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Cbfa1-dependent expression of an
interferon-inducible p204 protein is required for
chondrocyte differentiation

Y Zhang', L Kong', CS Carlson? and C-j Liu*"?

We reported earlier that an interferon-inducible p204 protein serves as a cofactor of Chfal and promotes osteogenesis. Here we
establish that p204 demonstrates prominent expression in growth plate chondrocytes. It is differentially expressed in the course
of bone morphogenetic protein-2-triggered chondrocyte differentiation of pluripotent C3H10T1/2 cells. This expression is
probably due to the activation of p204 gene by Cbfal and repression by Sox5 transcription factor. Cbfal and Sox5 bind to
the 5'-flanking regulatory region of p204 gene at their consensus binding elements. Overexpression of p204 accelerates
chondrocyte hypertrophy, as revealed by enhanced expression of type X Collagen and matrix metalloproteinase-13; however,
knockdown of p204 via an siRNA approach abolishes hypertrophic chondrocyte differentiation. p204 acts as a cofactor of
Cbfal in chondrocyte hypertrophy: (1) overexpression of p204 augments, whereas suppression of p204 decreases, the
Cbfail-dependent transactivation of a Collagen X-specific reporter gene; (2) p204 enhances Chfai-mediated chondrocyte
hypertrophy; and (3) p204 associates with Cbfal in chondrocyte differentiation. In addition, altered expression of p204 in
chondrocyte hypertrophy was accompanied by altered levels of Indian hedgehog (IHH) and parathyroid hormone/parathyroid
hormone-related peptide receptor-1 (PTHR1). Collectively, p204 is a novel regulator of chondrocyte differentiation by (1) acting
as a coactivator of Cbfa1 and (2) affecting IHH/PTPrP signaling.
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During embryonic development, the majority of bones
form through a process of endochondral ossification in
which mesenchymal cells first form a cartilaginous template
of the future bone."? Chondrocytes in the center of these
elements undergo hypertrophy and secrete an extra-
cellular matrix that becomes mineralized and allows vascular
invasion to occur.®* Chondrocyte hypertrophy during
endochondral ossification is a well-controlled process in
which proliferating chondrocytes stop proliferating and
differentiate into hypertrophic chondrocytes. This step is
crucial for the longitudinal growth and development of long
bones, and the only transcription factor shown to be required
for hypertrophic chondrocyte differentiation is core binding
factor o-1 (bea1).1 Cbfal, also known as Runx2, PeBP2xA,
Osf2 or AML3, is a member of the runt family of transcription
factors® and expressed not only in all osteoblasts,® but also
in hypertrophic chondrocytes”® and earlier in prechondro-
genic mesenchymal condensations.® Transgenic mice gene-
rated by overexpressing Cbfal in chondrocytes display
an acceleration of endochondral ossification. Cbfal—/—
mice exhibit a complete lack of ossification and die immedi-
ately after birth."® It was found that several Cbfa1-binding
proteins, such as retinoblastoma protein (pRb)'" and p204,'2

may also play critical roles in modulating Cbfa1 activity in
osteogenesis.

p204 is a member of the interferon-inducible murine p200
family proteins'® and consists of 640 amino-acid residues.
The C-terminal domain of p204 consists of two homologous
partially conserved 200 amino-acid segments (a and b) in
which pRb-binding motifs (e.g., LXCXE) are located. Over-
expression of p204 is growth inhibitory partially due to its
inhibition of ribosomal RNA transcription; p204 binds to the
ribosomal DNA-specific upstream binding factor transcription
factor and inhibits its sequence-specific binding to DNA.'*1®
The antiproliferative activity of p204 has been attributed to the
binding of p204 to pRb by its pRb-binding LXCXE motifs.'*®
However, the antiproliferative activity of p204 does not always
depend on pRb.""'® Recently, p204 was found to bind to Ras
oncoprotein and might serve as one of the negative feedback
inhibitors of Ras activity.'®

p204 was found to be an important regulator of both skeletal
and cardiac muscle differentiation.’®2? Overexpression of
p204 accelerates muscle formation.2' This is due at least in
part to the binding of p204 to the inhibitor of differentiation (Id)
proteins including Id1, Id2 and Id3, and overcoming the
inhibition by the Id proteins of MyoD activity in the case of
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skeletal muscle differentiation, and Gata4 and Nkx2.5 activity
in the case of cardiac myocyte formation.?°?2 The p204 gene
was also isolated as an M-CSF-responsive gene using a
gene-trap approach in the interleukin 3 (IL-3)-dependent
myeloid FD-Fms cell line. Moreover, forced expression of
p204 strongly repressed the IL-3- and M-CSF-dependent
proliferation, whereas it promoted the M-CSF-induced macro-
phage differentiation of FD-Fms cells.?®

We previously reported that p204 acted as a transcriptional
coactivator of Cbfal and therefore enhanced osteo-
blast differentiation'? and that pRb is an essential linker
between p204 and Cbfal thereby increasing its activity;?*
p204, pRb, Cbfal and Ids form a protein interaction network
and act in concert in regulating the differentiation of pluri-
potent C2C12 to osteoblasts.?® In this study, we describe
the expression and function of p204 in hypertrophic chon-
drocyte differentiation as well as the molecular mechanism
involved.

Results

Expression of p204 in growth plate chondrocytes. We
previously reported that p204 associates with Cbfal and
plays an important role in osteoblast differentiation.?242%
Given that Cbfal is also required for the hypertrophic
chondrocyte differentiation, we sought to determine
whether p204 was also involved in the chondrocyte
differentiation. We first examined the expression of p204 in
growth plate chondrocytes using immunohistochemistry
on tibial growth plates of mouse embryos on postcoital day
18.5. As shown in Figure 1, p204 is highly expressed in
differentiating hypertrophic chondrocytes but much lower in
both resting and proliferating chondrocytes.
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Differential expression of p204 in the course of
chondrogenesis. To examine the expression profile of
p204 during chondrocyte differentiation in vitro, we used a
micromass culture of pluripotent C3H10T1/2 cell line, a
well-established in vitro cell model, for studying chondro-
genesis.?® As revealed in Figure 2a, p204 protein was not
detected until day 5 and day 7 in the bone morphogenetic
protein (BMP)-2-induced chondrocyte differentiation of
C3H10T1/2 cells, and Collagen X, a specific marker for
hypertrophic chondrocytes, was also immunopositive at
day 7 (Figure 2b), indicating that p204 expression is
prehypertrophic and hypertrophic chondrocyte-specific,
which is in consistent with its in vivo expression in the
growth plate (Figure 1). In addition, p204 mRNA was also
strongly induced in chondrogenesis, as assayed by real-time
PCR with the same cell model (Figure 2d).

