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Transforming growth factor-� (TGF-�) family members,
including TGF-�s, activins, and bone morphogenetic proteins,
exert diverse biological activities in cell proliferation, differentia-
tion, apoptosis, embryonic development, and many other pro-
cesses.Theseeffects are largelymediatedbySmadproteins. Smad7
is a negative regulator for the signaling of TGF-� familymembers.
DysregulationofSmad7 isassociatedwithpathogenesisof avariety
of human diseases. However, the in vivo physiological roles of
Smad7 have not been elucidated due to the lack of amousemodel
with significant loss of Smad7 function.Herewe report generation
and initial characterization of Smad7 mutant mice with targeted
deletionof the indispensableMH2domain.ThemajorityofSmad7
mutantmicedied inuterodue tomultipledefects in cardiovascular
development, includingventricular septaldefectandnon-compac-
tion, as well as outflow tract malformation. The surviving adult
Smad7 mutant mice had impaired cardiac functions and severe
arrhythmia. Further analyses suggest that Smad2/3 phosphoryla-
tionwas elevated in atrioventricular cushion in the heart of Smad7
mutant mice, accompanied by increased apoptosis in this region.
Taken together, these observations pinpoint an important role of
Smad7 in thedevelopment and functionof themouseheart in vivo.

TGF-�3 superfamily members exert their biological func-
tions via binding to serine/threonine kinase receptors at the cell

surface (1), followed by signal transduction by a group of intra-
cellular transducers called Smad (2, 3). Smad proteins can be
classified into three functional subclasses: receptor-regulated
Smad (R-Smad, including Smad1, -2, -3, -5, and -8), common
partner Smad (Co-Smad or Smad4), and inhibitory Smad
(I-Smad, including Smad6 and -7). Upon ligand binding,
R-Smads are phosphorylated by the serine kinase of the recep-
tors and form a heteromeric complex with Smad4. The
R-Smad/Smad4 complex is subsequently translocated into the
nucleus in which they function as transcriptional regulators
that modulate expression of target genes. Smad6 and Smad7
comprise the group of inhibitory Smads that antagonize signal-
ing of TGF-� family members (2, 3). Smad6 preferentially
inhibits bonemorphogenetic protein (BMP) signaling, whereas
Smad7 is inhibitory to both TGF-�/activin- and BMP-medi-
ated signaling by a series of in vitro biochemical analyses (2, 3).
The physiological functions of Smads have been revealed by

gene-targeting analyses in mouse. Mice deficient in Smad1,
Smad2, and Smad5 are dead in utero (4–8), indicating critical
functions of these Smads in early embryonic development.
Mice with deletion of Smad8 are viable and fertile (9), likely
caused by functional compensation by Smad1 and Smad5.
Deletion of Smad3 leads to abnormalities in the immune system
(10, 11). Mice devoid of Smad4 also die in utero (12, 13). Defi-
ciency of Smad6 results in multiple cardiovascular defects,
including outflow tract defects and hyperplasia of the cardiac
valves inmutant embryos, as well as development of aortic ossi-
fication and increased blood pressure in viable mutant mice
(14).
The physiological importance of Smad7 is exemplified by

recent findings that dysregulation of Smad7 is associated with a
variety of pathological conditions in humans, including devel-
opment ofmalignancy (15, 16), scleroderma formation (17, 18),
and chronic inflammatory bowel diseases (19). To further elu-
cidate the physiological functions of Smad7, it is urgently
needed to have an animal model with functional loss of Smad7.
Previously, Li et al. (20) reported a hypomorphic Smad7mouse
model in which exon 1 of the mouse Smad7 gene was deleted.

* This work was supported, in whole or in part, by National Institutes of Health
Grants R21-CA122764 and R03-HD049556, by NIH Grants R01-HL81092
and R01-HL70259 (to W. S.), and by NIH Grant P01-HL85098 (to L. J. F. and
W. S.). This work was also supported by the Indiana Genomics Initiative
(INGEN), the National Natural Science Foundation of China (Grant
30588002), the Ministry of Science and Technology of China (Grants
2006CB943902 and 2007CB947100), the Science & Technology Commis-
sion of Shanghai Municipality (Grant 07DJ14005) (to Y. C.), and the Riley
Children Foundation (to W. S. and L. J. F.). The costs of publication of this
article were defrayed in part by the payment of page charges. This article
must therefore be hereby marked “advertisement” in accordance with 18
U.S.C. Section 1734 solely to indicate this fact.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1 and S2.

