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Background: Genetic interaction between Runx2 and Pin1 is critical for embryonic bone formation.

Results: Pinl is a critical modifying enzyme promoting both subnuclear accumulation and protein acetylation of Runx2.
Conclusion: Pinl determines the fate of Runx2 protein in osteoblast differentiation.

Significance: The modulation of Pin1 activity may be a clinical target for the regulation of bone formation.

Fibroblast growth factor 2 (FGF2) signaling plays a pivotal
role in bone growth/differentiation through the activation of
osteogenic master transcription factor Runx2, which is medi-
ated by the ERK/MAPK-dependent phosphorylation and the
p300-dependent acetylation of Runx2. In this study, we found
that Pinl-dependent isomerization of Runx2 is the critical step
for FGF2-induced Runx2 transactivation function. We identi-
fied four serine or threonine residues in the C-terminal domain
of Runx2 that are responsible for Pinl binding and structural
modification. Confocal imaging studies indicated that FGF2
treatment strongly stimulated the focal accumulation of Pinl in
the subnuclear area, which recruited Runx2. In addition,
active forms of RNA polymerase-II also colocalized in the
same subnuclear compartment. Dipentamethylene thiuram
monosulfide, a Pinl inhibitor, strongly attenuated their focal
accumulation as well as Runx2 transactivation activity. The
Pinl-mediated structural modification of Runx2 is an indis-
pensable step connecting phosphorylation and acetylation
and, consequently, transcriptional activation of Runx2 by
FGF signaling. Thus, the modulation of Pin1 activity may be a
target for the regulation of bone formation.

Fibroblast growth factor (FGF) signaling represents a funda-
mental mechanism in modulating numerous cellular physiolo-
gies, including osteogenesis (1-3), neurogenesis (4—6), and
homeostasis of vascular endothelium (7). Essential roles for
FGF signaling have been defined in both endochondral (8, 9)
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and intramembranous bone formation (10, 11) by the identifi-
cation of mutations in the receptors for FGFs, and it has been
revealed that these signaling pathways are critical for skeletal
development. FGF2 is one of the most powerful extracellular
stimuli to regulate multiple regions of bone growth and osteo-
blast differentiation. FGF2 activates ERK and p38 MAPK prop-
agation into the nucleus, which triggers the activation of
nuclear transcription factors, thereby leading to downstream
gene expression (12-15).

Runx2, a master transcription factor of bone formation, is a
critical target of the FGF2 signaling pathway. Runx2, in
response to FGF2 signaling, directly binds to the promoter
region of the osteocalcin (Oc) gene, a hallmark of bone miner-
alization, and subsequently activates the expression of Oc and
other bone marker genes (16). We have reported previously
that the functional activity of Runx2 requires the MAPK signal-
ing pathway, which is driven by both FGF2 binding to the recep-
tor or the receptor activation by gain-of-function mutation (14,
15, 17, 18). These studies have consistently illuminated phos-
phorylational control of Runx2 in osteoblast differentiation.
FGEF2 signaling not only stimulates Runx2 phosphorylation and
its transactivation activity (15, 19), it also regulates Runx2
acetylation and ubiquitination (17). In the course of the MAPK
signaling pathway, Runx2 actively interplays with various mod-
ifying enzymes such as Ser/Thr kinases and histone acetyltrans-
ferase (HAT)? (13, 15, 20, 21).

MAPK is integral in determining the functional activity of
Runx2, especially in terms of Runx2 dosage at the physiological
level. Specifically, cleidocranial dysplasia (CCD), caused by
genetic insufficiency of Runx2, can be overcome by osteoblast-
specific overexpression of constitutively active MEK1 (MEK1-
Ca) or exaggerated by the expression of dominant-negative

2The abbreviations used are: HAT, histone acetyltransferase; AA, anacardic
acid; DTM, dipentamethylene thiuram monosulfide; HDAC, histone
deacetylase; CCD, cleidocranial dysplasia; PPlase, peptidyl-prolyl cis-trans
isomerase; mOB, mouse osteoblast cell; MEF, mouse embryonic fibroblast;
MEK1-Ca, constitutively active form of MEK1.
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MEK (22). These results suggest that ERK/MAPK-induced
phosphorylation of Runx2 may stimulate its transcriptional
activity, thereby masking the effects of the genetic insufficiency
of the Runx2 heterozygote. Recently, we found that the CCD
phenotype develops in Pinl-deficient mice and identified that
Pin1 plays a crucial role in osteogenesis and specifically targets
Runx?2 for further protein stabilization (23). Pin1 is a peptidyl-
prolyl cis-trans isomerase (PPIase) that catalyzes the conforma-
tion of rigid peptide bonds in the phosphorylated serine-pro-
line or phosphorylated threonine-proline backbone, thereby
dramatically altering the structural conformation of the protein
(24 -26). Therefore, the molecular interaction between Runx2
and Pinl implies a molecular mechanism beyond Runx2
phosphorylation.

