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T-Box 3 Negatively Regulates Osteoblast Differentiation
by Inhibiting Expression of Osterix and Runx2
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ABSTRACT
T-box (Tbx)3, a known transcriptional repressor, is a member of a family of transcription factors, which contain a highly homologous DNA

binding domain known as the Tbx domain. Based on the knowledge that mutation of the Tbx3 gene results in limb malformation, Tbx3

regulates osteoblast proliferation and its expression increases during osteoblast differentiation, we predicted that Tbx3 is an important

regulator of osteoblast cell functions. In this study, we evaluated the consequence of transgenic overexpression of Tbx3 on osteoblast

differentiation. Retroviral overexpression increased Tbx3 expression >100-fold at the mRNA and protein level. Overexpression of Tbx3

blocked mineralized nodule formation (28� 8 vs. 7� 1%) in MC3T3-E1 cells. In support of these data, alkaline phosphatase (ALP) activity was

reduced 33–70% (P< 0.05) in both MC3T3-E1 cells and primary calvaria osteoblasts overexpressing Tbx3. In contrast, Tbx3 overexpression

did not alter ALP activity in bone marrow stromal cells. Tbx3 overexpression blocked the increase in expression of key osteoblast marker

genes, ALP, bone sialoprotein, and osteocalcin that occurs during normal osteoblast differentiation, but had little or no effect on expression of

proliferation genes p53 and Myc. In addition, Tbx3 overexpression abolished increased osterix and runx2 expression observed during normal

osteoblast differentiation, but the change in Msx1 and Msx2 expression over time was similar between control and Tbx3 overexpressing cells.

Interestingly, osterix and runx2, but not Msx1 and Msx2, contain Tbx binding site in the regulatory region. Based on these data and

our previous findings, we conclude that Tbx3 promotes proliferation and suppresses differentiation of osteoblasts and may be

involved in regulating expression of key transcription factors involved in osteoblast differentiation. J. Cell. Biochem. 106: 482–490,

2009. � 2008 Wiley-Liss, Inc.
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T he process of bone formation is dependent on the proliferation

and subsequent differentiation of mesenchymal stem cells

into osteoblast cells and osteoblast function. These processes are

tightly regulated by several known growth factors and transcription

factors. Although several transcription factors have been identified

as key regulators of osteoblasts and bone formation in the past

decade, several new transcription factors are being identified that

are involved in bone formation [Karsenty, 2001; Lian and Stein,

2003; Stains and Civitelli, 2003], as well as several other

developmental processes. Identification of novel transcription

factors and their mechanisms of action in bone will enable us to

fully understand the bone formation process.
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The T-box (Tbx) proteins are a family of transcription factors,

which contain a highly homologous DNA binding domain (the T-

box). In general, the Tbx genes are essential for early development

and function as activators and/or repressors of transcription [Smith,

1999]. These proteins have been identified in several key

developmental processes, including limb and digit formation and

identity, heart development, cancer cell cycle and growth,

mammary gland development, skeletal development, and osteogen-

esis [Papaioannou and Silver, 1998; Carlson et al., 2001; Moorman

et al., 2004]. Of the family of at least 18 genes, Tbx3 has been shown

to be critical for embryonic development in mice and humans as

demonstrated by embryonic lethality when a homozygous mutation
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of Tbx3 is present [Davenport et al., 2003]. Mutation of Tbx3 is also

associated with human ulnar mammary syndrome (UMS), which is

characterized by posterior forelimb deficiency or duplication,

apocrine/mammary gland hypoplasia or dysfunction, and hair,

genital and dental defects [Bamshad et al., 1995; Bamshad et al.,

1997].

