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Identification of Novel Runx2 Targets in Osteoblasts:
Cell Type-Specific BMP-Dependent Regulation of Tram2
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Abstract Runx2 is an osteoblast master transcription factor and a target for bone morphogenetic protein (BMP)
signaling, but our knowledge of events downstream of Runx2 is limited. In this study, we used ChIP Display to discover
seven novel genomic regions occupied by Runx2 in living MC3T3-E1 osteoblastic cells. Six of these regions are found
within or up to 1-kb away from annotated genes, but only two are found within 5’-gene flanking sequences. One of the
newly identified Runx2 target genes is Tram2, whose product facilitates proper folding of type | collagen. We demonstrate
that Tram2 mRNA is suppressed in non-osteoblasts when Runx2 is over-expressed, and that this suppression is alleviated
upon treatment with BMP-2. Moreover, we show that BMP-induced Runx2 expression in the C3H10T1/2, ST2, C2C12,
and MC3T3-E1 cell lines coincides with an increase in Tram2 mRNA levels. Thus, Runx2 may regulate Tram2 expression
in a BMP-dependent manner, and Tram2 may participate in the overall osteogenic function of Runx2. Among the other
Runx2 target genes discovered in this study are Lnx2, an intracellular scaffolding protein that may play a role in Notch
signaling, and Tnfrsf12a, a Tumor Necrosis Factor receptor family member that influences both osteoblast and osteoclast
differentiation. Expanding our knowledge of Runx2 target genes, and manipulation of these genes, are warranted to better
understand the regulation of osteoblast function and to provide opportunities for the development of new bone anabolics.
J. Cell. Biochem. 102: 1458—1471, 2007. © 2007 Wiley-Liss, Inc.
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Runx?2 is important for skeletal development
and homeostasis. In humans, Runx2 poly-
morphisms are associated with variations in
bone mineral density, while heterozygous
mutations cause cleidocranial dysplasia (CCD)
[Mundlos et al., 1997; Vaughan et al., 2002,
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2004; Doecke et al., 2006]. Heterozygous Runx2
mutant mice recapitulate the CCD phenotype,
while homozygotes have skeletons that fail to
mineralize, owing to a complete arrest in
osteoblast differentiation [Komori et al., 1997;
Otto et al., 1997]. Mice expressing dominant
negative Runx2 under the control of the osteo-
calcin promoter have osteopenia, as do those
expressing wild-type Runx2 under the control of
the type I collagen promoter. The former is due
to compromised osteoblast function [Ducy et al.,
1999], whereas the latter is due to a late-stage
maturational block in osteoblast differentiation
[Liu et al., 2001; Geoffroy et al., 2002]. In each of
these cases, the consequence of interfering
with endogenous Runx2 is a defect in normal
osteoblast development or function, resulting
in a severely compromised skeleton. Thus, an
important task in skeletal biology is to better
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define the role of Runx2 by studying its regula-
tion and mechanism of action in osteoblasts.

It is well established that Runx2 can regulate
the transcription of genes in osteoblasts
by binding to sequences resembling the
5-ACACCA-3’" motif some distance upstream
from their transcription start sites. Activation
of transcription in this manner has been
demonstrated for osteocalcin, bone sialoprotein,
osteopontin, type I collagen, fibronectin, galec-
tin 3, MMP13, and OPG [Banerjee et al., 1997;
Ducy et al., 1997; Sato et al., 1998b; Harada
et al., 1999; Xiao et al., 1999; Lee et al., 2000;
Kern et al., 2001; Prince et al., 2001]. It is
tempting to conclude that the dramatic role of
Runx2 in skeletal biology is mediated by these
genes; however, genetic knock-out studies in
mice suggest that each of bone sialoprotein,
osteocalcin, osteopontin, OPG, galectin-3, and
MMP13 is unnecessary for osteoblast differen-
tiation and function [Aubin et al., 1996; Ducy
et al., 1996; Bucay et al., 1998; Colnot et al.,
1998; Mizuno et al., 1998; Rittling et al., 1998;
Inada et al., 2004; Stickens et al., 2004]. Type I
collagen is necessary, but not sufficient for
skeletogenesis [Murshed et al., 2005]. In view
of these findings, it is reasonable to assume
that unknown Runx2 target genes exist, which
mediate its pivotal role in skeletal biology.

The few known Runx2 target genes have
been typically identified based on a candidate
approach. Promoters of genes with established
roles in osteoblast biology were screened for
Runx2 cognate sites, and the functionality of
these sites was confirmed by protein-DNA
interaction and transcription assays [Sato
et al., 1998a; Jimenez et al., 1999; Thirunavuk-
karasu et al., 2000; Javed et al., 2001; Kern
et al., 2001; Stock et al., 2003]. Obviously, such
approaches cannot yield novel Runx2 target
genes. Two groups have used microarrays to
identify novel Runx2-regulated genes based
their differential expression in cells from
Runx2” versus wild type mice [Vaes et al.,
2006; Hecht et al., 2007]. While this approach
dramatically increases the number of candi-
dates, it is limited to those genes spotted on the
array. Moreover, expression microarray studies
are fraught with reproducibility and sensitivity
problems [Irizarry et al., 2005].