Pinl is a unique enzyme among PPlases. Its association with
substrates involves a WW domain that preferentially recog-
nizes sequence motifs containing a phosphoserine or a phos-
phothreonine followed by a proline ((pS/pT)P motif, proline-
directed phosphorylation) in target substrates. For this reason,
Pinl frequently functions as a binary switch to lay target sub-
strates under two states of conformations (cis or trans) in the
protein structure, thereby leading to distinct fates of the phos-
phorylated proteins by Pin1 activity. Therefore, Pin1 is associ-
ated tightly with cell signaling and Ser/Thr kinase activity as an
important structural modifier. Pin1, as a MAPK responder, has
acrucial role in the oogenesis of a fruit fly (27). In addition, Pinl
target sequences are shared by several protein kinases, such as
ERK (27-29), cyclin-dependent kinase (30, 31), and GSK3a
(32), indicating that ERK-phosphorylated Runx2 may also be
the target of Pinl-mediated conformational and functional
alterations.

Here, we show that prolyl isomerization of Runx2 mediated
by Pinl is a crucial post-phosphorylation event that constitutes
a fate-determining switch to link phosphorylation with further
molecular modification events of Runx2 during FGF/FGFR2
signaling. Given the critical role of Runx2 fate, our data may
represent a profound understanding beyond the previous
knowledge for skeletal development and a therapeutic
approach for the aberrant control of Runx2 in various patholo-
gies, including osteoporosis, cleidocranial dysplasia, craniosyn-
ostosis, and cancers.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—C2C12, HEK-293, and mouse
embryonic fibroblast (MEF) cells were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) with 10% heat-inacti-
vated fetal bovine serum (DMEM, 10% FBS) supplemented with
antibiotics. MC3T3-E1, mouse calvarial osteoblast, and mouse
bone marrow stromal cells were maintained in a-minimum
essential medium. MEFs were isolated from E13.5 embryos
with Pin1*/", Pin1"/~ ,and Pin1 /" genotypes, and cells from
passages 3 to 5 were used. For the cultivation of primary osteo-
blasts, calvarial cells were collected from E18.5 embryos using
sequential collagenase digestion. For bone marrow stromal
cells culture, bone marrow in culture medium was plated into a
100-mm tissue culture dish. The cells were incubated until
~80% confluent and then washed with PBS to remove nonad-
herent cells as follows: U0126 (ERK/MAPK inhibitor), anac-
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ardic acid (histone acetyl transferase (HAT) inhibitor), tricho-
statin A (HDAC inhibitor), juglone (33) or dipentamethylene
thiuram monosulfide (DTM) (34). Pinl inhibitors were pur-
chased from Thermo Scientific (Rockford, IL). Noncytotoxic
effects of juglone (~20 um) and DTM (~5 um) were proved in
the C2C12 and MC3T3-E1 cells by CCK-8 assay (data not
shown).

RNA Extraction and Quantitative Real Time PCR Expression
Analyses—RNAs were isolated from cultured cells using the
Qiazol Lysis Reagent from Qiagen (Mannheim, Germany),
according to the manufacturer’s protocol. cDNAs were synthe-
sized from 1 ug of total RNA using the SuperScript II first-
strand synthesis system reverse transcriptase kit (Invitrogen)
and subsequently used for SYBR Green-based real-time PCRs
using a standard protocol (Takara). PCR primers for mouse Oc
and glyceraldehyde-3-phosphate dehydrogenase (Gapdh)
genes were used as described previously (35)

Immunofluorescent Detection of Runx2 and Pinl—Immuno-
fluorescent detection of Pinl and Runx2 required antigen
retrieval. Briefly, the specimens were fixed in 4% formaldehyde
and boiled in Tris/EDTA buffer (pH 9.2) with 5% urea for 10
min. The cells were then stained with the appropriate primary
antibody and fluorescent-conjugated secondary antibody, visu-
alized with a Carl Zeiss LSM700 microscope, and analyzed with
ZEN2011 software (Carl Zeiss, Oberkochen, Germany). For live
cell measurements, MC3T3-E1 cells were transiently trans-
fected with EGFP-Runx2 and DsRed-Pinl plasmids using the
neon transfection system (Invitrogen), and cells were moni-
tored by time-lapse confocal microscopy (LSM700, Carl Zeiss)
after 3 h of transfection. The supplemental movie covers 669
min and is composed of pictures taken every 15 min.

GST Pulldown Assay, Immunoprecipitation, and Immuno-
blot Analyses—Cellular proteins were prepared in a lysis buffer
of 50 mm HEPES (pH 7.5), 150 mm NaCl, 100 mm NaF, 1 mm
DTT, 1 mmEDTA, 0.25% sodium deoxycholate, 0.25% CHAPS,
1% Nonidet P-40, and 10% glycerol supplemented with prote-
ase and phosphatase inhibitors, including Na;VO,. For the
acetylation, the buffer was supplemented with 1 mm NaB. For
the GST pulldown assay, cell lysates (1 mg) were incubated with
recombinant GST proteins and bead mixtures for 30 min at
4°C.