Although it has been well established that Tbx3 is critical for

embryonic development, little is known about the role of this gene in

postnatal development. Recent findings demonstrate that Tbx3 is

important in regulating cell cycle as demonstrated by increased cell

growth and inhibition of senescence with overexpression of Tbx3 in

MEF cells [Fan et al., 2004]. In support of these data, inhibition of

Tbx3 in bladder epithelial cells increases apoptosis and senescence

[Ito et al., 2005]. In terms of a role for Tbx3 in bone development, we

recently demonstrated that Tbx3 is expressed in mouse bone, Tbx3

expression is regulated by GH, a known mediator of growth and

bone development, and Tbx3 is required for osteoblast proliferation

[Govoni et al., 2006b]. Lee et al. [2007] also demonstrated that

blocking Tbx3 expression inhibits the differentiation of stromal cells

into osteoblasts. In addition, other Tbx genes are also known to be

involved in regulating bone development, thus suggesting that these

genes which are critical for embryonic development, may also play

an important role in postnatal bone development. Specifically, Tbx2

overexpression in NIH3T3 cells increases expression of osteoblast

and chondroblast lineage genes [Chen et al., 2001] and Tbx15 null

mice display reduced bone size and length, as well as, delayed

endochondral bone development [Singh et al., 2005].

Based on the important role of other Tbx proteins in bone

development, that Tbx3 is required for embryonic limb develop-

ment, and that Tbx3 regulates osteoblast proliferation, we

hypothesized that Tbx3 must be an important transcriptional

regulator of osteoblast function and thus critical for optimal bone

development and maintenance. Based on our previous findings that

Tbx3 expression increases during osteoblast differentiation [Govoni

et al., 2006b], we sought to determine the role of Tbx3 in regulating

osteoblast differentiation. To this end, we evaluated the conse-

quence of transgenic overexpression of Tbx3 in osteoblast cells and

demonstrated a critical role for Tbx3 in inhibiting osteoblast

differentiation.

MATERIALS AND METHODS

TISSUE CULTURE REAGENTS

a-Minimal essential medium (a-MEM), penicillin–streptomycin

suspension, and calf serum were purchased from Gibco BRL

(Gaithersburg, MD). Normocin was purchased from Invivogen (San

Diego, CA). Bovine serum albumin (BSA) was purchased from Fluka

(Buchs, Switzerland). Recombinant human bone morphogenic

protein (BMP)-2 was obtained from Genetics Institute (Cambridge

Park, MA). All other chemicals were purchased from Fisher

Scientific (Tustin, CA) or Sigma (St. Louis, MO).

ISOLATION OF PRIMARY CALVARIA OSTEOBLAST CELLS

Primary mouse calvaria osteoblasts were cultured as previously

described [Govoni et al., 2007]. Briefly, calvaria were removed from

4- to 8-day-old pups and digested with collagenase A (2 mg/ml;
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Sigma) and hyaluronidase (1 mg/ml; Sigma) for 20 min. The first

digestion was discarded and the second and third digestions (30 min

each) were harvested and plated in a-MEMþ 10% FBSþ 100 U/ml

penicillin, and 100 mg/ml streptomycinþ 1% fungizone or a-

MEMþ 10% FBSþ 1% normocin at a density of 50,000 cells/well in

6-well plates for transduction.

ISOLATION OF MOUSE BONE MARROW STROMAL CELLS (BMSC)

Mouse BMSC were isolated as previously described [Govoni et al.,

2006b]. Brifely cells were isolated from 4 to 6 weeks old mice and

plated in a-MEMþ 10% FBSþ 100 U/ml penicillin, and 100 mg/ml

streptomycinþ 1% fungizone at a density of 4 million cells/well in

6-well plates. Once cells reached approximately 50% confluency

cells were transduced as described below.

CLONING OF TBX3 INTO MLV VECTOR

Tbx3 was amplified by PCR using Mus musculus bone cDNA (50 ng)

as a template. Cloning was accomplished using PCR selection kit-

high fidelity (Invitrogen, Carlsbad, CA). The reaction mixture

consisted of 5 ml of 10� Pfx50 PCR mix, 1 ml each of forward and

reverse primers, 2.5ml of 10 mM dNTPs, 32.5ml of DNA water, 2.5ml

DMSO, and 0.5 ml Pfx50 DNA polymerase. The 50 end of the forward

primer contains a Kozak consensus sequence that initiates protein

translation. The primer sequences are (50 to 30): Tbx3 forward: 50-

GGG TCG ACG CCA CCA TGA GCC TCT CCA TGA GAG ATC CGG T-

30 and Tbx3 reverse: 50-CGC GGA TCC TTA AGG GGA CCC GCT GCA

AGA CCT-30. Amplification was carried out at 958C for 10 min, 40

cycles at 958C for 15 s, 608C for 1 min, and 728C for 3 min using

Pfx50 DNA polymerase (Invitrogen) for PCR cloning due to its high

specificity and high fidelity. The PCR product was purified with

GeneClean spin kit (Qbiogene, Carlsbad, CA) according to the

manufacturer’s instructions and then digested overnight at 378C
with BamHI and SalI. The digested product was run on a gel and