Whether a candidate Runx2 target gene
emerges from archival bone literature or from
contemporary comprehensive gene expression
profiling, and even if the candidate is a

direct Runx2 target, a question that cannot be
effectively addressed based on expression studi-
es is the location of cis-acting elements respon-
sible for the regulation by Runx2. Traditionally,
investigators searching for Runx2-binding
elements have focused on 5'-flanking sequences
[Sato et al.,, 1998a; Jimenez et al., 1999;
Thirunavukkarasu et al., 2000; Javed et al.,
2001; Kern et al., 2001; Stock et al., 2003];
however, there is a growing body of evidence
suggesting that transcription factors bind to
other regions as well [Cawley et al., 2004; Loh
et al., 2006]. The task of mapping regulatory
sequences that mediate Runx2 action on target
genes is further complicated by the fact that the
Runx2 consensus motif is only 6-bp long and
quite promiscuous, resulting in a large number
of putative binding sites, which greatly exceed
the number of functional sites [Roca et al.,
2005]. Furthermore, sequences to which Runx2
binds in living cells may be different from the
consensus, which was defined in vitro [Meyers
et al., 1993], and, Runx2 may even be recruited
to DNA indirectly via interaction with other
transcription factors.

The search for transcription factor targets
has been propelled in recent years by the
development of a group of novel techniques,
collectively known as location analysis. Loca-
tion analysis is based on the physical interac-
tion of transcription factors with their target
genomic loci, and thus does not suffer from
the aforementioned drawbacks. Furthermore,
location analysis can discover target genes for
transcription factors even when regulation
of these genes by the transcription factor
of interest occurs under conditions that are
difficult to model experimentally.

Location analysis is based on chromatin
immunoprecipitation (ChIP), which has been
used traditionally to test whether a candidate
DNA fragment is occupied by a transcription
factor of interest in living cells. Because ChIP
concentrates all DNA fragments occupied by
the transcription factor of interest, it can be
modified to discover novel binding regions.
The simplest approach to this is cloning and
sequencing of the ChIP products. Unfortu-
nately, ChIP-cloning is rather tedious and
yields a high false positive rate, due to the high
amount of non-specifically immunoprecipitated
DNA [Weinmann et al., 2001]. Approaches that
are more high-throughput and have lower false
positive rates include Serial Analysis of Binding
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Elements (SABE) [Chen and Sadowski, 2005],
Sequence Tag Analysis of Genomic Enrichment
(STAGE) [Kim et al., 2005], Paired-End
Ditag Sequencing (ChIP-PET) [Wei et al,
2006], Genome-Wide Mapping Technique
(GMAT) [Roh et al., 2004], Serial Analysis of
Chromatin Occupancy (SACO) [Impey et al.,
2004], and ChIP-chip [Ren et al., 2000; Horak
and Snyder, 2002; Cawley et al., 2004]. The
major drawbacks to these approaches are that
they require large amounts of starting material,
complicated statistical analysis, and financial
resources unavailable to the average molecular
biology laboratory. One approach that is less
high-throughput, but does not suffer from the
aforementioned limitations is ChIP Display
(CD). We demonstrated in a pilot study that
CD can discover novel targets of Runx2 in
osteoblasts [Barski and Frenkel, 2004]. In this
study, we used CD to discover additional
targets, and focused on one, Tram2, which
likely participates in the execution of Runx2’s
role in osteoblasts.

MATERIALS AND METHODS
Cell Culture

A subclone derived from the MC3T3-El
osteoblastic cell line was used for ChIP assay
and CD [Smith et al., 2000]. Cells were main-
tained in o-MEM supplemented with 10% fetal
bovine serum (FBS) (Invitrogen). Starting at
confluence, 10 mM sodium B-glycerophosphate
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and 50 pg/ml ascorbic acid (Sigma) were added
to support differentiation. ST2 cells (Riken)
were maintained in RPMI1640 supplemented
with 10% FBS, while C3H10T1/2 and C2C12
cells were maintained in DMEM supplement-
ed with 10% FBS. Primary skeletal myo-
blasts were cultured as previously described
[Gersbach et al., 2006]. When indicated, 300 ng/
ml recombinant human BMP-2 (rhBMP-2) was
added starting at confluence and at each
subsequent feeding.

ChIP Display

CD was performed essentially as previously
described [Barski and Frenkel, 2004]. This
method entails the resolution of the DNA
from Runx2 chromatin immunoprecipitates by
polyacrylamide gel electrophoresis after Avall
digestion, linker ligation, and PCR amplifica-
tion [Barski and Frenkel, 2004]. To reduce the
complexity of products that are seen on a gel,
the ligated restriction fragments are amplified
in 36 separate reactions with 8 nested PCR
primers (Table I), alone or pair-wise [Barski and
Frenkel, 2004]. Each PCR primer contains
either an A or a T at the 43 position of the
Avall site and an A, T, G, or C at the position
immediately internal to the Auvall site (+6).
Primers are named according to the nucleotides
occupying these positions; for example, the ‘AG’
primer has an A at position +3 and G at position
+6. Bands of interest are excised from the
polyacrylamide gel, reamplified and subjected