1 To whom correspondence may be addressed: Tel.: 317-274-8952; Fax: 317-
278-5413; E-mail: wshou@iupui.edu.

2 To whom correspondence may be addressed: Tel.: 86-21-5492-0916; Fax:
86-21-5492-0291; E-mail: ychen3@sibs.ac.cn.

3 The abbreviations used are: TGF-�, transforming growth factor-�; BMP,
bone morphogenetic protein; ECG, electrocardiogram; MH2, Mad homol-
ogy 2; Smad, Sma- and Mad-related protein; VSD, ventricular septal defect;

RT, reverse transcription; BrdUrd, bromodeoxyuridine; TUNEL, terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling; E, embry-
onic day; FS, fractional shortening; EF, ejection fraction.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 1, pp. 292–300, January 2, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

292 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 1 • JANUARY 2, 2009

http://www.jbc.org/cgi/content/full/M807233200/DC1


Thesemutantmice appeared to have normal phenotype, except
for some alterations in B-cell responses (20). The function of
Smad7 was not completely lost in this mutant mouse model,
because deletion of exon 1 of the Smad7 gene resulted in a
truncated Smad7protein containing intactMH2domain due to
alternative splicing. The retaining of Smad7 function in these
mutant mice is consistent with a previous study demonstrating
that the inhibitory effect of Smad7 is mainly mediated by the
MH2 domain of the protein (21).
Studies of the expression pattern of Smad7 in early embryos

suggest that it may play a role in cardiovascular development.
Using in situ hybridization, Smad7 was found highly expressed
in endothelial cells throughout aorta and various arteries in the
embryo and adult tissues in the mouse (22). In the developing
heart (E11.5 to E12.5), Smad7 is predominantly expressed in
atrioventricular cushion (22). Recently, using a transgenic
approach, we demonstrated that a 4.3-kb Smad7 promoter is
able to direct reporter expression in various endothelial cells,
including atrioventricular cushion (23).
To generate a mouse model with complete functional loss of

Smad7, we targeted theMH2 domain of Smad7. As a result, we
found that themajority of Smad7mutantmice died in utero due
to multiple development defects in the heart. On the other
hand, the surviving adult mutant mice had declined cardiac
function and arrhythmia. These findings, therefore, have
uncovered an important physiological function of Smad7 in the
development of mouse heart in vivo.

EXPERIMENTAL PROCEDURES

Generation of Smad7MutantMice—Themouse Smad7 gene
contains four exons in which exon 4 harbors the entire MH2
domain. In the knockout construct, the first loxP element was
inserted immediately before exon 4 and the second loxP was
inserted after the stop codon within exon 4 (Fig. 1A). A neomy-
cin selection cassette was placed after the second loxP. The
linearized construct was electroporated into embryonic stem
cells thatwere subjected toG418 selection. Chimericmicewere
generated by blastocyst injection at the Indiana University
School ofMedicineTrangenic/Knockout facility, and theywere
used to intercross with C57BL/6 mice to obtain heterozygous
animals (Smad7loxP) that were characterized by Southern blot-
ting analysis (Fig. 1B). Systemic deletion of Smad7 MH2
domain was achieved by crossing Smad7loxP male mice with
Tie2-Cre female mice, or crossing Smad7loxP mice with EIIa-
Cre mice.
RNA Isolation and RT-PCR—Total RNA was isolated using

TRIzol reagent (Invitrogen) from various tissues of adult mice
or mouse embryos. The RNA was treated with RNase-free
DNase I and reverse-transcribed with oligo(dT) primer using
the SuperScript First-Strand Synthesis System for RT-PCR
(Invitrogen). Oligonucleotide primers used for RT-PCR to
detect Smad7 mRNA were: 5�-AAGTGTTCAGGTGGCCG-
GATCTCAG-3� and 5�-ACAGCATCTGGACAGCCTGCA-
GTTG-3� for the region of exons 1–3, 5�-CAACTGCAGGCT-
GTCCAGATGCTGTAC-3� and 5�-GTAAACCCACACGCC-
ATCCACTTCC-3� for exons 3–4, 5�-GTTCAGGACCAAAC-
GATCTG-3� and 5�-GGGGAGACTCTAGTTCACAG-3� for

exons 1–2, and 5�-CCTCCTCCTTACTCCAGATACCC-3�
and 5�-CTGGGAGAAACCTGATGAAA-3� for exons 2–4.
Histological Analysis, BrdUrd Labeling, TUNEL Assay, and

