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Bone Morphogenetic Protein-10 in Regulating Cardiac
Ventricular Wall Development and Function™
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Background: BMP10 is an important cardiac cytokine and has a critical role in ventricular development.
Results: Tbx20 is up-regulated in BMP10 transgenic heart, and down-regulated in BMP10-deficient heart. Tbx20 overexpres-
sion leads to ventricular hypertrabeculation and altered cardiac function.

Conclusion: Tbx20 is a downstream target of BMP10.

Significance: BMP10-Tbx20 signaling cascade is important for ventricular wall development and maturation

Bone morphogenetic protein 10 (BMP10) belongs to the
TGEFB-superfamily. Previously, we had demonstrated that
BMP10 is a key regulator for ventricular chamber formation,
growth, and maturation. Ablation of BMP10 leads to hypoplas-
tic ventricular wall formation, and elevated levels of BMP10 are
associated with abnormal ventricular trabeculation/compac-
tion and wall maturation. However, the molecular mecha-
nism(s) by which BMP10 regulates ventricle wall growth and
maturation is still largely unknown. In this study, we sought to
identify the specific transcriptional network that is potentially
mediated by BMP10. We analyzed and compared the gene
expression profiles between a-myosin heavy chain («MHC)-
BMP10 transgenic hearts and nontransgenic littermate controls
using Affymetrix mouse exon arrays. T-box 20 (Tbx20), a car-
diac transcription factor, was significantly up-regulated in
aMHC-BMP10 transgenic hearts, which was validated by quan-
titative RT-PCR and in situ hybridization. Ablation of BMP10
reduced Tbx20 expression specifically in the BMP10-expressing
region of the developing ventricle. In vitro promoter analysis
demonstrated that BMP10 was able to induce Tbx20 promoter
activity through a conserved Smad binding site in the Tbx20
promoter proximal region. Furthermore, overexpression of
Tbx20 in myocardium led to dilated cardiomyopathy that exhib-
ited ventricular hypertrabeculation and an abnormal muscular
septum, which phenocopied genetically modified mice with ele-
vated BMP10 levels. Taken together, our findings demonstrate
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that the BMP10-Tbx20 signaling cascade is important for ven-
tricular wall development and maturation.

Bone morphogenetic protein 10 (BMP10)* is a peptide
growth factor belonging to the TGF superfamily (1, 2). During
mouse embryonic development, BMP10 is transiently
expressed in the ventricular trabecular myocardium from
embryonic day (E) 9.0 to 13.5. Expression is rapidly down-reg-
ulated in the ventricle after E14.5 but maintained solely in the
right atria of postnatal and adult hearts (1, 3). Our previous
work demonstrated that BMP10-deficient mice die around
E10.5 with hypoplastic ventricular walls and impaired ventric-
ular trabeculation (3). Additional work demonstrated that the
elevated levels of BMP10 in the embryonic heart were closely
associated with ventricular hypertrabeculation and noncom-
paction (4 - 6), suggesting that BMP10 is a critical cardiac spe-
cific cytokine involved in regulating cardiac growth and matu-
ration. Interestingly, postnatal overexpression of BMP10 led to
a defect in hypertrophic growth under normal physiological
conditions (7). These observations suggested that BMP10 has
multiple biological activities that impact both the embryonic
and postnatal stages of cardiac development and function.

In the current study, we used the Affymetrix mouse exon
array to determine the potential downstream transcriptional
network regulated by BMP10. Among these differentially
expressed genes, T-box 20 (Tbx20), a cardiomyogenic tran-
scription factor, was significantly up-regulated in a-myosin
heavy chain («MHC)-BMP10 transgenic hearts. Consistent
with this finding, Tbx20 expression in BMP10-deficient
embryos was reduced in both the developing ventricular myo-
cardium and the endocardium at E9.5. Using a luciferase assay,

3 The abbreviations used are: BMP10, bone morphogenetic protein 10; E,
embryonic day; Luc, luciferase; nt, nucleotide; NTG, nontransgenic; qRT-
PCR, quantitative RT-PCR; rh, recombinant human; TG, transgenic.
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we demonstrated that BMP10 was able to induce Tbx20 pro-
moter activity through a conserved Smad binding site in the
proximal region of Tbx20 promoter. Transgenic overexpres-
sion of Tbx20 in the myocardium led to altered ventricular
structure and function, which was reminiscent, in part, of the
abnormal phenotypes seen in mutant mice in which BMP10
levels were up-regulated (4). Our findings suggest that Tbx20 is
one of the direct downstream transcription factors regulated by
BMP10, and this BMP10-Tbx20 signaling cascade is important
for cardiac ventricular wall formation and maturation.