TABLE I. Oligonucleotides Used in This Study

Name

Sequence

Short CD linker

Long CD A linker

Long CD T linker

“AA” CD primer

“AT” CD primer

“AG” CD primer

“AC” CD primer

“TA” CD primer

“T'T” CD primer

“T'G” CD primer

“TC” CD primer

Tram?2 forward ChIP primer
Tram2 reverse ChIP primer
Insulin forward ChIP primer
Insulin reverse ChIP primer
Osteocalcin forward ChIP primer
Osteocalcin reverse ChIP primer
L10A forward qRT-PCR primer
L10A reverse qRT-PCR primer
Runx2 forward qRT-PCR primer
Runx2 reverse gqRT-PCR primer
Osteocalcin forward qRT-PCR primer
Osteocalcin reverse qRT-PCR primer
Tram?2 forward qRT-PCR primer
Tram2 reverse qRT-PCR primer

5'-TTC GCG GCC GCA C-3’

5-GAC GTG CGG CCG CGA A-3

5-GTC GTG CGG CCG CGA A-3

5-CGG CCG CAC GAC CA-3

5-CGG CCG CAC GAC CT-3

5-CGG CCG CAC GAC CG-3'

5-CGG CCG CAC GAC CC-3’

5-CGG CCG CAC GTC CA-3

5-CGG CCG CAC GTC CT-3

5-CGG CCG CAC GTC CG-3’

5-CGG CCG CAC GTC CC-3

5-AGC TCT GCA ATT GGT TCG-3'

5-TGT CCC GCA CGT TAT CTG-3

5-AAC TGG TTC ATC AGG CCA TCT GGT C-3'
5-TGG ATG CCC ACC AGC TTT ATA GTC C-3
5-GAG AGC ACA CAG TAG GAG TGG TGG AG-3
5-TCC AGC ATC CAG TAG CAT TTA TAT CG-3'
5-CGC CGC AAG TTT CTG GAG AC-3’

5-CTT GCC AGC CTT GTT TAG GC-3’

5-AGC CTC TTC AGC GCA GTG AC-3'

5-CTG GTG CTC GGA TCC CAA-3’

5-CGG CCC TGA GTC TGA CAA A-3

5-GCC GGA GTC TGT TCA CTA CCT T-3
5-CCC CGA GAA AGG GAA CTT TA-3’

5'-TTC TCT GCC TTC ACC ACT CC-3'
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to secondary digestion. They are identified
based on sequencing of a sub-fragment eluted
after agarose gel electrophoresis.

Several modifications to CD were introduced
in the present study. First, we performed
the amplification of each ChIP sample in
duplicate, with a 1°C difference in annealing
temperature (Fig. 1A). Second, bands excised
from the acrylamide gels were amplified
for secondary digestion either, as originally
described [Barski and Frenkel, 2004], with the
primer pair used to generate the original
product, or, in some cases, re-amplification
was achieved with a single primer (see
Fig. 1B). When the PCR was successful with a
single primer, sub-fragments obtained after
secondary digestion of this single-primer PCR
product were used for sequencing, because they
typically had less background (Fig. 1C).

Runx2 Over-Expression

Runx2 was ectopically expressed in primary
myoblasts by viral infection as previously
described [Gersbach et al., 2006]. C3H10T1/2

cells were transiently transfected using Lipo-
fectamine 2000 (Invitrogen) with the Runx2
vector pCMV-Osf [Ducy et al., 1997], or the
molar equivalent of pcDNA3 (Invitrogen). pCAT
(Promega) was used to equalize the total
amount of DNA that was transfected.

RT-PCR

RNA was collected from cells using the
Aurum Total RNA Mini Kit (BioRad). One
microgram of this was used to generate cDNA
with the SuperScript III ¢cDNA synthesis kit
(Invitrogen). Two microliters of cDNA was used
for real-time PCR with iQ™ SYBR Green
Supermix (BioRad). Real-time PCR was per-
formed on an iCycler (BioRad) with MyiQ
single-color detection system.

Statistical Analysis

Results from each quantitative assay were
analyzed by Student’s ¢-test to ascertain the
effect of Runx2 over-expression and/or rhBMP-2
treatment on gene expression. Differences were
considered significant when P < 0.05.

A +1 +2 +3 -1 -2

B +1,71° +2,70° +3,70° +3,71°

M |70° 717 |70°| 71° [70°| 71° [ m | 70°| 71°[70°| 717|707 71°
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Fig. 1. Representative ChIP Display results. A: DNA was
obtained from three Runx2 ChlIPs (indicated +171, +2, +3) and
three 1gG control precipitates (— 7, —2, —3), and amplified using
various combinations of eight nested primers [Barski and Frenkel,
2004]. Products were displayed on 8% polyacrylamide gels. The
one presented here shows the results obtained with the AG/TG
primer pair (see Materials and Methods). Each PCR was
performed with 70°C or 71°C as the annealing temperature, as
indicated. Bands that appeared reproducible and specific for the
Runx2 ChlIPs (arrowheads) were excised for identification. B: The
excised bands from Panel A were reamplified with the AG/TG
primer pair used to generate the original product. In this
experiment, each of the AG and TG primers was also employed

individually, as indicated. Electrophoresis in 4% agarose gels
shows that reamplification was achieved with the AG/TG primer
pair, and with the AG primer alone, but not with the TG primer.
Bands indicated by arrowheads were excised and eluted from the
gel. C: The excised bands from Panel B were subjected to
secondary digestion with the indicated restriction enzymes and
were then resolved by 4% agarose gel electrophoresis. The
subfragments indicated by arrowheads were purified from the
gel. Direct sequencing of these subfragments was performed
using the AG PCR primer. The sequence mapped to the mouse
Tram2 gene. Sizes of DNA markers (M) are indicated in base
pairs.
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RESULTS

