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factor (TGF)-B signalling pathway as an adaptor for Smads. Loss of 2-spectrin in mice (Spnb2~' ™) results in embryonic
lethality with gastrointestinal, liver, neural, and heart abnormalities that are similar to those in Smad2™'~ Smad3*'~ mice.
However, to date, the role of 32-spectrin in embryogenesis, particularly in heart development, has been poorly deli-
neated. Here, we demonstrated that B2-spectrin is required for the survival and differentiation of cardiomyocytes,
and its loss resulted in defects in heart development with failure of ventricular wall thickening.

Disruption of B2-spectrin in primary muscle cells not only inhibited TGF-8/Smad signalling, but also reduced the
expression of the cardiomyocyte differentiation markers Nkx2.5, dystrophin, and a-smooth muscle actin (a-SMA).
Furthermore, cytoskeletal networks of dystrophin, F-actin, and a-SMA in cardiomyocytes were disorganized upon
loss of B2-spectrin. In addition, deletion of B2-spectrin in mice (Spnb2"™'%*™%) prevented proper development of the
heart in association with disintegration of dystrophin structure and markedly reduced survival.

These data suggest that [32-spectrin deficiency leads to inactivation of TGF-3/Smad signalling and contributes to dysre-
gulation of the cell cycle, proliferation, differentiation, and the cytoskeletal network, and it leads to defective heart devel-
opment. Our data demonstrate that 32-spectrin is required for proper development of the heart and that disruption of
[32-spectrin is a potential underlying cause of congenital heart defects.

B2-Spectrin ¢ TGF-3 e Cytoskeleton e Cardiogenesis

1. Introduction

Spectrin, a tetrameric protein consisting of two antiparallel dimers of a-
and B-subunits,” acts as a molecular scaffold to link the plasma mem-
brane to the actin cytoskeleton and actin cross-linking. It is known to
play a key role in membrane integrity, cell shape and polarity, and
cell—cell interaction.” B2-Spectrin is ubiquitously expressed and is the
most common non-erythrocytic member of the family of 3-spectrin
genes. Gene-targeting studies in mice have also shown that 32-spectrin
regulates transforming growth factor-B (TGF-B) signalling through
interactions with Smad3/4 adaptor proteins.>* TGF-B stimulates the
translocation of Smads, which control multiple cellular processes,

including cell growth, differentiation, adhesion, migration, and apoptosis.
Activation of Smads increases the transcription of CDK inhibitors, inhi-
biting G1/S phase transition and subsequently inducing cell-cycle exit
and differentiation.” In this process, B2-spectrin plays a role in the trans-
location of Smads, and its loss causes G1-S phase transition through the
activation of cyclin D1/CDK4 in hepatocellular carcinogenesis and
angiogenesis.6

Smad ssignalling plays a pivotal role in heart development by stimulating
the expression of bone morphogenetic protein (BMP) and TGF-B.”®
Activated BMP and TGF- receptors induce the phosphorylation of
Smad1/5/8 and Smad2/3, respectively.” ' The activated R-Smads associ-
ate with Smad4, and the Smad complex translocates from the cytosol to
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the nucleus to transactivate the target genes that induce heart develop-
ment.> Therefore, deletion of Smad4 perturbs BMP/TGF-B signalling,
leading to defects in the expression of genes for several cardiac tran-
scription factors, including Nkx2.5, GATA4, and MEF2c." Consequent-
ly, disruption of Smad4 in mouse embryonic cardiomyocytes results in
mid-gestational lethality with defects in heart development, which man-
ifests as a defective, hypocellular myocardial wall caused by decreased
cell proliferation and increased apoptosis.' "> Both Smad5- and Smadé-
knockout mice also exhibit heart defects. Embryonic disruption of
mouse Smad5 by gene targeting results in embryonic lethality with
defectsin heart looping due to abnormalities in left—right axis determin-
ation.'® In contrast, mice null for the negative regulator of Smads, Smadé,
survive to adulthood, but exhibit hyperplasia of cardiac valves.'®

In mammalian hearts, spectrin is localized to the sarcolemma, the
intercalated discs and Z-bands, and is closely associated with mem-
branes, myofibrils, and intermediate filaments."* Loss of B2-spectrin in
mice leads to embryonic lethality in mid-gestation due to multiple
defects, including failure to fully develop the heart. Interestingly, mice
with a haploinsufficiency of 32-spectrin exhibit a phenotype similar to
that of Beckwith—Wiedemann syndrome (BWS), which is a hereditary
stem cell cancer syndrome with abnormal appearance. In addition, dra-
matic decreases in 32-spectrin expression due to epigenetic silencing
have been identified in BWS cell lines and non-tumour tissues generated
from human patients.'> Moreover, some BWS patients show congenital
heart failure with ventricular septal defects.'®'” However, the contribu-
tion of 32-spectrin to heart structure formation remains unclear.