MATERIALS AND METHODS

Mice—The generation of BMP10-deficient mice and «MHC-
BMP10 transgenic mice has been described previously (3, 7). To
generate Tbx20 transgenic mice, the «aMHC promoter (a gift
from Dr. Robbins, Cincinnati Children Hospital) was placed at
5'-flanking sequence of the mouse Tbx20 full-length coding
c¢DNA fragment, followed by SV40 early region transcription
termination and polyadenylation sites. The procedure generat-
ing the transgenic mice was carried out at the mouse transgenic
core of the Indiana University Cancer Center as previously
described (7). In brief, the transgene insert («MHC-Tbx20) was
purified and microinjected into inbred C3HeB/FeJ (Jackson
Laboratories, Bar Harbor, ME) zygotes, which were then
implanted into the oviducts of pseudopregnant Swiss Webster
mice. The resulting pups were screened by diagnostic PCR. All
animal protocols were approved by the Indiana University
School of Medicine Institutional Animal Care and Research
Advisory Committee.

RNA Preparation and Use for Mouse Exon Array—Four pairs
of male «MHC-BMP10 transgenic mice and their nontrans-
genic littermate controls (4 weeks old) from four different lit-
ters were used to isolate total RNA from heart ventricular tis-
sues. Total RNA quality control measures were employed
according to Affymetrix guidelines. The exon array (eight sets
of arrays were used for eight total samples) hybridizations were
carried out in the Center for Medical Genomics at Indiana Uni-
versity School of Medicine. One ug of each sample was labeled
and hybridized using the Affymetrix Whole Transcript proto-
col (GeneChip® Whole Transcript Sense Target Labeling Assay
Manual Version 4; Affymetrix). All processing steps were done
in balanced batches. The exon arrays were scanned by the
GeneChip® Scanner 3000/Affymetrix GeneChip® Operating
System. Data were exported and analyzed by the Partek
Genomics Suite (Partek Inc.)

Reverse Transcription PCR (RT-PCR) and Quantitative RT-
PCR (qRT-PCR)—The RT reactions were performed with the
superscript III first-strand DNA synthesis system (Invitrogen).
PCR was performed with GoTaq Flex DNA polymerase kit
(Promega) and Mycyler Thermal cycler according to the man-
ufacturer’s instruction. Quantitative real-time PCR was per-
formed using the LightCycler 480 system with the SYBR Green
I master kit according to the manufacturer’s instructions
(Roche Applied Science). The relative expression was normal-
ized to the reference gene ribosomal protein L7 (RPL7) as
described previously (7). The primers used in the assay were as
follows: Tbx20 forward primer, 5'-gtg cac atc ata aag aag aaa gac
c-3" and reverse primer, 5'-aaa cgg att gct gtc tat ttt cag c-3';
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Tbx2 forward primer, 5'-ccg aga tgc cta aac gea tgta ca-3’ and
reverse primer, 5'-tca ttg gct cgc acg atg tgg aat c-3'; Tbx5
forward primer, 5'-gca cag aga tga tca tca cca a-3" and reverse
primer, 5'-ttt gcc agt tac gga cca ttt g-3'; Tbx18 forward primer,
5'-ggt gga ctt acc gag ata cag-3’ and reverse primer, 5'-gac ttg
tct cat cca agt ctc-3'; Gapdh forward primer, 5'-ggg tgg agc caa
acg ggt c-3' and reverse primer, 5'-gga gtt gct gtt gaa gtc gca-3'.

Isolation and Treatment of Neonatal Cardiomyocytes—Neo-
natal cardiomyocyte isolation was performed as described pre-
viously (3). In brief, hearts from 2-day-old mice were minced
and digested with 0.2% collagenase type 2 in PBS. Isolated car-
diac myocytes were counted and plated at density of 1 X 10*
cells/cm® and cultured in DMEM supplemented with sodium
pyruvate (Invitrogen), penicillin/streptomycin (Invitrogen),
and 10% fetal bovine serum (FBS). Primary cardiomyocytes
were cultured for 24 h before switching to media containing 50
ng/ml recombinant human BMP10 (R&D Systems) or BMP2
(R&D Systems) for 4 h of incubation. The expression levels of
Tbx2, Tbx5, Txb18, and Tbx20 were analyzed by qRT-PCR.

Histological Analysis and in Situ Hybridization—Embryonic
and adult hearts were isolated and fixed with 4% paraformalde-
hyde in PBS. The fixed tissues were paraffin-embedded, sec-
tioned (7 wm), and followed by hematoxylin and eosin (H&E)
staining. In situ hybridization was performed as described pre-
viously (8). Tbx20, Tbx2, Tbx5, and BMP10 antisense probes
were labeled with digoxigenin-UTP using the Roche DIG RNA
Labeling system according to the manufacturer’s guidelines.