ChIP Display Discloses Novel Runx2
Genomic Targets in Living Osteoblasts

To discover novel Runx2 targets in osteo-
blasts, we employed ChIP Display (CD) of
MCS3T3-E1 osteoblastic cells [Barski and
Frenkel, 2004]. While our initial Runx2 CD
screen consisted of the 8 reactions that each
utilize a single PCR primer, we employed in
the present study all primer combinations.
Furthermore, we have now performed each
PCR reaction at two annealing temperatures
(see Materials and Methods). An example of
the results obtained with one primer pair, (the
AGQG and the TG primers) is shown in Figure 1.

Table II depicts the position of seven Runx2-
occupied regions discovered in this study and
the nearby genes. Runx2 occupancy at each of
these regions was confirmed by conventional
ChIP assay using locus-specific primers in
at least one independent experiment (see
Fig. 2 for example). Six of the newly discovered
Runx2 targets are found within 1 kb of
known genes. These include: (i) Tram2, which
has been implicated in collagen biosynthesis
[Stefanovic et al., 2004]; (ii) Lnx2, a potential
modulator of Notch signaling [Rice et al., 2001];
(iii) Tnfrsf12a, encoding a member of the TNF
receptor superfamily [Wiley and Winkles,
2003]; (iv) Abce8, which encodes the regulating
subunit of the K™ zprp channel [Bryan et al.,
2007]; (v) Amdhd2, which contains a predicted
amidohydrolase domain (www.ensembl.org);
and (vi) Gm1082, a gene whose protein product
has not yet been characterized. One of the
seven Runx2-occupied regions was found over
50 kb from the nearest annotated transcript,

which happens to be a non-coding RNA
(Table II).

Interestingly, only three of those fragments
found near known genes are positioned in the
vicinity of the respective transcription start site
(Table IT). One of these encompasses the exonl/
intronl boundary of Tram2 (Fig. 2A), a gene
necessary for proper synthesis and secretion of
collagen type I [Stefanovic et al., 2004]. As
depicted in Figure 2A, a perfect Runx2 con-
sensus motif is present 210-bp downstream of
the Avall restriction fragment, which was
excised from the CD acrylamide gel (Fig. 1A).
The conventional ChIP assay to confirm Runx2
occupancy at the Tram2 locus was performed
using primers flanking the Runx2 motif
(Fig. 2B). The rationale for this design is that
fragments generated during ChIP are in the
order of 500—1,000 bps; thus, precipitation of
the 243-bp Avell fragment likely occurred due
to binding of Runx2 to its adjacent cognate
motif, not to any sequence within the 243-bp
Avall fragment [Barski et al., 2004]. Be that as
it may, the robust signal obtained in the
conventional ChIP assay (Fig. 2B) leaves no
doubt that Runx2 occupies this locus, although,
like any ChIP assay, it does not allow precise
mapping. Given the role of Tram2 in collagen
synthesis, and since collagen type I is the
most abundant organic component of the bone
extracellular matrix, we hypothesized that
Runx2 might be positively regulating Tram2
expression.

Runx2 Inhibits Tram2 Expression in
Non-Osteoblasts

The role of Runx2 in the regulation of Tram2
gene expression was initially addressed using

TABLE II. Runx2-Occupied Genomic Sites Disclosed in the Present Study

Chromosome no. and

Nearest annotated

Positional relationship

Primer pair®  (absolute position)® transcript to nearest gene

TG, AG 1(21064103-346) Translocating chain-associating Straddles boundary between first exon
membrane protein 2 (Tram2) and intron

TC, TT 5(147386706-7208) Ligand of numb-protein X 2 (Lnx2) 5’ flanking, first exon, part of first intron

AC, AG 7 (30230441-697) Gene model 1082 (Gm1082) Completely within exon 12

TA, AT 7 (45975389—-956) ATP-binding cassette, sub-family Completely within intron 33
C (CFTR/MRP), member 8 (Abcc8)

TT, AT 17 (4581782-2093) U6 snRNA 52.409 kb upstream from transcription

start site

TT, TT 17 (23405050-489) Tumor necrosis factor receptor 5’ flanking and part of first exon
superfamily, member 12a (Tnfrsf12a)

AT, AA 17 (23882051-423) Amidohydrolase domain containing 2 1.032 kb downstream from 3’ end of