Inthe present study, we report that 32-spectrin is required for proper
formation of the heart during development. Using in vitro cardiomyocyte
cultures, we demonstrate that multiple abnormalities occur upon loss of
B2-spectrin, including dramatic alterations of associated cytoskeletal
proteins, and changes in proliferation and apoptosis. In vivo, loss of
[B2-spectrin expression in mice caused defects in heart structure, includ-
ing disintegration of dystrophin structure, and was associated with a
marked reduction in survival. Our data indicate that B2-spectrin is
required for proper development of the heart, by mediating TGF-3/
Smad signalling, and that disruption of 32-spectrin is a potential under-
lying cause of congenital heart defects.

2. Methods
2.1 Animals

Spnb 2™ 1aBUCOMMWLS (5np 2tm19) mice were generated using a promoter-
less selection cassette for premature termination and reporter knockout
of transcript."® The live mice were kindly provided by the Welcome Trust
Sanger Institute. Conditional knockouts were established by directly
mating female mutant mice (C57BL/6N) with Actin-Flp mice (C57BL/6)) to
delete the gene-trap cassette via FLP1 recombinase (see Supplementary ma-
terial online, Figure $1)."” Mice were genotyped by polymerase chain reaction
analysis using the primer pair, 5’-agc ttg ccc agt atg gtc tc-3” (forward) and
5’-gga gct taa gag cgt cat gc-3’ (reverse). The amplified conditional allele dis-
played an electrophoretic shift-up due to the inclusion of an intronic loxP in-
sertion site. The pregnant mice were euthanized by inhalation of carbon
dioxide gas using euthanasia chamber. All animal procedures were approved
by the Institutional Animal Care and Use Committee of the National Cancer
Center, in accordance with the NIH Guide for the Care and Use of Animals.

2.2 Cardiomyocyte culture

Cardiomyocytes were isolated from the embryos of Spnb2 conditional mice
(Spnb2<°'°) at E14.5 using a conventional pre-plating method,?® with modi-
fications. Briefly, isolated ventricles were incubated twice with enzyme

solution (0.125% trypsin and 0.05% collagenase type Il) for 10 min at 37
°C to completely digest the heart tissue. The digested cells were enriched
for cardiomyocytes by pre-plating on a tissue culture dish twice for 40 min
each to remove adherent cells. Enriched cardiomyocytes (purity >90%)
were collected and plated at 100 000 cells on laminin-coated 35 mm
plates (BD Biosciences). In the next day, the cells were infected with adeno-
virus expressing Cre-IRES-GFP (Ad-Cre; Vector Biolabs), to eliminate
32-spectrin, or, as a control, GFP (Ad-GFP; Vector Biolabs), at a 100 multi-
plicity of infection (MOI). Cardiomyocyte growth was assayed using an
MTT-based in vitro toxicology assay kit, according to the manufacturer’s
instructions (Sigma). The beating of cardiomyocytes at 48 h after adenovirus
infection was captured by live cell movies using a portable time-lapse micro-
scope (JuLl, NanoEnTek) inside a CO, incubator.

2.3 Western blot analysis,
immunocytochemistry, and histology

Primary antibodies against Smad1, Smad2, Smad4, Smad5, phospho-Smad1/
5 (Ser463/465), phospho-Smad2 (Ser465/467), caspase-7, cyclin D2, cyclin
D3, p15, p21, p27, and phospho-histone H3 (Ser10) were obtained from
Cell Signaling Technologies; antibodies against cyclin D1, CKD4, B-actin,
Bcl-2, Bax, B2-spectrin, Nkx2.5, a-SMA, tropomyosin, and a-tubulin were
obtained from Santa Cruz; anti-Cre was from Novagen; anti BrdU was
obtained from BD Biosciences; antibody to proliferating cell nuclear
antigen (PCNA) was from Pharmingen; antibody to Kié7 was from Novus;
and antibody to dystrophin was prepared as described previously.”' These
antibodies were used for western blotting, immunocytochemistry, and
immunohistochemistry. F-actin was stained using rhodamine-conjugated
phalloidin (Invitrogen). Apoptosis was monitored by the terminal deoxynu-
cleotidyl transferase-mediated dUTP nick-end labelling (TUNEL) assay using
ApoTag Red and ApoTag Peroxidase In Situ Apoptosis Detection kits
according to the manufacturer’s instructions (Millipore).

