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Abstract

Deletion of TIEG1/KLF10 in mice results in a gender specific osteopenic skeletal phenotype with significant defects in both
cortical and trabecular bone, which are observed only in female animals. Calvarial osteoblasts isolated from TIEG1 knockout
(KO) mice display reduced expression levels of multiple bone related genes, including Runx2, and exhibit significant delays
in their mineralization rates relative to wildtype controls. These data suggest that TIEG1 plays an important role in
regulating Runx2 expression in bone and that decreased Runx2 expression in TIEG1 KO mice is in part responsible for the
observed osteopenic phenotype. In this manuscript, data is presented demonstrating that over-expression of TIEG1 results
in increased expression of Runx2 while repression of TIEG1 results in suppression of Runx2. Transient transfection and
chromatin immunoprecipitation assays reveal that TIEGT directly binds to and activates the Runx2 promoter. The zinc finger
containing domain of TIEG1 is necessary for this regulation supporting that activation occurs through direct DNA binding. A
role for the ubiquitin/proteasome pathway in fine tuning the regulation of Runx2 expression by TIEG1 is also implicated in
this study. Additionally, the regulation of Runx2 expression by cytokines such as TGF31 and BMP2 is shown to be inhibited
in the absence of TIEG1. Co-immunoprecipitation and co-localization assays indicate that TIEG1 protein associates with
Runx2 protein resulting in co-activation of Runx2 transcriptional activity. Lastly, Runx2 adenoviral infection of TIEGT KO
calvarial osteoblasts leads to increased expression of Runx2 and enhancement of their ability to differentiate and mineralize
in culture. Taken together, these data implicate an important role for TIEG1 in regulating the expression and activity of
Runx2 in osteoblasts and suggest that decreased expression of Runx2 in TIEGT KO mice contributes to the observed
osteopenic bone phenotype.
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In addition to the inhibition of cell proliferation and induction
of apoptosis, many other biological functions of TIEG1 have been
identified through the development and characterization of
knockout (KO) mice [11] including essential roles for this gene
in normal heart [12], tendon [13,14] and immune system [15,16]
function. Our laboratory has also verified a role for TIEGI in

Introduction

The TGFP inducible early gene-1 (TIEGI), also known as
KLF10, is a member of the Kriippel family of transcription factors
which was originally identified as a primary response gene
following TGFBI1 treatment of human osteoblasts [1]. Expression

of TIEGTI is also rapidly induced by estrogen [2], BMPs [3], and
EGF [1]. TIEG] encodes a 480 amino acid protein which
contains several Src homology domains in its N-terminal region
and three CyHy type zinc finger DNA binding domains in its C-
terminal region [4]. Previously, we demonstrated that TIEGI
potentiates TGFB1/Smad signaling through repression of the
inhibitory Smad7 gene and activation of the Smad?2 gene [5,6].
Over-expression of TIEG] mimics the effects of TGFBI in a
number of cell types including osteoblasts [7] and pancreatic
carcinoma cells [8]. Expression of TIEG1 in cancer cells is known
to inhibit cell proliferation [7] and induce apoptosis [8,9].
Moreover, TIEGI levels inversely correlate with the progression
and stages of breast cancer [10].
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regulating skeletal development and maintenance. TIEG] KO
mice exhibit a gender-specific osteopenic phenotype characterized
by decreased bone mineral density, bone mineral content and
overall loss of bone strength only in female animals [17,18]. At the
cellular level, calvarial osteoblasts isolated from KO mice exhibit
delayed rates of differentiation and defects in matrix production
and mineralization [11]. Female TIEG] KO mice also exhibit
reduced osteocyte numbers with alterations in their ultra-structure
[19]. Finally, we have demonstrated a reduction in the ability of
TIEG1 KO osteoblasts to support osteoclast differentiation i vitro
[11]. At the molecular level, loss of TIEG1 alters the expression of
bone matrix genes as well as important osteoblast regulatory genes
[11]. The expression of receptor activator of NFkB (RANKL), an
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inducer of osteoclastogenesis, is decreased in TIEGl KO
osteoblasts while the levels of osteoprotegerin (OPG), an inhibitor
of osteoclastogenesis, are increased [11,20]. These changes in
expression of RANKL and OPG partially explain the loss of
osteoblast support of osteoclastogenesis in these KO mice. As an
extension of these studies, we have recently demonstrated that
TIEG1 directly binds to GC-rich elements in the OPG promoter
to suppress gene transcription [21]. However, the regulation of
RANKL expression by TIEG1 appears to be indirect as no
alterations in the activity of the RANKL promoter were observed
in the presence or absence of TIEG1 expression [21].

Runx2 is known to be an important regulator of cell phenotype
commitment and growth [22-26] and is considered a master gene
in bone as it is essential for osteoblast lincage commitment,
differentiation, bone matrix formation and mineralization [27—
29]. Ablated or defective Runx2 expression in mice is lethal as
there is an absence of osteoblasts and bone in such animal models
[27,30,31]. Runx2 also plays a key role in mediating the BMP and
TGFp pathways which are important for osteoblast development
and growth [32,33]. Runx2 is required for normal expression of
many genes known to be markers of a mature osteoblast including
osteocalcin, type 1 collagen, ERa, Vit D receptor, alkaline
phosphatase, bone sialo-protein, osteoprotegerin, osteopontin,
collagenase, MCSF, BCL-2, RANKL, and osterix [34-42,29].
As expected, tight regulation of Runx2 expression is necessary to
ensure normal bone formation and maintenance as mice which
over-express Runx?2 specifically in osteoblasts also exhibit an
osteopenic bone phenotype [43,40]. Due to the importance of
Runx2 in bone, identification of specific proteins that regulate
Runx2 expression and function is essential to further our
understanding of bone biology. Such genes and their associated
pathways could serve as novel therapeutic targets for the treatment
of numerous bone disorders including osteoporosis and fracture
repair among others.

Based on the observed osteopenic phenotype of TIEG] KO
mice and the importance of Runx?2 in bone, we sought to
determine if alterations in Runx2 expression and/or function were
observed in the absence of TIEGI. This study demonstrates that
TIEG1 not only directly regulates Runx2 expression in osteoblasts,
but also plays an active role in mediating Runx2 responses
following TGFB1 and BMP2 treatment. Additionally, the results
indicate that TIEG1 associates with Runx2 protein and functions
as a co-activator of Runx2 transcriptional activity. Further,
decreased Runx2 expression in TIEG1 KO osteoblasts is at least
in part responsible for their observed defects in differentiation and
mineralization. Taken together, these data identify TIEGI] as a
novel modulator of Runx2 expression and function and further
implicate its importance in normal bone development and
maintenance.

Results

Runx2 Expression in TIEG1 KO Osteoblasts

This laboratory has previously demonstrated that calvarial
osteoblasts isolated from TIEG1 KO mice exhibit reduced
mineralization rates and decreased expression of a number of
osteoblast marker genes relative to wildtype controls [11]. Due
to the crucial role of Runx2 in mediating osteoblast
differentiation and mineralization [27-29], it was of interest
to quantify the expression levels of this gene in TIEG] KO
cells. Runx?2 expression levels were analyzed in calvarial
osteoblasts isolated from three individual wildtype and KO
neonates via real-time RT-PCR. As shown in Figure IA,
Runx2 expression levels were significantly reduced in KO
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osteoblasts relative to wildtype littermates. Consistent with
mRNA levels, nuclear Runx2 protein levels were also
significantly repressed in KO cells as determined by quanti-
tative confocal microscopy (Figure 1 B and C). These data
suggest a role for TIEG1 in regulating the expression levels of
this important osteogenic gene.

Suppression of TIEG1 results in decreased Runx2 levels

Since our TIEG1 mouse model is a global KO, we sought to
determine if the effect of loss of TIEG1 expression on Runx2 levels
was cell autonomous in osteoblasts. Wildtype calvarial osteoblasts
were transfected with either non-sense (scrambled TIEG1 siRNA
sequence), GAPDH or TIEG1 specific siRNA duplexes and the
expression levels of TIEG] and Runx2 were determined by real-
time RT-PCR following normalization to untransfected control
cells. TIEG1 expression was decreased by approximately 80% in
cells transfected with the TIEG1 specific siRNA, but was unaltered
in cells transfected with scrambled TIEG1 or GAPDH specific
siRNAs (Figure 2A). Runx2 expression was also decreased by
approximately 80% in cells transfected with TIEG1 siRNA, but
not in cells transfected with non-sense or GAPDH siRNAs
(Figure 2B). Since suppression of TIEGI resulted in significant
decreases in Runx?2 expression, we next determined if this was
associated with decreased expression of other osteoblast-related
and Runx?2 target genes. Indeed, the expression levels of
osteocalcin, osteopontin, osterix and bone sialoprotein were also
decreased in W' calvarial osteoblasts following transfection with a
TIEG1 specific siRNA (Figure 2C). These studies provide further
evidence that decreased expression of TIEG] results in suppres-
sion of Runx2 and implicate TIEG1 as a novel regulator of Runx2
in osteoblasts. Furthermore, these studies provide evidence that
decreased TIEG1 levels are also associated with decreased
expression of other osteoblast-related genes, either as a result of
direct regulation by TIEGI or due to decreased expression of
Runx?2.