Vector Construction—Various Tbx20 promoter fragments
from nt—3042, nt—2750, nt— 1487, nt—765 to nt+448 relative
to the transcription initiation site were generated by PCR. The
forward primers used were as follows: 5'-ACT CGA AGA CAG
TTT GAG GGA GTT G-3', 5'-ACT CGA GAT CGT CGT
TACTTACGGTTGG-3',5'-TCT CGA GCT TGCACA CAC
TTATGA GTCC-3',and 5'-TCT CGA GCC AGA AAG TCA
CTA TGC ATC G-3'. The common reverse primer was as fol-
lows: 5'- ACC ATG GGT GAA CTC CAT GGT TCC CAG
C-3'. The PCR products were digested and subcloned into Ncol
and Xhol sites upstream of the luciferase in the pGL3-Basic
luciferase vector (Promega). The mutation within the putative
Smad binding site located at nt—650 to nt—658 upstream of
Tbx20 5'-UTR was generated by site-directed mutagenesis
using the PCR-based megaprimer method (9). The mutagenesis
was performed with following primers: forward primer,
5'-TCT CGA GCT TGC ACA CAC TTA TGA GTC C-3%;
reverse primer, 5'-GTT TCC CTT CTG GGA CGG GTT TTC
TAT TCT GG-3' (underlining indicates the site of mutation).
The 850-bp PCR product was purified and used as the forward
primer to combine with the reverse primer, 5'-ACC ATG GGT
GAA CTC CAT GGT TCC CAG C-3/, to generate DNA frag-
ments containing the mutated Smad binding site spanning
from nt—1487 to nt+448 relative to the transcription initiation
site. The final PCR product was digested with Ncol and Xhol
and inserted into the pGL3-Basic luciferase vector. The final
plasmids were confirmed by sequencing.

Cell Transfection and Luciferase Reporter Assay—The P19
cell line was maintained in a-minimum essential medium with
ribonucleosides and deoxyribonucleosides (Invitrogen), 7.5%
bovine calf serum and 2.5% FBS. Cells were plated in a 24-well
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plate at a density of 1 X 10° cells/well before transfection.
Tbx20 promoter pGL3-Luc constructs were transfected alone
or in different combinations with Smad1, Smad4, and constitu-
tively active ALK3 (Q233D) expression plasmids. Renilla lucif-
erase plasmid was co-transfected as an internal control. Trans-
fection efficiency was determined by co-transfection of
pcDNA3-EGEFP. In some experiments, Tbx20 promoter pGL3-
Luc-transfected cells were treated with recombinant human
BMP10 (50 ng/ml) for 6 h. The luciferase activity was analyzed
with the dual-luciferase assay system (Promega) according to
the manufacturer’s instructions. -Fold changes of luciferase
activity were determined between experimental groups.

Chromatin Immunoprecipitation (ChIP) Assay—ChIP assays
were carried out using the ChIP-IT™ Express Kit (Active
Motif) according to the manufacturer’s instructions with a
slight modification (10, 11). In brief, P19 cells were transfected
with FLAG-tagged Smad1, Smad4, constitutively active ALK3
(Q233D), and with either the plasmid containing the Tbx20
promoter region from nt—3042 to nt+448, or the plasmid with
Tbx20 promoter region from nt—1487 to nt+448, or Tbx20
promoter region from nt—1487 to nt+448 with the mutated
Smadl binding site at nt—650 to nt—658. 30 h after transfec-
tion, cells were fixed with 1% formaldehyde, and the chromatin
was sheared by sonication. The DNA fragments with an average
size between 200 and 800 bp were co-immunoprecipitated
using either the anti-Smad1 antibody (Santa Cruz Biotechnol-
ogy) or anti-FLAG antibody (Sigma) and subjected tor PCR
analysis. The PCR primers for amplification of the Tbx20 pro-
moter region between nt—765 and nt—603 that covers the
potential Smad binding site are as follows: forward primer,
5-GA GCC AGA AAG TCA CTA TGC ATC G-3'; reverse
primer, 5'-TTT GGC GAA CCT GGC TTT CTG CTG TGT-
3'. The primers covering the control promoter region from
nt—1487 to nt—1213 are as follows: forward primer, 5'-CT
TGC ACA CAC TTA TGA GTC C-3' and reverse primer,
5-GCCATCCTGTCT ATG TTT GCT CGT-3'".

Echocardiographic Analyses—The mice were lightly anesthe-
tized with inhaled 1.5% isoflurane until the heart rate stabilized
at 400 -500 beats/min. Echocardiography was performed with
a high resolution Micro-Ultrasound system (Vevo 770; Visual-
Sonics Inc., Toronto, Canada). Fractional shortening and ejec-
tion fraction were measured as described previously (7).

Statistical Analysis—All values are presented as mean * S.E.
Statistical significance (p < 0.01) was determined by Student’s ¢
test (for groups of two) calculated with Vevo Analysis software
(version 2.2.3) as described previously (12).

