CT, samples were sequentially used

for immune-histochemistry or skeletal staining.
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Cell culture and nuclear—cytoplasmic fractionation
Primary osteoblasts of WT and Fgfi2”?"" mice were isolated from

calvaria of P0.5 mice. Primary osteoblasts and pre-osteoblast MC3T3-E1

cells were cultured in a-MEM with 10% FBS containing 1% penicillin and

streptomycin antibiotics. For osteogenic differentiation, the medium was
supplemented with 5 mM B-glycerophosphate and 50 pg/ml ascorbic acid,
and cells were cultured with osteogenic medium for 2-3 weeks. Nuclear—
cytoplasmic fractionation was conducted using the NE-PER Nuclear and
Cytoplasmic  Extraction Reagent kit (Thermo Fisher Scientific,
Massachusetts, USA) according to the manufacturer’s protocol as Part.1

study.

Cytotoxicity test and cell proliferation assay

To test the cytotoxicity of juglone, cells were seeded at a confluence
of 2x10° cells in 96well plates, and treated with juglone for 24h. Water-
soluble tetrazolium assay was completed for determination of the amount of
viable and proliferated cells by using EZ-CyTox solution (Daeil Lab Service,
Seoul, Korea). Tests were performed depending on the manufacturer’s
instruction. To check the rate of proliferation, culture the cells and measure

the cell number from dayl to day7.
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Luciferase assay

The transcriptional activity of Runx2 was determined with the
6XOSE2 luciferase reporter plasmid vector. Luciferase assay was performed
as Part.1 study using the Luciferase Assay Kit (Promega, Madison, WI,

USA).

Antibodies and reagents

Antibodies and reagents are described in detail in Tables 2.1 and 2.2.

Alizarin Red S staining

After primary osteoblasts were cultured in osteogenic differentiation
medium for 3 weeks, matrix mineralization was checked by Alizarin red S
staining. Cells were washed with Ca>" free PBS for 3 times and fixed with
1% formaldehyde for 20min at 4C. After cells were washed 5 times with
PBS, cells were stained with 1% Alizarin red S solution for Smin (Sigma,

St.Louis, MO, USA).

Histology analysis

For H&E staining and IHC of tissue sections, P0.5 mice were fixed in
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4% paraformaldehyde for 24 h, dehydrated, and embedded in paraffin using
standard procedures. Serial paraffin sections (5-um thickness) were
prepared, deparaffinized and rehydrated. The tissue sections were then

stained with H&E staining as described previously (Yoon et al., 2013) or

IHC using the EnVision'™ G|2 Doublestain System (Dako, Glostrup,

Denmark) as part.1 (Bae et al., 2017a). Stained tissues were imaged on a
conventional microscope equipped with a DP72 digital camera (Olympus,

Tokyo, Japan). Antibodies used for these experiments are listed in Table 2.1.

Extraction of total RNAs, reverse transcription polymerase chain
reaction (RT-PCR), and real-time PCR (qPCR)

Total RNA extraction from cultured cells, RT-PCR, and qPCR were
performed as described Part.1 (Bae et al., 2017a; Cho et al., 2016; Shukla et

al., 2007). The primer sets used for real-time PCR are listed in Tables 2.3.

IP and IF
For IP, cellular nuclear proteins from primary osteoblast were
extracted using the NE-PER Nuclear and Cytoplasmic Extraction Reagent

kit (Thermo Fisher Scientific, Massachusetts, USA), and proceeded with IP
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as described in part.1 with a buffer which consisting of 150mM NacCl,
50mM HEPES (pH 7.5), 100mM NaF, ImM EDTA, 0.25% sodium
deoxycholate, ImM DTT, 0.25% CHAPS, 1% Nonidet P-40, and 10%
glycerol supplemented with protease and phosphatase inhibitors, including
Na3VO,4. The precipitated proteins were then analyzed by immunoblot
detection with specific antibodies. For IF, cells were fixed in 4%
formaldehyde for 10min at 4°C. Then, cells were stained with the primary
antibody and fluorescent-conjugated secondary antibody. Visualization with
a Carl Zeiss LSM700 microscope and analysis with ZEN2011 software were

performed (Carl Zeiss, Oberkochen, Germany).

DNA construction and transfection

Construction of Fgfi2"" and Fgfi2*"?" mutant expression vectors
was described previously (Tanimoto et al., 2004). Transactivation activity of
Runx2 was evaluated using the 6XOSE2-Luc reporter vector (Kim et al.,
2003). The Neon transfection system (Invitrogen, San Diego, CA, USA)

was used for DNA transfection of primary osteoblasts or MC3T3-E1 cells.

Statistics

All quantitative data are presented as means = SD (in vitro data) or
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means = SEM (in vivo data). Each experiment was performed at least three
times, and results from representative individual experiments are shown in
the figures. Statistical analysis was performed by either unpaired two-tailed
Student’s t-test or one-way ANOVA followed by Bonferroni’s test using the
Prism 5.0 software (GraphPad Software, San Diego, CA, USA). P <0.05

was considered significant.

Study approval

The Seoul National University institutional animal care and use

committees approved the animal study (Approval No.SNU-160121-1).
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Table 2.1. Antibodies used in this study.

Antigen Clone Cat.# Host Appl. Source
D130-3 M
’ WB, IP,
Runx?2 8G5 mAb IC,IH MBL
RNA - Pol - 50 eI Xy WB,IP,IF  Santa Cruz
I pAb
Acetyl- ) #9441 Rb, WB, IP, Cell
lysine pAb IHC,IF signaling
L N-18 B G, pAb WB,IP,IF Santa Cruz

A/C
M, mouse; Rb, rabbit; G, goat
mAb, monoclonal antibody; pAb, polyclonal antibody
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Table 2.2. Chemical reagents used in this study.