Over-expression of TIEG1 results in increased Runx2
levels

As a complement to the siRNA studies, Runx2 expression levels
were also determined in two different cell model systems in which
TIEG1 was over-expressed. First, TIEG1 expression was activated
in a U20S-doxycycline inducible cell line (Tet-TIEG1) which was
developed in our laboratory. TIEG1 expression was significantly
elevated within 8 hours of doxycycline treatment, peaked at
approximately 12 hours and was maintained at high levels at the
24 hour time point (Figure 3A). Subsequent to the induction of
TIEG]1 expression, Runx2 expression levels peaked at the 12 hour
time point and remained elevated at 24 hours (Figure 3A).

We next determined if restoration of TIEGI1 expression in
calvarial osteoblasts isolated from TIEG1 KO mice would result in
increased Runx?2 expression levels. Infection of KO cells with a
TIEG]1 adenovirus resulted in an approximately 3.5 fold increase
in TIEG] expression levels (Figure 3B). As expected, Runx2
expression levels were also significantly elevated following
induction of TIEGI (Figure 3B). As a complement to the data
shown in Figure 2C, we next determined if increased expression of
TIEG1 and Runx2 were also associated with elevated levels of
other osteoblast-related genes. As shown in Figure 3C, infection of
KO calvarial osteoblasts with a TIEG] adenovirus led to
significant up-regulation of osteocalcin, osteopontin, osterix and
bone sialoprotein expression. Taken together, these data reveal
that increased expression of TIEGI leads to induction of Runx2
and other osteoblast-related genes.
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Figure 1. Runx2 expression levels are decreased in osteoblasts isolated from TIEG1 KO mice relative to WT controls. Calvarial
osteoblasts were isolated from three wild-type (WT) and three TIEG1T knockout (KO) neonatal pups and cultured in vitro. (A) Total RNA was isolated
from proliferating cells and real-time PCR analysis was performed to measure Runx2 mRNA levels. The results are depicted as relative expression
levels compared to WT cells and represent average Runx2 expression across three distinct cell lines. (B) Representative confocal microscopy image
depicting TIEG1 and Runx2 protein levels in WT and TIEG1 KO calvarial osteoblasts. (C) Quantitation of TIEG1 and Runx2 protein levels in WT and
TIEG1 KO calvarial osteoblasts. Asterisks denote significance at the p<<0.05 level (ANOVA) compared with WT cells.
doi:10.1371/journal.pone.0019429.g001
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Figure 2. Suppression of TIEG1 in osteoblasts results in decreased expression of Runx2 and other osteoblast-related genes. Calvarial
osteoblasts isolated from three wild-type neonatal pups were transfected with indicated siRNA constructs for 48 hours. Total RNA was isolated and
TIEG1 (A) and Runx2 (B) expression levels were determined using real-time PCR. Data is reported as relative expression levels compared to
untransfected cells. (C) The expression levels of osteocalcin (OC), osteopontin (OP), osterix (OSX) and bone sialoprotein (BSP) were also determined in
WT calvarial osteoblasts transfected with the TIEGT specific siRNA relative to cells transfected with the scrambled siRNA. Asterisks denote significance

at the p<<0.05 level (ANOVA) compared with indicated controls.
doi:10.1371/journal.pone.0019429.9002

TIEGT mediates Runx2 responsiveness following TGFf1
and BMP2 stimulation

Since Runx?2 expression is known to be induced within
2 hours by both TGFB1 and BMP2 [32], and since TIEG1
expression is also rapidly induced by these two growth factors
within 1 hour [44,3], we next sought to determine if TIEGI
plays a role in mediating the induction of Runx2 by these two
important bone anabolic cytokines. In order to monitor
alterations in Runx? expression in response to these cytokines
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as a result of TIEGI1, three wild-type and three TIEG] KO
calvarial osteoblast cell lines were exposed to TGFB1 or BMP2
for 2 hours and Runx2 expression levels were monitored by real-
time PCR. As expected, Runx2 expression was rapidly induced
by both TGFB1 and BMP2 in wildtype cells (Figure 4A).
However, this induction was nearly abolished in TIEG] KO
cells (Figure 4A) suggesting that TIEG]1 plays a role in mediating
the response of Runx2 expression in osteoblasts following
TGFB1 and BMP2 stimulation.
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Figure 3. Over-expression of TIEG1 in osteoblasts results in increased expression of Runx2 and other osteoblast-related genes. (A)
Inducible U20S-TIEG1 cells (U20S Tet-TIEG1) were treated with doxycycline for indicated times. Total RNA was harvested and TIEGT and Runx2
expression levels were monitored by real-time PCR. (B-C) Calvarial osteoblasts isolated from three TIEG1 knockout (KO) neonatal pups were infected
with either control or TIEG1 adenovirus for 24 hours. Total RNA was isolated and TIEG1 and Runx2 expression levels (B), as well as osteocalcin (OC),
osteopontin (OP), osterix (OSX) and bone sialoprotein (BSP) (C), were determined using real-time PCR. The results are expressed as relative fold
change compared to no doxycycline treatment (A) or to control adenoviral infected cells (B-C). Asterisks denote significance at the p<<0.05 level

(ANOVA) compared with controls.
doi:10.1371/journal.pone.0019429.g003

As an extension of these studies, we next determined if
restoration of TIEGI expression in KO calvarial osteoblasts
restored the ability of TGFBl and BMP2 to induce Runx2
expression. As expected, over-expression of TIEGT in KO cells led
to increased expression of Runx2, however, no further increases in
Runx?2 expression levels were observed in response to TGFB1 or
BMP2 treatment (data not shown). This observation suggested that
the induction of TIEG! expression by TGFB1 and BMP2 was an
essential component in the cascade of events leading to up-
regulation of Runx2 by these two cytokines. In order to address
this possibility, we next suppressed TIEG1 expression in WT
calvarial osteoblasts using a TIEG1 specific siRNA and subse-
quently monitored Runx2 expression levels following 2 hours of
TGFB1 or BMP2 treatment. Interestingly, suppression of TIEG1
prevented the induction of Runx?2 expression following TGFB1
and BMP2 treatment (Figure 4B). However, these two cytokines
induced Runx2 expression in WT cells transfected with a
scrambled (NT) siRNA (Figure 4B). Taken together, these data
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suggest that increased expression of TIEG1 following TGFB1 and
BMP2 stimulation is necessary for the rapid induction of Runx2
expression by these two cytokines in osteoblast cells.

TIEG1 activates the Runx2 promoter

Since the above data support a role for TIEG1 in regulating
Runx?2 expression, we next determined if TIEG1 could activate
the Runx2 promoter. As a first step, an approximately 600 base
pair fragment of the Runx2 P1 promoter [45] was analyzed for
potential TIEG1 binding sites using the Genomatix software suite
(Munich, Germany). This transcription factor binding site search
identified multiple putative kriippel-like transcription factor
binding sites which are indicated in Figure 5A. This promoter
construct was subsequently transfected into U20S cells with a
control expression vector, a full-length TIEG1 expression vector or
a truncated TIEG1 expression vector in which the DNA binding
domain was deleted (TTEG1 1-370) to determine if TIEG1 could
regulate its activity. As shown in Figure 5B, mtact TIEGI
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Figure 4. TIEG1 mediates Runx2 expression in osteoblasts
following TGFB1 and BMP2 stimulation. (A) Calvarial osteoblasts
isolated from three wild-type (WT) and three TIEG1 knockout (KO)
neonatal pups were treated with vehicle, TGFB1 or BMP2 for 2 hours.
Total RNA was isolated and Runx2 expression levels were monitored by
real-time PCR. The results are expressed as relative fold change
compared to vehicle treated cells and represent average Runx2
expression across three distinct cell lines. (B) WT calvarial osteoblasts
were transfected with a scrambled (NT) or TIEG1 specific siRNA for
24 hours and subsequently treated with vehicle, TGF31 or BMP2 for
2 hours. Total RNA was isolated and Runx2 expression levels were
determined by real-time PCR relative to vehicle controls. Asterisks
denote significance at the p<<0.05 level (ANOVA) compared to vehicle
controls. 3 denotes significance at the p<<0.05 level (ANOVA) between
WT and KO cells (A) or between WT cells transfected with either a
scrambled (NT) or TIEG1 specific siRNA (B).
doi:10.1371/journal.pone.0019429.9004
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significantly induced Runx?2 promoter activity. DNA binding by
TIEG1 was shown to be essential for this activation since deletion
of the zinc-finger containing domain rendered this protein inactive
on the Runx?2 promoter (Figure 5B). To further define the region
of the Runx2 promoter through which TIEGI functions, 5'-
deletion constructs of the promoter [45] were transfected into
U20S cells with either a control or full-length TIEG1 expression
vector. All of the promoter constructs analyzed were significantly
induced by TIEGI, and the levels of induction progressively
increased as the 5'-region of the Runx2 promoter was deleted
(Figure 5C). Since the —92 bp fragment of the Runx?2 promoter
appeared to be the most active, this region was then deleted in the
context of the full-length promoter. Deletion of this 3'-region did
not completely abolish the TIEG1 induction of promoter activity,
and in fact, the activity of this construct was nearly identical to that
of the intact —600 bp promoter (Figure 5C). These data indicate
that TIEG1 likely utilizes multiple binding sites located throughout
the Runx2 promoter and furthermore suggest that repressive
domains, which reduce the ability of TIEG] to activate this
promoter, are contained within the distal regions of the Runx2 P1
promoter.