2.4 Statistical analyses

All data were expressed as means + SE. Student’s t-test (http:/www.
physics.csbsju.edu/stats/t-test.html) was used to compare differences.

3. Results

3.1 B2-Spectrin is predominantly expressed
in embryonic hearts

Homozygous loss of 32-spectrin in mice leads to mid-gestational death
due to gastrointestinal, liver, neural, and heart defects, whereas
B2-spectrin haploinsufficient mice survive until adulthood and spontan-
eously develop cancers in several organs.>'® Developmental failure
resulting from homozygous loss of Spnb2 suggests that 32-spectrin is es-
sential for proper embryogenesis. To investigate the contribution of
[32-spectrin in development, we examined the expression of 32-spectrin
using Spnb2im1OEUCOMMWET(Gphnho tm1a) mice. Spnb2-tmTla, the
Spnb2-null allele used in this study, contains a reading frame-independent
LacZ gene-trap cassette inserted into the intron of the Spnb2 gene.'
Using this targeting cassette enabled us to disrupt Spnb2 with an En2
splice acceptor and monitor the expression of Spnb2 by LacZ expression.
An examination of the expression of 32-spectrin in E9.5 embryos by X-gal
staining revealed strong LacZ expression in the hearts of Spnb2 ™™ '? het-
erozygous embryos, whereas no signal was detected in any parts of the
Spnb2 " embryo (Figure 1A). To determine changes in the expression
pattern of 32-spectrin during development, we performed X-gal staining
in sagittal sections of frozen embryos at different development stages.
These experiments revealed the strongest expression of 32-spectrin in
the developing heart of E16.4 embryos (Figure 1B). A magnified image of
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Figure 1 B2-Spectrinis prominent in the developing heart. (A) X-gal staining of a whole-mount Spnb

2+/tm1a

embryo (right) at E9.5 revealed the expres-

sion of B2-spectrin. (B) X-gal staining of a frozen section of a Spnb2 /™™ "% embryo at E16.5. H, heart; L, liver; Lu, lung; S, spinal cord. (C) At E16.5, expression of
{32-spectrin was detected in both compact and trabecular areas of the heart. (D) Normal heart from a wild-type embryo at E12.5 was stained with the
antibody against 32-spectrin. The right panels represent magnifications of the boxed area. Scale bars, 2 mm (B); 100 um (C); 200 wm (D).

the heart showed that 32-spectrin was expressed not only in the compact
layer, butalsoin the trabecular layer (Figure 1C). Expression of 32-spectrin
was also detected in the spinal cord, liver, lung, and cerebellum (data not
shown). To confirm the expression of 32-spectrin in the developing heart,
we performed immunohistochemicalanalysis of E12.5 embryos using anti-
body against 32-spectrin. We observed (32-spectrin in the trabecular and
compact layers of the developing heart (Figure 1D). These results demon-
strate that 32-spectrin is predominantly expressed in the developing heart
(see also Supplementary material online, Results).

3.2 Disruption of 32-spectrin results in
structural defects of the developing heart

To determine the contribution of 32-spectrin to heart development, we
investigated embryonic heart development in the presence and absence
of B2-spectrin. A morphological examination revealed that hearts from
homozygous mutant embryos at E15.5 were smaller than those of wild-
type littermate controls (Figure 2A, upper panel). In addition, a clearly
evident, thick blood vessel was observed in Spnb2™'* embryonic
hearts, but not in the hearts of Spnb2"™'*"™'? embryos (Figure 2A,
lower panels). To characterize the heart malformation upon loss of
[32-spectrin in detail, we performed a histological analysis of the heart
over the course of embryogenesis. The size and appearance of hearts
were not significantly different through E12.5. However, after E14.5
the hearts from Spnb2"™ ™% embryos showed a failure of the ventricu-
lar wall to thicken when compared with Spnb2™* hearts (Figure 2B). To
determine whether the loss of 32-spectrin caused the failure of heart
wall thickening, we examined the thickness of the compact and trabecu-
lar layersin the left ventricle at E14.5. We found a significant difference in

the thickness of the compact layer between wild-type and Spnb 2™ 1@

embryonic hearts. In contrast, the thickness of the trabecular layer was
not significantly different between the two genotypes (Figure 2Cand D).
However, the density of cells in the trabecular layer of Spnb2™™ @™ 4
hearts was lower than that in wild-type hearts. Interestingly, thickening
of the heart wall, along with a fibrous pattern, was observed in 3 of 11
hearts from mutant E11.5 embryos, suggesting that 32-spectrin expres-
sion in the heart is dependent on its developmental stage (Figure 2E).
These results suggest that the loss of 32-spectrin induces a statistically
significant alteration of ventricular wall thickening, resulting in a defect
in heart development.