RESULTS

Gene Expression Profiling of aMHC-BMPI10 Transgenic
Heart—To determine further the role of BMP10 in cardiac
transcriptional network regulation, we used the Affymetrix
mouse exon array to compare the transcription variation
between a MHC-BMP10 transgenic and nontransgenic litter-
mate hearts (4 weeks old). A total of 16,757 mouse genes
belonging to many different functional categories (e.g. enzymes,
transporters, kinases, transcription regulators, G protein-cou-
pled receptors, ion channels, transmembrane receptors, phos-
phatases, growth factors, cytokines, and ligand-dependent
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nuclear receptors) were examined in this analysis. Based on the
p value (<0.001) and false discovery rate (<0.018), the expres-
sion of 953 genes was found to be significantly different
between aMHC-BMP10 transgenic and control hearts (supple-
mental material). We initially focused on the transcription fac-
tors with a known biological function in cardiac development
and function, which included NK homeodomain transcription
factors, GATA transcription factors, Tbx transcription factors,
Mef2 family transcription factors, serum response transcrip-
tion factors, and basic helix-loop-helix family transcription fac-
tors, etc. Surprisingly, the majority of the cardiogenic transcrip-
tion factors in the BMP10 transgenic hearts were expressed at
similar levels compared with nontransgenic control hearts with
a few exceptions such as Tbx20, activating transcription factor
3 (Atf3), Smad6, Smad7, and Smad8 (supplemental material).
Because Smads 6 and 7 are well known negative regulators and
are downstream targets for TGF and BMPs (13, 14), they pro-
vide a positive control for our expression profile analysis. As
Tbx20 has been shown to be a critical cardiogenic transcrip-
tional factor (15-17), we focused our efforts on testing whether
BMP10 directly regulates Tbx20 for cardiogenesis and cardiac
function.

Thx20 Is Up-regulated in o MHC-BMPI0 Transgenic Mice—
To confirm the up-regulation of Tbx20 in BMP10 transgenic
hearts, qRT-PCR was performed to examine the expression lev-
els of Tbx20 and other cardiac members of the T-box family,
including Tbx2, Tbx5, and Tbx18. Consistent with the gene
profiling data, the Tbx20 transcriptional level was up-regulated
>2-fold in BMP10 transgenic hearts compared with controls
(Fig. 1B), whereas other Tbx genes remained unaltered. Inter-
estingly, although recent studies have shown that Tbx20 was
required for confining Tbx2 expression to the myocardium of
the inflow and outflow tract inner curvature of atrioventricular
canal and inflow tract during cardiac development (18, 19), as
well as suppressing Tbx2 expression in endocardial cell lineages
during endocardial cushion formation (20), Tbx2 expression
was not found to be down-regulated in postnatal aMHC-
BMP10 transgenic hearts. Because our analysis was based on
nonphysiological transgenic system, it was important to vali-
date the data in a more physiological setting.

Tbx20 Expression in Ventricular Cardiomyocytes Is Depend-
ent upon BMPI0 Expression—Earlier reports suggested that
Tbx20 expression in the endocardial cushion of chicken embry-
onic explants was up-regulated by BMP2 (20). However, a
detailed molecular signaling pathway responsible for control-
ling Tbx20 expression in the developing mouse myocardium
has not been investigated. We examined whether Tbx20
expression was dependent upon BMP10 in the developing ven-
tricles by analyzing BMP10-deficient embryos using in situ
hybridization. Consistent with previous reports (16, 21), strong
Tbx20 expression was detected in wild-type embryonic mouse
hearts in the outflow tract and atria as well as in the ventricular
region of both the myocardium and endocardium at E9.5. How-
ever, even though the Tbx20 expression levels in the outflow
tract and atria were comparable between wild-type and
BMP10-deficient hearts, expression of Thx20 in BMP10-defi-
cient ventricles, especially in myocardium, was greatly dimin-
ished (Fig. 24). This finding suggested that the expression of
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FIGURE 1. Up-regulation of Tbx20 gene in aMHC-BMP10 hearts. A, gene
profiling of differentially expressed T-box transcriptional factors in the hearts
of aMHC-BMP10 transgenic and control littermates (4 weeks old) using
Affymetrix mouse exon array. Tbx20 is significantly up-regulated in the trans-
genic mouse heart. B, qRT-PCR confirming that Tbx20, but not the other car-
diac Tbox members, was up-regulated in «MHC-BMP10 hearts.
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FIGURE 2. In situ hybridization analysis of Tbx20 expression in develop-
ing ventricular myocardium. A, Tbx20 expression is down-regulated in
BMP10-deficient ventricle (black arrows) compared with wild-type ventricular
wall (red arrows) at E9.5. B, Tbx20 expression is up-regulated in «tMHC-BMP10
ventricular myocardium at E13.5. AT, atrium; TA, truncus artery; V, ventricle.
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Tbx20 in the developing ventricular myocardium was depend-
ent upon BMP10.

Consistent with this finding, whereas Tbx20 expression was
mainly restricted to the region of the atria and atrioventricular
cushion with less abundant expression in ventricular car-
diomyocytes in wild-type mouse embryos at E13.5, it was sig-
nificantly enhanced in the developing ventricular wall of
aMHC-BMP10 transgenic hearts at E13.5 with no alteration of
Tbx20 expression in the atria or the atrioventricular cushion
(Fig. 2B). In postnatal wild-type mice, BMP10 expression was
restricted to the right atrium with undetectable levels in the left
atrium and ventricle (3) (Fig. 34). Interestingly, Tbx20 followed
the same expression pattern as BMP10 in the heart (Fig. 3B),
with expression noticeably higher in the right atrium compared
with the left atrium and ventricle. This similarity was confirmed
by qRT-PCR (Fig. 3, E and F). In «aMHC-BMP10 transgenic
hearts in which BMP10 is expressed in the left atrium and ven-
tricles (Fig. 3C), Tbx20 expression was enhanced in the left
atrium as well as in the ventricles (Fig. 3D).