purified again using GeneClean spin kit. Finally the PCR product was

subcloned into the corresponding restriction sites of the MLV

expression vector [Peng et al., 2001]. All plasmids were transformed

into E. coli XL1 BLUE cells and the plasmids were isolated using

EndoFree1 Plasmid Maxi Kit (Qiagen, Inc., Valencia, CA). The Tbx3

sequence was verified by DNA sequencing using a 3100 Genetic

Analyzer (Applied Biosystems, Foster City, CA).

MLV-BASED VECTOR PRODUCTION AND MLV TRANSDUCTION

We used the VSV-G protein as the envelope for our MLV-based

vector and the vectors were generated by transient transfection in

293T cells as described previously [Peng et al., 2001]. Briefly, a 10-

cm plate of 293T cells was transfected with a mixture of 20 mg of

retroviral expression vector (TBX3 or the control vectors), 10 mg of

MLV-GP expression vector, and 1mg of VSV-G expression vector by

CaPO4 precipitation. The conditioned medium containing the viral

vectors was collected 48 h after the transfection. The viral titer was

determined by the end-point dilution assay for the marker gene (b-

gal or eGFP) expression in HT1080 cells.

MC3T3-E1 (mouse pre-osteoblast cell line), mouse primary

calvaria osteoblast cells or BMSC were seeded at a density of

100,000, 50,000, or 4,000,000 cells/well, respectively in 6-well

plates. When MC3T3-E1 cells were about 70% confluent (approxi-
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mately 1–2 days after plating), calvaria osteoblasts were 40–50%

confluent (approximately 4–5 days after plating), and BMSC were

50% confluent, the cells were transduced as previously described

[Peng et al., 2001] with Tbx3, b-galactosidase (b-gal) or green-

fluorescent protein (GFP) constructs. The titer of b-gal cells was

1.7� 108 tfu/ml. A volume of 200, 100, and 60 ml was added to

MC3T3-E1, primary osteoblast cells and BMSC, respectively. For our

dose–response experiment, 0, 2, 6.3, 20, and 63 ml of Tbx3 and b-gal

virus was used to transduce MC3T3-E1 cells. Twenty-four hours

after transduction, cells were trypsinized and plated in a-

MEMþ 10% FBSþ 1% normocin. Cells for Tbx3 mRNA expression

were plated at 100,000 cells/well in a 6-well dish. MC3T3-E1 cells

for Tbx3 protein quantification were plated at 300,000 cells/dish in

10 cm plates. Cells for all other experiments were plated as described

below. To determine the efficiency of transduction, fluorescence in

GFP transduced cells was visualized and quantified using a

FACSCalibur System (BD Biosciences, San Jose, CA).

WESTERN BLOT ANALYSIS

Equal amounts of protein (20 mg) were resolved on a 10% SDS–

polyacrylamide gel. Proteins were transferred to a 0.2 mM

nitrocellulose membrane at 300 mA for 40 min at 48C (BioRad,

Hercules, CA). The membrane was blocked in 5% milk in TBST

overnight with rotation at 48C. The following day, the membrane

was probed with specific antibody to anti-Tbx3 (1:1,000; Santa Cruz

Biotechnology, Inc., Santa Cruz, CA) for 1 h. After washing, the

membrane was incubated with horseradish peroxidase conjugated

anti-goat antibody (1:5,000; Sigma–Aldrich, St. Louis, MO) for 1 h

and then washed. Detection of Tbx3 was visualized using Super

Signal West Pico Chemiluminescent Substrate (Pierce, Rockford, IL).