Chemical reagents  Application Source

Juglone Pinl inhibitor Calbiochem

CHX Protein synthesis inhibitor Sigma-Aldrich
The staining of cartilage and

Alizarin Red S bone Sigma-Aldrich

Checking the calcium deposites

Alcian Blue 8GX The staln.lng and precipitation of MENTOS
glycosaminoglycans

CHX Protein synthesis inhibitor Sigma-Aldrich

Juglone, 5-hydroxy-1,4-naphthalenedione; CHX, Cycloheximide;
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Table 2.3. Primer list used in this study

‘ For Real-time PCR

Name
Spry2(forward)
Spry2(reverse)
Spry3(forward)
Spry3(reverse)

Dusp6(forward)
Duspb(reverse)
P-catenin(forward)
P-catenin (reverse)
c-Myc(forward)
c-Myc(reverse)
Pcna(forward)
Pcna(reverse)
Mapk(forward)
Mapk(reverse)
Collagenlal (forward)
Collagenlal (reverse)
Osteocalcin (forward)

Osteocalcin (reverse)

Oligonucleotide Sequence
5'- GGC CTC GGA GCA GTA CAA GG-3'
5'- GTA GGCATG CAGACCAAAT-3'
5'- TCT GAT TGG TCC CTG GCT AC-3'
5'- GGG TTC TGATGA TGG ACT GG -3’
5'- CGA GTC GTC ACA CAT CGA AT-3'
5'-TCG CTGCTATTICTCGTCG TA -3’
5-ATGGAGCCGGACAGAAAAGC -3’
5’-CTTGCCACTCAGGGAAGGA -3’
-CAGATC AGC AAC AAC CGA AA--3’
-GGC CTT TTC ATT GRR TTC CA -3’
5>-TTTGAGGCACGCCTGATCC -3’
-GGAGACGTGAGACGAGTCCAT -3’
>-CAGGTGTTCGACGTAGGGC -3’
-TCTGGTGCTCAAAAGGACTGA -3’
5'- GCTCCTCTTAGGGGCCACT - 3'
5'- CCACGTCTCACCATTGGGG -3'
5'- CTGACAAAG CCTTCATGT CCAA -3’
5'- GCG CCG GAG TCT GTT CACTA -3’
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Results

Inactivation of Pinl prevents premature fusion of coronal suture in AS
model mice

Pinl is crucial for osteoblast differentiation mediated by
FGF/FGFR2 signaling (Yoon et al., 2014a; Yoon et al., 2013a). To further
investigate the relationship between Pinl and skeletal abnormalities in our
AS mouse model, we reduced the dose of Pinl by crossing Pinl " Fgfir2"*"

W with Pinl""EIIA-Cre'” (Pinl™";Fgfr2*?""") to generate compound

mutant mice. These genetic manipulations resulted in significantly different

252W/+
2S 7

overall phenotypes. Fgfr mice exhibited abnormalities including a

dome-shaped skull, shortened skull length (Fig. 2.1A), and smaller body
length (Fig. 2.3), as described previously (Shukla et al, 2007). As a
reference, a schematic diagram (Wang et al., 2010) is shown in Fig. 2.1B.
Micro-CT scans were performed on P0.5 mice to observe mineralized

tissues (Fig. 2.1C, D). Fgfr2°?"" mice had CS of coronal suture, but this

S252W/+

phenotype was rescued in Pinl " Fgfi2 mice (Fig. 2.1C, D, yellow

. . +
arrows). In comparison with Fgfi-252?""

mice, these mice had a longer skull
(Fig. 2.1E) and nasal region (Fig. 2.1F) and smaller skull height (Fig. 2.1G)

and intercanthal distance (Fig. 2.1H). To observe histological changes, we
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prepared sagittal sections of calvaria. As reported previously, Fefi-2® 23207

coronal sutures were completely fused (Fig. 2.2). By contrast, Pinl""
o F gfrZS 232 coronal sutures remained in the differentiated state, and were
not yet completely fused (Fig. 2.2). These results were also observed by
walking through the suture on the micro-CT analysis (Fig. 2.4). The fused

+
coronal sutures of Fgfir2%"*"

mice were completely mineralized, with no
space between the frontal (F) and parietal (P) bones (Fig. 2.4A). However,
this was not observed in Pinl ™ Fgfr25?*"" mice, in which the distance
between the frontal and parietal bones was increased comparable to that in
WT mice (Fig. 2.4A, B). These differences were statistically significant. The
incidence of coronal and frontal-nasal suture fusion depended on genotype
(Table. 2.4). Reduced body length in Fgfi25*?""* mice was also restored by
genetic deletion of one allele of PinI; this effect was statistically significant
(Fig. 2.3). These observations suggest that inactivation of Pinl prevents CS

S252W/+

of coronal sutures in Fgfr2 mice.
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Figure 2.1. Rescue of premature fusion of coronal suture in Fgfi-2*"?""*
mice by removal of one allele of Pinl.