Other T-box genes were shown to have important functions
in cardiogenesis. Among them, Tbx18 is expressed mainly in
the epicardium (22, 23). Tbx5 is a critical regulator for chamber
myocardium formation and bears an overlapped expression
pattern and function as Tbx20 (24). The expression of Tbhx2 is
exclusively associated with nonchamber myocardium of the
atrioventricular cushion and outflow tract during cardiac
development. Interestingly, it has been shown that Tbx20 sup-
presses Tbx2 expression in early cardiac development (25) and
that Tbx2 is regulated by BMP2 during early cardiogenic induc-
tion (26). These findings suggest a functional role for Tbx5,
Tbx2, and Tbx20 in setting up this early myocardial dichotomy.
However, in the postnatal mouse heart, the expression of Tbx2
and Tbx5 in myocardium is barely detectable, and their expres-
sion is mainly restricted to mesenchymal cells in valves and the
smooth muscle layer of the main arteries (Fig. 3, G and H).
Consistent with the gene expression profiling and qRT-PCR
analysis, in situ hybridization demonstrated that both Tbx2 and
Tbx5 remained at similar level in the transgenic ventricles com-
pared with nontransgenic controls (Fig. 3, G and H).

BMP10 Regulates Tbx20 Expression in Primary Cardiomyo-
cytes in Vitro—To determine whether BMP10 regulation of
Tbx20 is a direct biological event, we examined whether
BMP10 can induce Tbx20 in cultured neonatal cardiomyocytes.
First, using P19 cells, we analyzed Smadl phosphorylation in
response to recombinant human BMP10 (rhBMP10) and
BMP2 (rhBMP2) at different concentrations ranging from 25 to
200 ng/ml (Fig. 4A). P19 is a well characterized mouse
embryo-derived teratocarcinoma cell line that can be differ-
entiated into cardiomyocytes and is widely used to study
BMP-mediated signaling (27, 28). We found that Smad1 acti-
vation reached a plateau level at 50 ng/ml concentration for
both of rhBMP10 and rhBmP2 in culture (Fig. 4Aa). This was
further confirmed in neonatal cardiomyocyte (Fig. 4Ab).
Therefore, in the subsequent experiments we cultured iso-
lated neonatal cardiomyocytes with rhBMP10 and rhBMP2
at 50 ng/ml and analyzed the expression level of Tbx20,
Tbx5, Tbx18, and Tbx2 using qRT-PCR. Consistent with our
earlier findings, rhBMP10 significantly induced Tbx20
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of Tbx20 and BMP10 expression patterns in the normal heart (3 weeks old). G and

H, expression of Tbx2 and Tbx5 is not different in ventricles between NTG and

TG hearts (3 weeks old). Their expression is mostly restricted to the mesenchymal cells in valves and the smooth muscle cell layer of main arteries. LA, left atrium;

RA, right atrium; LV, left ventricle; RV, right ventricle; VE, ventricle.

expression in cultured cardiomyocytes, but not Tbx2, Tbx5,
and Tbx18 (Fig. 4B). Surprisingly, rhBMP2 did not appear to
be able to activate Tbx20 in cultured neonatal cardiomyo-
cytes (Fig. 4B). These data indicated a direct regulation of
Tbx20 expression by BMP10 in cardiomyocytes.
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BMPI0 Regulates Tbx20 Expression through a Smad Binding
Site—We reasoned that a Smad-mediated signaling pathway
was involved in the BMP10-Tbx20 regulatory cascade. To
investigate this, a series of reporter constructs carrying the
Tbx20 promoter region from nt—3042, nt—2750, nt—1487,
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FIGURE 4. BMP10 up-regulates Thx20 in primary cardiomyocytes. Aqg,
Smad1 phosphorylation in response to different concentration of rhBMP10
and rhBMP2 in cultured P19 cells. Ab, Smad1 phosphorylation in response to
different concentration of rhBMP10 in cultured neonatal cardiac myocytes. B,
evaluation of Tbx20, Tbx2, Tbx5, and Thx18 expression in cultured primary
cardiomyocytes treated with rhBMP10 and rhBMP2 (50 ng/ml). *, p < 0.01,
statistics performed using paired Student’s t test.

and nt—765 relative to the transcription initiation site was sub-
cloned into the pGL3-Basic luciferase reporter plasmid. These
constructs were designated as Tp-3042pGL3-Luc, Tp-
2750pGL3-Luc, Tp-1487pGL3-Luc, and Tp-765pGL3-Luc,
respectively (Fig. 5Aa), and reporter activities were monitored
in P19 cells. All four of the promoter fragments responded to
BMP10 treatment (50 ng/ml for 6 h) significantly albeit with
different degrees of sensitivity (Fig. 5Ab). The reporter con-
structs of Tp-1487pGL3-Luc and Tp-765pGL3-Luc had rela-
tively higher luciferase activities. This finding was further con-
firmed by the co-transfection of the constitutively active ALK3
receptor (Q233D) (type 1 receptor for BMPs), Smadl and
Smad4, leading to a similar level of enhancement of luciferase
activity in these constructs (Fig. 5Ac¢). The modest impact of
BMP10 on reporter activity could be due to the lack of a co-
transcription factor that facilitates Smad-mediated transcrip-
tion regulation in our experimental system (29).