TIEG1 stabilization further enhances Runx2 promoter
activity

Our laboratory has previously reported that TIEG1 expression
and function is tightly regulated by the ubiquitin/proteasome
system as TIEG] protein is a direct target for the E3 ubiquitin
ligase, seven in absentia homolog 1 (SIAHI) [46]. The SIAHI
binding site for TIEG1 has been mapped [47] and mutation of
valine 205 and proline 207 to asparagines (TTEG1-NxN) results in
stabilization of this protein. Based on these previous observations,
we examined whether this pathway may be involved in
modulating Runx2 expression as a result of TIEGI stability. As
expected, increased expression of SIAH1 in U20S cells com-
pletely abolished TIEG1 protein levels (Figure 6A). However, co-
transfection of the TIEG1-NxN expression construct resulted in
significant stabilization of this protein in the presence of SIAH]I
(Figure 6A). Stabilization of TIEG1 protein levels (TIEG1-NxN)
resulted in further activation of the —600 Runx2 promoter
construct relative to WT TIEG1 (Figure 6B). While these data do
not directly implicate a role for SIAH1 in modulating Runx2
expression via TIEG] stability, they do suggest that the ubiquitin/
proteasome pathway may be involved in fine tuning the expression
levels of Runx2 in osteoblasts through mediating TIEG1 protein
levels.

TIEG1 directly binds to the Runx2 promoter

Based on the previous data indicating a role for TIEGI in
regulating Runx?2 expression, we next sought to determine if
TIEG]1 protein directly binds to the Runx2 promoter. As a first
step, the Runx2 —600 promoter construct was co-transfected into
U20S cells with either a control, full-length TIEG1 or truncated
TIEG1 (TIEG1 1-370) expression vector. Chromatin immuno-
precipitation (ChIP) assays revealed increased binding of full-
length TIEG1, but not truncated TIEG1 (TIEG1 1-370), above
control levels (Figure 7A and B) demonstrating that TIEG1 does
associate with the Runx2 promoter in a DNA binding dependent
manner. TIEG] binding was further enhanced on the Runx2
—288 and —92 promoter constructs relative to the full-length
promoter construct with maximal levels of binding observed on
the Runx2 —288 promoter fragment (Figure 7C and D). These
data correlate well with the potential TIEG] binding sites
indentified in the Runx2 promoter as shown in Figure 5A since
10 of the 13 putative TIEG1 binding sites are contained within the
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Figure 5. Regulation of Runx2 promoter activity by TIEG1 in osteoblasts. (A) Putative kriippel-like transcription factor binding sites located
within the —600 bp fragment of the Runx2 P1 promoter as identified using the Genomatix software suite. Krliippel-like transcription factor (KLTF),
mouse kriippel like factor (MKLF), kriippel like zinc finger (KLZF) and C2H2 zinc finger containing transcription factor (C2H2) binding sites are
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and the full-length Runx2 promoter (—600) fused to a luciferase reporter. (C) U20S cells were transiently transfected with indicated control or Runx2
promoter constructs fused to a luciferase reporter along with the full-length (1-480) TIEG1 expression construct. Twenty four hours post-transfection,
luciferase activity was monitored and values are reported as relative fold change compared to controls following normalization to total protein levels.
Asterisks denote significance at the p<<0.05 level (ANOVA) compared with control values. & denotes significance at the p<<0.05 level (ANOVA)

between indicated promoter constructs.
doi:10.1371/journal.pone.0019429.9g005

—288 fragment and only 2 remain in the —92 fragment. However,
the —92 bp fragment was the most highly activated construct by
TIEG! at the transcriptional level (Figure 5C) suggesting that
repression domains are located between —288 and —92 bps which
inhibit optimal activation of the Runx2 promoter by TIEG1. The
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basis for decreased binding of TIEG1 to the —600 bp construct is
also likely explained by the presence of inhibitory factors/
repressive domains located in the distal regions of the Runx2
promoter that block TIEG1’s ability to bind to and/or optimally
activate this promoter fragment. Nevertheless, these data reveal
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Figure 6. Stabilization of TIEG1 protein levels result in
enhancement of Runx2 promoter activity. (A) Western blot
analysis depicting wild-type TIEG1 and TIEG1-NxN protein levels
following co-transfection with increasing amounts of a SIAH1 expres-
sion construct in U20S cells using a Flag-specific primary antibody. (B)
Indicated TIEGT expression vectors and the full-length Runx2 promoter
(—600) reporter construct were transiently transfected into U20S cells.
Twenty four hours post-transfection, luciferase activity was monitored
and values are reported as relative fold change compared to controls.
Asterisks denote significance at the p<<0.05 level (ANOVA) compared
with control values. 3 denotes significance at the p<<0.05 level (ANOVA)
between wild-type and NxN TIEG1 expression constructs.
doi:10.1371/journal.pone.0019429.g006

that TIEG1 specifically interacts with the Runx2 promoter in a
DNA binding dependent manner and further confirm a role for
TIEG1 in regulating Runx2 expression.

TIEGT interacts with Runx2 protein and regulates its
activity

Since TIEG1 and Runx2 are both transcription factors which
are known to regulate multiple bone related genes, and since we
have demonstrated that TIEG1 directly regulates Runx2 expres-
sion, we next examined whether TTIEG1 could interact with the
Runx2 protein and mediate its activity. U20S cells were first co-
transfected with TIEG1 and Runx2 expression constructs for
24 hours. Cell lysates were immunoprecipitated with normal
rabbit IgG, a Runx2 specific antibody or a TIEGI specific
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antibody followed by western blotting with reciprocal antibodies.
As shown in Figure 8A, TIEG] protein was immunoprecipitated
with the Runx2 specific antibody, and Runx2 protein was
immunoprecipitated with the TIEGI specific antibody. Neither
protein was immunoprecipitated with the non-specific IgG control
antibody (Figure 8A). These data demonstrate that these two
proteins specifically associate with each other in a protein
complex. Furthermore, TIEG] and Runx2 protein were shown
to co-localize in the nucleus of WT calvarial osteoblasts via
confocal microscopy providing further support for the interaction
of these two transcription factors in osteoblasts (Figure 8B). In
order to determine if this interaction affected Runx2 transcrip-
tional activity, U20S cells were next transfected with a known
Runx2-responsive luciferase reporter construct, p60OSE2-Luc
[48], and either a TIEG] or Runx2 expression construct, alone
or in combination. As expected, Runx2 induced p60OSE, activity;
however TIEG1 alone had no effect on this enhancer element
(Figure 8C). Importantly, co-expression of TIEG] and Runx2 led
to co-activation of this reporter construct (Figure 8C). In
combination, these data demonstrate that TIEG] and Runx2
proteins are able to associate with one another in a complex
leading to increased Runx2 transcriptional activity in osteoblasts.

Increased expression of Runx2 in TIEG1 KO osteoblasts

partially rescues their mineralization defects

This laboratory has previously shown that calvarial osteoblasts
isolated from TIEG1] KO mice exhibit significant delays in
differentiation and a reduced ability to mineralize matrix [11].
This defect is associated with decreased expression of multiple
bone related genes [11]. Based on the present study in which we
have demonstrated that TIEG1 directly regulates both the
expression and activity of Runx2, it was of interest to determine
if increased Runx?2 levels could rescue the mineralization defects
observed in TIEG1 KO calvarial osteoblasts. Three WT and three
TIEG1 KO cell lines were infected with either a control or Runx2
adenovirus and differentiation assays were performed over the
course of 21 days. As shown in Figure 9A, Runx2 expression levels
were significantly increased in WT and KO cells following
infection with a Runx2 adenovirus relative to control adenovirus.
Runx2 expression was increased in KO cells to levels comparable
to that of endogenous Runx2 expression in WT cells (Figure 9A).
Increased expression of Runx?2 in WT cells had no effect on their
mineralization capacity (Figure 9B) suggesting that the TIEG1/
Runx?2 axis was functioning maximally in these cells. However,
restoration of Runx2 expression in TIEG1 KO cells partially
rescued their mineralization defect (Figure 9B). These data suggest
that decreased expression of Runx2 in TIEG1 KO cells is at least
in part responsible for their reduced mineralization capacity and
imply an important role for Runx2 in the observed osteopenic
phenotype previously described in these mice [17,18]. However,
other important osteoblast related genes and/or pathways are
likely implicated in this defect since restoration of Runx?2
expression in TIEG1 KO cells did not completely restore their
mineralization capacity to that of WT osteoblasts.