Cbfa1l and Sox5 bind to the promoter of p204 gene both
in vitro and in vivo. Next we sought to elucidate the
molecular mechanism controlling hypertrophic chondrocyte
expression of p204. The sequence analysis revealed that
there exist two Cbfal- and two Sox5-binding sites in the
promoter of p204 gene. These findings, together with
the facts that Cbfal is an essential transcriptional factor for
the hypertrophic chondrocyte formation and Sox5, a critical
transcription factor that regulates the transition from
proliferating to hypertrophic chondrocytes, promoted us to
examine whether Cbfal and/or Sox5 associates with the
promoter of p204 gene. For this purpose, we first examined
whether Cbfal and Sox5 were able to bind to p204 promoter
in an electrophoretic mobility shift assay (EMSA) (Figure 3a).
Three digoxigenin-labeled probes corresponding to first
Cbfal-binding site (Figure 3a, left panel), second Cbfal-
binding site (Figure 3a, middle panel) and Sox5-binding sites
(Figure 3a, right panel) incubated with the nuclear extracts
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Immunohistochemistry of p204 in tibial growth plates of postcoital day 18.5 mouse embryos: (a) microphotograph of control section using preimmune serum. (b)

Microphotograph of section stained with anti-p204 antiserum (red) and counterstained with Mayer's hematoxylin (blue); immunostaining reveals positive nuclear staining in
upper hypertrophic and hypertrophic chondrocytes of growth plate. S, resting chondrocytes; p, proliferating chondrocytes; h, hypertrophic chondrocytes; m, bone metaphysis.
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Figure 2 Differential expression of p204 and Collagen X in the course of chondrogenesis in a micromass culture of C3H10T1/2 cells. (a—c) Western blotting assay. After
incubation with 300 ng/ml of BMP-2 for the times indicated, the cells were lysed and 40 p.g protein samples were assayed for p204 (a), Collagen X (b) and tubulin (c, serving as
an internal control) by western blotting with ant-p204, anti-Collagen X or anti-tubulin, respectively; (d) Real-time PCR assay. Total RNA was prepared from micromass cultures
of C3H10T1/2 cells in the presence of 300 ng/ml recombinant BMP-2 for various time points, as indicated, and the mRNA expression of p204, type X collagen and GAPDH

(serving as an internal control) were examined by real-time PCR

prepared from C3H10T1/2 cells transfected with the
mammalian expression plasmid encoding Cbfal or Sox5
resulted in a specific Cbfa1l/DNA complex (Figure 3a, left and
middle panels, lane 2) and Sox5/DNA (Figure 3a, right panel,
lane 2). The binding of corresponding probes to Cbfal or
Sox5 in vitro was completely competed by excess unlabeled
probes (Figure 3a, lane 3), but not unrelated oligodeoxy-
nucleotide (Figure 3a, lane 4), indicating that the binding of
Cbfal and Sox5 to their corresponding binding motifs is
sequence-specific.

To determine whether Cbfal and Sox5 also bind to p204
promoter in vivo, we next performed chromatin immuno-
precipitation (ChIP) assays. ChIP was carried out in
C3H10T1/2 cells transfected with an expression plasmid
encoding either Cbfal or Sox5. After crosslinking with
formaldehyde, cell lysates were immunoprecipitated with
either control 1gG (negative control) or anti-Cbfal (or anti-
Sox5) antibodies, and the DNA purified from this immuno-
precipitation was analyzed by PCR with PCR primers that
spanned the first Cbfa1-binding site (Figure 3b, upper panel),
the second Cbfa1-binding site (Figure 3b, middle panel) and
Sox5-binding sites (Figure 3b, lower panel) in the p204
promoter. We observed a clear PCR product using DNA
isolated from immunoprecipitated complexes with anti-Cbfa1
(Figure 3b, upper and middle panels, lane 2) or anti-Sox5
(Figure 3b, lower panel, lane 2) antibodies but not with control
IgG (Figure 3b, upper, middle and lower panels, lane 3),
indicating that Cbfal and Sox5 bind to their corresponding
elements in the p204 promoter in the transfected living cells.
To further demonstrate their binding under physiological
condition, we also collected the cell lysate of C3H10T1/2
cells during chondrocyte differentiation. Figure 3c showed that
both Cbfa1 and Sox5 can specifically bind to the promoter of
p204 in the course of chondrogenesis.

Cbfal activates whereas Sox5 inhibits the transacti-
vation of p204 gene. To determine whether Cbfa1 activates
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transcription of the p204 promoter using reporter gene
assays, two reporter gene plasmids, 204-2C2SBE-luc and
204-1CBE-luc, were used in which segments with CBEs
(Cbfal-binding elements) and SBEs (Sox5-binding
elements) from the 5'-flanking region of p204 (—1578 to
—1324 and —1578 to +38) were linked to the upstream
end of a region encoding luciferase in the pGL3 vector
(Figure 4a, b; the number preceding ‘CBE’ and ‘SBE’, i.e. 1 or
2, indicates the number of CBEs and SBEs in that plasmid).
We transfected both C3H10T1/2 stem cells and RCS (rat
chondrosarcoma cell) chondrocytes with these two reporter
constructs together with a Cbfal expression plasmid. As
shown in Figure 4c—e, Cbfal activated both p204-specific
reporter constructs in both cell lines, and the transactivations
were dose-dependent. Intriguingly, higher response to Cbfa1
expression of longer reporter gene (204-2CBE-luc) in RCS
chondrocytes than that in C3H10T1/2 cells was observed,
suggesting that chondrocyte-specific cofactor(s) of Cbfal
might be involved in the Cbfa1-dependent activation of p204
gene. In the case of Sox5 transcription factor, it acted as
a repressor of p204 gene, as it inhibited p204-specific
reporter gene, and this inhibition was also dose-dependent
(Figure 4f).