These data suggested that Smad-responsive elements were
most likely located in the region between nt—765 and the tran-
scription initiation site. To identify potential Smad binding
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sites, we analyzed the Tbx20 promoter in this region using the
MatlInspector program (Genomatix). One conserved Smad
binding site between nt—650 and nt—658 was observed. The
role of this Smad binding site in conferring the BMP10 respon-
siveness was tested by site-directed mutagenesis in the
Tp-1487pGL3-Luc construct. Disruption of the putative Smad
binding site significantly reduced the responsiveness of
Tp-1487pGL3-Luc to BMP10 stimulation (Fig. 5Bc) and to the
overexpression of the constitutively active ALK3 receptor
(Q233D), Smadl and Smad4 (Fig. 5Bd), suggesting that this site
was critical for conferring BMP10 regulation of Tbx20
expression.

To study the interaction between Smads and Tbx20 pro-
moter region, we performed the “transient ChIP” assay (10, 11).
This method allowed us to transfect the Tbx20 promoter frag-
ments containing the putative Smadl binding site or mutated
site carried by the pGL3-Luc plasmid into the P19 cells. Under
conditions where a large portion of chromatin structure is
involved, this method may not fully reflect the interaction com-
plexity between transcription factor and its target regulatory
region. Nonetheless, because the copy number of the trans-
fected plasmid is very large, the impact of native chromatin on
the final outcome of the PCR analysis should be minimal. Con-
sistent with our luciferase analysis, we confirmed that this site
was able to bind Smad1 directly (Fig. 5, C and D). Point muta-
tion of this site diminished Smadl binding to this promoter
region, which further validated this Smadl binding site in the
Tbx20 promoter region.

Generation and Analysis of aMHC-Tbx20 Transgenic Mice—
To determine the biological impact of Tbx20 up-regulation and
the contribution of Tbx20 to abnormal cardiac phenotypes rel-
evant to BMP10, we generated transgenic mice in which the
aMHC promoter was used to drive Tbx20 expression in the
myocardium (Fig. 64). Seven aMHC-Tbx20 transgene-positive
FO mice were obtained from a total of 70 FO mice. The relatively
lower transgenic positive rate (10%) for FO generation may
reflect transgene-induced embryonic lethality. This view was
supported by the observation that five of the «MHC-Tbx20 FO
mice were significantly smaller in body size and eventually died
before reaching weaning age, most likely due to poor cardiac
function (see below). qRT-PCR analysis demonstrated that
Tbx20 expression levels in the aMHC-Tbx20 hearts were
approximately 20-fold higher than that of nontransgenic litter-
mate controls (Fig. 6B).

Overexpression of Tbx20 Leads to Abnormal Ventricular
Structure and Function—The surviving FO aMHC-Tbx20 mice
had significantly reduced body size (8.5 £ 0.4 g nontransgenic
(NTQ) versus 7.5 = 0.5 g transgenic (TG); n = 5; p < 0.05; age,
3 weeks old). Morphological analysis of aMHC-Tbx20 mice
demonstrated severely dilated hearts as early as 3 weeks of age
(Fig. 6, C and D). The heart weight was dramatically increased
(62.1 = 6.0mg NTG versus 102.2 = 10 mg TG; n = 5; p < 0.001;
age, 3 weeks old). M-mode echocardiographic analysis demon-
strated a significant decrease in cardiac contractile function in
aMHC-Tbx20 mice (Fig. 6E). Ejection fraction and fractional
shortening in oMHC-Tbx20 mice were 44% * 3.7% and
36.6% = 3%, respectively, compared with 71.6% * 5% (ejection
fraction) and 57% * 4.6% (fractional shortening) in the non-
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FIGURE 6. Generation and characterization of «MHC-Tbhx20 transgenic mice. A, schematic diagram of transgenic construct for tMHC-Tbx20 transgenic
mice. B, qRT-PCR analysis of Tbx20 expression level in adult «aMHC-Tbx20 hearts. The Tbx20 transcript is approximately 20-fold higher in aMHC-Tbx20
transgenic hearts than that in nontransgenic hearts. C, morphological analysis demonstrating severe dilation of the heart in aMHC-Tbx20 mice as early as 3
weeks of age (n = 4). The heart weight/body weight ratios are 13.6 = 1.3 (mg/g) in «MHC-Tbx20 mice and 7.3 * 0.82 (mg/g) in nontransgenic mice. D,
histological analysis showing dramatic ventricular dilation and revealing abnormal ventricular wall and ventricular septum structures in aMHC-Tbx20 hearts,
which included ventricular hypertrabeculation (red arrows in Dd3) and abnormal muscular septum (black arrows in Dd4). E, M-mode echocardiographic analysis
further demonstrating a significant loss of cardiac contractile function in aMHC-Tbx20 mice (n = 4) compared with littermate controls (n = 4). F, left ventricle
fractional shortening (FS) and ejection fraction (EF) measured in aMHC-Tbx20 mice (n = 4) and control wild-type littermates (n = 4).