Discussion

This study demonstrates that suppression of TIEG] results in
decreased expression of Runx2 while over-expression of TIEGI
up-regulates Runx2 levels. Runx2 promoter luciferase reporter
constructs and ChIP analyses have revealed that TIEGI’s
regulation of Runx?2 expression occurs in a DNA binding
dependent manner through regulatory elements located in the
proximal region of the Pl promoter. We have also provided
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Figure 7. TIEG1 associates with the Runx2 promoter in a DNA binding dependent manner. (A-D) Transient chromatin immunop-
recipitation (ChIP) assays were performed in U20S cells transfected with indicated Flag-tagged expression vectors and promoter constructs for
24 hours. Chromatin was prepared, immunoprecipitated with a Flag specific antibody and amplified by both real-time PCR (A and C) and semi-
quantitative PCR (B and D). Real-time PCR analysis was utilized for quantitation purposes and the data are expressed as the abundance of the Runx2
promoter relative to cells transfected with a control expression construct. All data were normalized using input samples. Asterisks denote significance
at the p<<0.05 level (ANOVA) compared with controls. 3 denotes significance at the p<<0.05 level (ANOVA) between indicated promoter constructs.
The products obtained by semi-quantitative PCR were separated using agarose gel electrophoresis.

doi:10.1371/journal.pone.0019429.g007

evidence that TIEGI plays a role in mediating the responsiveness
and magnitude of Runx2 expression following TGFB1 and BMP2
treatment and have implicated the ubiquitin/proteasome pathway
as another mechanism to precisely control Runx?2 levels by
targeting TIEGI for degradation. Furthermore, we have shown
that TIEG1 can interact with the Runx2 protein and serve as a co-
activator for Runx2 transcriptional activity. Finally, osteoblast
differentiation studies have demonstrated that restoration of
Runx2 expression in TIEG1 KO cells partially rescues their
mineralization defect implicating a role for this signaling pathway
in mediating the osteopenic phenotype of TIEG] KO mice
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[17,18]. Therefore, a model has evolved whereby TIEG1 serves as
an important mediator of both Runx2 expression levels and
Runx2 transcriptional activity in osteoblasts (Figure 10).

The importance of Runx2 with regard to skeletal development
and osteoblast differentiation has been well described. Runx?2 plays
a critical role as a lineage determining transcription factor which is
expressed in mesenchymal precursor cells and functions to direct
their differentiation into osteoblasts [49]. Runx2 is also considered
a master regulator of osteoblast differentiation as it induces the
expression of osterix, another transcription factor whose expres-
sion is essential for terminal osteoblast differentiation and
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Figure 8. TIEG1 interacts with and co-activates Runx2 transcriptional activity in osteoblasts. (A) U20S cells were co-transfected with
TIEGT and Runx2 expression constructs. Cells were lysed and equal amounts of protein were immunoprecipitated with either a Runx2 or TIEG1
specific antibody as well as an IgG control antibody. Immunoprecipitated protein complexes were separated by SDS-PAGE and western blotting was
performed using either a TIEG1 or Runx2 specific antibody. Whole cell extracts (WCE) were loaded as positive controls. Arrows indicate TIEG1 and
Runx2 protein following immunoprecipitation. (B) Representative confocal microscopy image depicting co-localization of TIEG1 and Runx2 protein in
wild-type (WT), but not TIEG1 knockout (KO), calvarial osteoblasts. (C) U20S cells were transiently transfected with a p60SE, luciferase reporter
construct and TIEG1 or Runx2 expression vectors as indicated. Twenty four hours post-transfection, luciferase activity was monitored and values are
reported as relative fold change compared to empty vector controls. Asterisks denote significance at the p<<0.05 level (ANOVA) compared with
control values. & denotes significance at the p<<0.05 level (ANOVA) between cells transfected with Runx2 alone and cells transfected with both Runx2
and TIEG1.

doi:10.1371/journal.pone.0019429.g008

mineralization [50]. In addition to osterix, Runx2 regulates many gene are strongly associated with patients diagnosed with
other osteoblast related genes [27,30]. Deletion of Runx?2 in mice cleidocranial dysplasia, an autosomal dominant skeletal disorder
causes arrest of osteoblast differentiation and results in neonates [51].

with a completely cartilaginous skeleton which die shortly after The precise regulation of Runx2 expression and activity is
birth [34,27,30]. Furthermore, germline mutations in the Runx2 essential for normal bone formation as mice over-expressing
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Figure 9. Restoration of Runx2 expression in TIEG1 KO
osteoblasts partially rescues their differentiation and mineral-
ization defects. (A) Calvarial osteoblasts isolated from three wild-type
(WT) and three TIEG1 knockout (KO) neonatal pups were infected with
either a control or Runx2 adenovirus for 24 hours. Total RNA was
isolated and Runx2 expression levels were determined using real-time
PCR. The results are expressed as relative fold change compared to
control adenoviral infected cells and represent average Runx2
expression across three distinct cell lines. Asterisks denote significance
at the p<<0.05 level (ANOVA) compared with WT control. (B) Three WT
and three TIEG1 KO calvarial osteoblast cell lines were plated in 6-well
plates and allowed to proliferate to confluence. Once confluent, cells
were cultured in osteoblastic differentiation medium in the presence of
a control or Runx2 adenovirus as indicated for 21 days. Following
differentiation, cells were stained with alizarin red and a representative
wild-type and TIEG1 KO cell line is shown.
doi:10.1371/journal.pone.0019429.g009

Runx?2 under the control of the collagen lal 2.3-kb promoter
exhibit an osteopenic phenotype [43,40]. Indeed, Runx2 has been
shown to be regulated at the level of transcriptional control,
protein activity and protein turnover. However, the specific factors
and their associated signaling pathways involved in these processes
continue to be elucidated. At the level of transcriptional control, a
small number of transcription factors have been indentified which
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directly regulate Runx2 expression levels. Positive regulators of
Runx2 expression in osteoblasts include the homeobox genes,
Msx2 [52] and Bapx!1 [53], as well as RBP1 [54], SP1 and ELK1
[55]. In contrast, Hoax2 [56] and Sox8 [57] have been shown to
inhibit Runx2 expression. In the present study, TIEGT1 is shown to
act as a positive regulator of Runx2 expression in osteoblasts
implying an additional role for this transcription factor in
regulating osteoblastogenesis and bone development through the
actions of Runx2.

At the level of Runx2 function, many proteins have been
identified that interact with this important transcription factor to
modulate its activity. Proteins such as Statl [58], Sox9 [59], Aj18
[60], MEF [61], Nrf2 [62], YAP [63], HDAC4 [64], and p53 [65]
have all been shown to interact with the Runx2 protein to inhibit
its transcriptional activity. Positive regulators of Runx2 transcrip-
tional activity include CBFB1 [66—68], Smads 1 and 5 [32,69],
Satb2 [56], Rb [70], TAZ [71], HOXA10 [72], BAPX-1 [53],
RBP1 [54], C/EBPB, C/EBPS and Menin [73], among others.
This manuscript demonstrates that TIEG1 also interacts with the
Runx2 protein in osteoblast cells and serves as a co-activator of
Runx2 transcriptional activity.

In addition to individual genes and proteins affecting Runx2
expression and activity, a number of cytokines have been shown to
influence Runx2 mRNA levels. Specifically, TGFB1 and BMP2
treatment of osteoblast cells results in the rapid up-regulation or
Runx2 expression [32]. Because TIEG1 was originally identified
as a primary response gene following TGFB1 treatment [1], and
was later shown to be induced by BMP2 [3], we speculated that it
may play a role in mediating Runx2 expression by these two
factors. Indeed, Runx2 responsiveness to TGFB1 and BMP2 is
suppressed in osteoblasts isolated from TIEGI KO mice.
Furthermore, TGFB1 and BMP2 do not lead to up-regulation of
Runx2 expression in WT cells transfected with a TIEG1 specific
siRNA. These data suggest that TIEG1 functions upstream of
Runx? in the cascade of events that are initiated by TGF1 and
BMP2 and implicate a role for TIEGI] in the optimal and
immediate responsiveness of Runx?2 to these cytokines in bone
cells.