A. P0.5 skull of WT, Pinl"", Fgfi2Vo5%2"* E24-Cre* (Fgfr25%?""), and
Pinl™";Fgfr2VS¥ W  EI14-Cre™ (Pinl ™" Fgfr25**""*) mice. B. Schematic
diagram and landmarks of mouse skull vault. The mouse skull consists of
paired frontal bones (fr), paired parietal bones (pa), and the interparietal
bone (ipa), intervened by the coronal, sagittal, metopic, and lambdoid
sutures. C, D. Representative micro-CTs of skulls from WT, Pinl*",
Fgfi252*V" “and Pinl"";Fgfr25*"" mice (n=3). Superior views (C) and
lateral views (D) of skull calvaria. Removal of one allele of Pinl rescued
premature fusion of coronal suture (yellow arrows), a CS calvarial
phenotype, and the frontal-nasal suture (blue arrows). The 3D coordinates
of specific craniofacial landmarks, shown in Fig. 2.1B and 2.1D, were used
for morphometric analyses of the skulls. Green lines represent linear
distances corresponding to the length of the nasal region (Insla—Iflac) and
the skull length (rnsla-rocc). Red line indicates skull height (Ipto—bas).
Yellow lines, indicating intercanthal distance (lflac—rflac), show linear
distances corresponding to facial width. E-H. Representative micro-CT
results of skulls, shown as bar graphs (n=5 in each group; *p <0.05;

*%p < 0.005; ***p < 0.001).
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Figure 2.2. Histological change of premature fusion of coronal suture
Histological sections of coronal sutures in P0.5 mice. Arrows indicate

growing fronts of frontal and parietal bones.
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Figure 2.3. Changes in body length according to mice genetic
modification. A. The gross appearance shows the rescue of the smaller
body size of Fgfi“***"" mice by the reduction of Pinl dosage. B. The
results with statistical significance are shown by the graph. (n=5 in each

group, *indicates p<0.05, **indicates p<0.005, ***indicates p<0.001).
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Fig. 2.4. The analysis of the fused coronal suture. A. Mice calvaria were
analyzed by the suture slice by slice on the micro-CT analysis. We measured
the distance between the frontal (F) and parietal (P) bone. B. The results

with statistical significance are shown by the graph. (n=5 in each group,

*indicates p<0.05, **indicates p<0.005, ***indicates p<0.001).
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Table 2.4. Suture closure of mice used in each genotype

Coroanl suture fusion

Frontal-nasal suture fusion

(between frontal and parietal bone) Ratio(%) (between nasal and frontal bone) Ratio(%)
WT (n=5) 0/5 0 0/5 0
Pin1*" (n=5) 0/5 0 0/5 0
Fgfr2 52" (n=5) 5/5 100 5/5 100
Pin1 " Fgfr25%™"* (n=5) 0/5 0 2/5 40
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Restoration of craniofacial skeletal abnormalities in juglone-treated
Fgfr2®**™" mice

To assess the relevance of these findings to patients, we treated our
model mice with juglone, a pharmacological inhibitor of Pinl (Hennig et al.,
1998). Prior to these experiments, we optimized the dose of juglone based
on toxicity tests (Figure 2.5). For this purpose, pregnant mice were injected
once daily with juglone (0, 0.01, 0.1, 1, or 2.5 mg/kg) from E14.5 to E18.5;
dynamic skeletogenesis of the calvaria occurs around E12.5 (Rice, 2008).
P0.5 mice were sacrificed and examined to determine the highest
concentration that did not decrease the number of littermates (Fig. 2.5A, B)
or significantly affect the skeletal phenotype (Fig. 2.5C); based on the
results of this analysis, we set the concentration of juglone to 1 mg/kg.

The level of skull development was evaluated by embryonic
skeletal staining and histological analysis (Figs. 2.6A-C). As in the
experiments described above, Fgfir2*?"" mice exhibited multiple
abnormalities, including a dome-shaped skull (Fig. 2.6A), shortened skull
length (Figs. 2.6A, B), widely spaced eyes (Fig. 2.6B, yellow line), and
premature closure of the coronal suture (Fig. 2.6A, white arrowhead; Fig.
2.6B, arrow) and nasal suture (Fig. 2.6A, black arrowhead), whereas

juglone-treated Fgfi2® 22V mice were similar to WT mice. Next, we made
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histological observations of the coronal sections in sagittal sections of
calvaria (Fig. 2.6C). Fgfr2°*?"" mice exhibited premature closure of
coronal sutures, whereas closure occurred normally in juglone-treated
Fgfir2* 22V mice despite expression of the mutant Fgfi-2*””*" allele (Fig.
2.6C). To quantify restoration of CS calvaria phenotypes by juglone
treatment, we obtained micro-CT scans of skulls from each group and
littermate controls at birth (Figs. 2.6D, E). Images from the top (Fig. 2.6D)
and the side (Fig. 2.6E) of FgfrZS Z2W mice calvaria showed that coronal
(yellow arrow) and nasal (blue arrow) sutures were completely overlapping

and calcified. By contrast, juglone-treated Fgfi-2**""*

mice had calvarial
phenotypes similar to those of WT mice. The incidence of coronal and
frontal-nasal suture fusion depended on genotype (Table. 2.5). These results
were also observed by walking through the suture on the micro-CT analysis
(Fig. 2.7A). Fgfr25252W/+ mice had no space between the frontal (F) and
parietal (P) bones because the coronal sutures were already fused and
mineralized (Fig. 2.7A), but the distance between the frontal and parietal
bones was greater in juglone-treated Fgfr2**’ " mice (Fig. 2.7B).

We then looked for morphological differences in specific

craniofacial features between groups, in comparison with WT littermate

mice (Figs. 2.6D, E), using Fig. 1B and reference landmarks (Maga et al.,
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2015; Wang et al., 2010). The lengths of the skull and nasal region were
significantly shorter in Fgfi-2* 232W mice than in WT mice (Figs. 2.6F, G). In
addition, cranial height and inter-ocular distance were larger in Fgfi-2??"""
mice than in WT mice, likely due to brain development under size
limitations (Figs. 2.6H, I); this difference was statistically significant. The
reduced body length of Fgfi-2*”>*"* mice was rescued by juglone treatment
(Figure 2.8A, B), and the overall phenotypes of juglone-treated Fgfi-2%?"""

mice were similar to those of WT mice. Together, these results indicate that

juglone attenuates abnormal calvaria bone formation in Fgfi-2*?"" mice.
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Figure 2.5. The toxicity test of juglone in pregnant mice. A. The graph
shows the number of littermates by the toxicity test in which pregnant mice
were administered juglone at a concentration of 0, 0.01, 0.1, 1 and 2.5mg/kg
once daily from E14.5 to E18.5 (n=3). B. The overall skull phenotypes were
analyzed by micro-CT depending on dose of injected juglone. C. The graph

shows the total number per mice group.
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Figure 2.6. CS phenotypes in AS model mice are rescued by treatment
with the Pinl inhibitor juglone.