(Amdhd2)

exon 11

2Primer pair indicates which 2 of the 8 possible oligos were used to amplify the digested, ligated ChIP DNA (see Materials and Methods).
b Absolute position refers to the chromosomal location of Avall-digestible fragments that were picked up by the CD screen. Annotation is

based on the NCBI m36 mouse assembly.
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Fig. 2. Runx2 interacts with Tram2. A: A restriction fragment
from the CD screen (bounded by vertical arrows) is shown in its
genomic context, where it overlaps the first exon of Tram2 (black
rectangle). Positions are numbered relative to the Tram2
transcription start site (+1). Primers used for conventional ChIP
assay (horizontal arrows) flank a perfect Runx2 consensus motif
(ACACCA). B: Conventional Runx2 ChIP assay was performed
with locus-specific primers flanking the Tram2 Runx2 motif
shown in Panel A. The region containing the Runx2 element from

mouse primary skeletal myoblasts retrovirally
infected with Runx2. As shown in Figure 3A,
these cells expressed osteocalcin, a classical
Runx2 target gene at levels 100-fold higher than
unmodified myoblasts. Surprisingly, Tram2
mRNA was 4.5-fold lower in the Runx2-infected
cells. These results suggest that Runx2 inhibits,
rather than stimulates expression of Tram2.
The ability of Runx2 to stimulate and repress
different genes, even in the same cells, has been
previously described [Javed et al., 2001] and is
attributable to the presence of both activation
and repression domains in Runx2 [Westendorf,
2006].

We further investigated the influence of
Runx2 on Tram2 in C3H10T1/2 mouse embryo-
nic fibroblasts transiently transfected with
Runx2. As shown in Figure 3B, Tram2 mRNA
levels in Runx2-transfected cells were approxi-
mately half of those observed in control cells.
Thus, Tram2 expression was inhibited in two
different cell lines both after prolonged expres-
sion of Runx2 (Fig. 3A) and 48 h following
transient transfection of Runx2 (Fig. 3B).

Tram2 is Positively Regulated Along With
Osteocalcin Late During BMP-2-Induced
Osteoblastic Differentiation of C3H10T1/2
Mouse Embryonic Fibroblasts

BMP signaling plays a major role in osteo-
blast differentiation, and also modifies Runx2
activity [Lee et al., 2000; Xiao et al., 2002;
Guicheux et al., 2003; Chen et al., 2004; Jeon
et al.,, 2006]. We therefore measured Tram2
mRNA levels in C3H10T1/2 cells that were both

+483

Genomic

the murine osteocalcin (OC) promoter [Ducy and Karsenty,
1995; Banerjee et al., 1997] was amplified as a positive control,
and a region from the insulin promoter (Ins) served as negative
control. The sequences of the primers used to amplify the Tram2,
OCand Insregions are provided in Table I. Increasing amounts of
genomic DNA were also amplified with the same primers under
the same conditions, to show that the PCR was performed within
a dynamic range. All PCR products were visualized on a 1%
agarose gel stained with ethidium bromide.

transfected with Runx2 and treated with
BMP-2 recombinant human bone morphoge-
netic protein 2 (BMP-2). As shown in Figure 3C,
the inhibitory effect of Runx2 on Tram2
gene expression was almost completely alle-
viated in the presence of BMP-2. Thus, the
Runx2-mediated inhibition of Tram2 expres-
sion was strongest in primary skeletal myo-
blasts, weaker in naive untreated pluripotent
C3H10T1/2 cells, and nearly absent in BMP-2-
treated C3H10T1/2 cells.

Given the ability of BMP-2 to modify the
effect of exogenous Runx2 on Tram2 expression
in transiently transfected C3H10T1/2 cells, we
next investigated whether there was any evi-
dence that endogenous Runx2 contributes to the
regulation of Tram2 expression in long-term
C3H10T1/2 cultures, treated or untreated with
BMP-2. As shown in Figure 4A, Runx2 mRNA
was detectable in confluent cultures (day 0), and
was thereafter up-regulated in both untreated
and BMP-2-treated cells. After 2 days of treat-
ment, Runx2 mRNA continued to increase in
the BMP-2-treated but not in the untreated
cells. Interestingly, expression of OC, a classical
Runx2 target gene, was hardly detectable in
either untreated or BMP-2-treated cultures on
day 4, when Runx2 expression was maximal.
Only later did OC mRNA increase and this was
only observed in the BMP-2-treated cultures
(Fig. 4B). Tram2 expression in untreated cul-
tures increased between day 0 and 1, in parallel
to the increase in Runx2 expression. Later,
when BMP-2 stimulated Runx2 expression,
Tram2 responded similar to OC. Specifically, it
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Fig. 3. Runx2 inhibits Tram2 expression in non-osteoblasts.
A: Primary skeletal myoblasts retrovirally transduced with Runx2
(black bars) and unmodified myoblasts (white bars) were cultured
for 7 days, after which total RNA was extracted and converted to
cDNA. Runx2, Osteocalcin (OC), and Tram2 expression levels
were then determined by qPCR. Bars represent the Mean & SEM
(n=3) of values corrected for the expression of ribosomal protein
L10A, whose mRNA levels were not affected by Runx2 over-
expression. B: C3H10T1/2 mouse embryonic fibroblasts were
cultured for 48 h after transient transfection with Runx2
expression construct (black bars) or empty vector (white bars).
Total RNA was collected, reverse-transcribed, and analyzed as
described for Panel A. Transfection efficiency was approximately
80%, as indicated by FACS analysis of parallel cultures
transfected with pGFP-C1 (Clontech). C: Same as in Panel B,
except 300 ng/ml rhBMP-2 was administered for 24 h prior to
harvest; *P < 0.05.

was not influenced by BMP-2 until day 4, even
though by this point Runx2 mRNA levels had
already peaked. Thereafter, however, Tram2
expression was higher in the presence of BMP-2
(day 8), like that of OC mRNA. The similarity
between Tram2 and OC expression observed
after Runx2 is induced by BMP-2 treatment
suggests that Runx2 positively regulates Tram2
transcription during the latter stages of osteo-
genic differentiation in the C3H10T1/2 culture
model.