As Cbfal is know to activate the expression of various
genes, including other transcription factor(s) in chondrocytes
and osteoblasts, the activation of p204 gene by Cbfal
observed above (Figure 4c—e) might be due to the Cbfal-
activable transcription factor(s). To determine whether the
increase in the expression of 204-1CBE-luc reporter genes in
C3H10T1/2 cells and RCS cells was directly dependent on the
Cbfal-specific sequences, the Cbfal-specific binding ele-
mentin pGL3-204-1CBE-luc was altered by either replacing or
deleting nucleotides from the sequence (Figure 4g). The
replacement of the five CCCAG with AAACT or the deletion of
the five CAAGC nucleotides from the 3'-terminal resulted in a
strong decrease in the responsiveness to Cbfal of the
expression of the reporter (Figure 4h). These data suggested
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Figure 3 Cbfa1 and Sox5 bind to the promoter of p204 gene. (a) Cbfa1 and Sox5 bind to the p204 promoter in vitro (EMSA). Left panel: C3H10T1/2 cells were transfected
with Cbfa1 and Sox5 expression plasmids, and nuclear extracts were incubated with Dig-labeled first Cbfa-binding site in the absence or in the presence of excess of unlabeled
probe (100 x ) or Oct2A consensus oligonucleotide (excess unrelated oligo, 100 x ); middle panel: same procedure was followed in addition that Dig-labeled second Cbfa1-
binding site was employed as probe; right panel: same procedure was followed in addition that Dig-labeled Sox5-binding site was employed as probe. Arrows indicate free
probe (bottom) and DNA/protein complex (up). (b) Cbfa1 and Sox5 bind to the p204 promoter in vivo (ChIP). Upper panel: C3H10T1/2 cells transfected with an expression
plasmid encoding either Cbfa1 or Sox5 were crosslinked by formaldehyde treatment and lysed. Cell lysates were subjected to immunoprecipitation with control IgG (lane 3) or
anti-Cbfa1 antibodies (lane 2). Input DNA (lane 1, serves as positive control) and DNA recovered from the immunoprecipitation were amplified by PCR with the primers
spanning the first Cbfa-binding site in the p204 promoter; middle panel: same procedure was followed in addition that primers that span the second Cbfa-binding site were
employed; bottom panel: same procedure was followed in addition that primers spanning Sox5-binding site were employed. (c) Cbfa1 and Sox5 bind to the p204 promoter in
the course of chondrogenesis. Micromass cultures of C3H10T1/2 cells were treated with 300 ng/ml of BMP-2 for 5 days and cultures were processed and analyzed as in (b)

that the Cbfa1-dependent increase in the expression of the
reporter genes depends on direct association of Cbfal and
p204 promoter.

Cbfal induces whereas Sox5 inhibits the expression of
endogenous p204 gene. To further investigate whether this
is also true for the endogenous p204 gene expression, we
next did real-time PCR assay and western blotting with
C3H10T1/2 cells. As revealed in Figure 5a, 48h after
transfection, Cbfal remarkably increased the p204 gene
expression (approximately six- to sevenfold increase),
whereas transfection of Sox5 led to an approximately 50%
inhibition in the level of p204 mRNA (Figure 5b). These
results were also verified by western blotting at protein level
(Figure 5c, d). These data clearly indicated that Cbfal
and Sox5 are able to regulate endogenous p204 gene
expression.

Overexpressing p204 enhances hypertrophic chondrocyte
differentiation. To gain understanding of the role of p204
in chondrocyte hypertrophy, we examined the effect of

overexpression of p204 on chondrogenesis in micromass
cultures of C3H10T1/2 and prechondrogenic ATDC5 cells.
C3H10T1/2 or ATDCS5 cells were infected with adenovirus
encoding p204 (Ad-p204) or control GFP (Ad-GFP), and
overexpression of p204 was revealed in Figure 6a. Both
cultures infected with Ad-p204 or control adenovirus
were cultured in the presence of BMP-2 or insulin, and
RNA was extracted every other day for real-time RT-PCR.
Hypertrophic chondrocyte differentiation was revealed by
examining the expression of Collagen X and matrix
metalloproteinase-13 (MMP-13), two marker genes widely
used for chondrocyte maturation and hypertrophy. As shown
in Figure 6b—e, markedly enhanced expressions of Collagen
X and MMP-13 in Ad-p204-infected cells were observed
compared with those in control cell lines, suggesting that
p204 is a positive mediator for chondrocyte hypertrophy.

Knockdown of p204 inhibits hypertrophic chondrocyte
differentiation. Having known that p204 can enhance
hypertrophic chondrocyte differentiation, we next determined
whether endogenous p204 is required for chondrocyte
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Figure 4 Cbfa1 activates whereas Sox5 represses the transactivation of p204-specific reporter genes. (a and b) Schematic structures of two p204-specific reporter genes.
The indicated segments from the 5'-flanking region of the p204 gene were linked to an SV40 promoter (‘SV’) and a DNA segment encoding luciferase (‘Luc’). Black and open
ovals indicate CBEs (Cbfa1-binding elements) and SBEs (Sox5-binding elements); numbers indicate distances in nucleotides from the first nucleotide of intron 1. (c) Cbfat
activates the longer p204-specific reporter construct 204-2C2SBE-luc in both C3H10T1/2 pluripotent cells and RCS chondrocytes. The reporter gene and the pCMV-gal
internal control plasmid were transfected into cells together with the pEFa-Cbfa1 expression plasmid. At 48 h after transfection, the cultures were harvested and the luciferase
and f-galactosidase activities were determined; The data shown are the mean levels of luciferase activity from three independent experiments, analyzed in triplicate and
normalized by f3-gal activity. *P< 0.05. (d) Cbfa1 activates the shorter p204-specific reporter construct 204-1CBE-luc in C3H10T1/2 cells. The same procedure as described in
(c) was followed; (e) Cbfal activates shorter p204-specific reporter construct 204-2CBE-luc in RCS cells. The same procedure as described in (c) was followed; (f) Sox5
inhibits the activity of p204-specific reporter construct 204-2C2SBE-luc in C3H10T1/2 cells. The same procedure as described in (c) was followed; (g) diagrams show the
alterations in the first of the Cbfa1-binding sites in the 204-1CBE-luc reporter gene. Mutant nucleotides are indicated by arrows and deleted nucleotides by arrows with minus
signs. (h) Cbfa1-dependent transactivation of p204 gene was dramatically reduced when Cbfa1-binding site was mutated. The wild-type or mutant reporter gene specified and
the pCMV-gal internal control plasmid were transfected into RCS cells together with pEFo vector (control) or pEFa-Cbfal expression plasmid, and the same procedure as
described in (¢) was followed