3.3 Disruption of 32-spectrin causes
abnormalities of Smad signalling,
proliferation, and apoptosis in differentiating
cardiomyocytes

Previous reports have shown that 32-spectrin is involved in TGF-f3 sig-
nalling through its association with and translocation of Smad3 and
Smad4.> Moreover, the loss of TGF-B signalling causes congenital
heart defects, indicating that the TGF-f/Smad signalling pathway is ne-
cessary for normal development of the heart.” To test whether heart
defects caused by the loss of 32-spectrin are mediated by abnormalities
in Smad signalling pathways, we investigated the expression pattern of
Smad proteins upon loss of B2-spectrin by infecting cardiomyocytes
generated from conditional knockout embryos with Cre recombinase-
containing adenovirus. Loss of 32-spectrin decreased the levels of ex-
pression of Smad1, Smad2, and Smad4, as well as down-regulating the
phosphorylation of Smad1/5 and Smad2, suggesting that the reduction
in the expression of Smad proteins suppresses their phosphorylation
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embryos exhibit structural defects. (A) The morphologies of hearts at E15.5 are shown. The hearts of

Spnb2™19™19 embryos were smaller than those of their wild-type littermate controls. Magnified images of hearts (boxed area in upper panels) are
shown in lower panels. Blood vessels are evident in the heart of the Spnb2*/* embryo, but not in the mutant heart. (B) Sagittal sections of hearts were
stained with H&E at various developmental stages. The ventricle wall of mutant embryo hearts failed to thicken after E14.5. (C) Embryonic hearts at
E14.5 were frontally sectioned and stained, and the thicknesses of the compact layer (CL) and trabecular layer (TL) of the left ventricle were measured.
LV, left ventricle; RV, right ventricle; TL, trabecular layer; CL, compact layer. (D) Quantification of the wall thickness of embryonic hearts (*P < 0.05). (E)
The heart ofa Spnb2"™ '@ embryo at E11.5, showing thickened myocardial fibres. Magnified image of the heart (boxed area of the left panel) is shown in

the right panel. Scale bar, 200 pum.

(Figure 3A). Collectively, these results suggest that the loss of 32-spectrin
not only blocks the transmission of TGF-3/Smad signalling, but also pre-
vents the expression and activation of its signalling components.

We previously showed that a 32-spectrin deficiency leads to cyclin
D1/CDK4 activation and contributes to dysregulation of the cell cycle,
cellular proliferation and apoptosis, and promotes carcinogenesis.”>
Moreover, haploinsufficiency of cdk4 in Spnb mice results in a dra-
matic decline in liver cancer formation compared with that observed in
Spnb2™~ mice, suggesting that changes in cyclin D/CDK4 result from
alterations in [B2-spectrin expression.”> We therefore assessed
whether the levels of the expression of D-type cyclins, CDK4, and

2+/—

CDK inhibitors in cardiomyocytes were altered in the absence of
B2-spectrin. We found that the levels of the D-type cyclins D1, D2,
and D3 wereincreased to 155,271, and 262%, respectively, of controls,
whereas the levels of the CDK inhibitors p15, p21, and p27 were
decreased to 58, 18, and 32%, respectively, of controls after removal
of B2-spectrin by adenoviral-Cre infection, suggesting that the G1/S
checkpoint is weakened in (2-spectrin deleted cardiomyocytes.
However, despite the induction of G1/S transition, removal of
B2-spectrin did not result in the level of proliferation observed in
control cardiomyocytes at this time. Thus, to test whether the loss of