Immunohistochemistry—Mouse embryos were harvested by
cesarean section. Embryos and isolated heartswere fixed in 10%
neutral buffered formalin, paraffin-embedded, sectioned (at 7
�m), and stained with hematoxylin and eosin. For BrdUrd
staining, pregnant mice were injected with BrdUrd 1 h prior to
dissection (0.1 mg/g body weight). The embryos were collected
and fixed, paraffin-embedded, and sectioned (at 7�m).Antigen
retrieval was performed by citrate buffer methods, followed by
treatment with 1 N HCl for 90 min at room temperature. Pri-
mary anti-BrdUrd antibody was incubated at 4 °C overnight,
followed by incubation with secondary antibody and nuclear
staining with Hoechst 33342. The images were examined using
a Leica DM500 fluorescence microscope. The cell proliferation
rate was calculated as the ratio of BrdUrd-positive cells versus
Hoechst-positives cells. TUNEL assays were performed on par-
affin sections using the Apoptag kit (Chemicon, Temecula,
CA). Positive controls of TUNEL assay were performed via
treatment with 0.1 �g/ml of DNase I (Sigma-Aldrich) for 10
min at room temperature for generation of nicks on double-
stranded DNA. Immunohistochemical staining was per-
formed on paraffin sections using a Vectastain ABC kit
according to manufacturer’s instructions (Vector Laborato-
ries, Burlingame, CA). The following primary antibodies
were used: rabbit anti-phosphorylated-Smad2/3 antibody
(Chemicon) and rabbit anti-phosphorylated-Smad1/5/8
antibody (Cell Signaling Technology).
Echocardiography and ECG—Transthoracic echocardio-

gramswere performed under 1.5–2.0% isoflurane. Two-dimen-
sional short-axis images were obtained using high resolution
Vevo 660 and 770 Imaging Systems (Visualsonics Inc., Toronto,
Canada) equipped with a 35-MHz scan probe. Left ventricular
chamber dimensions at systolic and diastolic phases were
measured from M-mode recording. Heart rate was calculated
from simultaneous electrocardiogram recording. Left ventric-
ular volume, fractional shortening (FS%), and ejection fraction
(EF%) were calculated using the Vevo Analysis program. ECG
was performed using a protocol as previously described (24). A
representative 2-s segment of each mouse was selected for
measuring the P wave durations, P-R intervals, QRS durations,
and RR intervals, as well the baselines and the morphology of
QRS complexes.
Animal Protocols—All protocols involving the use of animals

were in compliance with the National Institutes of Health’s and
the Indiana University Laboratory Animals Research Commit-
tee’s Guidelines for the Care and Use of laboratory Animals.
C57BL/6 mouse strain was purchased from Harlan (Indianap-
olis, IN). For timing of the pregnant mice and embryos, the
noon of the day that the vaginal plug was observed was desig-
nated embryonic day 0.5 (E0.5).
Statistical Analysis—Analysis of variance was used for the

analysis of R-R variation of ECG. A chi-square test was used for
the analysis of the number of mice survived to weaning stage.
Student’s t test was performed with all other comparisons, and
p � 0.05 was considered statistically significant.
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RESULTS

Generation of Smad7 Mutant Mice—To generate mutant
mice with functional loss of Smad7, we targeted exon 4 of
Smad7 gene with two loxP sites (Fig. 1A). This region of Smad7
gene harbors the entire MH2 domain (Fig. 1A). Correctly tar-