hypertrophy by knocking down p204 using small interfering
RNA (siRNA) approach in C3H10T1/2 cells and ATDC5 cells.
A real-time PCR was performed to verify the RNA level of
p204 in both cells. As shown in Figure 7a and d, transfection
with pSuper-p204 resulted in approximately 85 and 80%
reduction in p204 mRNA in C3H10T1/2 cells and ATDC5
cells, respectively. Micromass cultures of C3H10T1/2 cells or
ATDCS cells transfected with pSuper-p204 (si p204) or control
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vector (CTR) were treated with BMP-2 or insulin for various
time points. As shown in Figure 7b and e, knockdown of
p204 completely abolished the Collagen X induction during
chondrocyte differentiation. In addition, induced expression of
MMP-13 in the course of chondrocyte differentiation was also
largely blocked by knockdown of p204 (Figure 7c and f).
These findings clearly indicated that endogenous p204 is
required for chondrocyte hypertrophy.
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Figure 5 Cbfal induces whereas Sox5 inhibits the expression of endogenous
p204 gene. (a) Cbfal increases the level of p204 mRNA. C3H10T1/2 cells
transfected with a Cbfa1 expression plasmid or control vector were cultured for 48 h
and endogenous p204 gene expression was determined by real-time PCR.
Expression of p204 was normalized against the 18S rRNA endogenous control. The
normalized values were then calibrated against the control value. The units are
arbitrary, and the left bar indicates a relative level of p204 mRNA of 1; *P<0.05. (b)
Cbfa1 increases the level of p204 protein. The same cultures were used to detect
the protein level of p204 by western blotting. Tubulin protein serves as an internal
control; (c) Sox5 reduces the level of p204 mRNA. C3H10T1/2 cells transfected with
an Sox5 expression plasmid or control vector were processed and analyzed as
described in (a). (d) Sox5 reduces the level of p204 protein. C3H10T1/2 cells
transfected with an Sox5 expression plasmid or control vector were processed and
analyzed as described in (b)

p204 associated with Cbfa1 in the course of chondrocyte
differentiation. We next sought to elucidate the molecular
mechanism by which p204 mediates chondrocyte hyper-
trophy by determining whether p204 also associates with
Cbfal in C3H10T1/2 cells and in chondrocyte hypertrophy,
as it does in osteoblast differentiation.'® To test whether
p204 binds to Cbfal in C3H10T1/2 cells, we cotransfected
Cbfal and p204 expression plasmids into C3H10T1/2 cells
and performed a coimmunoprecipitation (Co-IP) assay.
Briefly, extracts from C3H10T1/2 cells 48h after trans-
fection were first incubated with control IgG (negative
control) or anti-Cbfal antibodies, and the immuno-
precipitated complexes were detected by western blotting
with anti-p204 antiserum. A p204-specific band was present
in the immunoprecipitated complexes brought down by anti-
Cbfal (Figure 8a, lane 3), but not by control antibodies,
demonstrating that p204 specifically associates with Cbfal in
the transfected C3H10T1/2 cells.

To examine whether p204 binds to Cbfal in chondro-
cyte differentiation, micromass culture of C3H10T1/2 cells
treated with BMP-2 for 7 days were harvested and a Co-IP
assay was performed. As shown in Figure 8b, anti-Cbfa1l
antibody efficiently brought down p204 protein, whereas
control antibody could not, indicating that p204 and
Cbfal form a protein complex in hypertrophic chondrocyte
differentiation. It is worth noting that the expression of
Cbfal in C3H10T1/2 cells transfected with Cbfal and p204
expression plasmids and treated with BMP-2 was also
revealed using immunoblotting with anti-Cbfal antibody
(Figure 8c).
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p204 enhances Cbfa1-dependent hypertrophic chondro-
cyte differentiation. Cbfal is required for hypertrophic
chondrocyte differentiation and activates Collagen X
expression.?” We first performed an experiment to deter-
mine whether p204 regulates the Cbfa1-dependent transacti-
vation of Collagen X using a reporter construct pGL2-
Collagen X (~5kb 5'-flanking region of Collagen X gene
was cloned into the pGl2 basic reporter vector). As shown in
Figure 8d, Cbfa1 was able to activate this reporter construct,
and p204 further enhanced this Cbfal1-dependent transacti-
vation, suggesting that p204 is a coactivator of Cbfal in
chondrocyte hypertrophy. Construct expressing p204 siRNA
dramatically repressed Cbfal-dependent activation of this
reporter gene (Figure 8e). In both experiments, the control
vector (pEF1) showed only basal activity.

To determine whether p204 also affects Cbfa1-dependent
chondrocyte hypertrophy, ATDC5 cells were infected with
adenovirus encoding p204 (Ad-p204), Cbfail (Ad-Cbfa1) or
combination, and RNA was extracted at day 7 for real-time
RT-PCR. As shown in Figure 8f and g, markedly enhanced
expressions of Collagen X and MMP-13 in cells infected with
Ad-p204 plus Ad-Cbfal were observed compared with those
in Cbfa1-infected cells, suggesting that p204 is a cofactor of
Cbfal in regulating chondrocyte hypertrophy.

p204 inhibits IHH/PTHrP signaling. Signaling molecules
Indian hedgehog (IHH) and parathyroid hormone-related
peptide (PTHrP) establish a negative feedback loop that
regulates the pace of chondrocyte hypertrophy. We next
examined whether p204 affects this signaling pathway in
chondrocyte hypertrophy. The micromass cultures of both
p204-overexpressing (p204) and control (CTR) C3H10T1/2
cells (Figure 9a and c) or ATDC5 (Figure 9b and d) were
cultured in the presence of BMP-2 or insulin for various time
points, as indicated, and the real-time PCR was performed.
Compared with the control, p204 enhanced the expression of
IHH (Figure 9a and b), whereas it dramatically suppressed
the expression of PTHrP receptor-1 (PTHR1) (Figure 9¢ and
d) in both cell models tested. Conversely, knockdown of p204
using siRNA approach totally abolished IHH induction and
enhanced PTHR1 expression in chondrocyte differentiation
of both C3h10T1/2 and ATDC cells. Taken together, these
results indicated that p204 also mediates IHH/PTHrP
signaling, which is critical for hypertrophic chondrocyte
differentiation.®