Subtilisin Protection Assay—Subtilisin protection assay was
performed as described previously (36) with slight modifica-
tions. Briefly, His-Runx2 protein was ectopically expressed
together with MEK1-Ca in MEF-Pin1 '~ cells and purified by
nitrilotriacetic acid affinity purification. Purified Runx2 protein
was directly dissolved in 50 mm HEPES (pH 7.4), 100 mm NaCl,
and 1 mm MgCl, supplemented with phosphatase inhibitors
and incubated with Pin1-WT, Pin1-C113A, or Pin1-APPlase
proteins. After 30 min of incubation at room temperature, reac-
tion mixtures were cooled on ice, followed by incubation with
subtilisin for 5 s. The reaction was stopped by the addition of
SDS sample buffer, and the proteolytic fragments of Runx2
were detected by immunoblot analysis with an anti-Runx2
monoclonal antibody. Recombinant Pin1 proteins for this assay
were produced by an in vitro transcription and translation
reaction.
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Transactivation Activity of Runx2—The transcriptional
activity of Runx2 was measured using the 6 X OSE2-Luc or the
rat Oc promoter-Luc reporter plasmid vectors, as described
previously (15). MC3T3-E1 or C2C12 cells were transiently
transfected with the indicated plasmids. Cells were treated with
FGF2 (20 ng/ml) together with either juglone (10 um) or U0126
(10 um) 24 h after transfection, followed by the measurement of
luciferase activity after an additional 18 h.

Cellular Transfections—Electroporation using the neon
transfection system was performed for DNA transfection into
the MC3T3-E1 or C2C12 cells. Transfection of the HEK-293
cells was performed using Polyget reagent (SignaGen Labora-
tory) according to the manufacturer’s instructions.

Statistical Analyses—All quantitative data are presented as
the mean * S.D. Each experiment was performed at least three
times, and the results from one representative experiment are
shown. Statistical differences were analyzed by Student’s £ test.
A p value of statistical significance was mentioned in the indi-
vidual figure legend.

RESULTS

Pinl Enhances the Transcriptional Activity of Runx2—We
investigated whether phosphorylation was required for the
transactivation function of Runx2 via FGF2 signaling. To test
whether Pinl has an important role in this process, we exam-
ined the transactivation activity of Runx2 on its specific
reporter plasmids. C2C12 cells were transiently transfected
with a promoter construct consisting of —208 to —23 bp of the
rat Oc proximal promoter, which contains a Runx2-binding site
(15), and exposed the cells to FGF2 in the presence or absence
of juglone, a potent inhibitor of Pin1 (33), after which reporter
activities were determined (Fig. 14). FGF2 treatment increased
the reporter activity 3-fold, whereas juglone treatment almost
completely suppressed the reporter activity in the presence and
absence of FGF2 treatment. In contrast, Runx2-mediated
transactivation activity of the Oc promoter was synergistically
enhanced by FGF2 treatment and Pinl overexpression (Fig.
1B). Notably, only Pinl overexpression could strongly promote
Oc promoter activation in the absence of FGF2 treatment. Sim-
ilar results were obtained when the cells were transfected with
the osteoblast-specific element 2 (OSE2) reporter construct,
which is derived from a genomic sequence within the promoter
region of mouse Oc (16) (Fig. 1, Cand D). The overexpression of
MEK1-Ca or Runx2 independently enhanced 6XOSE2-Luc
reporter activity in C2C12 cells, and the coexpression of these
two components synergistically stimulated Luc reporter activ-
ity (Fig. 1C). Juglone-induced inhibition of Pin1 markedly sup-
pressed the trans-activation activity of Runx2 that resulted
from MEK1-Ca overexpression (Fig. 1C). In addition, FGF2
treatment stimulated the 6XOSE2-Luc reporter activity by
5-10-fold, and the overexpression of wild-type Pinl synergisti-
cally enhanced the transcriptional activity of the FGF2-stimu-
lated Runx2, as observed in the Oc promoter (Fig. 1D). How-
ever, the overexpression of dominant-negative Pinl mutants
suppressed FGF2-stimulated Runx2 transcriptional activity
(Fig. 1D). These results indicate that Pinl is indispensable for
FGF2-stimulated Runx2 transcriptional activity.
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Next, we determined whether Pinl influences the down-
stream gene expression of Runx2, and we consistently observed
that Oc mRNA induced by FGF2 stimuli was strongly down-
regulated by juglone (Fig. 1E). The Oc mRNA level in C2C12
premyoblasts was increased ~8-fold by FGF2 treatment, but
the increase was completely abrogated by juglone (Fig. 1E). A
similar result was obtained in primary osteoblast cultures from
Pin1*/* and Pin1~/"~ mice (Fig. 1F).