geted ES cell clones and heterozy-
gous animals were identified by
Southern blot analysis (Fig. 1B).
Heterozygous and homozygous
Smad7loxP mice are viable, fertile,
and phenotypically normal, indicat-
ing that the neomycin selection cas-
sette had no detrimental effect on
Smad7 gene expression. In the pres-
ence of Cre recombinase, the 5�-half
of exon 4would be deleted, resulting
in complete loss of the C-terminal
half of Smad7 protein (amino acids
247–426) that covers the entire
MH2 domain (amino acids 260–
426). We created a systemic Smad7
MH2 deletion mouse (Smad7�MH2)
by taking advantage of maternal
germ line expression of Cre in
oocytes in the Tie2-Cre transgenic
female mouse, as the oocytes have a
transient expression of Cre protein
frommaternally derived CremRNA
(25). By crossing Smad7loxP male
mice with Tie2-Cre femalemice, we
were able to generate systemic dele-
tion of Smad7 MH2 domain (Fig.
1C). We also used EIIa-Cre mice to
generate systemic Smad7�MH2�/�

mice (26) (Fig. 1D). Both the
Tie2-Cre- and EIIa-Cre-generated
Smad7�MH2�/� mice had similar
phenotypes. Systemic deletion of
Smad7MH2domainwas confirmed
by RT-PCR in different tissues (Fig.
1, C and D). In these experiments,
the cDNA region corresponding to
exon 4 could not be detected in all
the homozygous Smad7-defficient
mice, although the region corre-
sponding to exon 1–3 was still
detected in these animals.
Impaired Cardiovascular Devel-

opment in Smad7 Mutant Mice—
Heterozygous Smad7 mutant mice
(Smad7�MH2�/�) were fertile and
apparently normal, and were inter-
crossed to generate homozygous
mutant mice (Smad7�MH2�/�). We
found pre-weaning loss of the
homozygous mutant mice (Fig. 2A).
By analyzing the gross morphology
of the developing embryos, we

observed signs of defects in cardiovascular development in
Smad7�MH2�/� mice. A large number of Smad7�MH2�/�

embryos from E14.5 to E16.5 appeared pale and displayed
prominent subcutaneous edema (Fig. 2,C andD), characteristic
of failure in the circulatory system. The majorities of neonatal

FIGURE 1. Generation of Smad7 mutant mice. A, diagrams of the Smad7 protein, the exon-intron structure of
mouse Smad7 gene, the knockout construct, and the outcomes of homologous recombination. The number-
ing of amino acid is illustrated at the top. The position of the genomic region used for Southern blotting
analysis is labeled with a bold bar. E stands for exons and H for HindIII restriction sites. The translation initiation
site is marked as ∧ , and the stop codon is marked as *. B, Southern blotting analysis of Smad7loxP alleles.
Genomic DNA was isolated from mouse tails and used in Southern blotting analysis after HindIII digestion. The
wild-type Smad7 allele is shown as a single 8.0-kb band, and the targeted allele was at 3.8 kb. The arrows
indicate heterozygous Smad7loxP mice. C, RT-PCR analyses of lung, liver, and heart from adult or embryonic
wild-type and Smad7�MH2�/� mice (created via Tie2-Cre) with specific primers that amplify mRNA correspond-
ing to exons 1–3 or exons 3– 4, respectively. D, RT-PCR analysis of total RNA isolated from multiple tissues in
adult wild-type and Smad7�MH2�/� mice (created via EIIa-Cre) with specific primers that amplify mRNA corre-
sponding to exons 1–2 or exons 2– 4, respectively.
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Smad7�MH2�/� mice were smaller
thanwild-type andheterozygous lit-
termates. Histological analysis of
these Smad7�MH2�/�mice revealed
abnormal ventricular development,
including ventricular septal defect
(VSD), thin ventricular wall, and
ventricular non-compaction (Fig. 2,
C–E). The alignment of aortic and
pulmonary artery was perturbed in
some of the Smad7�MH2�/� mice
(Fig. 2F). Although histological
analysis revealed various develop-
mental defects in Smad7�MH2�/�

embryos, the abnormal phenotype
was not fully penetrated (Fig. 2B).
Altered Cardiac Function and