A final level controlling Runx2 function in osteoblasts is through
the targeted degradation of Runx2 protein. Shn3 is a zinc finger
containing adapter protein that links Runx?2 with the E3 ubiquitin
ligase, WWP1 [74]. This interaction ultimately results in poly-
ubiquitination of Runx2 followed by proteasomal degradation.
Notably, TIEG1 is also highly targeted by another E3 ubiquitin
ligase family member, SIAH1 [46]. Here, we have demonstrated
that inhibiting the interaction between SIAH1 and TIEG] results
in further activation of the Runx2 promoter. Since we have also
shown that TIEG] and Runx2 proteins interact, one could
speculate that complexes consisting of these two proteins could be
rapidly targeted, together or separately, for proteasomal degrada-
tion. Regardless, these data further implicate the ubiquitin/
proteasome system in the regulation of Runx2 levels both through
directly targeting Runx2 protein for degradation, and by targeting
TIEG1, an inducer of Runx?2 expression, for degradation. This
cellular process further serves to tightly regulate the molecular
actions of these two important bone related transcription factors.

The studies presented in this manuscript identify TIEGI as a
novel and important regulator of Runx2 expression and activity.
TIEGI serves as both an inducer of Runx?2 expression, as well as a
co-activator of Runx2 transcriptional activity. TIEG1 is also
shown to play an important role in mediating Runx2 responses to
cytokines in osteoblast cells. The ubiquitin/proteasome system has
been implicated as another mechanism to control the levels of
Runx2 by regulating TIEGI protein stability. Finally, a partial
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role for Runx2 has been identified in mediating the defects in
osteoblast differentiation and mineralization observed in TIEGI
KO mice. These observations add another dimension to the
tightly controlled and critical regulation of Runx2 expression and
function in osteoblasts and identify TIEG1 as a potential target for
approaches to treat bone related diseases resulting from defects in
any number of the cellular pathways presented here.

Materials and Methods

Cell Culture and Calvarial Osteoblast Isolation

Calvarial osteoblasts were isolated from 3 day old WT or
TIEG1 KO neonatal pups obtained from heterozygous breeding
pairs as described previously [11]. Following isolation, cells were
maintained in o-MEM (Invitrogen, Carlsbad, CA) containing 10%
(v/v) fetal bovine serum (FBS) (ISC Bioexpress, Kaysville, UT) and
1% (v/v) antibiotic/antimycotic (Invitrogen, Carlsbad, CA) in a
humidified 37°C incubator with 5% COg. All experiments
involving calvarial osteoblasts were conducted within the first
two passages from the time of isolation. This study was carried out
in strict accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animals of the National Institutes
of Health. The protocol was approved by the Mayo Clinic
Institutional Animal Care and Use Committee (Permit Number:
A9709).

Parental U208 cells were purchased from ATCC. The U20S-
TIEG!1 doxycycline inducible cell line (U20S Tet-TIEG1) was
developed using parental U20S cells and the T-Rex system
(Invitrogen) according to the manufacturer’s protocol. Cells were
cultured in phenol red-free Dulbecco’s modified Eagle’s medi-
um/F12 medium (DMEM/F12) containing 10% (v/v) FBS, 1%
(v/v) antibiotic/antimycotic, 5 mg/liter blasticidin S (Roche
Applied Science, Indianapolis, IN), and 500 mg/liter zeocin
(Invitrogen). Parental U20S cells were cultured in DMEM/F12
containing 10% (v/v) FBS and 1% (v/v) antibiotic/antimycotic
solution.

RNA Isolation and Real-Time PCR Analysis

Wildtype and TIEG1 KO calvarial osteoblasts were plated in 12
well plates at a density of approximately 50%. To account for
individual variability of these primary cell lines, all studies were
performed in triplicate using osteoblasts isolated from three
different WT and TIEG1 KO pups. Cells were allowed to
proliferate until they were approximately 80% confluent at which
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time they were washed twice with 1x PBS. Total RNA was isolated
using Trizol reagent (Invitrogen) as specified by the manufacturer.
RNA yield was determined using a NanoDrop 1000 spectropho-
tometer (Thermo Fisher Scientific, Wilmington, DE).

Five hundred ng of total RNA was reverse transcribed using
the iScript™ ¢DNA Synthesis Kit (Bio-Rad, Hercules, CA).
Real-time PCR was performed in triplicate using a Bio-Rad
iCycler and a PerfeCTa™ SYBR Green Fast Mix ™ for iQ real-
time PCR kit (Quanta Biosciences, Gaithersburg, MD) as
specified by the manufacturer. Cycling conditions were as
follows: 95°C: for 2 minutes followed by 40 cycles of 95°C for 1
second and 60°C for 30 seconds. Melt curves were generated to
ensure amplification of a single PCR product. Quantitation of the
PCR results were calculated based on the threshold cycle (C,) and
were normalized using B-tubulin for all mouse transcripts or
TATA Binding Protein (T'BP) for all human transcripts. All PCR
primers were designed using Primer3 software (http://frodo.wi.
mit.edu/primer3/) and were purchased from Integrated DNA
Technologies (Coralville, IA). Primer sequences are listed in
Table 1.

Confocal Microscopy

Localization and quantitation of TIEG] and Runx2 protein
in WT and TIEG1 KO calvarial osteoblasts were determined
using immunoflorescence histochemistry with a Zeiss LSM 510
confocal microscope (Carl Zeiss, Jena, Germany). Briefly, cells
were fixed in 1% paraformaldehyde for 30 min and washed
twice with 1X PBS. Cells were permeabilized with 0.2% Triton-
X in PBS for 30 min and blocked for an additional 30 min in
heat-inactivated 5% FBS. Subsequently, cells were incubated
with a polyclonal TIEG1 antibody produced by our laboratory
(PAb # 992) and a monoclonal Runx2 antibody (clone # 8G5,
Medical and Biological Laboratories, Naka-ku Nagoya, Japan)
for 60 min. Cells were washed twice with PBS and stained with
Texas Red- and FITC-conjugated secondary IgG Antibodies
(Santa Cruz Biotechnology, Santa Cruz, CA) for an additional
60 minutes. DAPI was used as a counter stain. Relative TIEG1
and Runx?2 protein levels were quantified using Zeiss LSM 510
software.

TIEG1 Specific siRNAs
Wildtype calvarial osteoblasts were cultured as above and
transfected with either a TIEG1 specific siRNA (AAUGGAA-
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CUAAUUUCUGAA)J(TT)), a scrambled TIEG1 siRNA (non-
sense) or a GAPDH specific siRNA. TIEG] and non-sense
siRNAs were custom designed and purchased from Darmacon
(Lafayette, CO) while GAPDH specific siRNA was purchased
from Ambion (Austin, TX). Transient transfections were
performed using HiPerfect transfection reagent (Qiagen,
Valencia, CA) according to the manufacturer’s protocol. Forty
eight hours post-transfection, total RNA was isolated and
reverse transcribed. TIEG1, and Runx2 expression levels were
determined via real-time PCR in each of the transfected cultures
relative to non-transfected control cells. Osteocalcin, osteopon-
tin, osterix and bone sialoprotein expression levels were
quantitated in W'T calvarial osteoblasts transfected with the
TIEG1 specific siRNA relative to cells transfected with the
scrambled siRNA.

TIEGT Over-Expression in U20S Osteosarcoma Cells

U20S Tet-TIEGI cells were plated at a density of approxi-
mately 50% in triplicate in 12 well tissue culture plates. The
following day, cells were treated with 100 ng/mL of doxycycline
for 0, 8, 12 or 24 hours. Total RNA was isolated using Trizol and
reverse transcribed as specified above. TIEG1 and Runx2
expression levels were monitored via real-time PCR.

TIEGT and Runx2 Adenovirus

The mouse TIEG1 coding sequence was cloned into the
adenoviral-Type 5 (dE1/E3) vector and adenoviral production,
amplification, purification and titer determination was conducted
by Vector Biolabs (Philadelphia, PA). A control adenovirus
containing an empty expression vector was also supplied by
Vector Biolabs. The Runx2 adenovirus was provided by Dr. Gary
Stein’s laboratory. For TIEG1 overexpression, 50% confluent
TIEG1 KO calvarial osteoblasts were infected at a multiplicity of
infection (MOI) of 10 for 24 hours. Subsequently, the expression
levels of TIEGI1, Runx2, osteocalcin, osteopontin, osterix and
bone sialoprotein were determined via real-time PCR. For Runx2
overexpression in differentiating calvarial osteoblasts, confluent
WT and TIEG] KO cells were infected at a MOI of 10 in
osteoblast differentiation medium (MEMa +10% FBS +1%
antibiotic-antimycotic  +50 mg/L  ascorbic acid +10 mM f-
glycerophosphate). Differentiation medium was changed every 3
days and fresh adenovirus was added with each feeding over the
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Table 1. Primer sets used in gRT-PCR and ChlIP assays.