Pinl-mediated Prolyl Isomerization Is Required for Runx2
Stabilization in FGF2/MAPK Signaling—Previously, we dem-
onstrated that the Runx2 protein level is strongly down-regu-
lated in Pinl-null mice, which is not due to decreased Runx2
mRNA expression but is due to enhanced ubiquitination of
Runx?2, suggesting that Pinl can mediate post-phosphoryla-
tional control of Runx2 (37). In addition, FGF2 signaling is
required for Runx2 stabilization and its transactivation activity
(17). These data indicate that Pinl plays a critical role in the
phosphorylation and further stabilization of Runx2 during
FGF2 signaling. For this reason, we confirmed that ERK/MAPK
phosphorylation is not affected by the absence of Pinl. FGF2
treatment still stimulated immediate early phosphorylation of
ERK in both mouse calvarial osteoblast (mOB) from the
Pin1™*’* or Pin1 ™/~ mice (Fig. 24). However, we observed that
endogenous Runx2 protein levels were strongly down-regu-
lated by Pin1 deficiency (Fig. 24). As observed in previous lit-
erature (37), the Runx2 protein level was increased by FGF2
stimulation in Runx2"/* cells but was still decreased in
Pinl /"~ cells (Fig. 2A). We also found that the Runx2 protein
level is increased in MC3T3-E1 cells transfected with gain-of-
function mutant FGFR2s, but the increase was attenuated in
cells exposed to DTM, a Pinl inhibitor (Fig. 2B). A protein life
span analysis using tetracycline-inducible Runx2 expression
system (38) demonstrated that Runx2 stability is strongly
decreased by Pinl deficiency (Fig. 2C), indicating that Pinl is
still functioning in FGFR2-enhanced Runx2 protein stabiliza-
tion. These data suggest that the FGF2-stimulated ERK path-
way and Runx2 phosphorylation are intact in the Pinl-null
mice, indicating that phosphorylation occurs prior to prolyl
isomerization and that the MAPK-dependent phosphorylation
of the (S/T)P dipeptide is a target of Pinl (27-29). Therefore,
we examined the ability of MEK1 to increase the level of Runx2
protein, as MEK1 is known to act downstream of FGF2 and to
stimulate ERK/MAPK. Coexpression of MEK1-Ca increased
both ERK phosphorylation and Runx2 expression (Fig. 2D, 3rd
lane) but still attenuated ERK phosphorylation and Runx2
expression in the juglone-treated cells (Fig. 2D, 4th lane), which
demonstrates that Pin1 activity is important for the post-phos-
phorylational stabilization of Runx2. Similarly, blocking MAPK
activity with U0126 treatment strongly down-regulated Runx2
stability even when Pinl and MEK-Ca were coexpressed (Fig.
2E). Interestingly, endogenous Pinl was sufficient to support
Runx?2 stabilization after its phosphorylation (Fig. 2E, 1st and
2nd lanes). The expression of MEK1-Ca with Pin1-C113A, but
not with wild-type Pin1, was found to abolish the MEK-depen-
dent increase in Runx2 protein levels (Fig. 2F). The Pin1-C113A
mutant reduced the Runx2 levels below those that were
observed in the control cells, indicating that this mutant inter-
feres (dominant-negative action) with the stabilizing activity of
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FIGURE 1.Pin1 is essential for FGF2-induced Runx2 transactivation activity. A, FGF2-induced Oc promoter activation was fully abrogated by the inhibition
of Pin1 activity. C2C12 cells were transiently transfected with the Oc-Luc reporter vector. After 18 h of transfection, cells were treated with 20 ng/ml FGF2 in the
presence or absence of juglone (10 um) for 24 h, and the luciferase activity was measured from the harvested cells. Data represent the means = S.D. (n = 3).%,
p < 0.05 (compared with DMSO-treated group); **, p < 0.05 (compared with DMSO/FGF2-treated group). B, Oc-Luc reporter activity was strongly enhanced by
Pin1 overexpression. C2C12 cells were transiently transfected with the Oc-Luc reporter vector either with the empty or the Pin1-expression plasmid. After 24 h,
cells were treated with 20 ng/ml FGF2 for an additional 24 h, and luciferase activity was measured from the harvested cells. Data represent the means =+ S.D.
(n = 3).* p < 0.05 (compared with EV/DMSO group); **, p < 0.05 (compared with Pin1/FGF2 group); #, p < 0.05 (compared with EV/FGF group). C, down-
regulation of transactivation activity of Runx2 by the inhibition of Pin1 activity. C2C12 cells stably transfected with the p6 X OSE2-Luc reporter vector (OSE2-
C2C12) were transiently transfected with Runx2 along with either an empty vector or a MEK1-Ca plasmid. After 18 h of transfection, the cells were incubated
with juglone (10 um) for an additional 24 h, and luciferase activity was measured from the harvested cells. Data represent the means =+ S.D. (n = 3).*, p < 0.0005
(compared with DMSO group expressing only Runx2 without MEK1-Ca expression); **, p < 0.0005 (compared with DMSO group expressing both Runx2 and
MEK1-Ca). D, FGF2-induced Runx2 transactivation activity was dependent on Pin1 activity. MC3T3-E1 cells were transiently transfected with p6 X OSE-Luc and
either wild-type Pin1 or mutant Pin1 plasmids (C113A or Y23A) for 24 h. Cells were cultured in the presence or absence of FGF2 for an additional 18 h. Data
represent the means = S.D. (n = 3).*, p < 0.005 (compared with EV/FGF2 group); **, p < 0.005 (compared with Pin1-WT/FGF2 group). E and F, induction of Oc
mRNA expression by FGF2 was abrogated by the treatment of the Pin1 inhibitor or the absence of Pin1. C2C12 cells were stimulated with 20 ng/ml FGF2 in the
presence or absence of juglone (10 um) for 24 h. E, equal numbers of primary mOBs from Pin1*/" and Pin1~/~ mice were treated with FGF2 (20 ng/ml) for 24 h
after confluence. Data represent the means = S.D. (n = 3). **, p < 0.001 (compared with DMSO/veh. group); *, p < 0.05 (compared with DMSO/FGF2 group).
F, total RNAs were isolated, and the Oc mRNA levels were analyzed by quantitative real time PCR. Data represent the means = S.D. (n = 3). **, p < 0.001
(compared with DMSO treated mOB-Pin1"/"); ¥, p < 0.005 (compared with FGF2 treated mOB-Pin1"/"). Veh, vehicle; EV, empty vector; RLU, relative luciferase
units.

endogenous Pinl (Fig. 2F). This evidence demonstrates that
phosphorylated Runx2 by ERK may be a critical target for Pinl
in FGF2 signaling.