A
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Runx2 mRNA

0.5 1

0.0 -+ T T T 1

w

35
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Osteocalcin mRNA

0o0e—eo o . o)

(9]

2.5 1

Tram2 mRNA

0.0

T T T 1

0 2 4 6 8
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Fig. 4. Upregulation of Tram2 mRNA in BMP-2-treated
embryonic fibroblasts. CH310T1/2 cells were cultured in the
presence (closed circles) or absence (open circles) of 300 ng/ml
rhBMP-2, and total RNA was collected at the indicated
times. Relative mRNA levels were determined by RT-qPCR for
(A) Runx2, (B) Osteocalcin (OC), and (C) Tram2. All data points
are the Means+SEM (n=3) of values corrected for the
expression of ribosomal protein L10A, whose mRNA was not
affected by BMP-2 treatment; *P < 0.05.

Tram2 is Up-Regulated Soon after
BMP-2 Treatment of ST2 Bone
Marrow-Derived Stromal Cell

We further investigated Tram2 expression
during BMP-2-mediated osteogenic differentia-
tion of ST2 bone marrow-derived stromal cell
cultures. As shown in Figure 5A, Runx2 mRNA
was detectable in confluent ST2 cultures
(day 0), and was thereafter increased in both
untreated and BMP-2-treated cells. However,
after 2 days of treatment, Runx2 mRNA was
expressed at higher levels in the cells treated
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Runx2 mRNA
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Tram2 mRNA

0.0

Days After Treatment

Fig. 5. Early upregulation of Tram2 mRNA in rhBMP-2 treated
bone marrow-derived stromal cells. ST2 cells were cultured and
treated following the same protocol as in Figure 4. Gene
expression was analyzed and the data was plotted as in
Figure 4 for (A) Runx2, (B) Osteocalcin (OC), and (C) Tram2.
Closed circles, thBMP-2 (300 ng/ml); open circles, control.
Mean £ SEM (n=3); *P<0.05.

with BMP-2. At this time point, OC mRNA
was still hardly detectable. OC expression
commenced after day 2, and was remarkably
stronger in the BMP-2-treated cultures
(Fig. 5B). Interestingly, Tram2 mRNA, which,
unlike OC, was already detected on day 0,
responded to BMP-2 treatment as early as
day 2, at which Runx2 was first upregulated
in the treated compared to untreated cultures
(Fig. 5C). These results are consistent with
Runx2 controlling Tram2 gene expression; the
earlier response of Tram2 compared to OC likely
reflects the inactivity of positive regulatory
mechanisms, or the activity of negative regula-

tory mechanisms, which result in lack of basal
OC expression on day 2.

Runx2, Osteocalcin and Tram2 are Transiently
Upregulated in BMP-2-Treated C2C12 Myoblasts

C2C12 myoblasts undergo transdifferentia-
tion and acquire an osteoblast-like phenotype
in response to BMP-2 treatment [Katagiri
et al., 1994]. This transdifferentiation entails
the induction and activation of Runx2 and
Runx2 target genes [Lee et al., 2000]. We
observed transient upregulation of Runx2
in post-confluent C2C12 cultures even in
the absence of BMP-2 (Fig. 6A); however,
this upregulation was brief, and was not

A

Runx2 mRNA

Osteocalcin mRNA

Tram2 mRNA
-]
*

0 T T T
0 2 4 6 8

Days After Treatment

Fig. 6. Transient upregulation of Tram2 mRNA in BMP-2
treated C2C12 pre-myoblasts. Gene expression in C2C12 cell
cultures was measured under the same conditions described in
Figures 4 and 5. Each data point is the Mean expression =+
SEM (n = 3) of (A) Runx2, (B) Osteocalcin (OC), and (C) Tram2.
Closed circles, BMP-2 (300 ng/ml); open circles, control.
*P<0.05.
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accompanied by an induction of OC mRNA
(Fig. 6B). In contrast, the upregulation of
Runx2 mRNA in BMP-2-treated cells was
sustained for several days, and was followed
by similar upregulation of OC mRNA. The
Tram2 expression profile in the BMP-2-treated
cultures paralleled that of OC, with both
mRNAs reaching maximum levels on day 2
(Fig. 6B,C). However, reminiscent of the ST2
cells, the C2C12 cultures already expressed
Tram2, but not OC, on day 0 (Fig. 6B,C). By day
2, Tram2 mRNA in untreated cultures was
slightly upregulated in parallel to the brief
expression of Runx2. As compared to the
untreated cultures, the BMP-2-treated cultures
had 1.5-fold more Tram2 mRNA on day 2, and
2.2-fold more Tram2 mRNA on day 4, as basal
levels declined (Fig. 6C).