Pregnant mice were intraperitoneally injected with 1 mg/kg juglone
(Fgfr25?"™* + Juglone) or vehicle (Fgfir25?""*) once a day from E14.5 to
E18.5. WT and Fgfir2**?"" mice were sacrificed at birth. A, B. Mouse
calvaria were examined after Alizarin red S and Alcian blue staining. Black
arrowheads, frontonasal suture; white arrowheads, coronal suture (A). Both
sutures were already closed in Fgfi-25?"" mice, whereas those of WT and
Fgfr2"?"" 1 juglone mice remained open. Coronal views of the heads of
the same animals are shown in B. Intercanthal distance (yellow lines) was

252W/+
2S 7

significantly wider in Fgfr mice than in control mice. Arrows

indicate a coronal suture that is almost overlapping in F gfr2S25 2t

, whereas
sutures in the other group remain open. C. Histological sections of coronal
sutures in P0.5 mice. Arrows indicate growing fronts of frontal and parietal
bones. Note that suture overlap is much more pronounced in Fgfi2572""*
mice than in the other groups. D, E. Representative micro-CTs of skulls
from WT, Fgfr2°?"" | and juglone-treated Fgfi-2">*""* mice (n=5). Superior
views (D) and lateral views (F) of skull calvaria. Yellow arrows indicate

rescue of early fusion of coronal suture, and blue arrows indicate rescue of

the distorted frontal-nasal suture of mutant mice by juglone. Red lines
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represent linear distances corresponding to the lengths of the nasal region
and the skull. Green line indicates skull height, whereas the yellow lines,
such as the neurocranial width at intercanthal distance (Iflac—rflac), indicate
linear distances corresponding to facial width. F—I. Representative micro-
CT results of skulls are shown in bar graphs (n=5 in each group; *p < 0.05;
**p < 0.005; ***p<0.001). Statistically significant differences indicate

rescue of the CS calvarial phenotype.
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Table 2.5. Suture closure of mice used in each experimental group

Coroanl suture fusion

Frontal-nasal suture fusion

(between frontal and parietal bone) RER() (between nasal and frontal bone) i)
WT (n=5) 0/5 0 0/5 0
Fgfr2 552 (n=5) 5/5 100 5/5 100
Fgfr25%?* + Juglone (n=5) 15 20 3/5 60
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Figure 2.7. The change of the fused coronal suture by treatment of
juglone. A. Mice calvaria were analyzed by the suture slice by slice on the
micro-CT analysis. We measured the distance between the frontal (F) and
parietal (P) bone. B. The results with statistical significance are shown by
the graph. (n=5 in each group, *indicates p<0.05, **indicates p<0.005,

***indicates p<0.001).
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Figure 2.8. Changes in body length. A. The gross appearance shows the

rescue of the smaller body size of Fgfr

28252W/+

mice by the treatment of Pinl

inhibitor, juglone. B. The results with statistical significance are shown by

the graph. (n=5 in each group, *indicates p<0.05, **indicates p<0.005,

***indicates p<0.001).
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Juglone affects expression of genes downstream of FGF/FGFR2
Previously, we found links between FGF/FGFR2 signaling and Pinl
in cell culture (Islam et al., 2016; Yoon et al.,, 2014a). Therefore, we
examined whether rescue by juglone which the IC50 value is 13.55uM in
primary osteoblasts (Fig. 2.9) affected expression modulators and
downstream genes of FGFR signaling, including Dusp6 and two genes in
the Sprouty family, Spry2 and Spry3 (Shukla et al, 2007). ERKI1/2
activation triggers the transcription of Dusp6 mRNA, and the Dusp6 protein
inactivates ERK1/2, resulting in a negative feedback loop activated by FGF
during somite development (Smith et al., 2005). Similarly, members of the
Sprouty family antagonize FGF and FGFR signaling (Faedo et al., 2010). To
assess the effect of juglone on FGF/FGFR2 signaling, we measured mRNA
expression of Dusp6, Spry2, and Spry3 by RT-PCR. Expression of all three

. . . 252W/+
genes was elevated in primary mouse calvarial cells from Fgfi-257?"

mice
(Figs. 2.10A, B) and MC3T3-El cells overexpressing Fgfi®>>>" from a
plasmid (Figs. 2.10C-E), in which FGF/FGFR2 signaling was hyper-
activated in comparison with WT primary mouse calvarial cells and
Fafr2VT-overexpressing MC3T3-El cells. After juglone treatment,

expression of these genes decreased in a dose-dependent manner (Figs.

2.10A-E). These observations indicate that juglone inhibits the downstream
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genes of FGF/FGFR2 signaling.
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Figure 2.9. IC50 of juglone. Quantitation of the IC50 of juglone in primary

osteoblasts. The IC50 for the inhibitory effect of julgone was determined by

cell proliferation assay.
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Figure 2.10. Expression of target genes changes upon treatment with
juglone.