Colocalization of Runx2 with Pinl and Pinl-mediated Sub-
nuclear Accumulation of Runx2 Foci—Immunofluorescence
studies demonstrated that interplay between Runx2 and Pinl
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are more specific during FGF2 signaling. Above all, we found
that the colocalization of endogenous Pinl and Runx2 is highly
inducible in the nuclei of MC3T3-E1 cells following FGF2
administration (Fig. 3A). This colocalization is composed of
highly condensed and accumulated Runx2 foci and Pin1 foci in
a subnuclear region. Moreover, focally accumulated Runx2 is
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FIGURE 2. FGF2-induced increase of Runx2 protein level requires phosphorylation and subsequent structural modification by Pin1. A, determination
of Runx2 protein levels depending on the PinT activity in mOBs. mOBs isolated from Pin1*/* or Pin1~/~ mice were cultured in the presence or absence of FGF2
for 24 h. B, gain-of-function mutations of FGFR2 increased Runx2 protein levels, which was attenuated by Pin1 inhibitor treatment. C342S and S354C are
constitutively active FGFR2 mutants and have been shown to cause the craniosynostosis syndrome in humans. MC3T3-E1 cells were transiently transfected
with the indicated constructs and were further incubated for 48 h under physiological culture conditions with or without the Pin1 inhibitor, DTM (1 um). C,
determination of Runx2 protein half-life in the presence or absence of Pin1 activity. Tet-On-inducible Runx2 expression vectors (38) were transiently expressed
in MEF-Pin1™/" and MEF-Pin1~/~ cells. Cells were cultured for the induction of Runx2 expression in the presence of doxycycline (1 ug/ml). After 24 h, cells were
washed and cultured in the fresh media without doxycycline to determine the remaining Runx2 protein level. The remaining Runx2 protein levels at the
indicated time were determined by immunoblot assay. D, Runx2 stabilization requires both ERK/MAPK and Pin1 activation. Primary MEF cells were transiently
transfected with Runx2. £, Runx2 stabilization requires ERK/MAPK activation. U0126 was used to inhibit the MEK/ERK pathway. Recombinant and endogenous
Pin1 proteins are indicated by an arrow and an arrowhead, respectively. F, absence of Pin1 could not support ERK/MAPK-induced Runx2 stabilization. C2C12
cells were transiently transfected with indicated plasmids for 24 h, and the cells were further exposed to juglone or U0126 for 18 h (D-F). Veh, vehicle; EV, empty

vector.

only found in Pinl foci, indicating a strong interaction. The
cells preserving large (>2 mm in diameter) Runx2 foci were
counted (Fig. 3B). Although Runx2 foci are highly accumulated
in response to FGF2, the foci are strongly suppressed by DTM,
aPinl inhibitor (Fig. 3B). Interestingly, the subnuclear accumu-
lation of Runx2 is clearly coupled with active RNA polymerase
II (Fig. 3C), indicating that the Pinl-mediated accumulation of
Runx?2 is not only associated with the active transcription com-
plex, but the accumulation of Runx2 occurs in the transcrip-
tionally active subnuclear regions. Next, we addressed whether
the accumulated Runx2 proteins require Pinl activity. Wild-
type Pinl clearly induced the subnuclear accumulation of
Runx2 in transiently transfected MC3T3-E1 cells expressing
fluorescently tagged Runx2 and Pin1 (Fig. 3D). In contrast, Pinl
was unable to induce the subnuclear accumulation of Runx2
through the overexpression of either a catalytically inactive
form of Pinl (Pin1-C113A, in Fig. 3D) or a form of Pinl with a
binding motif mutation (Pinl-Y234, in Fig. 3D). Time-lapse
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observation of the distribution of both proteins in living cells
also confirmed that Pinl speckle formation is required for
Runx2 foci formation (Fig. 3E). These data suggest that Pin1 has
a critical role in structural alteration, thereby inducing the
active complex of Runx2 in the specific subnuclear region.

In a previous study, a C-terminal truncation mutation of
Runx2 displayed bone phenotypes similar to those of the Runx2
knock-out mice (39). Moreover, FGF2, or the activated FGF
receptor stimulation of ERK/MAPK, is critical for the patho-
genesis of craniosynostosis (40) and cleidocranial dysplasia
(22). Therefore, the subnuclear complex of Runx2 with Pinl,
which was accentuated by FGF2 in our data, might indicate a
relationship between Pinl and Runx2 colocalization and FGE-
associated bone phenotypes.

Identification of Pinl-binding Sites of Runx2 and Increased
Binding of Pinl by Runx2 Phosphorylation—Pinl is known to
directly interact with proteins containing phosphoserine-pro-
line motifs (41-43). Because Runx2 is phosphorylated at such
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FIGURE 3. Pin1 recruits Runx2 protein to subnuclear domains that are transcriptionally active. A, FGF2 enhances the colocalization of Runx2 and Pin1
protein in the same subnuclear foci. MC3T3-E1 cells were cultured in serum-free media and treated with vehicle (Veh) (0.2% BSA/PBS) or with 20 ng/ml FGF2.
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group. G, FGF2-induced focal accumulation of Runx2 was colocalized with active RNA polymerase Il, and the accumulation was attenuated by the Pin1 inhibitor,
DTM. D, Pin1-dependent subnuclear accumulation of Runx2. EGFP-Runx2 (green) was transiently expressed in MC3T3-E1 cells with DsRed-Pin1-WT, C113A, or
Y23A (red). E, time-lapse analysis of Runx2 foci (green) accumulation in response to Pin1 (red). Dynamic subnuclear accumulation of Runx2 (green) was
monitored by time-lapse confocal microscopy (LSM700, Carl Zeiss). The supplemental movie covers 669 min (m) and is composed of pictures taken every 15

min. Subnuclear accumulation of Runx2 foci began ~213 min after complete formation of Pin1 speckles.