RNA EXTRACTION

RNA was extracted from the cells using Trizol (Invitrogen) and an

RNeasy Mini Kit (Qiagen, Inc.) according to the manufacturer’s

instructions. Following extraction, up to 10 mg of RNA was DNase

treated with a DNA-free kit (Ambion, Austin, TX) to remove any

residual DNA. RNA quality was determined using a 2100

Bioanalyzer (Agilent, Palo Alto, CA) and RNA was quantified using

a NanoDrop Spectrophotometer (Wilmington, DE).

GENE EXPRESSION ANALYSIS

Quantitative real-time RT-PCR analysis was used to determine the

expression levels of Tbx3, alkaline phosphatase (ALP), bone

sialoprotein (BSP), osteocalcin (Oc), Osterix, Runx2, Msx1, Msx2,

p53, Myc, and PPIA (peptidylprolyl isomerase A; endogenous

control) as previously described [Govoni et al., 2006a]. Primers used

were validated as previously described [Govoni et al., 2006a]. Delta

CT values were determined (CT value for gene of interest minus CT

value for control gene) and comparisons of the CT values were used

for relative quantification of gene expression [Dorak, 2006].

OSTEOBLAST DIFFERENTIATION

MC3T3-E1 cells were plated at 100,000 cells/well in 6-well plates

and cultured with a-MEM containing 10% calf serum, 100 U/ml

penicillin, and 100 mg/ml streptomycin. After 3 days, media was

changed to a differentiation media containing 300 mg/ml ascorbic
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acid 2 phosphate and 10 mM b-glycerophosphate. This was

considered day 0. The culture media was changed every 3 days for

28 days. At day 28 cells were stained with Alizarin Red to identify

mineralized nodules. These experiments were repeated two times.

Mineralization was quantified using Image Pro Plus 4.5 software

(Media Cybernetics, Inc., Bethesda, MD) and expressed as % of area.

For gene expression analysis, RNA was extracted as described above

from cells at day 0, 3, and 6 after addition of differentiation media.

ALP ACTIVITY ASSAY

After transduction, cells (MC3T3-E1 or calvaria osteoblasts) were

trypsinized and plated at a density of 5,000 cells/well in a 96-well

dish in a-MEMþ 10% FBSþ 1% normocinþ 50 mg/ml ascorbic

acid 2 phosphate and 10 mM b-glycerophosphate. Six hours after

plating, media was changed to serum free (a-MEMþ 0.1%

BSAþ 1% normocinþ 50 mg/ml ascorbic acid 2 phosphate and

10 mM b-glycerophosphate). Eighteen hours later cells were treated

with BMP-2 (30 ng/ml) or 0.1% BSA for 3 days. BMSC were left on

plates and serum depleted for 18 h prior to treatment. ALP activity

was measured as previously described [Farley et al., 1994]. Protein

concentration was measured by the Bradford method. ALP activity

was standardized based on cellular protein content and expressed as

milliunits per milligram of protein (mU/mg protein).

STATISTICAL ANALYSIS

Data were analyzed by ANOVA and or Student’s t-test where

appropriate. Posthoc analysis was performed using Newman–Keuls

analysis. Data were analyzed using Statistica 6 software (StatSoft,

Tulsa, OK). Data are presented as mean� SE and a significant

difference was determined at P� 0.05.

RESULTS

EFFICIENCY OF TBX3 TRANSDUCTION IN OSTEOBLASTS

To determine the efficiency of transduction, MC3T3-E1 and calvaria

osteoblast cells were transduced with GFP and evaluated by

examining fluorescence (Fig. 1A). We observed >90% transduction

efficiency for both cell types by fluorescence (Fig. 1A representative

of MC3T3-E1 cells), and confirmed by FACS analysis in which

>90% of the cells were positive for GFP in both cell types (data not

shown).

To determine the efficiency of Tbx3 overexpression, we evaluated

Tbx3 mRNA by real-time RT-PCR and determined a >100-fold

increase in Tbx3 compared with b-gal cells in multiple transduc-

tions in both cell types. Representatives of two of our transductions

in MC3T3-E1 cells (Tbx3a and Tbx3b) are presented in Figure 1B. To

determine if Tbx3 protein was also increased we evaluated Tbx3

protein in control and Tbx3 overexpressing MC3T3-E1 cells.