Discussion

p204 is a multifunctional protein involved in the control of
cell proliferation and the differentiation of numerous types of
cells and tissues including skeletal muscle myotubes, cardiac
myocytes, macrophages and osteoblasts.'2 14151924 The
current study sought to elucidate the role of p204 in chondro-
genesis, with the special focus on chondrocyte hypertrophy,
and the molecular events underlying this process. p204
demonstrated prominent expression in the growth plate
prehypertrophic and hypertrophic chondrocytes (Figure 1)
and was found to be induced in the course of chondrocyte
differentiation in vitro (Figure 2). This induction appears to be
due to the transactivation of p204 gene by Cbfa1 transcription
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factor, whereas Sox5 inhibits the expression of p204 gene marker genes for hypertrophic chondrocytes, in the course of
(Figures 3-5). p204 functions as a positive regulator of chondrocyte differentiation (Figures 6 and 7). The molecular
hypertrophic chondrocyte differentiation, because overex- mechanism by which p204 acts as a novel mediator of
pression of p204 enhanced, whereas knockdown of p204 chondrocyte hypertrophy is, at least in part, due to (1) the
abolished, the expressions of Collagen X and MMP-13, two binding of p204 to Cbfal and acting as its coactivator for
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Figure 8 p204 associates with Cbfa1 in chondrogenesis and p204 enhances Cbfa1-mediated chondrocyte hypertrophy. (a) p204 binds to Cbfa1 in vivo. C3H10T1/2 cells
were cotransfected with Cbfal and p204 expression plasmids (pEF,-Cbfal and pCMV-p204). Forty-eight hours later, cell lysates were incubated with either control IgG
(lane 2) or Cbfa1 antibodies (lane 3), followed by protein A-agarose. The immunoprecipitated protein complex and cell extracts (lane 1, serves as positive control) were
examined by western blotting with anti-p204 antiserum. (b) p204 binds to Cbfa1 in hypertrophic chondrocyte differentiation of C3H10T1/2 cells. Cell lysates prepared from
micromass culture of C3H10T1/2 cells treated with BMP-2 for 7 days were collected and analyzed as described in (a). (c) Western blotting assay of Cbfa1 in the cell lysates
used in (a) and (b). Cell lysates prepared from C3H10T1/2 cells (control), C3H10T1/2 cells cotransfected with Cbfal and p204 expression plasmids (transfected) or treated
with BMP-2 (BMP-2) were examined by western blotting with anti-Cbfa1 antibody. (d) p204 enhances Cbfa1-dependent transactivation of Collagen X. The Col X reporter gene
was transfected into C3H10T1/2 cells together with the control vector, Cbfai expression plasmid alone, p204 expression plasmid alone or Cbfal plus p204 expression
plasmids, as well as a pCMV-gal internal control plasmid. Forty-eight hours after transfection, the cultures were harvested and lysed, and f3-galactosidase and luciferase
activity was determined. Luciferase activity was normalized to /3-galactosidase activity. *P< 0.05. (e) Low level of p204 inhibits Cbfa1-dependent Collagen X transcription. The
cultures were processed as described in (d), except that the plasmid expressing p204 was replaced by p204 siRNA expression plasmid pSuper-p204. (f) p204 enhances
Cbfat-induced Collagen X expression in ATDCS5 cells. Transcript levels of Collagen X were detected by real-time RT-PCR analysis of RNA isolated from ATDC5 cells infected
with either Ad-GFP, Ad-Cbfa1, Ad-p204 or Ad-Cbfa1 plus Ad-p204, as indicated; *P< 0.05. (g) p204 enhances Cbfa1-induced MMP-13 expression in ATDC5 cells. RNA was
extracted as described in (f) and MMP-13 mRNA was detected by real-time RT-PCR
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Figure 9 Altered expression of p204 affects the expression of IHH and PTHR1. (a and b) p204 enhances the expression of IHH in chondrocyte differentiation of C3H10T1/2 (a)
and ATDC (b) cells. Micromass cultures of C3H10T1/2 (a) and ATDCS5 (b) cells infected with either Ad-GFP (CTR) or Ad-p204 (p204) were incubated with 300 ng/ml of BMP-2 for
various time points, as indicated, and the level of IHH was measured by real-time PCR. *P<0.05. (¢ and d) Ectopic expression of p204 leads to remarkable reduction of PTHR1
expression in chondrocyte differentiation of C3H10T1/2 (¢) and ATDCS5 (d) cells. Same cultures as described in (a) and (b) were used to examine the expression of PTHR1 using
real-time PCR. (e and f) Knockdown of p204 via siRNA approach completely abolishes IHH induction in chondrocyte differentiation of C3H10T1/2 (e) and ATDC5 (f) cells. Micromass
cultures of C3H10T1/2 (e) and ATDCS5 (f) cells transfected with either pSuper (CTR) or pSuper-p204 (si p204) were incubated with 300 ng/ml of BMP-2 for various time points, as
indicated, and the level of IHH was determined by real-time PCR. *P<0.05. (g and h) Knockdown of p204 via siRNA approach enhances PTHR1 expression in chondrocyte
differentiation of C3H10T1/2 (g) and ATDC5 (h) cells. Same cultures as described in (a) and (b) were used to examine the expression of PTHR1 using realtime PCR

hypertrophic chondrocyte formation (Figure 8) and (2)
affecting IHH/PTHrP signaling (Figure 9), which is known to
be important in controlling chondrocyte hypertrophy.®
Because of the fact that p204 is highly expressed in
the prehypertrophic and hypertrophic chondrocytes in the growth
plate (Figures 1 and 2), this study focuses on the role of p204 in
regulating hypertrophic chondrocyte differentiation as well as the
molecular events involved (Figures 6-9). Although p204 exhibits
weak expression in the resting and proliferating chondrocytes
under physiological conditions (Figure 1), p204 expression may
be altered and affects other stages of chondrogenesis under
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pathologic conditions; indeed, ectopic expression of p204 also
affects the expression of early markers for chondrogenesis,
including Sox9 and Collagen Il (not shown).