sites (13, 19, 20, 44.—46), it seemed plausible that Runx2 and
Pinl interact. As anticipated, the administration of FGF2 stim-
ulated the binding of Pinl to Runx2 (Fig. 4A4). Similarly, the
overexpression of constitutively activated MEK1, a component
of the FGEFR signaling pathway, also enhanced the binding of
Pinl to Runx2 with an increase in p-ERK levels (Fig. 4B).

To identify Pin1-binding residue(s) of Runx2, in silico analy-
sis was performed to identify conserved (pS/pT)P motifs in the
Runx proteins. Twelve putative WW domain target motifs were
identified in Runx?2, and seven of these motifs were found to be
conserved well across all Runx proteins (Table 1). These seven
conserved target sites were then examined to identify the com-
mon motif(s) required for the interaction of Runx proteins with
Pinl. A C-terminal deletion that removed four of the conserved
(pS/pT)P motifs while conserving the three other conserved
motifs exhibited drastically reduced Pinl binding (Fig. 4C). To
illuminate more specific sites, we analyzed and compared the
binding strength of Runx2 fragments with two sets of WW
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motifs, A(397—434) and A(432—466). These deletion fragments
are strongly inhibited in Pinl binding but still maintained a
weak interaction with recombinant GST-Pinl protein, imply-
ing that all four WW motifs may be involved in Pinl binding
(Fig.4D). Fig. 4E represents the summary of the GST-pulldown
assay using the deletion constructs. Finally, the substitution of
all four serine or threonine residues with alanine residues
(Runx2—-4AP) in these four motifs completely abrogated the
interaction between Runx2 and Pinl (Fig. 4F), indicating that
the four C-terminal WW motifs are involved prominently in
Pin1 binding.

To confirm Pinl-mediated structural alteration of Runx2, we
tried to achieve subtilisin proteolysis protection assay that is a
functional assay of Pinl isomerization activity. Binding of Pin1
to substrates results in structural changes that confer resistance
to subtilisin proteolysis; thus, acquisition of subtilisin resist-
ance indicates that the protein interacts with and is structurally
modified by Pinl. Runx2 was resistant to subtilisin proteolysis
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FIGURE 4. FGF2-sitmulated ERK/MAPK signaling strongly enhanced Pin1 binding to the Runx2 C-terminal domain. A, elevated binding of Pin1 to
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administration, lysates were prepared and used for GST-pulldown assays. B, ERK/MAPK-activated Runx2 strongly enhanced GST-Pin1 binding. For ERK activa-
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protein-bead complex.

in the presence of wild-type (WT) Pinl, whereas Pin1-C113A, a
mutant deficient in prolyl isomerase activity, or Pin1-APPlase,
a prolyl isomerase domain deletion mutant, failed to render
Runx?2 resistant to proteolysis by subtilisin (Fig. 4G).

Runx2 Acetylation Is Mediated Critically by Pin1—The ubiq-
uitination of Runx2 is inhibited by p300-mediated acetylation
and is promoted by HDAC-dependent deacetylation (47).
Because Pinl prevented Runx2 ubiquitination (37), we next
examined the importance of Runx2 acetylation via the prolyl
isomerase activity of Pinl. Juglone-induced inhibition of Pinl
isomerization activity strongly reduced the level of acetylated
Runx2 (Fig. 5A4). Although the overexpression of wild-type
FGFR2 did not affect Runx2 acetylation, the overexpression of a
constitutively active FGFR2 mutant (S354C) strongly increased
Runx2 acetylation. However, treatment with DTM, a Pinl
inhibitor, attenuated this FGFR2 mutant-mediated increase in
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Runx?2 acetylation (Fig. 5B). The level of Runx2 acetylation was
dramatically up-regulated by wild-type Pinl but not by Pinl-
C113A even in the overexpression of MEK-Ca and p300 (Fig.
5C), which are modifying enzymes that promote Runx2 acety-
lation, indicating that the Pinl-mediated conformational
change of Runx2 is a very important process for further acety-
lation. Pin1-dependent acetylation was also exhibited by Runx1
and Runx3 (other Runx proteins), which both contain con-
served lysines and (S/T)P dipeptides. The expression of wild-
type Pinl, but not Pin1-C113A, was found to increase the acety-
lation of all three Runx proteins (Fig. 5D).

Next, we addressed whether the deletion of the Pinl target
domain (AC) or mutations in the Pinl target elements (2AP#1,
2AP#2 and 4AP; refer to Fig. 5E, legend) influence the tran-
scriptional activity of Runx2. In addition, we also investigated
whether the interrelationship between Runx2 acetylation and
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TABLE 1
Possible Pin1-binding sites in Runx2

The following abbreviations are used: AD, activating domain; NMTS, nuclear
matrix target sequence; ID, inhibitory domain; R1, Runx1; R2, Runx2; R3, Runx3;
R2-1I, type II Runx2.