Arrhythmia in Viable Smad7 Mu-
tant Mice—A small percentage of
homozygous mutant mice could
survive to adulthood. However,
the viable homozygous mutant
mice were significantly smaller in
size when compared with wild-
type and heterozygous littermates
(23.78 � 2.72 g versus 28.11 �
2.16 g, at 6 months old, p � 0.01).
Histological analysis showed a
thinner right ventricular wall in
adult Smad7�MH2�/� mice than
that of the wild-type animals (Fig.
3A). Using echocardiography, we
analyzed cardiac function in the via-
ble Smad7 mutant mice (Fig. 3B).
Echocardiography showed a dra-
matic increase in the systolic ven-
tricular chamber volumes associ-
atedwith declined cardiac functions
in viable Smad7�MH2�/� mice,
including significantly decreased
fractional shortening (FS) and ejec-
tion fraction (EF) as compared with
the wild-type controls (Fig. 3B). In
addition, ECG was recorded in four
pairs of Smad7�MH2�/� mice and
wild-type littermate controls. Three
of the four Smad7 mutant mice had
abnormalities in ECG recordings,
whereas all control mice had nor-
mal sinus rhythm and normal
morphology of the QRS complex
(Fig. 3C). The R-R intervals of
representative 2-s recordings of
the mice were measured, and
statistic analysis indicated that
Smad7�MH2�/� mice had signifi-
cantly higher incidence of irregular
heart beat than the wild-type con-

FIGURE 2. Defects of cardiac development in Smad7�MH2�/� mice. A, under-presentation of Smad7�MH2�/�

mice. The table summarizes the number of mice that survived to weaning stage. B, summary of cardiac phe-
notypes of Smad7�MH2�/� embryos at E14.5 and E16.5. C and D, embryo images and histological analyses of
Smad7�MH2�/� mice at E14.5 and E16.5. Note that the Smad7�MH2�/� mice had edema in the dorsal region
(marked by *). Transverse heart sections (right panels) at atrioventricular valve level showed VSD (arrowheads)
and ventricular non-compaction (arrows). RA, right atrium; LA, left atrium; RV, right ventricle; LV, left ventricle;
and VS, ventricular septum. E, neonatal Smad7�MH2�/� mouse was smaller and pale in comparison with wild-
type littermate (left panel). Transverse heart sections (right panel) revealed VSD (arrowhead) and ventricular
non-compaction (arrow). F, outflow tract defects in a Smad7�MH2�/� mouse. The positioning of aorta (A)
relative to pulmonary artery (P) was altered in Smad7 mutant embryos at E16.5.
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trol animals. Smad7�MH2�/� mice also appeared to have
abnormal morphologies of the QRS complexes, although the
QRS duration was not altered (Fig. 3C). The R-R interval was
significant increased in Smad7 mutant mice (219 � 58 ms in
mutant mice versus 154 � 8 ms in controls, p � 0.01).
Increased Phosphorylation of Smad2/3 in Atrioventricular

Cushion and Ventricular Endocardium in Smad7 Mutant
Mice—One of themajor signaling events subsequent to TGF-�
receptor activation is Smad2/3 phosphorylation (2, 3). We

hypothesized that functional loss of
Smad7 in Smad7�MH2�/� mice
could activate the TGF-� signaling
through an increase in Smad2/3
phosphorylation. To address this
issue, we performed an immunohis-
tochemical staining to determine
the level of Smad2/3 phosphoryla-
tion (p-Smad2/3) in Smad7-defi-
cient hearts. In wild-type controls,
we found that nuclear p-Smad2/3
staining was present in atrial and
ventricular myocardia, while largely
absent in atrioventricular cushion
and at low level in atrial and ventric-
ular endocardia (Fig. 4A). In
Smad7�MH2�/� mice, p-Smad2/3
staining was significantly increased
in the endocardial cells in atrioven-
tricular cushion (Fig. 4A). Surpris-
ingly, a large number of p-Smad2/3-
positive cells were also found in
atrial and ventricular endocardial
cells (Fig. 4A). The change of
Smad2/3 phosphorylation in
endocardium may partly underlie
the non-compaction phenotype
observed in Smad7�MH2�/� mice
(Fig. 4B), because recent studies
have demonstrated that ventricu-
lar endocardium plays a pivotal
role in regulating ventricular tra-
beculation and compaction (27–
31). We also analyzed phosphoryla-
tion of Smad1/5/8 (p-Smad1/5/8),
the Smads downstream of BMP
receptors, in the Smad7-deficient
hearts. Interestingly, p-Samd1/5/8
level was not altered in Smad7-defi-
cient hearts when compared with
the littermate controls (supplemen-
tal Fig. S1), suggesting that Smad7 is
more relevant to TGF-�-mediated
signaling than to the BMP pathway
under physiological conditions.
Increased Apoptosis in Atrioven-