transgenic littermate controls. Histological analysis demon- (Fig. 6D, red arrows). The muscular portion of the ventricular
strated that here was a significantly increased amount and septum appeared to be malformed and thickened (Fig. 6D,
thickness of trabecular myocardium in transgenic mouse hearts  black arrows), which could be the consequence of abnormal

FIGURE 5. BMP10 regulates Tbx20 promoter activity through a Smad binding site. A, heterologous promoter assay to determine the Smad binding site in
Tbx20 promoter within 3042 bp of 5'-UTR. Ag, schematic diagram of Tbx20 promoter-luciferase reporter constructs containing different fragments of the
Tbx20 promoter. Ab, P19 cells transfected with these luciferase reporter constructs and treated with BMP10-conditioned medium. Luciferase assays were
performed 24 h after transfection. Ac, P19 cells co-transfected with luciferase reporter constructs, Smad1, Smad4, and ALK3 (Q233D). Luciferase assays were
performed 24 h after transfection. B, conserved Smad binding site from nt—650 to nt—658 relative to the Tbx20 transcription initiation site, found to be
essential for BMP10 responsiveness. Ba and Bb, schematic diagram of site-specific mutagenesis of Smad binding element in Tbx20 promoter. Bc, luciferase
assays performed to demonstrate that the Smad binding site was critical for BMP10-mediated activation of Tbx20 promoter. Bd, luciferase assays performed to
confirm the role of the Smad1 binding site. Tp-1487pGL3-Luc or Tp-1487m pGL3-Luc was transfected alone or in combination with the constitutively active
ALK3 receptor (Q233D), Smad1, and Smad4 to P19 dells. C, ChIP assay confirming that Smad1 is able to bind the potential Smad binding site at approximately
nt—650 to nt—658. Ca, FLAG-tagged Smad1 co-transfected with Smad4, ALK3 (Q233D), and plasmid containing the Tbx20 promoter region from nt—3042 to
nt+448into P19 cells. ChIP was performed as described under “Materials and Methods.” The Tbx20 promoter region from nt—603 to nt—765 (Tp603-765) that
spans the potential Smad binding site is able to be co-immunoprecipitated by anti-FLAG antibody, whereas the control promoter region (Tp-Ctr) from
nt—1213to nt— 1487 failed to show significant binding signal. Cb, FLAG-tagged Smad1 co-transfected with Smad4, ALK3(Q233D) alone (Ctr), orin combination
with the plasmid containing the Tbx20 promoter region from nt—1487 to nt+448 (TP-1478), or the same Tbx20 promoter DNA fragment with the mutated
putative Smad1 binding site (TP-1478m) at nt—650 to nt—658. Chromatin is co-immunoprecipitated with anti-Smad1 antibody. The mutated Tbx20 promoter
fragment shows significant reduction of Smad1 binding. *, p < 0.01, statistics performed using paired Student’s t test.
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ventricular trabeculation. The hypertrabeculation is a known
factor for causing dilated cardiomyopathy (30). Based on our
current understanding that elevated levels of BMP10 in devel-
oping myocardium can lead to ventricular hypertrabeculation
and septal defects (3, 4), this unique ventricular wall defect in
the Tbx20 transgenic mice suggested that Tbx20 is a key func-
tional mediator of BMP10 in ventricular wall development and
maturation.

DISCUSSION

T-box family transcription factors play critical roles in
embryonic development and organogenesis, including cell type
specification, tissue pattering, and morphogenesis (31-34).
Tbx20, also known as Tbx12 (35), is a member of the Tbx1
subfamily. Its expression in mouse embryos can be detected in
the cardiac precursor cells on either side of the midline at E7.5
and persists in the developing myocardium and endocardium at
E8.0 (21, 35, 36). At later developmental stages, Tbx20 expres-
sion is more abundant in the atrium compared with the ventri-
cles (36). Interestingly, the endocardium, myocardium, and epi-
cardium in the developing heart all express Tbx20, suggesting
that Tbx20 has multiple roles in cardiac development (36, 37).
In the present study, we have demonstrated that Tbx20 is a key
mediator of BMP10 signaling in ventricular wall development
and maturation.