A, B. Relative expression levels of FGFR2 signaling modulators and
downstream genes, based on qPCR analysis of WT and Fgfi-2"?"" calvaria
cells (n=3) following treatment with different dosages of juglone for 1 day.
C-E. Confluent MC3T3-El cells were transfected with Fgfi2V' or
Fgfr2°??" mutant expression plasmids. After 24 h, cells were treated with 0,
I, and 10 uM of juglone for 1 day. mRNA levels of FGFR signaling
modulators and downstream genes, such as Dusp6 (C) and the Sprouty
family genes (Spry2, 3) (D, E), were analyzed quantitatively (n=3). The

level of each mRNA was normalized to that of Gapdh in the same sample.
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Juglone restores Runx2 protein hyperstability in Fgfir2*"*""* mouse
calvarial cells by decreasing acetylation of Runx2

Runx2, a key transcription factor in osteoblast differentiation,
triggers MSCs to differentiate into osteoblasts (Xu et al., 2015). The
importance of Runx2 protein in mammalian skeletal development has been
clearly demonstrated by the observation that Runx2 KO mice lack both
mature osteoblasts and a mineralized skeleton, including the calvaria
(Komori et al., 1997). In addition, Runx2 expression is localized to the
critical area of cranial suture closure (Park et al., 2001). To determine the
mechanism underlying restoration of the calvarial phenotype of Fgfi-252""*
mice by juglone, we assessed endogenous Runx2 expression in WT and
Fgfir287?"" primary mouse calvarial cells by IF analysis (Fig. 2.11A). In
WT cells, we observed weak staining for endogenous Runx2 in the nucleus
(Fig. 2.11A, first row). After treatment of WT cells with juglone, the level of
endogenous Runx2 protein was slightly reduced (Fig. 2.11A, second row).
By contrast, Fgfr2°??""* cells had more endogenous Runx2 in the nucleus
than WT cells (Fig. 2.11A, third row). Juglone treatment decreased nuclear
overexpression of Runx2 caused by Fgfr2 mutation (Fig. 2.11A, fourth row),

252W/+
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and Runx2 protein (green) expression in Fgfr primary mouse

calvarial cells was significantly attenuated by juglone treatment (Fig. 2.11B).
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Similar patterns were observed in the levels of endogenous Runx2 protein in
the nuclear fraction (Fig. 2.12A).

We showed previously that PTM is important for Runx2
stabilization (Islam et al., 2016; Yoon et al., 2014a; Yoon et al., 2013a). In
particular, Pinl-mediated structural modification of Runx2 is an
indispensable  step connecting phosphorylation, acetylation, and
transcriptional activation of Runx2 by FGF signaling (Yoon et al., 2014a).
To determine the mechanism by which juglone restored nuclear Runx2
protein to WT level, we examined the acetylation of Runx2. IP assays

revealed that acetylation of Runx2 was higher in Fgfr25252W/+

mouse
calvarial cells than in WT cells (Fig. 2.12B). By contrast, the acetylated
Runx2 level returned to normal in juglone-treated Fgfi-2°?"" mouse
calvarial cells (Fig. 2.12B).

Next, we investigated whether juglone affects the stability of the
Runx2 protein. FGF signaling promotes Runx2 expression in osteoblasts
(Kim et al., 2003); however, we wanted to test the effects of juglone on
PTM of Runx2, as this affects the stability of the Runx2 protein. To this end,
we transfected Runx2 plasmid into WT and Fgfi-2°”?"" mouse calvarial

cells and monitored the stability of exogenous Runx2 (Fig. 2.12C, black

. + .
arrow). Exogenous Runx2 was stable in Fgfi-2* 22 mouse calvarial cells
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for almost 18 h after treatment with CHX, an inhibitor of protein synthesis,
whereas in WT cells, the level of Runx2 protein gradually decreased with
time (Fig. 2.12C). However, when Fgfi25*?"" mouse calvarial cells were
treated with juglone, the stability of Runx2 protein was similar to that in WT
cells (Fig. 2.12C). Endogenous Runx2 protein exhibited the same patterns
(Fig. 2.12C, white arrow). We quantified the changes in Runx2 expression
over time (Fig. 2.12D). These results strongly indicate that isomerization of
Runx2 by Pinl, which is critical for Runx2 stabilization through acetylation,
is inhibited by juglone, thereby restoring Runx2 stability to a near-normal

252W
2S

level and reversing the effects of the Fgfr mutation and the associated

stabilization of Runx2. Using IHC, we confirmed that elevated Runx2

protein levels in Fgfi252"*

mouse coronal sutures were attenuated by
juglone treatment (Fig. 2.13). Together, these results suggest that Fgfi2

mutation in osteoblasts alters the amount of Runx2 protein, but juglone can

restore Runx2 protein to WT levels.
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Figure 2.11. Increased nuclear Runx2 in Fgfr mice attenuated by

juglone treatment.
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A. Endogenous Runx2 protein was detected by IF and
immunocytochemistry. Primary mouse calvarial cells from WT and
Fgfr252?"* mice were treated with 5 uM juglone for 24 h. Cells were fixed,
and endogenous proteins were immunostained with anti-Runx2 (green) and
anti-RNA Pol II (red) antibodies, as well as DAPI (blue). In the merged
image, Runx2 and RNA Pol II co-localization (yellow) was observed as foci,
particularly in Fgfr2°”?" mutant-expressing cells. B. Endogenous
intranuclear Runx2 was quantified, and results are shown as a sigma plot

(n=20 in each group; *p < 0.01; **p < 0.001).
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Figure 2.12. Runx2 is over-activated in Fgfr2S252 "* mice, and juglone
destabilizes Runx2 by decreasing acetylation.