[32-spectrin altered another checkpoint in cardiomyocytes, we mea-
sured the level of phospho-histone H3 in these cells. The level of
phospho-histone H3 in these cells was 38% of control, suggesting that
mitotic activity is decreased following removal of 32-spectrin from car-
diomyocytes. We also found that deletion of 32-spectrin increased the
expression of the pro-apoptotic protein Bax and cleaved caspase-7, in-
dicating a deregulation of the cell cycle in cardiomyocytes undergoing
apoptosis (Figure 3B). To assess the impact of 32-spectrin deficiency
on cell-cycle progression and apoptosis, we assessed DNA synthesis,
mitosis, and DNA fragmentation in cultured cardiomyocytes at 48 h
after adenoviral-Cre infection. We observed statistically significant
reductions in BrdU incorporation (19% of control) and phospho-
histone H3 expression (23% of control), as well as an 11-fold increase
in the induction of TUNEL signalling (Figure 3C and Supplementary ma-
terial online, Figure S2). Interestingly, B2-spectrin deletion induced reg-
ulators of G1/S transition but failed to initiate DNA synthesis. We also
performed an MTT assay to determine whether deregulation of the car-
diomyocyte cell cycle altered their proliferation. Although cardiomyo-
cytes infected with empty virus showed increased proliferation
throughout the culture period, cells from which 32-spectrin had been
deleted showed maximum proliferation on Day 2 and decreased
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Figure 3 Alteration in B2-spectrin expression suppresses Smad signalling, deregulates the cell cycle, and induces apoptosis in cardiomyocytes. Cardi-
omyocytes were isolated from the ventricles of Spnb2 conditional mouse embryos at E14.5. 32-Spectrin in cardiomyocytes was deleted by infecting cells
with an adenovirus carrying the Cre recombinase and EGFP (Ad-Cre); control cells were infected with Ad-GFP expressing EGFP. (A) The expression pat-
terns of Smad proteins were analysed by repeated western blotting. (B) Cell cycle regulation and survival of cardiomyocytes was evaluated by measuring the
levels of the indicated proteins by western blotting using specific antibodies under the same conditions. The numbers indicate relative amounts of each
protein (%) after Cre recombination for 32-spectrin deletion. B-Actin and a-tubulin were used as loading controls. (C) Cardiomyocytes positive for
BrdU incorporation, p-histone H3 expression, and TUNEL positivity rates were counted 48 h after Ad-GFP or Ad-Cre infection. The numbers represent
means + SE from at least 300 cells, with statistically significant differences (P < 0.05) indicated by asterisks. (D) Survival of infected cardiomyocytes at indi-
cated times, as estimated by MTT assays. Each number represents the means + SE of quadruplicate determinations, with statistically significant differences

(P < 0.01) indicated by asterisks.

thereafter, with statistically significant differences from control
(Figure 3D). Taken together, these data demonstrate that disruption of
B2-spectrin reduces Smad signalling, dysregulates the cell cycle,
and induces apoptosis, altering the proliferation of differentiating
cardiomyocytes.

3.4 Disruption of 32-spectrin suppresses
cardiomyocyte differentiation and myofibril
formation

To assess whether B2-spectrin is responsible for the proper differenti-
ation of cardiomyocytes, we examined the differentiation status of
normal and 32-spectrin deleted cardiomyocytes. As shown in Figure 4A,
the expression of the muscle differentiation markers, dystrophin,
Nkx2.5, and a-SMA was remarkably down-regulated in adenovirus-
Cre-infected cells, indicating that 32-spectrin is required for the differen-
tiation of cardiomyocytes. In differentiated cardiomyocytes and cardiac
muscle, dystrophin is localized at the inner surface of the membrane
where it connects the cytoskeleton of a muscle fibre to the surrounding
extracellular matrix through the cell membrane.”® Thus, we investigated
the contribution of B2-spectrin to the distribution of dystrophin in cul-
tured cardiomyocytes in the presence or absence of 32-spectrin. Upon
deletion of B2-spectrin in cardiomyocytes, dystrophin was barely detect-
able, but was present in the membrane and cytosol with a striped pattern
in control cardiomyocytes (Figure 4B). To examine the characteristic
structure of cardiomyocytes, we next investigated the localization of

F-actin and a-SMA. Unlike control cells, in which this structure was well
developed, the striated pattern of F-actin fibres and a-SMA distribution
was not detected in 32-spectrin deleted cardiomyocytes (Figure 4C and
D). Tropomyosin, an actin-binding protein that regulates actin mechanics,
has also been shown to interact with B2-spectrin.® Although tropomyosin
expression was slightly increased in 32-spectrin deleted cardiomyocytes,
its localization became scattered in contrast to that in control cardiomyo-
cytes, which exhibited a typical striated distribution pattern (Figure 4E).
Next, we tested whether (32-spectrin deleted cardiomyocytes retained
their function by assessing their contractile activity. A comparison of the
spontaneous beating rate of cultured cardiomyocytes showed that the
beating rate of 32-spectrin deleted cardiomyocyte was only 44% that of
controls, a reduction that was statistically significant (Figure 4F). These
results demonstrate that [32-spectrin is required for the differentiation
and localization of cytoskeletal proteins as well as for the contractile func-
tion of cardiac muscle.