BMP10is a novel cardiac cytokine, and its ventricular expres-
sion is restricted to the trabecular myocardium during the
midgestation stage. Our previous work demonstrated that
BMP10 is a key regulator of ventricular trabeculation. Ablation
of BMP10 in mice led to hypoplastic ventricular walls and a
failure to form mature trabecular myocardium (3). Conversely,
up-regulation of BMP10 in the developing myocardium con-
tributed to hypertrabeculation and noncompaction (4, 5).
Despite these findings, the underlying mechanism is largely
unknown because the direct downstream targets regulated by
BMP10 have not been identified. To determine this, we per-
formed gene expression profiling comparing differentially
expressed genes between BMP10 overexpressed transgenic
hearts and sex-matched nontransgenic littermate controls. We
focused our attention mainly on the cardiac transcription fac-
tors. Tbx20 was one of the cardiac transcription factors and the
only member of the T-box family found to be significantly up-
regulated in BMP10 transgenic hearts. Because our gene array
analysis was performed using postnatal hearts isolated from
nonphysiological transgenic mice, it was important to evaluate
whether the data were still valid in embryonic heart. Using in
situ hybridization, we compared the expression pattern and
levels of Tbx20 in correlation with that of BMP10 in wild type,
BMP10-deficient, and BMP10-overexpressed hearts. As dem-
onstrated in Fig. 2, Tbx20 expression in ventricles is closely
correlated with the temporal and spatial expression pattern of
BMP10. Importantly, Tbx20 is only found down-regulated in
developing ventricles, but not in the developing outflow track
region, in BMP10-deficient hearts, strongly indicating that
Tbx20 expression is dependent on BMP10 in the developing
ventricles. Using isolated neonatal cardiomyocytes, we verified
that the induction of Tbx20 was a direct consequence of BMP10
induction. Furthermore, we have identified a conserved cis ele-
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ment for Smad1 binding in the Tbx20 promoter region. In vitro
luciferase assays, point mutation analysis, and ChIP assays con-
firmed that this element was a functional site for BMP/Smad-
mediated regulation. Finally, we have evaluated the biological
impact of elevated Tbx20 levels in myocardium by generating
cardiac-restricted Tbx20 transgenic mice. Tbx20 transgenic
mice developed ventricular hypertrabeculation, which was
consistent with our previous findings (3, 4). Taken together,
these findings strongly support that Tbx20 as an important
downstream mediator of BMP10 signaling during ventricular
wall development and maturation.

Intriguingly, our data suggested that BMP10, but not BMP2
(Fig. 4B), was able to induce Tbx20 in cultured cardiomyocytes.
Earlier studies have shown that Tbx20 is expressed in multiple
cell lineages in the developing heart. Previously, Plageman and
Yutzey demonstrated that Tbx20 can be induced by BMP2/4 in
cultured lateral or medial mesendodermal explant from stage 5
chick embryos (38). Our data may reflect the cell lineage spec-
ificity for regulating Tbx20 expression by different members of
the TGFB/BMP superfamily, which could be due to specific
receptor systems for BMP10 and BMP2/4 or specific canonical
and/or noncanonical signaling pathways involved in Tbx20
regulation. Tbx20 expression in the BMP10 expression domain
was abolished in the BMP10-deficient heart, whereas it was well
maintained in the outflow tract region (Fig. 2), where BMP2 and
BMP4 are present. Using the Xenopus laeves embryonic devel-
opmental system, Conlon and colleagues recently demon-
strated that Tbx20 expression in the ventricular wall was regu-
lated by both BMP-mediated canonical (Smad-mediated
pathway) and noncanonical pathways (39). However, the actual
nature of the noncanonical pathway was yet to be elucidated.
Given that the Smad binding site was found in a comparable
promoter region in the mouse Tbx20 gene, we had reason to
speculate that a novel BMP10-mediated noncanonical signal-
ing pathway is similarly involved in regulating Tbx20 in the
mouse ventricular myocardium.

Tbx20 is well known for its essential role in cardiac morpho-
genesis. Ablation of Tbx20 causes mouse embryonic lethality at
E10.5 due to retarded heart tube formation, which has been
characterized as a smaller ventricular chamber lacking signifi-
cant trabeculae, accompanied by a defect in endocardial cush-
ion formation in the outflow tract and atrioventricular region
(36). Nonsense (Q195X), missense (I152M), and other germ
line mutations within the T-box DNA binding domain of the
human Tbx20 gene have been found to be associated with a
family history of congenital heart defects and a complex spec-
trum of developmental anomalies, including defects in both
ventricular and atrial septation, chamber growth, and valvulo-
genesis. Dilated cardiomyopathy is a common feature for the
Tbx20 mutant phenotypes in both humans and mice (40). Our
study demonstrated that BMP10 is a key upstream regulator for
Tbx20 in the developing ventricle. Elevated levels of Tbx20 in
aMHC-Tbx20 transgenic mice were associated with severe
dilated cardiomyopathy, which could result from ventricular
hypertrabeculation, a hallmark developmental defect for
mutant mice with elevated BMP10 expression (4, 5). This sug-
gests that Tbx20 contributes, at least in part, to the cardiac
defects caused by abnormal levels of BMP10 (4-6). Future
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studies will focus on the molecular mechanism of Tbx20 in
regulating the cardiomyocyte proliferation and differentiation
that ultimately control ventricular wall formation and
maturation.
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