Conserva-
WW motif Functional tion among
(S/T)P domain Putative kinases” Runx

HTp AD R2-1I

285p AD ERK1, PRKACG, R1/R2/R3
AKT1, GSK3A,
CDKS5, CDC2

435p AD R2

125Gp Runt ERK1, PKCp, R1/R2/R3
AKT1, AMPK

282Gp AD ERK1 R2

3015p AD ERK1, GSK3 R1/R2

3195p AD ERK1, CDKS5, R1/R2
CDC2

326TPp AD CDKS5, CDK5, R1/R2/R3
CDC2, p38

408TPp NMTS ERK1, CSNK1G2 R1/R2/R3

“9Tp NMTS ERK1, GSK3A, R1/R2/R3
CDKS5, CDC2

472Gp ID ERK1, GSK3A, R1/R2/R3
CDK5

5106p ID ERK1, GSK3A, R1/R2/R3
CDK5, CDC2

“ Scansite Prediction was used.

its trans-activation function attributed to Pinl activity. The
C-terminal deletion of Runx2 abrogated the FGF2-stimulated
Runx2 transcriptional activity, indicating that Pinl binding to
the C-terminal region of Runx2 is required for its activation by
FGF2 (Fig. 5E). In addition, the KR mutant of Runx2 (47) was
not activated by FGF2, indicating that the acetylation of these
four lysine residues is critical for the FGF2-mediated transcrip-
tional activity of Runx2 (Fig. 5E). Finally, the inhibition of p300
by anacardic acid (an inhibitor of HAT) treatment dramatically
suppressed FGF2-stimulated Runx2 activity, whereas the
administration of trichostatin A (HDAC inhibitor) synergisti-
cally augmented the Runx2 activity (Fig. 5F). These findings
demonstrate that the Runx2 activation by FGF2 is closely asso-
ciated with the lysine acetylation by p300 or the HDACi and
that the post-phosphorylation events, including prolyl isomer-
ization and subsequent acetylation, are crucial for Runx2 activ-
ity. This finding might explain our previous observation of the
phosphorylation-dependent transactivation of Runx2 target
genes (17).

Taken together, our results indicate that the Pin1-mediated
regulation of Runx2 acetylation and stabilization are controlled
by multiple post-translational modification cascades that occur
in the following sequence: phosphorylation, prolyl isomeriza-
tion, and acetylation (Fig. 6).

DISCUSSION

Acetylation and ubiquitination are mutually exclusive reac-
tions for each lysine residue of Runx2 (47). Previously, we
reported that four lysine residues in Runx2 are targets for p300-
mediated acetylation. The substitution of these four lysine res-
idues with arginine residues (KR) dramatically increased the
stability of Runx2 but almost completely abrogated its transac-
tivation activity due to the absence of its ubiquitination and
acetylation sites (47). We also reported that FGF2-induced
phosphorylation (14, 15) and subsequent acetylation (17) can
stimulate Runx2 transactivation activity. In this study, we dem-
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onstrate that Pinl-dependent isomerization is a critical inter-
mediate step between the phosphorylation and the acetylation
of Runx2, thereby enhancing the functional activity of Runx2.
In the presence of normal Pinl activity, FGF2 stimulation
induced the phosphorylation, isomerization, and acetylation of
Runx2; however, the absence of Pinl or the inhibition of Pinl
activity abrogated Runx2 acetylation, which resulted in Runx2
destabilization. Therefore, Pinl is a critical mediator for the
determination of the functional level of Runx2 in the cell.
Unfortunately, we could not determine how Runx2 acetylation
could be enhanced by conformational changes, but we assume
that prolyl isomerization alters the conformation of Runx2 to
an acetylation-friendly structure or enhances the interaction
with HAT, which consequently stabilizes and activates the pro-
tein. In fact, we identified that both Runx1 and Runx3 could
also be important as Pin1 substrates, and we eventually found
that the acetylation of all Runx proteins is strongly enhanced by
Pinl (Fig. 5). Therefore, our data suggest that Pinl-mediated
modification is a common regulatory mechanism for the pro-
motion of all Runx protein acetylations.

Recently, we reported findings that Pinl deficiency devel-
oped CCD phenotypes exhibiting hypoplastic clavicle and open
fontanelle in mouse embryonic stages (37). CCD is character-
ized by delayed cranial suture closure secondary to RUNX2
deficiency. The CCD phenotypes of Pinl-deficient mice and
the necessity for Pinl in FGF2-mediated Runx2 activation
should help further the understanding of bone development.
Gain-of-function mutations in FGFR2 have consequences for
other diseases of bone development, referred to as craniosyn-
ostosis, including Apert syndrome and Crouzen syndrome.
Based on our findings, the cis-trans isomerization of Runx2 is a
critical fate determinant of MAPK signaling in mouse calvarial
cells. The inhibition of Pin1 activity accelerated Runx2 protein
destabilization, suggesting that Pinl could be targeted to cor-
rect for abnormal Runx2 activity and to ensure the optimal fate
determination of osteogenic cell differentiation in premature
bone development.

FGFR2 activation, secondary to ligand binding, leads to
MEK1/2 activation, which subsequently stimulates Runx2
transactivation activity (14, 15). Previous reports have indicated
that the regulation of MEK activity might be a useful interven-
tion in genetic diseases caused by a deficiency in Runx2 (22) or
by activating mutations in FGFR2 (40). Based on our results, the
modulation of Pinl or HDAC activity might provide another
therapeutic avenue for the treatment of these congenital
disorders.