3.5 Loss of B2-spectrin alters apoptosis,
proliferation, and differentiation in
embryonic hearts

As noted above (Figure 2), the hearts of Spnb2"™ "™ embryos failed to
increase in size and their walls did not thicken properly compared with
those of Spnb2 '™ embryos. Therefore, we examined the proliferation
and degree of apoptosis in embryonic hearts, especially in the compact
layer. An immunohistochemical analysis using an antibody against
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Figure 4 Loss of B2-spectrin suppresses cardiomyocyte differentiation. (A) Cardiomyocyte differentiation markers and cytoskeletons were detected by
western blotting following deletion of 32-spectrin. The expression of differentiation markers decreased in 32-spectrin deleted cardiomyocytes. (B) The
distribution of dystrophin in cardiomyocytes was determined by immunostaining with a dystrophin-specific antibody and viewing under a laser-scanning
confocal microscope. Dystrophin was present predominantly in the cytosol with a stripe-like pattern and in the membranes in control cardiomyocytes, but
was barely detectable in 32-spectrin deleted cardiomyocytes. The distribution of F-actin (C), a-SMA (D), and tropomyosin (E) in cardiomyocytes was
investigated by staining with rhodamine-conjugated phalloidin (F-actin), and by immunostaining using primary antibodies against a-SMA or tropomyosin
and rhodamine-conjugated secondary antibodies. The myofibrillar organization and typical striated distribution pattern of cytoskeletons are clearly evident
in control cardiomyocytes. However, these structures were altered after 32-spectrin deletion. (F) The graph depicts the spontaneous beating rate of car-
diomyocytes. Spontaneous beatings of cardiomyocytes were counted under a phase-contrast microscope in three independent experiments. The beating
rate significantly decreased in 32-spectrin deleted cardiomyocytes compared with normal cardiomyocytes (*P < 0.05). Scale bar, 20 pm.

phospho-histone H3 showed that G2/M transiting cells were barely de-
tectable in Spnb2"™ ™19 hearts at E16.5 (Figure 5A). Similar results were
obtained by staining for the proliferation marker Ki-67 (Supplementary
material online, Figure S3). An evaluation of apoptosis in the hearts of
Spnb2™'* and Spnb2"™ ™19 embryos using TUNEL assays revealed

that apoptotic cells were readily detected in the hearts of Spnb2™™'

™19 embryos but not in those of Spnb2 '™ embryos. Comparisons of
these signals in embryonic hearts showed that the G2/M transiting
signal in Spnb2™ "™ hearts was only 5% that of controls, while the
apoptotic signal was 16-fold higher, with both of these alterations
being statistically significant (Figure 5C). These results suggest that the dif-
ferences in heart size and ventricle wall thickness between Spnb2 ™ and
Spnb2™9"™19 embryos reflect prevention of cell proliferation and in-
duction of apoptosis caused by the loss of 32-spectrin.

Dystrophin, whose loss causes Duchenne muscular dystrophy
(DMD), is concentrated along with B-spectrin in three distinct

domains at the sarcolemma.’* In this study, we found that the loss
of B2-spectrin in cultured cardiomyocytes led to down-regulation
and mislocalization of dystrophin. An extension of this analysis to
an immunohistochemical examination of dystrophin distribution in
embryonic hearts yielded the same results as were obtained with iso-
lated cardiomyocytes. Unlike wild-type embryos, in which these pro-
teins were distributed in the striped pattern typical of myofibrils, the

distribution of dystrophin was disrupted in Spnb2*™'@m1a

embryos
(Figure 5D). Interestingly, 6 out of 19 mutant embryos also displayed
a ventricular septal defect (VSD)—a defect in the wall dividing the left
and right ventricles of the hearts that is also found in BWS patients
with congenital heart disease (Figure 5E and Supplementary material
online, Figure S4). Taken together, these observations indicate that
the loss of B2-spectrin not only altered cardiomyocyte survival, it
also influenced the architecture of cardiac muscle, consequentially

leading to heart defects during embryogenesis.
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Figure 5 Loss of B2-spectrin alters proliferation, apoptosis, and differentiation in embryonic hearts. (A) The proliferation of cardiomyocytes was eval-
uated immunohistochemically in wild-type and mutant embryonic hearts at E16.5 using an antibody against phospho-histone H3. Positive cells in ventricles
were reduced in Spnb2"™ %1% hearts. (B) Apoptotic cells in embryonic hearts at E16.5 were detected using TUNEL assays. Apoptotic cells were more
readily detected in Spnb2""¥“™ @ hearts than in Spnb2™'* hearts. (C) Quantification of phospho-histone H3- and TUNEL-positive cells. After staining
of hearts from wild-type (n = 6) and Spnb2"™'?™@ (n = 5) embryos, at least 200 heart cells were counted in each and positivity rates calculated
(*P < 0.01). The most severely apoptotic heart (bottom panel of Figure 5A) was excluded in counting. (D) Immunohistochemical localization of dystrophin