Tram2 Expression in MC3T3-E1 Osteoblastic
Cells is Regulated by BMP-2 in a
Developmental Stage-Specific Manner

We finally investigated the expression
pattern of Tram2 in MC3T3-E1 preosteoblasts,
in which the physical interaction of this gene
with Runx2 was originally discovered (Figs. 1
and 2). In BMP-2-treated cultures, Tram2
mRNA levels behave like those of OC after
Runx2 activation. That is, they steadily
increase from day 1 throughout the remainder
of the time course (Fig. 7B,C). Interestingly,
Tram2 expression does not parallel that of
Runx2 in the absence of BMP-2. Between day
0 and 1, there is a dramatic increase in Tram2
mRNA with an antiparallel decrease in
Runx2 mRNA; thereafter, Tram2 mRNA levels
decrease as Runx2 levels increase (Fig. 7A,C).
The inverse relationship between Runx2 and
Tram2 in untreated MC3T3-E1 cells is remini-
scent of the results with primary myoblasts
(Fig. 3A) and untreated C3H10T1/2 cells
(Fig. 3B). In the same untreated MC3T3-E1
cells, OC mRNA is undetectable until day 2
(Fig. 7B). Thereafter, it increases in parallel to
Runx2 mRNA (Fig. 7A,B), suggesting differen-
tial regulation of OC versus Tram2 transcrip-
tion by Runx2 in untreated MC3T3-E1 cells.

DISCUSSION

Using CD of MC3T3-E1 osteoblasts, we
discovered seven Runx2 genomic sites that were
not previously known to be occupied by Runx2
in living cells. Unlike location analyses of other

MC3T3-E1

*

Tram2 mRNA

0 2 4 6 8
Days After Treatment

Fig. 7. Tram2 expression in osteoblastic cells is regulated by
BMP-2 in a developmental stage-specific manner. MC3T3-E1
cells were cultured in the presence (closed circles) or absence
(open circles) of 300 ng/ml rhBMP-2, and total RNA was
collected at the indicated times. Relative mRNA levels were
determined by RT-qPCR for (A) Runx2, (B) Osteocalcin (OC), and
(C) Tram2. Each data point represents the Mean + SEM (n = 3) of
values corrected for the expression of ribosomal protein L10A,
whose mRNA was not affected by BMP-2 treatment. *P < 0.05.

transcription factors, where many occupied
sites were found tens of kb away from nearby
known genes, our results suggest that Runx2
may occupy regions that tend to be associated
with transcribed sequences. All but one of the
12 Runx2 occupied regions in our present and
previous study were either within annotated
genes or up to 1-kb from either end (Table IT and
Barski and Frenkel [2004]). Of the 11 intragenic
Runx2 sites, 6 were either within or overlapping
the first intron. Albeit limited in scope, these
results also highlight the evolving concept
that cis-acting regulatory elements are not
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necessarily confined to 5 flanking gene
sequences [Cawley et al., 2004; Bieda et al.,
2006], but suggest that Runx2-occupied regions
are frequently found within or 3’ to transcribed
sequences. One of our Runx2 hits wasin the first
intron of Tram2, immediately downstream of
the first, 231-bp long exon. The evidence that
Tram2 isregulated by Runx2 include: (1) Tram2
mRNA is downregulated in response to ectopic
Runx2 expression in primary skeletal myo-
blasts and C3H10T1/2 embryonic fibroblasts;
and (2) Tram2 expression parallels that of
osteocalcin in the BMP-2-treated C3H10T1/2,
ST2, C2C12, and MC3T3-E1 cell lines. The
apparently opposing effects of Runx2 on Tram2
expression in the different experimental sys-
tems may represent alterations in Runx2
activity at the Tram2 locus as a function of cell
type or developmental stage (see below). Be that
as it may, given the role of Tram2 in type I
collagen synthesis [Stefanovic et al., 2004], and
given the role of type I collagen in bone, it is
likely that Tram2 belongs to the machinery
engaged by Runx2 in promoting osteoblast
differentiation and function.

Cell Type-Dependent and Gene-Specific
Transcriptional Regulation by Runx2

Runx2 has been shown to function as a
transcriptional activator or repressor depend-
ing on the cellular milieu and promoter context
[Javed et al., 2001]. We provide further evidence
of this by showing that Runx2 is associated with
either Tram2 repression or activation depend-
ing on the cell type and culture conditions.
Further, in some instances, for example, pri-
mary myoblasts, Runx2 repressed Tram2 while
activating osteocalcin expression. These phe-
nomena are likely explained by the involvement
of co-regulators that either stimulate or repress
Runx2 transcriptional activity. Transcription
factors that positively modify Runx2’s activity
include Cbfp [Yoshida et al., 2002], C/EBPJ and
C/EBPS [Gutierrez et al., 2002], ETS1 [Sato
et al., 1998a], Menin [Sowa et al., 2004], Smad1l
[Zhang et al., 2000], Smad5 [Nishimura et al.,
2002], Grghb [Wang et al., 2004], Rb [Thomas
et al., 2001], TAZ [Cui et al., 2003], and p204
[Liu et al., 2005], whereas negative co-regula-
tors of Runx2’s activity include C/EBP$S
[McCarthy et al., 2000], DIx3 [Hassan et al.,
2004], Msx2 [Shirakabe et al., 2001], PPARy
[Jeon et al., 2003], HDAC4 [Vega et al., 2004],
HDAC3 [Schroeder et al., 2004], Statl [Kim

et al., 2003], Twist [Bialek et al., 2004], Yes
[Zaidi et al., 2004], TLE [Javed et al., 2000], and
Smad3 [Kang et al., 2005]. Thus, the ability of
Runx2 to exert different effects on the same
gene in different cells may be due to the
differential expression of co-regulators among
cell types. Likewise, the ability of Runx2 to exert
opposing effects on different genes in the same
cell may be due to preferential recruitment of
coactivators or corepressors, depending on
the sequences in the vicinity of the Runx2
binding site. Finally, it is conceivable that
particular genes may be initially stimulated
and then repressed by Runx2 during develop-
ment of the osteoblast phenotype. The biphasic
expression pattern of Tram2 as a function of
time in MC3T3-E1 and C2C12 cultures may
reflect such transition in Runx2 activity at this
locus.