Although endogenous levels of Tbx3 were not detectable in control

cells, a significant amount of protein of anticipated size (103 kDa)

was present in Tbx3 overexpressing cells (Fig. 1C). These findings

demonstrate that our model effectively overexpresses the Tbx3 gene

and induces increased Tbx3 protein in osteoblasts.
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 1. Increased Tbx3 expression and protein levels in osteoblasts transduced

with MLV-based vector. A: Image of b-gal and GFP transduced MC3T3-E1 cells

under phase contrast (PC) and fluorescent (FL) lighting. B: mRNA expression of

Tbx3 in b-gal and Tbx3 transduced MC3T3-E1 cells (n¼ 3/treatment).
�indicates a significant difference from control (b-gal) cells. C: Protein

expression of Tbx3 in transduced MC3T3-E1 cells as determined by western

immunoblot. Actin served as a control for protein concentration. Tbx3a and

Tbx3b are two different transductions, which yielded similar overexpression of

Tbx3. Similar findings for transduction efficiency (fluorescence and mRNA

expression) were observed for primary calvaria osteoblasts. [Color figure can be

viewed in the online issue, which is available at www.interscience.wiley.com.]

Fig. 2. Tbx3 inhibits mineralization of osteoblast cells. A: Image is a repre-

sentation of two experiments in which cells were grown in differentiation

media (a-MEMþ 10% calf serumþ 100 U/ml penicillinþ 100 mg/ml

streptomycinþ 300 mg/ml ascorbic acid 2 phosphateþ 10 mM b-glyceropho-

sphate) for 28 days. Mineralization was determined by Alizarin Red staining

and quantified with Image Pro Plus 4.5 software. B: Data are presented as

mean� SE and expressed as % of area. b-gal (n¼ 7). Tbx3 (n¼ 14). [Color

figure can be viewed in the online issue, which is available at www.

interscience.wiley.com.]
TBX3 INHIBITS OSTEOBLAST DIFFERENTIATION

We previously determined that Tbx3 expression increases during

differentiation of mouse bone marrow stromal cells into osteoblasts

[Govoni et al., 2006b]. To determine if Tbx3 plays a role in

regulating osteoblast differentiation, we evaluated the consequence

of overexpressing Tbx3 on the differentiation of MC3T3-E1 cells.

Tbx3 overexpression in MC3T3-E1 cells caused a 76% reduction in

the area of Alizarin Red stained mineralized nodules compared to b-

gal overexpressing control cultures (Fig. 2). Consistent with these

findings, Tbx3 overexpression reduced ALP activity 40% and 35%,

respectively in cells treated without or with BMP-2 (Fig. 3A). To

confirm that our findings were not specific to the cell line we used,
JOURNAL OF CELLULAR BIOCHEMISTRY
we investigated the consequence of Tbx3 overexpression on

ALP activity in primary osteoblasts. Accordingly, Tbx3 over-

expression reduced ALP activity 70% and 63%, respectively in

primary osteoblast cells treated without or with BMP-2 (Fig. 3B).

Interestingly, overexpression of Tbx3 in undifferentiated BMSC

did not reduce ALP activity compared with b-gal control cells

(Fig. 3C).

To determine if the reduced ALP activity and mineralization was

due to the high expression of Tbx3 (>100-fold) in our model we

performed a dose–response with different levels of b-gal and Tbx3

virus added to MC3T3-E1 cells. Figure 4A shows that as expected

Tbx3 expression increased with increasing amount of MLV-Tbx3

used for transfection in Tbx3 overexpressing cells. In contrast, MLV-

b-gal infection did not cause a change in Tbx3 expression at the

same doses (Fig. 4A). More importantly, we observed a dose-

dependent reduction in ALP activity in Tbx3 overexpressing cells,

but no difference with different doses of b-gal virus (Fig. 4B).
T-BOX 3 INHIBITS OSTEOBLAST DIFFERENTIATION 485



Fig. 3. Tbx3 inhibits ALP activity in osteoblasts. ALP activity was determined

in MC3T3-E1 (A), primary calvaria osteoblasts (B) and bone marrow stromal

cells (C) transduced with Tbx-3 and treated with or without BMP-2. n¼ 6 to

16/treatment. Data are presented as mean� SE. �indicates a significant

difference from b-gal transduced cells at P< 0.01. BMP-2 increase in ALP

activity was significant (P> 0.05) in MC3T3-E1 and primary osteoblast cells.