The genotype-phenotype correlation regarding various
RUNX2 mutations revealed that the Runx2 protein was differ-
entially distributed between the nucleus and the cytosol in dif-
ferent mutants, demonstrating the importance of nuclear local-
ization in bone development (48). This result suggests that the
nuclear positioning of Runx2 in the nucleus promotes its trans-
activation activity, which provides an alternative molecular eti-
ology for CCD development. However, the link between Runx2
localization and its transactivation activity is not completely
understood. Additionally, the C-terminal deletion of Runx2 in
mice resulted in the development of human CCD-like pheno-
types (39). Later, it was shown that the ordered nuclear local-
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FIGURE 5. FGF2-induced Runx2 acetylation and activation requires Pin1. A, increased acetylation of Runx2 protein by MEK-Ca depends on Pin1 activity.
Levels of acetylated Runx2 were determined by immunoprecipitation (/P) assay with an anti-acetyl-lysine (AcK) antibody. An arrowhead indicates the heavy
chain of the antibody. B, activated FGFR2-induced increase of Runx2 acetylation requires Pin1 activity. MC3T3-E1 cells were transiently transfected with FGFR2
mutant plasmids for 24 h and cultured an additional 24 h with or without the Pin1 inhibitor, DTM. The protein extract from the cultures was immunoprecipi-
tated with an acetyl-lysine antibody and immunoblotted (/B) with anti-Runx2 antibody. Arrowhead, acetylated Runx2; arrow, antibody heavy chain. EV, empty
vector. G, Pin1 (WT) overexpression enhances Runx2 acetylation, but catalytically inactive Pin1 mutant (C113A) overexpression could not support Runx2
acetylation. HEK-293 cells were transiently transfected with the indicated plasmids and culture for 24 h. The protein extract from the cultures was immuno-
blotted with anti-Myc antibody. D, Runx protein acetylation depends on Pin1 activity. HEK-293 cells were transfected with Myc-tagged plasmids for Runx1,
Runx2, or Runx3 with either empty, Pin1-WT, or Pin1-C113A vector. Comparable amounts of Runx proteins were used for each immunoprecipitation. £, mutant
Runx2 proteins exhibited decreased transcriptional activity due to defective Pin1 binding, subnuclear targeting, or acetylation. 2AP#1 and 2AP#2 indicate
substitutions of serine or threonine residues to alanine at Thr-408/Thr-449 or Ser-472/Ser-510, respectively. The KR mutation of Runx2 was previously described
(47). The substitution of these four lysine residues with arginine residues (KR) dramatically increased the stability of Runx2 due to the absence of its ubiquiti-
nation sites, although the mutants do not have transcriptional activity. Data represent the means = S.D. (n = 3). **, p < 0.0001, compared with empty vector
(EV) transfection; *, p < 0.001, compared with wild-type Runx2 overexpression group. F, MC3T3-E1 cells were transiently transfected with the 6 X OSE2-Luc
reporter vector. After 24 h, cells were treated with 20 ng/ml FGF2 for an additional 24 h in the presence of DMSO (vehicle), 50 nm trichostatin A (TSA) (HDAC
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suggest that the post-translational modifications that stabilize
Runx?2 also facilitate its focal accumulation. Therefore, it is

ization of Runx2, mediated by its C terminus, is necessary for
the lineage commitment of osteoblastic cells (49-52). In this

study, we identified four (pS/pT)P sites in the C terminus of
Runx2 that are crucial target sites for Pinl binding. The admin-
istration of FGF2 increased the focal accumulation of Pin1 and
the recruitment of Runx2 to these foci in subnuclear regions.
Because FGF2-induced focal accumulation of Runx2 was dis-
rupted by the inhibition of Pin1 activity, the subnuclear target-
ing of Runx2 or the formation of Runx2 foci appear to be phos-
phorylation- and isomerization-dependent. These results
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likely that the insufficient subnuclear focal accumulation of
Runx?2 is directly responsible for the development of the CCD
phenotype in the Pinl-deficient mice (37).

Until now, it has been widely accepted that Pinl is a molec-
ular switch to determine the fate of numerous phosphopro-
teins, especially regarding the regulation of protein stabiliza-
tion (53). In addition, Pinl has been shown to function in
critical roles in the promotion of tumor suppressor activity
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FIGURE 6. Positioning of Pin1-mediated prolyl isomerization in post-
phosphorylational Runx2 activation cascade. Functional activation of
Runx2 is tightly controlled by multiple post-translational modification cas-
cades that occur in the following sequence: phosphorylation, prolyl isomer-
ization, and acetylation. In these processes, Pin1 has a role as a molecular
switch to determine the fate of Runx2 acetylation and further transactivation.

through enhanced acetylation (54, 55). In this context, our evi-
dence suggests that the acetylation of proteins could be a
molecular target of post-isomerized Pinl.

In conclusion, our study demonstrates that Pinl is a critical
fate determinant for the post-phosphorylation modification of
Runx2 during osteogenic cell differentiation. Thus, modifying
enzymes, including Pinl, might represent valuable drug targets
to correct abnormal Runx2 activity and to ensure the optimal
fate determination of osteogenic cells.
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