tricular Cushion in Smad7 Mutant
Embryos—Previously, studies have
shown that TGF-�s are key cyto-

kines in regulating developmental apoptotic events during car-
diac development (32). Apoptosis in endocardial cushion is a
tightly regulated event (33). Lack of apoptosis would lead to
malformed valvular tissues (34). Abnormally enhanced apopto-
sis activity would lead to various other cardiac defects, includ-
ing VSD (35–38). We analyzed cellular apoptosis at various
heart development stages using TUNEL assay. These experi-
ments revealed that Smad7mutantmice had elevated apoptosis
in localized regions of the atrioventricular cushion at E14.5 (Fig.

FIGURE 3. Altered cardiac function and arrhythmia in viable adult Smad7�MH2�/� mice. A, histological
analysis showed a very thin wall in the right ventricle in adult Smad7�MH2�/� mice (at 9 months old). RA,
right atrium; LA, left atrium; RV, right ventricle; LV, left ventricle; and VS, ventricular septum. B, echocardiograph
analysis of wild-type and viable Smad7�MH2�/� mice (at 3 months old, n � 5). Representative two-dimensional
and M-mode images are shown. Measurement of various parameters of cardiac functions is shown in the lower
panel, and * stands for p � 0.01. C, ECG analysis of wild-type and viable Smad7�MH2�/� mice (at 3 months old).
Representative ECG images reveal arrhythmia (arrows) in Smad7 mutant mice.
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5). DNase I-treated heart sections at E14.5 were used as positive
controls for TUNEL staining (Fig. 5). The increase of apoptosis
in atrioventricular cushion in the mutant mice is consistent
with the observations that Smad2/3 phosphorylation is ele-
vated in endocardial cushion (Fig. 4), and that Smad7 is pre-
dominantly expressed in this region (22, 23).
Analysis of Cell Proliferation in the Heart of Smad7 Mutant

Mouse—Ventricular trabeculation is commonly associated
with cellular proliferative activity in the myocardium (39),
whereas little is known for the molecular mechanism involved
in the process of compaction. It was assumed that increasing

hemodynamic load duringmid-ges-
tation stage plays a role in initiating
the compaction process (39). Ven-
tricular endocardium could play an
important role in regulating this
activity (27–31). To understand the
potential mechanisms underlying
the unique non-compaction pheno-
type in Smad7�MH2�/� mice, we
analyzed cell proliferative activity in
the developing hearts. Using
BrdUrd incorporation and immu-
nostaining, we revealed a slight
increase of cell proliferation rate in
the trabecular myocardium and
endocardium in the right ventricle
of Smad7�MH2�/� mice when com-
pared with wild-type controls (sup-
plemental Fig. S2, p � 0.05). We did
not find significant alteration in cell
proliferation profile in other areas
of the heart (supplemental Fig. S2B),
including the left ventricle. The lack
of overall alteration in cellular pro-
liferative activity in Smad7-defi-
cient hearts suggests that the pri-
mary defect in the myocardium is
not in the cellular proliferation-as-
sociated trabeculation, but rather in
the process of ventricular compac-
tion. This observation is consistent
with our histological finding that
the size and morphology of ventric-
ular trabecula were not altered in
Smad7-defficient mice when com-
pared with wild-type controls (Fig.
2), whereas the compaction is defec-
tive in the mutant mice.

DISCUSSION

Although numerous studies have
suggested that Smad7 plays a role in
human diseases (17, 19), a direct
relationship between a loss of
Smad7 function and dysregulated
physiology in animalmodels has not
been established. The hypomorphic

mouse model with exon 1 deletion of the Smad7 gene does not
have a cardiovascular phenotype (20), likely due to the fact that
the MH2 domain is still expressed and the inhibitory function
of Smad7 is not completely lost in these mutant mice. Smad7 is
involved in the inhibition of TGF-� superfamily signaling
through interaction of itsMH2domainwith type I receptors. In
vitro studies have indicated that mutations in theMH2 domain
are able to abolish the inhibitory effect of Smad7 on transcrip-
tional responses induced by TGF-� (21). The deletion of the
entire MH2 domain of Smad7 in our mouse model gave rise to
profound defects in cardiac development. These findings indi-