Both Cbfal and Sox5, two transcription factors critical for
hypertrophic chondrocyte differentiation, directly bind to the
5’-flanking regulatory region of p204 gene at their consensus
binding sites and regulate p204-specific reporter constructs
and endogenous p204 gene (Figures 3-5). The findings that
induction of p204 promoter activity by Cbfa1 in reporter gene
assay was less than that in p204 mRNA and protein levels
induced by Cbfa1 (Figures 4 and 5) may be due to the fact that



5'-flanking regulatory region (—1578 to + 38) of p204 gene
cloned in reporter construct may not contain entire regulatory
elements responding to Cbfal. Because Sox6, a highly
homologous molecule of Sox5, was coexpressed with Sox5
in chondrogenesis and these two transcription factors
cooperatively activate the type Il collagen gene,®® we also
examined whether Sox6 regulated p204 gene expression. To
our surprise, no binding of Sox6 to the p204 promoter was
detected and p204 gene expression was not affected by Sox6
(not shown). Further, we also determined whether p204
expression is regulated by PTHrP signaling using immuno-
histochemistry with the sections of long bone from 18.5-day-
old wild-type and PTHrP (—/—) mouse embryos (provided by
Drs. Tatsuya Kobayashi and Henry M Kronenberg).
Interestingly, p204 expression was elevated in the growth
plate-proliferating chondrocytes in PTHrP (—/—) mice when
compared with the wild-type control (not shown), indicating
that PTHrP signaling negatively regulates p204 expression.
These findings, together with the data showing that altered
expression of p204 markedly affects the levels of IHH and
PTHR1 (Figure 9), suggest that there might exist a negative
feedback regulation between p204 and PTHrP/IHH signaling.

As noted, Cbfal is an essential central regulator of
osteoblast differentiation and hypertrophic chondrocyte for-
mation. Cbfal regulates the activity of their target genes by
binding to the respective promoter or enhancer elements in a
sequence-specific manner."® It can bind to multiple recogni-
tion sites in the Collagen X promoter and activates Collagen X
reporter constructs.?” Growing evidences demonstrate that a
variety of Cbfai-binding proteins regulates the activity of
Cbfa1 and plays important roles in skeletogenesis.!'2°7 As
described earlier, pRb, whose mutants have been found in
osteosarcoma patients, binds to Cbfal and acts as its direct
transcriptional coactivator.'' p204 also associates with Cbfa1
and promotes osteoblast differentiation.' In addition, p204,
pRb and Cbfa1 form a ternary complex in which pRb serves as
the linker.2* Very recently, we established that inhibitors of
DNA binding/differentiation (Ids), including 1d1, 1d2 and 1d3,
associate with Cbfal and inhibit Cbfa1-dependent alkaline
phosphatase activity and osteocalcin production. p204, which
interacts with both Cbfa1 and Id2, overcame the Id2-mediated
inhibition of Cbfa1-mediated osteogenesis.?® It remains to be
determined whether Ids and pRb are expressed in the
hypertrophic chondrocytes and participate in the regulation
of chondrocyte hypertrophy by Cbfal and p204.

On the basis of the data in the literature,®%2728 our earlier
findings'? and the results of this study, we propose a model for
the role of p204 — specifically, its expression and function —in
chondrocyte differentiation (Figure 10). Cbfal1, an essential
transcriptional factor for hypertrophic chondrocyte formation,
drives the hypertrophic chondrocyte-specific expression of
p204 gene; p204, which associates with Cbfal, acts as a
necessary cofactor of Cbfal in stimulating hypertrophic
chondrocyte differentiation. Thus, p204 and Cbfal form a
positive feedback regulation loop, whereas Sox5, another
transcription factor important for chondrocyte hypertrophy,
suppresses the expression of p204 gene. As chondrocytes
go through a program of proliferation and then further
differentiation into hypertrophic chondrocytes, PTHrP/PTHrP
receptor signaling keeps chondrocytes proliferating and
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Figure 10 A proposed model for explaining the expression, regulation and
function of p204 in chondrocyte differentiation. The data in the literature and in this
study are indicated with ‘black’ and ‘color’ line respectively. The symbol ‘—’ and
“indicate ‘stimulation’ and ‘inhibition’ respectively

delays their further differentiation. IHH acts to increase the
synthesis of PTHrP and to accelerate the differentiation of
proliferative chondrocytes. Thus, IHH and PTHrP establish a
negative feedback loop that regulates the pace of hypertrophic
chondrocyte differentiation.®° p204 inhibits PTHrP/IHH
signaling by stimulating IHH, whereas repressing PTHR1
expression. Collectively, p204, a target of Cbfal and Sox5
transcription factor, regulates hypertrophic chondrocyte
differentiation by acting as a coactivator of Cbfa1 and affecting
PTHrP/IHH signaling.

Materials and Methods

Plasmid constructs. To generate wild-type and two mutants of the pGL3-
204-1CBE-luc reporter plasmid, the corresponding segments were amplified using
PCR with the following primers: 5'-AAGCGCTAGCCCTCAGCTGTG-3' and 5'-AAG
CAGATCTGTGTATGGCAGC-3' for wild-type 204-1CBE-luc; 5'-ccttgttggcagttggt
ggttaaataaactaaccacaagetgtigggaactaaaaaggggg-3' and 5'-ceccctttttagttcccaacag
ctgtggttagtttatttaaccaccaactgccaacaagg-3' for mut 1; and 5'-cettgttggeagttggtggtta
aatcccagaacca(CAAGC)tgttgggaactaaaaaggggg-3’ and  5'-ceccctttttagttcccaaca
(GCTTG)tggttctgggatttaaccaccaactgccaacaagg-3'  for mut 2 (the mutated
nucleotides in the primers are underlined, and the deleted nucleotides are
enclosed in parentheses and lowercased; see Figure 4). PCR products were
inserted into the pGL3 vector.

To generate p204 siRNA expression constructs, siRNA corresponding to the
coding sequence of p204 gene (5'-aatgcaaatgccageccta-3') was cloned into an
siRNA expression pSUPER vector (OligoEngine, Seattle, WA, USA) according to
the manufacturer's instructions. Briefly, equimolar amounts of complementary
sense and antisense strands were separately mixed, annealed and slowly cooled to
10°C in a 50-ul reaction buffer (100 mM NaCl and 50 mM HEPES, pH 7.4). The
annealed oligonucleotides were inserted into the Bgll/Hindlll sites of pSUPER
vector.