Fig. 4. Dose-dependent decrease in ALP activity in response to Tbx3 over-

expression. MC3T3-E1 cells were transduced with four doses of b-gal and Tbx3

virus. A: mRNA expression of Tbx3. �indicates a significant difference between

b-gal and Tbx3 cells at P< 0.01. No change in Tbx3 expression was observed in

b-gal control cells with increased dose (P	 0.40), however a dose dependent

increase in Tbx3 was observed in Tbx3 cells (P< 0.01). B: ALP activity.
�indicates a significant difference from dose 0 for respective treatment groups

at P< 0.01. n¼ 6 to 8/treatment. TFU¼ transforming units.
TBX3 REGULATES EXPRESSION OF KEY OSTEOBLASTS MARKERS

DURING OSTEOBLAST DIFFERENTIATION

Consistent with reduced ALP activity and mineralization in Tbx3

overexpressing cells, expression of markers of osteoblast differ-

entiation were reduced (Fig. 5A–C). Specifically, expression of ALP,

BSP, and Oc increased 59-, 35-, and 3-fold, respectively during

differentiation in b-gal control cells; however overexpression of

Tbx3 blocked the increase in ALP, BSP, and Oc expression between

day 0 and day 6.

Tbx3 is a known regulator of cell cycle. We, therefore, evaluated

the expression of key cell cycle genes (p53 and Myc) in cultures
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overexpressing Tbx3 or b-gal. We found that the expression of p53

was not different between Tbx3 overexpressing and b-gal control

cells at all three time points (P	 0.30; Fig. 5D). Although expression

of Myc was lower in Tbx3 overexpressing cells at all three time

points (P� 0.01; Fig. 5E), b-gal control cells and Tbx3 over-

expressing cells follow a similar pattern of reduced Myc expression

over time. Consistent with these data, we found that Tbx3

overexpression did not influence cell proliferation as evaluated

by cell number in this model under culture conditions used in this

study (data not shown).

Based on our findings that Tbx3 inhibits osteoblast differentia-

tion and the knowledge that Tbx3 is a known transcriptional

repressor, we questioned whether Tbx3 blocks the expression of

transcriptions factors that are key regulators of osteoblast

differentiation (osterix and runx2/cbfa1). As expected, expression

of osterix and runx2 increased 12- and 2.5-fold, respectively in b-

gal control cells (P< 0.01; Fig. 6A,B). However in Tbx3 over-
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 5. Tbx3 inhibits expression of osteoblast marker genes during osteoblast differentiation. day 0 represents the day differentiation media was added. mRNA expression of

alkaline phosphatase (ALP; A), bone sialoprotein (BSP; B), osteocalcin (C), p53 (D), and Myc (E) were determined by real-time RT-PCR. n¼ 5 to 6/treatment. Data are presented

as mean� SE and expressed as fold change from control (b-gal control cells) at day 0. �indicates a significant difference from Day 0 for respective treatment groups at P< 0.01.
#indicates a significant difference from b-gal control cells at P< 0.05.
expressing cells expression of osterix and Runx2 did not change

significantly during differentiation (Fig. 6A,B).

Recently, it was demonstrated that Tbx3 binds to transcription

factors Msx1 and Msx2, known regulators of osteoblast differentia-

tion, in cardiac cells [Boogerd et al., 2008]. To determine if Tbx3

regulates the expression of these genes in osteoblasts, we looked at

their expression in our model. Expression of Msx1 and Msx2 were

not different between Tbx3 overexpressing and b-gal control cells

(Fig. 6C).