using an anti-dystrophin antibody. Myofibril formation was absent from mutant hearts. Magnified images of boxed area in left panels are shown on the right.
(E) Wild-type and Spnb2"™""™1% hearts at E14.5 were frontally sectioned after H&E staining. The arrow indicates a ventricular septum defect. Scale bars,

100 pm (A and B); 20 wm (C); 200 pwm (E).

4. Discussion

TGF-B/Smad signalling regulates fundamental cell responses, including
proliferation, migration, and apoptosis, across a wide range of cell
types. As a consequence, it also controls morphogenesis. In response
to TGF-f treatment, Smad2 and Smad3 C-termini are phosphorylated
by the TGF-3 receptor, forming heteromeric complexes with Smad4
that undergo nuclear translocation and subsequently regulate the ex-
pression of target genes, including those involved in inhibition of cell
growth, cell migration, and differentiation. Precise control of these cel-
lular events is essential for accurate development of the heart.” The
gene-targeted mouse model has proved useful for many of these
studies, because genetic control of heart morphogenesis occurs

similarly in mice and humans. These approaches have shown that loss
of TGF- responsiveness results in deregulation of these processes, pro-
viding overwhelming evidence showing that correct functioning of the
TGF-B signalling pathway is crucial to these events.”°

[32-Spectrin, a Smad adaptor protein, has been shown to play a critical
rolein localizing Smads and facilitating the tumour-suppressor functions of
TGF-B/Smad signalling. A deficiency of B2-spectrin protein has been
shown to result in mislocalization of Smad3 and Smad4 as well as a loss
of the TGF-B-dependent transcriptional response; these defects could
be rescued by restoration of [32—spectrin.3 In terms of contribution to
development, the loss of B2-spectrin in mice results in a phenotype
similar to that observed in Smad-deficient mice: embryonic lethality;
gastrointestinal, liver, neural, and heart defects; and abnormal



46

J.A. Lim et al.

angiogenesis.>® We show here that the loss of B2-spectrin in cardiogen-
esis causes defects in heart development with abnormalities in cardiomyo-
cyte differentiation and cytoskeletal formation. The developmental
defectsin B2-spectrin deleted hearts are considered to result from block-
ing Smad signalling. The phenotype of Spnb2"™' ™% hearts was similar to
the abnormalities observed in Smad4 or TGF-3 mutant embryonic hearts:
ventricular hypoplasia, down-regulation of proliferation, and a ventricular
septal defect.""*® Moreover, loss of B2-spectrin suppressed both phos-
phorylation and transcription of Smad proteins, suggesting that
[B2-spectrin is required for the transmission and expression of TGF-3/
Smad signalling. Thus, since B2-spectrin is an important mediator and ef-
fector of TGF-f/Smad signalling, deletion of its expression in embryos
results in heart abnormalities similar to those resulting from defects in
TGF-B/Smad signalling.

We previously demonstrated that loss of B2-spectrin induces cell
cycle deregulation through activation of cyclin D1/CDK4 and weakening
of G1/S arrest in liver carcinogenesis.”>*® We therefore tested whether
a 32-spectrin deficiency in primary mouse cardiomyocytes also causes
similar abnormalities. VWe found that the loss of 32-spectrin decreased
expression of CDKinhibitorsandincreased expression of D-type cyclins
and PCNA, indicating a disruption of the proper G1/S checkpoint and
uncontrolled cell proliferation. However, mice with cardiac-specific
up-regulation of cyclin D1 or cyclin D2 exhibited developmental hyper-
plasia with increased heart size.””*® In contrast, embryos with deletion
of D-type cyclins displayed a similar cardiac phenotype to Spnb2™™'@/m1e
embryos, including severely thinned walls of the ventricles, mainly affect-
ing the compact zone, and VSD.* Despite increases in G1/S transition
signalling, the 32-spectrin deletion did not cause hyperplastic pheno-
types in cultured cardiomyocytes and embryonic hearts, except for
thickened ventricle walls at E11.5. In contrast, 32-spectrin-deficient car-
diomyocytes exhibited reduced levels of phospho-histone H3 expres-
sion and BrdU incorporation, and embryonic hearts of Spnb2 mutants
showed decrements in phospho-histone H3 and Ki67 signals. Apoptosis
was enhanced in cell cycle deregulated cardiomyocytes resulting
from P2-spectrin deletion, as evidenced by the induction of
cleaved caspase-7/Bax proteins, and increases in TUNEL positivity. In
addition to these in vitro results, our in vivo experiments showed that
Spnb2™9" ™19 embryonic hearts failed to accumulate cardiomyocytes,
with extensive apoptosis during later stages of heart development
(E16.5). Thus, these studies suggested that the hypoplastic appearance
of the developing heart resulting from loss of 32-spectrin is caused by
inductions of cell cycle arrest and apoptosis.