A. Abundance of endogenous Runx?2 protein in dissociated nuclear extracts,
as determined by immunoblot assay. B. Degree of acetylation of Runx2
protein, as determined by IP with anti-acetyl-lysine antibody from
dissociated nuclear extracts. C, D. Runx2 protein stability analysis. Runx2
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plasmid was transfected into primary mouse calvaria cells. After 24 h, cells
were pretreated with or without 5 uM juglone for 1 h, and then treated with
10 pg/ml CHX for the indicated times. Cells were harvested and nuclear
fractions were isolated, followed by immunoblotting with the indicated
antibodies. Black arrow indicates overexpressed Runx2, and white arrow
indicates endogenous Runx2. Lamin A/C was used as a loading control for
the nuclear fractions. D. Nuclear Runx2 was quantified, and levels are

shown as a function of time.
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Figure 2.13. Runx2 in coronal sutures. Runx2 in calvaria tissue from

coronal sutures of P0.5 mice was detected by IHC.
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Juglone attenuates Fgfr2 mutation-induced osteoblast proliferation and
differentiation in CS

As shown in Fig. 4, juglone prevented excessive Runx2 acetylation
and stabilization. Because acetylated and stabilized Runx2 has
transactivation activity and regulates cell proliferation and differentiation
(Galindo et al., 2005; Komori, 2010), we examined the in vitro effects of
juglone on osteoblast differentiation. Runx2 activity was assessed in a
reporter assay using 6XOSE2, a construct that contains six tandem repeats
of osteoblast-specific cis-element 2 (Kim et al, 2003). Primary mouse
calvarial cells of Fgfr2°”?"" mice exhibited approximately 2.5-fold higher
levels of Runx2 activity than those of WT mice (Fig. 2.14A). However, the

elevated Runx2 activity caused by Fgfi2*??"

mutation decreased in a dose-
dependent manner following juglone treatment (Fig. 2.14A); this
observation has important implications for cell proliferation and
differentiation, which are regulated by Runx2. The FGF/FGFR2 signaling
pathway is critical for proliferation in skeletogenesis (Su et al., 2014). To
determine the effects of juglone on osteoblast proliferation and
differentiation, we performed a proliferation assay and assessed the mRNA

levels of marker genes in WT and Fgfi-2°”?"" primary mouse calvarial cells.

Cell growth (Fig. 2.15A) and expression of proliferation marker genes such
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as CyclinD1, Cdk2, Cdk4 and PCNA were higher in Fgfir25??"" calvarial
cells than in WT cells (Figs. 2.15B-E). Administration of juglone decreased
cell growth (Fig. 2.15A), as well as the expression of proliferation marker
genes (Figs. 2.15B-E), in a dose-dependent manner. Transcript levels of
bone marker genes followed a similar pattern (Figs. 2.16A, B). Suppression
of Pinl by juglone almost completely abrogated the higher expression of

specific genes induced by Fgfi2*?"

mutation. During osteoblast maturation,
Fgfr28?"* calvarial cells exhibited enhanced production of mineralized
bone matrix compared with WT cells, as detected by Alizarin red staining
(Fig. 2.16C); juglone rescued this phenotype in a concentration-dependent
manner (Fig. 2.16C). Together, these data suggest that juglone reduces the

transcriptional activity of Runx2 and abrogates the effects of Figfr2 mutation,

namely, excessive osteoblast differentiation resulting in CS.
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Figure 2.14. Transacting activity change depended on treatment of
juglone in Fgfir2**"* mouse calvarial cells.

Relative Runx2 transacting activity was assessed using a 6XOSE2 luciferase
reporter construct. Following transfection with the 6XOSE2 reporter gene,
cells were treated with juglone at various concentrations for 24 h. Luciferase
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assays were performed on both WT and Fgfr mouse calvarial cells.
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Figure 2.15. Effects of juglone treatment on osteoblast proliferation

A. Proliferation of WT and Fgfr2*"* mouse calvarial cells following
treatment with various doses of juglone for 1, 3, and 7 days. Cell
proliferation was assessed by water-soluble tetrazolium assay. B-E. Relative
expression of proliferation-related genes in WT and Fgfi2°”?"" mouse

calvarial cells, as determined by qPCR.
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Figure 2.16. Effects of juglone treatment on osteoblast differentiation.

A, B. Relative expression of osteoblast differentiation markers in both
genotypes of primary mouse calvarial cells, as determined by qPCR. Cells
were cultured with vehicle or 5 uM juglone for 24 h before mRNA isolation.
Expression of each marker gene was normalized against that of Gapdh in
the same sample. C. Late-stage primary osteoblast differentiation was
confirmed by Alizarin red S staining. Both genotypes of primary calvarial

cells were cultured for 3 weeks in osteogenic media after 48 h culture with
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the indicated concentrations of juglone.
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Discussion
The majority of severe CS cases are due to de novo mutations, and are
therefore usually unanticipated (Johnson and Wilkie, 2011). Currently, the
only way to treat CS patients is surgical intervention, involving creation of
an expanded but rigid skull vault to accommodate further increases in brain
growth, with some additional remodeling of the inner surface of the calvaria
(Johnson and Wilkie, 2011). However, recent developments in prenatal
diagnostic testing for mutations in amniotic fluid, especially FGFR2
mutations, raise the possibility of early diagnosis (Phupong et al., 2004;
Twigg and Wilkie, 2015). Detection of CS during pregnancy could allow
premature closure of the cranial suture to be prevented by inhibiting
excessive growth at the developmental stage of the fetus using a drug. This
approach is promising in that it not only alleviates the burden of surgery in
infants, but could also prevent mental retardation caused by delayed surgery
or surgery sequela arising during brain growth.
In this study, we generated Pinl;Fgfr2 compound mutant mice and
investigated the effects of juglone, an inhibitor of Pinl, on the recovery of