Primer, 5’ - 3’
Gene Forward Reverse
mRunx2 GCCGGGAATGATGAGAACTA GGTGAAACTCTTGCCTCGTC
mOsteocalcin GCCATCACCCTGTCTCCTAA GCTGTGGAGAAGACACACGA
mOsteopontin CCCGGTGAAAGTGACTGATTCT GATCTGGGTGCAGGCTGTAAA
mOsterix GGAGGTTTCACTCCATTCCA TAGAAGGAGCAAGGGGACAGA
mBone Sialoprotein TTCCCAGGTGTGTCATTGAAGA GGTATGTTTGCGCAGTTAGCAA
mKLF10 GTGACCGTCGGTTTATGAGG ACTTCCATTTGCCAGTTTGG
hRunx2 CCAGATGGGACTGTGGTTACTG TTCCGGAGCTCAGCAGAATAA
hKLF10 GCCAACCATGCTCAACTTCG TGCAGTTTTGTTCCAGGAATACAT
mp-Tubulin CTGCTCATCAGCAAGATCAGAG GCATTATAGGGCTCCACCACAG
hTBP AGTTGTACAGAAGTTGGGTTTTC AACAATTCTGGGTTTGATCATTC
Runx2 ChIP AATAGTGCTTGCAAAAAATAGGAGTTT TGGCGTCTTCCATGGTGGCTTTAC
doi:10.1371/journal.pone.0019429.t001

course of 21 days at which time cells were fixed and stained with
alizarin red.

TGFB1 and BMP2 Treatments

Wildtype and TIEG1 KO calvarial osteoblasts were plated in
triplicate in 12 well tissue culture plates at a density of
approximately 50%. The following day, cells were treated with
vehicle (0.25% BSA in 1X PBS), TGFB1 (2 ng/mL) or BMP2
(200 ng/mL) for 2 hours. TGFBl was purchased from Austral
Biologicals (San Ramon, CA) while BMP2 was purchased from
R&D Systems (Minneapolis, MN). Total RNA was harvested,
cDNA was prepared and real-time PCR was conducted to
determine Runx2 expression levels as described above. Addition-
ally, WT and KO calvarial osteoblasts were plated as above and
subsequently transfected with a scrambled or TIEGI specific
siRNA, or infected with a control or TIEG1 adenovirus, for
24 hours respectively. Cells were then exposed to vehicle, TGFB1
or BMP2 for 2 hours prior to analyzing Runx?2 expression levels
via real-time PCR.

Expression Vectors and Reporter Constructs

Flag-tagged full length TIEG1 (1-480 aa) or truncated TIEG1
(1-370 aa) expression constructs were developed in our laboratory
and cloned into the pcDNA4/TO expression vector (Invitrogen).
The TIEG1 1-370 construct represents deletion of the DNA
binding domain. The SIAHI1 expression construct was also
developed in our laboratory and cloned into pcDNA4/TO as
previously described [46]. The flag-tagged TIEG1-NxN expres-
sion construct was kindly provided by Dr. Colin House and was
developed as previously described [47]. The TIEGI-NxN
construct contains two point mutations (V205B and P207B) which
block SIAHI1 interaction and result in accumulation of TIEGI
protein levels. The Runx2 promoter constructs and expression
constructs were provided by Dr. Gary Stein’s laboratory with the
exception of the —600 to —101 bp construct which was cloned in
our laboratory. All promoter constructs were ligated into the
pGL3-basic luciferase vector (Promega, Madison, WI). The
transcription factor binding site search using the —600 bp
fragment of the Runx2 promoter as a template was performed
using the Genomatix software suite (Munich, Germany). The
p6OSE2-Luc reporter construct was originally developed by Dr.
Patricia Ducy [48].
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Transient Transfection and Luciferase Assays

U20S cells were plated in 12 well plates at a density of
approximately 50%. The following day, cells were transfected in
triplicate with 250 ng of either full length (1-480 aa) or truncated
(1-370 aa) TIEG1 expression constructs and 250 ng of indicated
reporter constructs using Fugene 6 (Roche, Indianapolis, IN) as
described by the manufacturer. Following incubation at 37°C for
24 hours, cells were washed twice with PBS, lysed in 1X Passive
Lysis Buffer (Promega) and equal quantities of protein extract were
assayed for luciferase activity using Luciferase Assay Reagent
(Promega).

Western Blotting

To determine TIEG1 and TIEG1-NxN protein levels following
co-transfection with SIAHI in U20S cells, whole cell extracts
were prepared. Equal amounts of extract were separated using
SDS PAGE, transferred to PVDF and blocked overnight in 5%
milk in 1X TBST. Membranes were probed with a monoclonal
Flag antibody (M2, Sigma, St. Louis, MO) and TIEG! protein
levels were visualized using enhanced chemiluminescence (Amer-
sham Biosciences, Piscataway, NJ).

Chromatin Immunoprecipitation (ChIP) Assays

U20S cells were plated at a density of approximately 50% in
100 mm tissue culture plates and transfected in triplicate with 5 pg
of both the indicated reporter and expression constructs as
specified above. Following incubation for 24 hours, ChIP assays
were performed as previously described [2]. Immunoprecipitations
were carried out using 0.5 pg of a M2-Flag specific monoclonal
antibody (Sigma). Inputs were generated as above excluding the
antibody immunoprecipitation. Semi-quantitative PCR and quan-
titative Real-Time PCR were conducted in triplicate on all
samples and a representative data set is shown. Primers used in the
PCR reactions were designed to amplify the Runx2 promoter and
are listed in Table 1. Quantitative PCR values were calculated
based on the threshold cycle (C,) and were normalized to input
controls.

Co-Immunoprecipitation Assays
U20S cells were plated at a density of approximately 50% in
100 mm tissue culture plates and transfected as indicated with

References

1. Subramaniam M, Harris SA, Oursler MJ, Rasmussen K, Riggs BL, et al. (1995)
Identification of a novel TGF-beta-regulated gene encoding a putative zinc
finger protein in human osteoblasts. Nucleic Acids Res 23: 4907-4912.

2. Hawse JR, Subramaniam M, Monroe DG, Hemmingsen AH, Ingle JN, et al.
(2008) Estrogen receptor beta isoform-specific induction of transforming growth
factor beta-inducible early gene-1 in human osteoblast cells: an essential role for
the activation function 1 domain. Mol Endocrinol 22: 1579-1595.

3. Hefferan TE, Subramaniam M, Khosla S, Riggs BL, Spelsberg TC (2000)
Cytokine-specific induction of the TGF-beta inducible early gene (TIEG):
regulation by specific members of the TGF-beta family. J Cell Biochem 78:
380-390.

4. Subramaniam M, Hawse JR, Rajamannan NM, Ingle JN, Spelsberg TC (2010)
Functional role of KLF10 in multiple disease processes. Biofactors.

5. Johnsen SA, Subramaniam M, Janknecht R, Spelsberg TC (2002) TGFbeta
inducible early gene enhances TGFbeta/Smad-dependent transcriptional
responses. Oncogene 21: 5783-5790.

6. Johnsen SA, Subramaniam M, Effenberger KE, Spelsberg CT (2004) The TGF-
beta inducible early gene plays a central role in the anti-proliferative response to
TGF-beta. Signal Transduction 4: 29-35.

7. Hefferan TE, Reinholz GG, Rickard DJ, Johnsen SA, Waters KM, et al. (2000)
Overexpression of a nuclear protein, TIEG, mimics transforming growth factor-
beta action in human osteoblast cells. J Biol Chem 275: 20255-20259.

8. Tachibana I, Imoto M, Adjei PN, Gores GJ, Subramaniam M, et al. (1997)
Overexpression of the TGFbeta-regulated zinc finger encoding gene, TIEG,
induces apoptosis in pancreatic epithelial cells. J Clin Invest 99: 2365-2374.

@ PLoS ONE | www.plosone.org

14

TIEG1 Regulation of Runx2 Expression and Activity

5ug of TIEG] or Runx2 expression constructs. Following
24 hours of incubation, cells were washed twice with PBS and
lysed in RIPA buffer. Equal amounts of cell lysates were
immunoprecipitated at 4°C overnight using 1 pg of either rabbit
IgG, a Runx2 M-70 specific antibody (Santa Cruz) or a TIEGI
specific polyclonal antibody (#992-generated in our laboratory).
Protein complexes were purified using protein G beads. Com-
plexes were separated by SDS-PAGE, transferred to PVDF and
blocked in 5% milk overnight. Western blotting was performed
using either a TIEG! specific polyclonal antibody (#992) or a
Runx?2 M-70 specific antibody (Santa Cruz).

Differentiation of Calvarial Osteoblasts

Wildtype and TIEG1 KO calvarial osteoblasts were plated in 6-
well tissue culture plates and allowed to proliferate to confluence.
Once confluent, cells were cultured in osteoblastic differentiation
medium containing B-glycerophosphate and ascorbic acid in the
presence of either a control or Runx2 adenovirus as described
above. Differentiation medium was replaced every three days.
Following 21 days of differentiation, cells were stained for calcified
bone nodules using Alizarin Red (Sigma-Aldrich). Briefly, cells
were washed in 1X PBS and fixed in 10% neutral buffered
formalin overnight at room temperature. Cells were washed twice
with PBS and stained with 2% Alizarin Red (v/v) ph 4.2 for 10
minutes. Cells were washed extensively with distilled water and
subsequently scanned.