Several lines of evidence have shown that a failure of blood vessel for-
mation prevents heart development in association with apoptosis. Ab-
normal angiogenesis caused by endothelial cell-specific targeting of
surviving not only caused embryonic lethality in gestation with promin-
ent and diffuse haemorrhaging, but it was also accompanied by strikingly
abnormal heart development.®® In contrast, coexpression of vascular
endothelial growth factor (VEGF) and angiopoietin-1 was shown to
promote angiogenesis and cardiomyocyte proliferation, and reduce
apoptosis in myocardial-infarcted porcine hearts.>’ We previously
demonstrated that embryonic disruption of 32-spectrin resulted in a
failure of normal vasculature development and significantly decreased
endothelial cell differentiation in the developing yolk sac.® Notably,
our morphological analysis showed that Spnb2"™'%*™1? hearts were
paler than wild-type hearts and their blood vessels were barely detect-
able. An insufficient blood supply resulting from abnormal blood vessel
formation in the heart may be an indirect cause of heart developmental
defects.

Muscle fibre comprises myofibrils arranged in sarcomeres containing a
number of proteins, including actin and myosin, which are the major
components of the filaments. The structure and function of muscle
fibres are maintained by the surrounding extracellular matrix and
membrane-associated proteins. To provide further insight into the rela-
tionship between (32-spectrin and muscle structure, we analysed cardio-
myocyte cytoskeleton structure and survival. Among the cytoskeletal
elements examined was dystrophin, an actin-binding protein-like spectrin
and a key component of the plasma membrane-associated cytoskeleton
of muscle cells, including cardiac muscle cells.** A mutation in the dys-
trophin protein causes DMD and Becker muscular dystrophy (BMD),
which are the most common muscular dystrophies. Most DMD/BMD
patients (~90%) show cardiac defects.** Dystrophin exhibits a diffuse dis-
tribution in mouse tibialis anterior muscle transfected with siRNA against
ankyrin-B,>* which interacts with B2-spectrin in neonatal cardiomyo-
cytes®® In addition, B2-spectrin is required for ankyrin-B localization
and function at skeletal muscle costameres.®* In B2-spectrin-deficient car-
diomyocytes and embryonic hearts, there was a dramatic reduction and
abnormal distribution of dystrophin. We also found that (32-spectrin
deleted primary cardiac muscle cells exhibited an abnormal pattern of
F-actin, tropomyosin, and a-SMA, and their beating rate was significantly
decreased. Thus, 32-spectrin is required to sustain cellular and functional
architecture, and its loss in the heart prevents proper expression and lo-
calization of cytoskeletal components.

Congenital heart defects are the most prevalent of all birth defects and
are a leading cause of death in the first year of life. Genetic studies
have revealed the importance of TGF-@ signalling in organogenesis, in-
cluding cardiac development.” Importantly, we provide evidence that
[32-spectrin,amediator of TGF-/Smad signalling, is required for heart de-
velopment, and its loss prevents cardiomyocyte differentiation, prolifer-
ation, and cytoskeletal network formation, and leads to apoptosis of
cardiac muscle cells. A recent report examining affected non-tumour
tissues as well as cell lines showed that B2-spectrin is epigenetically
silenced in individuals with BWS."® The primordial germ cells, embryo,
and foetus are also highly susceptible to epigenetic dysregulation by envir-
onmental chemicals, which can thereby exert multiple adverse effects.*®
Indeed, prenatal exposure to diverse environmental chemicals dysregu-
lates the foetal epigenome, with potential consequences for subsequent
developmental disorders and diseases manifesting in childhood, through-
out life, or even transgenerationally. In view of the present findings, we
suggest that 32-spectrin likely plays an important role in cardiac develop-
ment as a survival modulator and structural organizer in cardiac muscle
cells,and further suggest thatalteration of 32-spectrinisamong the poten-
tial causes of congenital heart defects.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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