CS phenotypes such as early suture closure in Fgfi-25>?""*

mice (Figs. 2.1,
2.2,2.4,2.6 and 2.7). Previously, Shukla et al. reported that U0126, which

suppresses ERK/MAPK signaling, prevents premature cranial suture closure
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in Fgfr2® 232W mice (Shukla et al., 2007). Usually, the ERK/MAPK enzyme
action products are shared with a substrate for the Pinl enzyme, because
Pinl binds to only pSer/Thr-Pro motif (Hsu et al., 2001; Yoon et al., 2014a).
Therefore, inhibition of Pinl disrupts signaling downstream of the
ERK/MAP kinase pathway, and it is possible to reduce the non-specific
effects than using ERK-MAP kinase inhibitors. In addition, in our genetic

approach, we demonstrated that targeting the Pinl gene in Fgfi2*??"""

mice
leads to AS phenotype recovery (Fig. 2.1, 2.2), supporting the conclusion
drawn from our pharmacological approach that juglone-mediated rescue is
indeed due to inhibition of Pinl. Accordingly, we propose that Pinl-targeted
therapy would be valuable for treatment of CS.

Juglone is one of the most well-known Pinl inhibitors, the IC50
values are reported differently depending on the cell type (Avci et al., 2016;
Chao et al., 2001; Zhang et al., 2015). In primary osteoblasts, we found that
the IC50 value is 13.55 pM (Fig. 2.9). In addition, juglone passes the
placenta barrier, as demonstrated by the observation that high concentration
of juglone could induce abortion (Fig. 2.5). Juglone undergoes
biotransformation in the liver to yield various metabolites, which are

detected primarily in the urine (Saling et al.,, 2011), indicating that the

compound has access to liver cells (Chen et al., 2005; Saling et al., 2011)
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These observations imply that juglone has the potential to regulate liver
function and could also be used for medicinal purpose in other parts of the
body (Chen et al., 2005; Hennig et al,, 1998; Saling et al., 2011). We
established the appropriate concentration of juglone through toxicity testing
in pregnant mice, and determined a dose that did not affect the number of
littermates or overall skull phenotypes (Fig. 2.5). We confirmed that

development of the abnormal phenotype of Fgfir2572""*

mice (small,
shortened skull and premature fusion of the coronal suture) could be
prevented by juglone treatment (Fig. 2.6). Also, although many previous
studies have reported that the survival rate of AS is very low (Park et al,,
1995; Slaney et al., 1996; Wang et al., 2005; Yang et al., 2008), the
optimized concentration of juglone did decrease litter size, and instead
increased the number of littermates in comparison with the control group
(average control litter: 5.25 pups; average litter of juglone-injected mother:
7.11 pups). This observation suggests that juglone improves the survival of
P0.5 mice with the Fgfr-2°”?"" mutation.

Together, these genetic and pharmacological approaches using
juglone indicate that Pinl is the target for juglone-mediated attenuation of

hyper-activated FGF/FGFR signaling in Fgfr2°”?""" mice. However, pure

juglone is used only for research purposes, and is categorized as an
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‘Unapproved Herb’ in the German Commission E monograph due to its
probably mutagenic and carcinogenic properties (Chen et al., 2005). In
addition, it has been designated as a potentially toxic natural product by the
National Toxicology Program in USA (Chen et al., 2005; Saling et al., 2011).
Therefore, for clinical use, it would be important to develop Pinl inhibitors
that are both effective and safe.

This approach could also be applied to alleviating other phenotypes
associated with FGFR-related CS. These phenotypes differ slightly different
depending on the type of FGFR mutation (Robin et al., 1993; Teven et al.,
2014). The FGFR S§252W mutation, as in AS, causes premature fusion of the
coronal suture with syndactyly of the hands or feet, mid-face hypoplasia,
and dwarfism (Chen et al., 2003; Johnson and Wilkie, 2011; Wang et al,,
2005). As described previously (Shukla et al., 2007; Wang et al., 2010;
Wang et al., 2005), we also observed abnormalities in endochondral bone
formation, as evidenced by shorter body length (Fig. 2.3 and 2.8) and
shortening of the skull (Figs. 2.1 and 2.6) in Fgfi2°**" mutant mice. In
addition to fusion of the calvarial sutures, mid-face growth is also an
important factor affecting skull length (Morriss-Kay and Wilkie, 2005), and
these phenotypes are caused by increased endochondral ossification due to

gain-of-function mutation in FGFRs (Chen et al., 2014). We found that

126



inactivation of Pinl by genetic manipulation or drug treatment restored
body size (Fig. 2.3 and 2.8) and skull length (Figs. 2.1 and 2.6). These
effects of Pinl targeting might also be applied to endochondral ossification
processes. Furthermore, these bone phenotypes are similar to those in
patients with AS and achondroplasia, the most common genetic dwarfism in
humans, which is caused by mutation in FGFR3 (Lee et al., 2017). CS can
be classified as syndromic based on FGFR gene mutations and associated
phenotypes. Although we only used the Fgfi2***""* CS mouse model in this
study, CS is also caused by mutations in other FGFRs, including FGFRI,
FGFR?2 or FGFR3 (Johnson and Wilkie, 2011; Robin et al., 1993). Some of
these mutations, like FGFR **°”, increase the affinity of the receptor for
ligand, whereas others cause excessive signaling via ligand-independent
receptor activation (Robin et al., 1993; Teven et al., 2014). However, we
found that early fused cranial sutures are restored by targeting Pinl, thereby
suppressing hyper-activated downstream signaling, which is a common
result of most mutation in FGFRs. Therefore, we propose that this approach
is applicable to the recovery of CS symptoms due to gain-of-function
mutations in other FGFRs.