Acknowledgments

The authors would like to thank Xianglin Wu, Kenneth Peters and Kevin
Pitel, for their excellent technical support and Jacquelyn House for her
outstanding secretarial assistance. Additionally, we would like to thank Dr.
Patricia Ducy for the p6OSE2 luciferase reporter and Dr. Colin House for
the TIEG1-NxN expression vector.

Author Contributions

Conceived and designed the experiments: JRH MC MS TCS. Performed
the experiments: JRH MC SBG ESB MS. Analyzed the data: JRH MC
SBG ESB NMR MS MJO TCS. Contributed reagents/materials/analysis
tools: AJvW JBL GSS MJO. Wrote the paper: JRH MC MS TCS.

9. Chalaux E, Lopez-Rovira T, Rosa JL, Pons G, Boxer LM, et al. (1999) A zinc-
finger transcription factor induced by TGF-beta promotes apoptotic cell death in
epithelial Mv1Lu cells. FEBS Lett 457: 478-482.

. Reinholz MM, An MW, Johnsen SA, Subramaniam M, Suman V], et al. (2004)
Differential gene expression of TGF beta inducible early gene (TIEG), Smad7,
Smad2 and Bardl in normal and malignant breast tissue. Breast Cancer Res
Treat 86: 75-88.

. Subramaniam M, Gorny G, Johnsen SA, Monroe DG, Evans GL, et al. (2005)
TIEG1 null mouse-derived osteoblasts are defective in mineralization and in
support of osteoclast differentiation in vitro. Mol Cell Biol 25: 1191-1199.

. Rajamannan NM, Subramaniam M, Abraham TP, Vasile VC, Ackerman M],
et al. (2007) TGFbeta inducible early gene-1 (TTEG1) and cardiac hypertrophy:
Discovery and characterization of a novel signaling pathway. J Cell Biochem
100: 315-325.

. Tsubone T, Moran SL, Subramaniam M, Amadio PC, Spelsherg TC, et al.
(2006) Effect of TGF-beta inducible early gene deficiency on flexor tendon
healing. J Orthop Res 24: 569-575.

. Bensamoun SF, Tsubone T, Subramaniam M, Hawse JR, Boumediene E, et al.
(2006b) Age-dependent changes in the mechanical properties of tail tendons in
TGF-beta inducible early gene-1 knockout mice. J Appl Physiol 101:
1419-1424.

15. Venuprasad K, Huang H, Harada Y, Elly C, Subramaniam M, et al. (2008) The
E3 ubiquitin ligase Itch regulates expression of transcription factor Foxp3 and
airway inflammation by enhancing the function of transcription factor TIEGI.
Nat Immunol 9: 245-253.

April 2011 | Volume 6 | Issue 4 | e19429



20.

21.

22.

23.

24.

26.

27.

28.

29.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

. Cao Z, Wara AK, Icli B, Sun X, Packard RR, et al. (2009) Kruppel-like factor

KLF10 targets transforming growth factor-betal to regulate CD4(+)CD25(-) T
cells and T regulatory cells. J Biol Chem 284: 24914-24924.

. Bensamoun SF, Hawse JR, Subramaniam M, Ilharreborde B, Bassillais A, et al.

(2006a) TGFbeta inducible early gene-1 knockout mice display defects in bone
strength and microarchitecture. Bone 39: 1244-1251.

. Hawse JR, Iwaniec UT, Bensamoun SF, Monroe DG, Peters KD, et al. (2008)

TIEG-null mice display an osteopenic gender-specific phenotype. Bone 42:
1025-1031.

. Haddad O, Hawse JR, Subramaniam M, Spelsberg TC, Bensamoun FS (2009)

TIEGI-null osteocytes display defects in their morphology, density and
surrounding bone matrix. ] Musculoskeletal Research 12: 127-136.
Subramaniam M, Hawse JR, Johnsen SA, Spelsberg TC (2007) Role of TIEG1
in biological processes and disease states. J Cell Biochem 102: 539-548.
Subramaniam M, Hawse JR, Bruinsma ES, Grygo SB, Cicek M, et al. (2010)
TGFbeta inducible early gene-1 directly binds to, and represses, the OPG
promoter in osteoblasts. Biochem Biophys Res Commun 392: 72-76.

Pratap J, Galindo M, Zaidi SK, Vradii D, Bhat BM, et al. (2003) Cell growth
regulatory role of Runx2 during proliferative expansion of preosteoblasts.
Cancer Res 63: 5357-5362.

Galindo M, Pratap J, Young DW, Hovhannisyan H, Im HJ, et al. (2005) The
bone-specific expression of Runx2 oscillates during the cell cycle to support a
Gl-related antiproliferative function in osteoblasts. J Biol Chem 280:
20274-20285.

Young DW, Hassan MQ), Pratap J, Galindo M, Zaidi SK, et al. (2007) Mitotic
occupancy and lineage-specific transcriptional control of rRNA genes by Runx2.
Nature 445: 442-446.

. Young DW, Hassan MQ, Yang XQ, Galindo M, Javed A, et al. (2007) Mitotic

retention of gene expression patterns by the cell fate-determining transcription
factor Runx2. Proc Natl Acad Sci U S A 104: 3189-3194.

Zaidi SK, Pande S, Pratap J, Gaur T, Grigoriu S, et al. (2007) Runx2 deficiency
and defective subnuclear targeting bypass senescence to promote immortaliza-
tion and tumorigenic potential. Proc Natl Acad Sci U S A 104: 19861-19866.
Komori T, Yagi H, Nomura S, Yamaguchi A, Sasaki K, et al. (1997) Targeted
disruption of Cbfal results in a complete lack of bone formation owing to
maturational arrest of osteoblasts. Cell 89: 755-764.

Karsenty G (1999) The genetic transformation of bone biology. Genes Dev 13:
3037-3051.

Lian JB, Javed A, Zaidi SK, Lengner C, Montecino M, et al. (2004) Regulatory
controls for osteoblast growth and differentiation: role of Runx/Cbfa/AML
factors. Crit Rev Eukaryot Gene Expr 14: 1-41.

. Otto F, Thornell AP, Crompton T, Denzel A, Gilmour KC, et al. (1997) Cbfal,

a candidate gene for cleidocranial dysplasia syndrome, is essential for osteoblast
differentiation and bone development. Cell 89: 765-771.

Choi JY, Pratap J, Javed A, Zaidi SK, van Wijnen AJ, et al. (2000) In vivo
replacement of Runx2/Cbfal gene with a mutant gene lacking a subnuclear
targeting signal and transcriptional regulatory functions results in severe skeletal
abnormalities. ] Bone Miner Res 15: 8157 (Abstract).

Lee KS, Kim HJ, Li QL, Chi XZ, Ueta C, et al. (2000) Runx2 is a common
target of transforming growth factor betal and bone morphogenetic protein 2,
and cooperation between Runx2 and Smad5 induces osteoblast-specific gene
expression in the pluripotent mesenchymal precursor cell line C2C12. Mol Cell
Biol 20: 8783-8792.

Ito Y, Miyazono K (2003) RUNX transcription factors as key targets of TGF-
beta superfamily signaling. Curr Opin Genet Dev 13: 43-47.

Ducy P, Zhang R, Geoffroy V, Ridall AL, Karsenty G (1997) Osf2/Cbfal: a
transcriptional activator of osteoblast differentiation. Cell 89: 747-754.

. Gao YH, Shinki T, Yuasa T, Kataoka-Enomoto H, Komori T, et al. (1998)

Potential role of cbfal, an essential transcriptional factor for osteoblast
differentiation, in osteoclastogenesis: regulation of mRNA expression of
osteoclast differentiation factor (ODF). Biochem Biophys Res Commun 252:
697-702.

Harada H, Tagashira S, Fujiwara M, Ogawa S, Katsumata T, et al. (1999)
Cbfal isoforms exert functional differences in osteoblast differentiation. J Biol
Chem 274: 6972-6978.

Thirunavukkarasu K, Halladay DL, Miles RR, Yang X, Galvin R], et al. (2000)
The osteoblast-specific transcription factor Cbfal contributes to the expression
of osteoprotegerin, a potent inhibitor of osteoclast differentiation and function.
J Biol Chem 275: 25163-25172.

Alliston T, Choy L, Ducy P, Karsenty G, Derynck R (2001) TGF-beta-induced
repression of CBFAL by Smad3 decreases cbfal and osteocalcin expression and
inhibits osteoblast differentiation. EMBO J 20: 2254-2272.

Kern B, Shen J, Starbuck M, Karsenty G (2001) Cbfal contributes to the
osteoblast-specific expression of type I collagen genes. J Biol Chem 276:
7101-7107.