DISCUSSION

Our findings in MC3T3-E1 and primary osteoblast cells over-

expressing Tbx3 demonstrate that Tbx3 is a negative regulator of

osteoblast differentiation. These findings were in contrast to the

study by Lee et al. [2007] in which blocking Tbx3 expression with

siRNA inhibited the differentiation of human adipose tissue stromal

cells into osteoblasts and reduced expression of Runx2 and

osteopontin. One potential explanation for our findings could be
JOURNAL OF CELLULAR BIOCHEMISTRY
the dose of Tbx3 in our experiments. However, our dose–response

data in which low doses of Tbx3 were able to reduce ALP activity in

MC3T3-E1 osteoblasts suggest that the negative effects of Tbx3

cannot be explained on the basis of the Tbx3 dose. A more likely

explanation for our unexpected findings could be that Tbx3 acts in a

stage-dependent manner to regulate osteoblast differentiation

[Aubin, 1998], as demonstrated by the lack of effect of Tbx3

overexpression on ALP activity in the BMSC. In support of this

concept, Lee et al. utilized mesenchmyl stem cells, which are not

already commited to the osteoblast lineage. Therefore, Tbx3 may

have a different role in regulating differentiation depending on the

stage of the cell in the osteoblast lineage. Consistent with these

findings, a previous report in C2C12 myoblasts demonstrated

that overexpression of Tbx3 blocked myoblast differentiation

[Carlson et al., 2002]. Again, these cells were committed to a

specific cell lineage, suggesting that during the later stages of

differentiation, Tbx3 may have an inhibitory role. In support of an

osteoblast stage-dependent role of Tbx3, it was previously shown

that FGF2 and noggin act at different stages of osteoblast

differentiation to regulate osteoblastogenesis [Kalajzic et al.,
T-BOX 3 INHIBITS OSTEOBLAST DIFFERENTIATION 487



Fig. 6. Tbx3 inhibits expression of osterix and Runx2, but does not alter Msx1

and 2 expression during osteoblast differentiation. day 0 represents the day

differentiation media was added. mRNA expression of Osterix (A), Runx2 (B),

Msx1 and 2 (C) were determined by real-time RT-PCR. Msx1 and 2 data are

expression at day 6 of culture, presented as mean� SE and expressed as fold

change from control (b-gal control cells) at day 0. n¼ 5 to 6/treatment. Data

are presented as mean� SE and expressed as fold change from control (b-gal

control cells) at day 0. �indicates a significant difference from Day 0 for

respective treatment groups at P< 0.01. #indicates a significant difference in

mRNA from b-gal control cells at P< 0.05. �indicates a tendency (P	 0.06)

for a difference from day 0.
2003] and that stage-specific expression of Dlx5 regulates osteoblast

differentiation [Ryoo et al., 1997]. Further studies are needed to

determine if the effects of Tbx3 are indeed dependent on the stage of

differentiation.

In vivo data for the role of Tbx3 are limited to phenotype data

from humans with UMS and a mutant mouse model during

embryonic development. Both models demonstrate limb malforma-

tion, in particular aplasia of the ulna and deficiencies or duplication

of the fourth and fifth digit [Davenport et al., 2003; Klopocki et al.,

2006]. Although the mechanism of Tbx3 action during critical

stages of embryogenesis are not fully known, it has been suggested

that lack of Tbx3 interferes with apoptosis or differentiation

[Bamshad et al., 1997; Carlson et al., 2002; Davenport et al., 2003].

In addition, expression patterns in the mouse mutant model suggest

an interaction with Shh signaling [Davenport et al., 2003]. However
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the mechanism of Tbx3 action during postnatal skeletal develop-

ment is still not known. In support of a role of for Tbx genes in

regulating postnatal bone development, a recent study using a

Tbx15 mutant mouse demonstrated that Tbx15 is required for

proliferation of mesenchymal precursor cells, but did not affect

prehypertrophic chondrocytes in postnatal bone development

[Singh et al., 2005]. Our previous findings that Tbx3 regulates

osteoblast proliferation and is responsive to GH administration in

mice along with our current findings suggest that Tbx3 may regulate

bone formation by stimulating osteoblast proliferation and blocking

the differentiation of cells to mature osteoblasts. Consistent with this

model is the role of PTHrP, a gene known to regulate chondrocytes

during endochondral bone formation, in which a mutation of the

PTHrP gene causes cells to undergo premature entry into

differentiation and ultimately affect bone growth by decreasing

the number of proliferating cells at the proliferating zone

[Kronenberg, 2006]. Similarly, Tbx3 may regulate bone formation

by stimulating the proliferation of cells through the osteoblast

lineage and blocking the differentiation of these cells into mature

osteoblasts. Further studies in vitro during the various stages of

differentiation and using transgenic mouse models are needed to

determine the specific role of Tbx3 in regulating postnatal bone

formation.