FIGURE 4. Increased phosphorylation of Smad2/3 in atrioventricular cushion and endocardium in Smad7
mutant embryos. A, immunohistochemical staining of heart sections at E11. 5 with an antibody against
phosphorylated Smad2/3 and counterstained with methyl green. Amplified pictures are shown for the areas of
atrioventricular cushion, atrium, and ventricle. The arrows in black indicate representative cells in cardiac
cushion region. The arrows in red indicate representative cells in ventricular or atrial endocardium. Note that
Smad2/3 phosphorylation is increased in atrioventricular cushion and endocardium of Smad7�MH2�/� mouse
in comparison with the wild-type control. RA, right atrium; LA, left atrium; AVC, atrioventricular cushion; RV,
right ventricle; LV, left ventricle; and VS, ventricular septum. B, summary of the Smad2/3 phosphorylation levels
in various areas of mouse heart and the effect of Smad7 deletion on TGF-� signaling, as well as the potential
physiological consequences.
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cate that theMH2 domain is indispensable for the in vivo func-
tion of Smad7.
Our study reveals for the first time that Smad7 is essential for

cardiogenesis, consistent with the observation that Smad7 is
profoundly expressed in the cardiovascular system in mouse
embryos (22, 23). A majority of Smad7�MH2�/� embryos from

E14.5 to E16.5 had subcutaneous
edema, a sign of failure in the circu-
latory system due to cardiac defects.
Serial histological sections of
Smad7�MH2�/� embryos revealed
ventricular non-compaction as well
as ventricular septal defects and
defect in the alignment of aorta and
pulmonary artery. Interestingly, we
did not find major defects in heart
valves in Smad7�MH2�/� embryos
examined, indicating that Smad7
may not play a vital role in the devel-
opment of heart valves, but has an
effect in the development of other
structures derived from the cushion
tissue, such as outflow tract and
ventricular septum.
Ventricular non-compaction is a

unique type of congenital cardiac
defect. Usually, hypertrabeculation
is associated with ventricular non-
compaction. In Smad7-deficient
hearts, the size and morphology of
ventricular trabeculation appears to
be normal. The thickness of trabec-
ularmyocardium is not significantly
altered, consistentwith the observa-
tion that the cellular proliferative
activity in Smad7-deficient ventri-
cles is largely normal, except in right
ventricular trabeculea (supplemen-
tal Fig. S2). The change of cell pro-
liferation rate in right ventricular
trabecula could have resulted froma
compensatory mechanism subse-
quent to either cardiac non-com-
paction or altered cardiac function.
Nevertheless, the cardiac compac-
tion process is clearly compromised
in the Smad7-deficient mice.
The molecular mechanism for

cardiac compaction is still not
known. Interestingly, mice deficient
in FKBP12, another negative regu-
lator for TGF-� signaling, also
develop cardiac non-compaction
(40), suggesting that a common
TGF-�-mediated pathway contrib-
utes in cardiac ventricular compac-
tion. FKBP12 has been shown to
interact with TGF-� type I receptor

and inhibit the signaling of TGF-� superfamily members (41).
Because FKBP12 can function as an adaptor protein for the
efficient recruitment of Smad7-Smurf1 complex to activin type
I receptor (42), functional loss of Smad7 may share a similar
mechanism with that of the FKBP12 deficiency underlying the
formation of cardiac defects. However, further analyses are

FIGURE 5. Increased apoptosis in atrioventricular cushion in Smad7 mutant embryos. TUNEL assay of
heart sections at E14.5 with methyl green as a counterstain. DNase I treatment was used as a positive control for
TUNEL assay. Representative apoptotic cells are marked by arrows. Note that the Smad7�MH2�/� mouse dis-
played an increase of apoptosis-positive cells in localized regions of atrioventricular cushion in comparison
with the wild-type littermate controls. RA, right atrium; LA, left atrium; AVC, atrioventricular cushion; RV, right
ventricle; LV, left ventricle; and VS, ventricular septum.
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needed to elucidate the functional interaction between Smad7
and FKBP12 in vivo.
Intriguingly, a small percentage of Smad7�MH2�/� mice