Geoffroy V, Kneissel M, Fournier B, Boyde A, Matthias P (2002) High bone
resorption in adult aging transgenic mice overexpressing cbfal/runx2 in cells of
the osteoblastic lineage. Mol Cell Biol 22: 6222-6233.

O’Brien CA, Kern B, Gubrij I, Karsenty G, Manolagas SC (2002) Cbfal does
not regulate RANKL gene activity in stromal/osteoblastic cells. Bone 30:
453-462.

Enomoto H, Shiojiri S, Hoshi K, Furuichi T, Fukuyama R, et al. (2003)
Induction of osteoclast differentiation by Runx2 through receptor activator of
nuclear factor-kappa B ligand (RANKL) and osteoprotegerin regulation and

@ PLoS ONE | www.plosone.org

15

43.

44.

46.

47.

48.

49.

50.

51.

54.

<
o

56.

57.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

TIEG1 Regulation of Runx2 Expression and Activity

partial rescue of osteoclastogenesis in Runx2-/- mice by RANKL transgene.
J Biol Chem 278: 23971-23977.

Liu W, Kato M, Itoigawa M, Murakami H, Yajima M, et al. (2001) Distinct
involvement of NF-kappaB and p38 mitogen-activated protein kinase pathways
in serum deprivation-mediated stimulation of inducible nitric oxide synthase and
its inhibition by 4-hydroxynonenal. J Cell Biochem 83: 271-280.
Subramaniam M, Oursler MJ, Rasmussen K, Riggs BL, Spelsberg TC (1995)
TGF-beta regulation of nuclear proto-oncogenes and TGF-beta gene expression
in normal human osteoblast-like cells. J Cell Biochem 57: 52-61.

. Drissi H, Luc Q, Shakoori R, Chuva De Sousa Lopes S, Choi JY, et al. (2000)

Transcriptional autoregulation of the bone related CBFA1/RUNX2 gene. J Cell
Physiol 184: 341-350.

Johnsen SA, Subramaniam M, Monroe DG, Janknecht R, Spelsberg TC (2002)
Modulation of transforming growth factor beta (TGFbeta)/Smad transcriptional
responses through targeted degradation of TGFbeta-inducible early gene-1 by
human seven in absentia homologue. J Biol Chem 277: 30754-30759.

House CM, Frew 1J, Huang HL, Wiche G, Traficante N, et al. (2003) A binding
motif for Siah ubiquitin ligase. Proc Natl Acad Sci U S A 100: 3101-3106.
Ducy P, Karsenty G (1995) Two distinct osteoblast-specific cis-acting elements
control expression of a mouse osteocalcin gene. Mol Cell Biol 15: 1858-1869.
Lian JB, Stein GS, Javed A, van Wijnen AJ, Stein JL, et al. (2006) Networks and
hubs for the transcriptional control of osteoblastogenesis. Reviews in endocrine
& metabolic disorders 7: 1-16.

Nakashima K, Zhou X, Kunkel G, Zhang Z, Deng JM, et al. (2002) The novel
zinc finger-containing transcription factor osterix is required for osteoblast
differentiation and bone formation. Cell 108: 17-29.

Mundlos S, Otto F, Mundlos C, Mulliken JB, Aylsworth AS, et al. (1997)
Mutations involving the transcription factor CBFAIL cause cleidocranial
dysplasia. Cell 89: 773-779.

Satokata I, Ma L, Ohshima H, Bei M, Woo I, et al. (2000) Msx2 deficiency in
mice causes pleiotropic defects in bone growth and ectodermal organ formation.
Nat Genet 24: 391-395.

. Tribioli C, Lufkin T (1999) The murine Bapxl homeobox gene plays a critical

role in embryonic development of the axial skeleton and spleen. Development
126: 5699-5711.

Monroe DG, Hawse JR, Subramaniam M, Spelsberg TC (2010) Retinoblastoma
binding protein-1 (RBP1) is a Runx2 coactivator and promotes osteoblastic
differentiation. BMC musculoskeletal disorders 11: 104.

. Zhang Y, Hassan MQ, Xie RL, Hawse JR, Spelsberg TC, et al. (2009) Co-

stimulation of the bone-related Runx2 P1 promoter in mesenchymal cells by SP1
and ETS transcription factors at polymorphic purine-rich DNA sequences (Y-
repeats). J Biol Chem 284: 3125-3135.

Dobreva G, Chahrour M, Dautzenberg M, Chirivella L, Kanzler B, et al. (2006)
SATB2 is a multifunctional determinant of craniofacial patterning and
osteoblast differentiation. Cell 125: 971-986.

Schmidt K, Schinke T, Haberland M, Priemel M, Schilling AF, et al. (2005) The
high mobility group transcription factor Sox8 is a negative regulator of osteoblast

differentiation. J Cell Biol 168: 899-910.

. Kim S, Koga T, Isobe M, Kern BE, Yokochi T, et al. (2003) Stat1 functions as a

cytoplasmic attenuator of Runx2 in the transcriptional program of osteoblast
differentiation. Genes Dev 17: 1979-1991.

Zhou G, Zheng Q, Engin F, Munivez E, Chen Y, et al. (2006) Dominance of
SOX9 function over RUNX2 during skeletogenesis. Proc Natl Acad Sci U S A
103: 19004-19009.

Jheon AH, Ganss B, Cheifetz S, Sodek J (2001) Characterization of a novel
KRAB/C2H2 zinc finger transcription factor involved in bone development.
J Biol Chem 276: 18282-18289.

Kim Y]J, Kim BG, Lee §J, Lee HK, Lee SH, et al. (2007) The suppressive effect
of myeloid Elf-1-like factor (MEF) in osteogenic differentiation. J Cell Physiol
211: 253-260.

Hinoi E, Fujimori S, Wang L, Hojo H, Uno K, et al. (2006) Nrf2 negatively
regulates osteoblast differentiation via interfering with Runx2-dependent
transcriptional activation. J Biol Chem 281: 18015-18024.

Zaidi SK, Sullivan AJ, Medina R, Ito Y, van Wijnen A]J, et al. (2004) Tyrosine
phosphorylation controls Runx2-mediated subnuclear targeting of YAP to
repress transcription. EMBO J 23: 790-799.

Vega RB, Matsuda K, Oh J, Barbosa AC, Yang X, et al. (2004) Histone
deacetylase 4 controls chondrocyte hypertrophy during skeletogenesis. Cell 119:
555-566.

. Lengner CJ, Steinman HA, Gagnon J, Smith TW, Henderson JE, et al. (2006)

Osteoblast differentiation and skeletal development are regulated by Mdm2-p53
signaling. J Cell Biol 172: 909-921.

Miller J, Horner A, Stacy T, Lowrey C, Lian JB, et al. (2002) The core-binding
factor beta subunit is required for bone formation and hematopoietic
maturation. Nat Genet 32: 645-649.

Yoshida CA, Furuichi T, Fujita T, Fukuyama R, Kanatani N, et al. (2002) Core-
binding factor beta interacts with Runx2 and is required for skeletal
development. Nat Genet 32: 633-638.

Kanatani N, Fujita T, Fukuyama R, Liu W, Yoshida CA, et al. (2006) Cbf beta
regulates Runx2 function isoform-dependently in postnatal bone development.
Dev Biol 296: 48-61.

Zhang YW, Yasui N, Ito K, Huang G, Fujii M, et al. (2000) A RUNX2/
PEBP2alpha A/CBFA1 mutation displaying impaired transactivation and Smad

April 2011 | Volume 6 | Issue 4 | e19429



70.

71.

interaction in cleidocranial dysplasia. Proc Natl Acad Sci U S A 97:
10549-10554.

Luan Y, Yu XP, Xu K, Ding B, Yu J, et al. (2007) The retinoblastoma protein is
an essential mediator of osteogenesis that links the p204 protein to the Cbfal
transcription factor thereby increasing its activity. J Biol Chem 282:
16860-16870.

Hong JH, Hwang ES, McManus MT, Amsterdam A, Tian Y, et al. (2005) TAZ,
a transcriptional modulator of mesenchymal stem cell differentiation. Science

309: 1074-1078.

@ PLoS ONE | www.plosone.org

16

TIEG1 Regulation of Runx2 Expression and Activity

72. Hassan MQ, Tare R, Lee SH, Mandeville M, Weiner B, et al. (2007) HOXA10

controls osteoblastogenesis by directly activating bone regulatory and phenotypic

genes. Mol Cell Biol 27: 3337-3352.

. Westendorf JJ (2006) Transcriptional co-repressors of Runx2. J Cell Biochem 98:

54-64.

. Jones DC, Wein MN, Oukka M, Hofstaetter JG, Glimcher M]J, et al. (2006)

Regulation of adult bone mass by the zinc finger adapter protein Schnurri-3.
Science 312: 1223-1227.

April 2011 | Volume 6 | Issue 4 | e19429