In terms of the potential mechanisms of Tbx3 action, previous

findings have demonstrated that Tbx genes can form homodimers as

well as bind to other transcription factors to regulate gene

expression [Hiroi et al., 2001; Fan et al., 2003; Garg et al., 2003;

Krause et al., 2004; Plageman and Yutzey, 2004, 2005]. Specifically,

Tbx genes bind a well-conserved DNA binding domain, which

contains a partially palindromic sequence (TCACxCCx) [Kispert and

Herrmann, 1993; Smith, 1999; Carlson et al., 2001]. Since Tbx3 has

been shown to bind this sequence and is known to bind and regulate

promoter regions of Nppa, Cx40, and p19ARF in other tissues

[Brummelkamp et al., 2002; Lingbeek et al., 2002], we hypothesized

that Tbx3 may regulate osteoblast differentiation by binding to key

transcription factors. Accordingly, we determined that the expres-

sion of osterix and runx2, two transcription factors that are essential

for osteoblast differentiation [Karsenty, 2001; Lian and Stein, 2003;

Shui et al., 2003; Stains and Civitelli, 2003; Stein et al., 2004; Xing

et al., 2007], were suppressed in Tbx3 overexpressing cells. Whereas

expression of Msx1 and 2, which play a role in osteoblast function,

were similar between control and overexpressing cells. Consistent

with our hypothesis that Tbx3 binds other transcription factors to

regulate their expression, we identified the partially palindromic

DNA binding site in osterix and runx2 regulatory regions, but not in

Msx1 and Msx2. However, a recent report demonstrated that Tbx3

binds to Msx2 to regulate Connexin43 promoter activity in cardiac

cells [Boogerd et al., 2008]. These findings demonstrate that in

addition to regulating expression of key transcription factors, Tbx3

may also function as a regulator of osteoblast function by forming

complexes with other transcription factors and regulating their

activity. Future studies will identify the molecular mechanism

through which Tbx3 regulates osterix and runx2 expression.

Since we and others have established that Tbx3 is required for cell

proliferation in numerous cell types [Carlson et al., 2001;

Brummelkamp et al., 2002; Fan et al., 2004; Suzuki et al., 2004;
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Ito et al., 2005; Lee et al., 2007; Platonova et al., 2007], our study

focused on the role of Tbx3 during osteoblast differentiation. To

demonstrate the specificity of our model we evaluated the role of

Tbx3 overexpression on the expression of cell cycle genes (p53 and

Myc) in our differentiating cells. As expected, there was little to no

change in the expression of p53 between Tbx3 and control cells.

Surprisingly, we observed a slight reduction in Myc expression

during the differentiation as well as slightly lower expression in

Tbx3 overexpressing cells. These findings suggest that Tbx3 did

partially regulate cell cycle in our model. However, based on the

abundant reduction in ALP activity when adjusted for protein, we

are confident that Tbx3 is also an important regulator of

differentiation in osteoblasts.

In conclusion, using a well established mouse osteoblast cell line,

as well as primary osteoblasts, we demonstrated that Tbx3 is an

inhibitor of osteoblast differentiation and may function by binding

to key osteoblast transcription factors and altering their function

and/or expression during key stages in the differentiation process.

These findings, combined with our previous data demonstrate that

Tbx3 is indeed necessary for optimal osteoblast function and

therefore an important gene in the bone formation process. Further

studies to identify key binding partners for Tbx3 in osteoblasts and

the role of Tbx3 in vivo during postnatal bone development will

advance our understanding of the bone formation process.
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