It is widely accepted that Pinl is a molecular switch that determines

the fate of numerous osteogenic transcription factors, especially those
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related to stabilization of substrate proteins (Islam et al., 2017; Shin et al.,
2016; Yoon et al., 2014a; Yoon et al., 2015a; Yoon et al., 2013a). In addition,
direct delivery of Pinl protein into mesenchymal cells stimulates their
osteogenic differentiation (Kim et al., 2017). We previously suggested that
Fgf2 induces PTMs of Runx2. In particular, we showed that Runx2 is
acetylated by p300 (Jeon et al, 2006), and that FGF2-induced
phosphorylation(Kim et al, 2003; Kim et al, 2004) and subsequent
acetylation (Park et al., 2010) of Runx2 stimulates its in vitro transactivation
activity by stabilizing the protein. Also, we reported that prolyl
isomerization of Runx2 alters the conformation to an acetylation-friendly
structure, resulting in stabilization and activation Runx2 (Yoon et al., 2014a).
In this study, we found that Fgfr-2°”?" mutation increased the Runx2 level
by promoting these PTMs, which in turn increased the nuclear Runx2

protein level in Fgfr252?""*

primary calvarial cells or tissues (Fig. 2.11 and
2.12). This increase in Runx2 protein level, in addition to elevation of
general FGFR signaling, resulted in excessive osteoblast proliferation and
differentiation (Fig. 2.15 and 2.16), which may be the molecular mechanism
underlying premature closure of the coronal sutures in CS. Moreover, we

showed that the Pinl inhibitor juglone decreased excessive Runx2

stabilization by inhibiting its isomerization and consequent acetylation (Figs.
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2.12 and 2.14), confirming the importance of Pinl in the Runx2 PTM
process in vivo.

In this study, we showed that recovery of coronal suture fusion was
only due to excessive stabilization of Runx2, which is affected by Pinl
regulation via the FGF/FGFR signaling pathway. Many previous studies
using AS mouse models reported that phosphorylation levels of ERK1/2,
AKT and p38 are elevated in the calvaria by gain-of-function mutations of
FGFR2 such as S252W and P253R (Holmes et al., 2009; Shukla et al.,
2007; Wang et al., 2010; Yin et al., 2008). In addition, inhibition of ERK, an
important mediator of FGF signaling, restores the phenotype of AS mouse
(Shukla et al., 2007). In a previous study, we showed that Pinl is crucial for
regulation of the FGF/FGFR signaling pathway (Islam et al., 2017; Yoon et
al., 2014a), and that FGF target genes are affected by juglone (Fig. 2.10). In
addition, the hallmark skull abnormality in Runx2"" mice is a wider sagittal
suture resulting from delayed development of the parietal bone (Bae et al.,
2017b). Because the mixed developmental origin of the mammalian skull
vault (Senarath-Yapa et al., 2013), this area is developmentally distinct from
the coronal suture or frontal bone: the frontal and sagittal suture are neural
crest—derived, whereas the parietal bone and coronal suture are of

mesodermal origin. Therefore, we suspect that restoration of CS phenotypes
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via alteration of Runx2 PTMs represents only one of many potential
mediators downstream of the FGF signaling pathway.

In summary, our results indicate that Pinl is a new therapeutic
target for CS. Rescue of CS by juglone was associated with alterations in
Pinl activity and Runx2 stability (Fig. 2.17). Administration of the Pinl
inhibitor juglone during pregnancy significantly suppressed CS phenotypes,

especially premature fusion of the coronal suture, in a Fgfi-2*?"

mutant
mouse model. These data clearly establish the regulatory role of Pinl in
abnormalities associated with FGF/FGFR2 hyper-activation, and highlight

the feasibility of developing specific targeted prevention and therapeutic

strategies for CS.
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Fig. 2.17. Mechanisms underlying restoration of the normal phenotype
by juglone in calvaria with gain-of-function mutations in FGFR2.

Juglone treatment lowers abnormally elevated Runx2 protein levels in
Fgfr2’?"" mice by inhibiting Runx2 isomerization, thereby restoring
proper downstream transcriptional activity (Ibrahimi et al., 2004; Yu et al.,
2000). The S252W mutation of FGFR?2 increases ligand affinity and alters
ligand specificity, resulting in hyperactive FGF signaling. In this genetic
background, Runx2, one of the targets of FGF signaling, undergoes
excessive post-translational modification, such as isomerization and
acetylation. Repression of Runx2 isomerization by juglone, a Pinl inhibitor,

decreases the Runx2 protein level and normalizes the expression of Runx2

132
A& st



target genes, thereby rescuing the abnormal calvaria phenotypes of

+ .
Fefr2"?"" mice.
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VI. Conclusion

In this study, we focused on PTM action of osteoblast differentiation
regulators by Pinl. In the part I, we tried to demonstrate the novel molecular
mechanism of Pinl in Wnt/B-catenin signaling pathway. Pinl directly

interacts with [3-catenin, and whereby Pinl promotes the nuclear retention
of [B-catenin through inhibition of the interaction between APC and [3-

catenin in the nucleus, which, in turn, up-regulates osteoblast differentiation.
In the part II, I tried animal experiment to examine whether Pinl is a new
therapeutic target or not in CS using Fgfi2°”?"" mice. With these results,
we suggest that a regulatory role for Pinl in abnormalities associated with
FGF/FGFR2 over-activation and highlight the feasibility of developing
specific targeted prevention and therapeutic strategies for CS.

Pinl is a critical and unique enzyme among PPlases. Controlling of
Pinl has been a major concern in the clinical field such as cancer. In
addition, this study suggests that the regulation of Pinl in the osteoblast
differentiation process is also clinically valuable. However, in Part I, we
showed the importance of Pinl to promote osteoblast differentiation.
Conversely, in Part II, we demonstrated the importance of inhibiting of Pinl
which is one of the mediators in the hyper-activated signaling pathway.

Therefore, to prove practical value of these studies, further studies should be
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conducted with applying to Pinl to be regulated by cell or tissue type

specific.
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