All constructs were verified by nucleic acid sequencing; subsequent analysis was
performed using BLAST software (available at http:/www.ncbi.nim.nih.gov/blast/).

Cell culture. The micromass culture was performed as described previously.26
Briefly, trypsinized C3H10T1/2 cells were resuspended in DMEM with 10% FBS at a
concentration of 10° cells per ml, and six drops of 100 ul of cells were placed in a
60-mm tissue culture dish (Becton Dickinson). After 2 h incubation at 37°C, 1 ml of
DMEM containing 10% FBS and BMP-2 protein (300 ng/ml) was added. The media
was replaced approximately every 2-3 days. To test the effect of overexpression of
p204 protein on chondrogenesis, C3H10T1/2 cells were infected with p204
expression adenovirus®*2° or control GFP adenovirus at the multiplicity of infection
of 50 before micromass culture. To test the effect of knocking down p204 on
chondrogenesis, C3H10T1/2 cells were transfected with p204 siRNA expression
plasmid (pSuper-p204) or control plasmid (pSuper) before micromass culture.
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Mouse chondrogenic ATDC5 cells were maintained in a medium consisting of a
1:1 mixture of DME medium and Ham’s F-12 medium (Flow Laboratories, Irvine,
UK) containing 5% FBS (GIBCO BRL, Gaithersburg, MD, USA), 10 ug/ml human
transferrin (Boehringer GmbH, Mannheim, Germany) and 30 nM sodium selenite
(Sigma Chemical Co., St. Louis, MO, USA), at 37°C in a humidified atmosphere of
5% CO, in air. The ATDCS5 cells were seeded at a density of 3 x 10° cells per wellin
six-well cell-culture plates (Corning, Slangerup, Denmark). To induce chondrogen-
esis, cells were cultured in the maintenance medium supplemented with 10 mg/ml
human insulin (Sigma-Aldrich). The medium was replaced every other day. For
adenovirus (Ad-p204, Ad-Cbfal or Ad-GFP) infection and pSuper-p204 plasmid
transfection, same protocol was followed as done with C3H10T1/2 cells.

Immunohistochemistry. Sections of postcoital day 18.5 wild-type and Pthrp
knockout mouse embryos were deparaffinized, rehydrated and placed in Tris buffer
(10mM Tris-HCI (pH 8.0), 150 mM NaCl). Serum block was applied for 30 min at
room temperature before incubation of the primary antibody. Affinity-purified rabbit
anti-mouse p204 was diluted 1:50 and sections were incubated at room
temperature for 2 h. For detection, biotinylated secondary antibody and horseradish
peroxidase (HRP)-streptavidin complex (Santa Cruz Biotechnology, CA, USA)
were used. HRP substrate was used for visualization, and sections were then
counterstained with Mayer’s hematoxylin.

Immunoblotting analysis. To examine the expression of p204 and Collagen
X protein in the course of chondrogenesis, total cell extracts prepared from
micromass cultures of C3H10T1/2 cells in the presence of 300 ng/ml recombinant
BMP-2 protein were mixed with 5 x sample buffer (312.5 mM Tris-HCI (pH 6.8), 5%
p-mercaptoethanol, 10% SDS, 0.5% bromophenol blue, 50% glycerol). Proteins
were resolved on a 10% SDS-polyacrylamide gel and electroblotted onto a
nitrocellulose membrane. After blocking in 10% nonfat dry milk in Tris buffer saline
Tween 20 (10mM Tris-HCI (pH 8.0), 150 mM NaCl, 0.5% Tween 20), blots were
incubated with either rabbit polyclonal anti-p204 antisera (diluted 1:1000) or deer
polyclonal anti-Collagen X (1:1000) for 1h. After washing, the respective
secondary antibody (HRP-conjugated anti-rabbit immunoglobulin or HRP-
conjugated anti-deer immunoglobulin; both 1:1000 dilution) was added, and
bound antibody was visualized using an enhanced chemiluminescence system
(Amersham Biosciences).

RT-PCR. Total RNA was isolated from 300 ng/ml BMP-2-treated micromass
cultures of 10T1/2 cells with the RNeasy mini kit (Qiagen, Alameda, CA, USA) and
then reverse-transcribed to cDNA as described in the protocol of the Improm-
lIReverse Transcriptase system kit (Promega, Madison, WI, USA). The following
sequence-specific primers were synthesized: 5'-ATTTACTGACTTATCTGCCT
AC-3 and 5'-CAATCTGAATCGTGGTGT-3' for p204 and 5'-CTGCTGCTAATGTT
CTTGAC-3' and 5-ACTGGAATCCCTTTACTCTTT-3 for Collagen X. The following
pair of oligonucleotides was used as internal controls: 5'-ACCACAGTCCATGC
CATCAC-3' and 5'-TCCACCACCCTGTTGCTGTA-3' for GAPDH. PCRs were
performed for 35 cycles (94°C 1 min, 60°C 1 min and 72°C 1 min) with a final
elongation for 10 min at 72°C. GAPDH was also amplified and employed as an
internal control for 35 cycles (94°C 1 min, 55°C 1 min and 72°C 1 min). The PCR
product was analyzed by 1% agarose gel electrophoresis.

Electrophoretic mobility shift assays. Nuclear proteins from micromass
cultures of C3H10T1/2 cells transfected with Cbfa-1 or Sox5 expression plasmids or
treated with BMP-2 were extracted as described previously.*® Oligonucleotides
corresponding to —1445 to —1420 (the first Cbfa1-binding site), —638 to —600 (the
second Cbfa1-binding site) and —552 to —530 (the Sox5-binding site) of the mouse
p204 promoter®' were synthesized. The probes were labeled with digoxigenin
(DIG)-11-ddUTP, and EMSAs were performed using a DIG gel shift kit (Roche
Applied Science). Competition experiments were performed by preincubating
nuclear extract with excess unlabeled probes or Oct2A consensus oligonucleotide
(Roche) before adding labeled oligonucleotides. Reaction mixtures were incubated
for 20 min at room temperature. Samples were subjected to electrophoresis on a
native 5% polyacrylamide gel runin 0.5 x TBE (89 mmol/l Tris-HCI, 89 mmol/l boric
acid and 2mmol/l EDTA) for 2.5h at 100V. Signal was detected using a
chemiluminescent detection system (Roche Applied Science).