BMP-Dependent Transcriptional
Regulation by Runx2

BMPs are potent osteogenic agents [Chen
et al., 2004], in part due to their ability to up-
regulate Runx2 expression [Lee et al., 1999].
While BMP-2 treatment does not increase the
interaction of Runx2 with the OC promoter
in MC3T3-E1 cells (our unpublished ChIP
results), several mechanisms have been reported,
through which BMPs post-translationally
enhance Runx2 transcriptional activity. For
example, p300-mediated acetylation of Runx2
is induced by BMP-2, and this prevents Smurf-
mediated degradation of Runx2 [Jeon et al.,
2006]. Also, Runx2 is a substrate for MAPK
[Xiao et al.,, 2002], which in turn can be
activated by BMP signaling [Guicheux et al.,
2003]. Finally, Smad-1, -5, and -8, which are
activated by BMPs, can associate with and
augment Runx2-mediated transcription [Lee
et al., 2000]. Consistent with these notions, we
show here that (i) the Runx2-mediated repres-
sion of Tram2 in C3H10T1/2 cells was alleviat-
ed by the addition of BMP-2, (ii) BMP-2
enhanced Runx2 and Tram2 levels compared
to untreated cells in the four cell lines tested;
and (iii) the relationship between Tram2 and
Runx2 expression in MC3T3-E1 cells was
completely reversed upon treatment with
BMP-2. A likely interpretation of these results
is that BMP-2 altered the Runx2-mediated
regulation of Tram2. However, we cannot rule
out BMP-dependent Runx2-indepedent regula-
tion of Tram2 expression.
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Potential Novel Mediators of Osteoblast
Development and Function

The present study identifies translocon-
associated membrane protein 2 (Tram2) as a
Runx2 target gene. Tram2 was originally
identified in a microarray screen for genes
stimulated in a stellate cell culture model of
cirrhosis [Stefanovic et al., 2004]. Most of
the Tram2 domains are highly homologous
to TRAM, an integral component of the
protein translocon found on the endoplasmic
reticulum (ER). The C-terminus of Tram2,
which shares only 15% homology with Tram,
was found to interact with Serca2b, the Ca?"
pump of the ER [Stefanovic et al., 2004], and
over-expression of a Tram2 deletion mutant
lacking the C-terminus resulted in decreased
collagen accumulation. Since depletion of ER
Ca®" stores had a similar effect, the authors
proposed that Tram2 may recruit Serca2b to the
translocon, leading to increased local Ca®"
concentration and stimulation of chaperone-
mediated folding of triple helical procollagen
[Stefanovic et al., 2004]. Like activated stellate
cells, osteoblasts produce large amounts of
type I collagen. Runx2 may promote osteoblast
differentiation and function by enhancing the
transcription of not only type I collagen [Kern
et al., 2001], but also genes like Tram2, which
are necessary for effective post-translational
processing of this macromolecule.

Other Runx2 target genes identified in this
study may also help explain the importance of
Runx2 in skeletogenesis. Numb is an inhibitor
of Notch signaling in Drosophila [Guo et al.,
1996; Spana and Doe, 1996], and likely in
mammalian cells as well [Petersen et al.,
2006], and Notch signaling plays an important
role in osteoblast differentiation [Deregowski
etal., 2006]. We have found that Runx2 occupies
the gene encoding Ligand of Numb-related
protein 2 (Lnx2), a scaffolding molecule for
mammalian Numb and Numblike [Rice et al.,
2001]. It is conceivable that regulation of Lnx2
by Runx2 contributes to the osteogenic pro-
gram.

Another gene that was associated with
Runx2 in living MC3T3-E1 osteoblastic cells is
Tumor necrosis factor receptor super-family
12a (TNFRsf12a). Stimulation of this TNF-like
receptor in MC3T3-E1 cells results in concomi-
tant inhibition of osteoblast differentiation and
induction of the osteoclast activators RANKL

and RANTES [Ando et al., 2006]. Regulation of
TNFRsf12a by Runx2 might therefore play a
role in modulating the activities of both osteo-
blasts and osteoclasts.

In summary, we used CD to identify seven
genomic loci that are occupied by Runx2 in
developing MC3T3-E1 pre-osteoblasts. Expres-
sion of one of these genes, Tram2, is regulated by
Runx2 in a manner dependent upon cell type
and the status of the BMP signaling pathway.
Further investigation is warranted to delineate
the potential roles of Tram2 and the other novel
Runx2 targets in bone biology, as well as to
expand the repertoire of Runx2-regulated genes
in osteoblasts.
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