could survive to adulthood. However, these viable Smad7
mutant mice had a reduction in body size. Statistical analysis of
the body weight of the 3-month-old mice indicated that
homozygous Smad7�MH2 mice were significantly smaller than
the littermate wild-type or heterozygous control animals (p �
0.01). The functional assessment using echocardiography
revealed a decline of cardiac functions in Smad7�MH2�/� adult
mice,manifested as a significant increase in the systolic ventric-
ular chamber as well as significant decreases in fraction short-
ening (FS) and ejection fraction (EF). Decreases in FS andEF are
indicative of a decrease in contractile activity in the ventricular
wall of the Smad7mutant animals. In addition, three out of four
Smad7�MH2�/� adult mice had severe cardiac arrhythmia by
ECG analysis. The abnormal morphologies of the QRS com-
plexes of the Smad7 mutant mice could be caused by cardiac
non-compaction. In humans, clinicalmanifestations of ventric-
ular non-compaction include decreased systolic function in the
left ventricle and arrhythmia (43). As Smad7�MH2�/� mice
demonstrated declined cardiac functions and arrhythmia in
addition to non-compaction, these mice mimic the clinical fea-
tures of cardiac non-compaction in humans.
The incomplete penetrance of the cardiac defects in Smad7

mutant mice could be due to potential functional redundancy
with another inhibitory Smad, Smad6. Both Smad6 and Smad7
are inhibitory Smads that are expressed in the cardiovascular
system in mouse embryos (44). Smad6 predominantly antago-
nizes BMP signaling. Although our analysis of Smad7 mutant
mice strongly indicates that Smad7 is more relevant to TGF-�-
mediated signaling thanBMP signaling in vivo, previous in vitro
biochemical analysis demonstrated that Smad7 is capable of
inhibiting both TGF-�/activin and BMP signaling. Mouse
embryos with deletion of the MH2 domain of Smad6 have
defects in outflow tract septation and hyperplasia in cardiac
valves (14). Meanwhile, aortic ossification and elevated blood
pressure are found in viable adult Smad6 mutant mice (14).
However, the non-overlapping phenotypes in Smad7�MH2�/�

mice in comparison with the Smad6 mutant mice indicate a
high degree of functional specificity within the inhibitory Smad
subfamily under normal physiological condition in vivo. In
addition, we could not rule out the possibility that genetic back-
ground may contribute to the variation of penetrance in the
Smad7-deficient mice.
Our study indicates that phosphorylation of Smad2/3 is at a

high level in atrial and ventricularmyocardiumbut is not prom-
inent in the atrioventricular cushion and endocardium in wild-
type heart at E11.5 (Fig. 4A), largely consistent with the obser-
vation as previously reported (45). However, phosphorylation
of Smad2/3 wasmarkedly increased in atrioventricular cushion
and endocardium in Smad7�MH2�/� mouse (Fig. 4A). From
E11.5 to E12.5, Smad7 is predominantly expressed in atrioven-
tricular cushion tissues (22, 23). Whether or not Smad7 is
expressed in endocardium has not been carefully examined.
However, because Smad7 is strongly expressed in the endothe-
lium of major arteries (22), it is possible that the negative stain-
ing in in situ data is due to a lower abundance of Smad7 in this

tissue. The increased Smad2/3 phosphorylation levels in car-
diac cushion tissues and endocardium in Smad7-mutantmouse
are highly likely due to disrupted expression of Smad7 in these
areas. The consequent changes of TGF-� signaling in these tis-
sues may contribute to various heart defects such as outflow
tractmalformation,VSD, andnon-compaction (summarized in
Fig. 4B). Consistent with previous reports that demonstrated
absence of Smad7 in atrial and ventricularmyocardium (22), we
did not find changes of Smad2/3 phosphorylation in these areas
(Fig. 4A). Considering that TGF-� signaling is able to trigger
apoptosis (46), the elevated phosphorylation of Smad2/3 found
in the atrioventricular cushion due to functional loss of Smad7
could lead to apoptosis in this region. Consistently, we did find
an increase of apoptosis in endocardial cushion in the
Smad7�MH2�/� mouse (Fig. 5), partially explaining the defects
of cardiac development observed in these animals.
In summary, our data demonstrate that Smad7 is required for

cardiac development in embryonic stage and cardiac function
in adult. Considering such an important role of Smad7 in car-
diac development, the next challenge would be to determine
whether Smad7 is associated with congenital heart defects in
humans.
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