Chromatin immunoprecipitation. C3H10T1/2 cells transfected with
pEF,-Cbfal or pcDNA-Sox5 plasmids, or treated with BMP-2, were fixed by 1%
formaldehyde for 10 min before cell lysis. Cell lysates were subsequently sonicated,
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followed by centrifugation. The input (1% of the supernatant) was used in PCR as a
positive control. The supernatant was then precleared using protein A agarose/
salmon sperm DNA for 30 min at 4°C. After centrifugation, the supernatant was then
used for immunoprecipitation using anti-Cbfa1 or anti-Sox5 antibody or control IgG
and incubated overnight at 4°C . The protein/DNA complex was subsequently
incubated with protein A agarose/salmon sperm DNA for 1h at 4°C. The immune
complex was collected by centrifugation and then washed five times with the
following for 5 min each: once with low-salt immune complex wash buffer, once with
high-salt immune complex wash buffer, once with LiCL salt inmune complex wash
buffer and twice with TE buffer. Histone/DNA complex was eluted from the antibody
using elution buffer (1% SDS, 0.1 M NaHCO;) and added 5M NaCl to reverse
histone-DNA crosslink by heating for 4 h at 65°C. The DNA was then extracted with
phenol-chloroform and precipitated with ethanol in the presence of glycogen
(20 ng) as a carrier. The precipitate was used as a template for PCR amplification.
The primers specifically amplified two 120-bp segments spanning Cbfa1-binding
sites and one 110-bp segment spanning Sox5-binding site of the p204 gene
promoter. The sequences of primers are following: sense CCTTGTTGGCAG
TTGGTGGT , antisense CCTGACAGACCAGAGAATAG (for first Cbfa1-binding site);
sense AGACCTCAAAACCACAA, antisense GAGTTTTTATTGTAGTA (for second
Cbfai-binding site); sense AAAACCACAATTCTCTG, antisense GAGTTTTTAT
TGTAGTA (for Sox5-binding site). PCR was performed under the following
conditions: 94°C 5 min, 35 cycles at 94°C for 30's, 56°C for 30 s and 72°C for 45s.

Reporter gene assays. C3H10T1/2 and RCS cells were plated at a density of
3x10° cells per well in six-well tissue culture plates and transfected with
p204-specific reporter plasmids (pGL3-204-1CBE-luc, pGL3-204-2C2SBE-luc,
pGL3-204-1CBE(mut1)-luc  or pGL3-204-1CBE(mut2)-luc), pEF,-Cbfal or
pcDNA-Sox5 and pCMV-gal (an internal control for transfection efficiency). Forty-
eight hours after transfection, cells were harvested, and luciferase and
f-galactosidase activity was measured using the Bioscan Mini-lum. Relative
transcriptional activity was expressed as a ratio of luciferase reporter gene activity
from the experimental vector to that from the internal control vector. To test whether
p204 affects Chfa1-dependent transactivation of Collagen X-specific reporter gene,
10T1/2 cells were transfected with Col X-specific reporter construct (pGL4600Intl,
generously provided by Dr. J Patrick O’Connor), pPCMV-gal plasmid and mammalian
expression plasmids (pEF1-Cbfal expressing Cbfal, pCMV204 expressing p204
and pSuper-204 expressing p204 siRNA or various of combinations). The cultures
were processed and analyzed as described above.

Quantitative real-time PCR. To examine the effects of Cbfal and Sox5 on
the expression of p204 gene, C3H10T1/2 or RCS cells were plated at a density of
3% 10° cells per well in six-well tissue culture plates. One microgram of Cbfal
expression plasmid pEF ,-cbfa1 or Sox5 expression plasmid pcDNA-Sox5 was then
transfected into these cells using Lipofectamine2000. After 48 h, total RNAs were
isolated using the RNeasy mini kit (Qiagen, Hilden, Germany) and reverse-
transcribed into cDNA. Real-time PCR was performed with an ABI 7400 System
using the TagMan EZ RT-PCR kit according to the manufacturer’s protocol. TagMan
primers and probes were derived from the commercially available TagMan™
Assays-on-Demand Gene Expression Products. We select GAPDH as the
endogenous control for the real-time PCR relative quantification analysis. PCR
cycling conditions were as follows: initial incubation step of 2 min at 50°C, reverse
transcription of 60 min at 60°C and 94°C for 2 min, followed by 40 cycles of 15s at
95°C for denaturation and 2 min at 62°C for annealing and extension.

In the case of Collagen X, IHH and PTHR1, PCR was run using the SYBR
GREEN PCR kit and the following primers were used: sense 3'-gccgcttgtcagtget
aacc-5', antisense 3'-cgtaatgctgetgectattg-5' (Collagen X); sense 3'-gctegtgectet
tgectaca-5', antisense 3'-cgtgttctectegtecttga-5' (IHH); sense 3'-accgtggctgtgetea
tect-5', antisense 3'-ccagcgtgaagccagagtag-5' (PTHR1).

Coimmunoprecipitation. Approximately 500 ug of cell extract proteins
prepared from C3H10T1/2 cells cotransfected with Cbfal and p204 expression
plasmids (pEF,-Cbfal and pCMV-p204) or BMP-2-treated micromass culture of
C3H10T1/2 cells were incubated with anti-Cbfa1 (20 ug/ml) or control rabbit IgG
(25 ug/ml) antibodies for 1 h, followed by incubation with 30 ! of protein A-agarose
(PerkinElmer Life Sciences) at 4°C overnight. After washing five times with
immunoprecipitation buffer, bound proteins were released by boiling in 20 ul of
2 x SDS loading buffer for 3 min. Released proteins were examined by western
blotting with anti-p204 antiserum, and the signal was detected using the ECL
chemiluminescent system.



Statistical test. One-way Anova analysis was performed in R software to
determine the significant differences (F value >3.35; o <0.05) of the activity
among different doses. In addition, Tukey’s test was also used in conjunction with an
ANOVA to find significant differences (P< 0.05; P<0.01) of the levels of genes of
interest.
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