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Summary

Smad7 can be induced by various transforming growth factor-# superfamily ligands and negatively
modulates their signaling, thus acting in a negative, autocrine feedback manner. Previous analyses
have demonstrated that although Smad7 is widely expressed, it is predominantly found in the vascular
endothelium. Because of the restricted spatiotemporal reporter expression driven via a novel 4.3 kb
Smad7 promoter in endocardial cells overlying the hearts atrioventricular (AV) cushions; we
hypothesized that a transgenic Cre line would prove useful for the analysis of endocardial cushion
and valve formation. Here we describe a mouse line, Smad7€"e, where Cre is robustly expressed
within both cardiac outflow and AV endocardial cushions. Additionally, as endocardial cells are
thought to contribute at least in part to the formation of the endocardial cushion mesenchyme, we
crossed the Smad7C"® mice to the ROSA268CFP-DTA diphtheria toxin A-expressing mice in order to
genetically ablate Smad7C expressing cells. Ablation of Smad7C"® cells resulted in embryonic
lethality by E11.5 and largely acellular endocardial cushions.
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Formation of the endocardial cushions is a key step in heart development, as the endocardial
cushions are required for chamber septation, valve formation, and to sustain unidirectional
blood flow and embryo viability (Schroeder et al., 2003). An important initiator event in
endocardial cushion morphogenesis is epithelial-to-mesenchymal transformation (EMT), the
process whereby overlying endocardial cells undergo rapid transformation into mesenchyme
(de Lange et al., 2004; Eisenberg and Markwald, 1995; Kisanuki et al., 2001; Stevens et al.,
2008). It is well established that members of the transforming growth factor-p superfamily
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(TGFB) play arole in the signaling from adjacent myocardium to the responding endocardium
to begin EMT (Eisenberg and Markwald, 1995; Nakajima et al., 2000; Schroeder et al.,
2003; Zhou et al., 2005).

The TGFp superfamily of secretory polypeptides exert their biological function by binding to
their cognate serine/threonine receptors to activate Smad proteins to regulate target gene
expression (Massague et al., 2005). TGFp signaling is important in a diverse group of cell
types and regulates cell migration, differentiation, adhesion, proliferation, and apoptosis during
embryonic development (Luukko et al., 2001; Massague and Wotton, 2000; Moustakas et
al., 2001). Smad7 is an inhibitory Smad that blocks TGFp signaling (Imamura et al., 1997;
Nakao et al., 1997). Smad7 inhibits both TGFp/activin and BMP signaling (Hayashi et al.,
1997; Massague et al., 2005), via competitively inhibiting the activation of regulatory Smads
(intracellular signal transducers) and promoting TGFp receptor degradation (Kavsak et al.,
2000; Massague et al., 2005). We generated a Smad7©"® transgenic mouse line with Cre
recombinase expression being driven by the novel 4.3 kb Smad7 promoter (Liu et al., 2007),
as a tool to assess both lineage derivatives and to study gene function during embryonic
development. Additionally, by crossing this mouse line with the ROSA266GFP-DTA mjce
(Ivanova 2009 Wiley-Liss, Inc. genesis 00:000-000 (2009) et al., 2005; Snider et al., 2008a),
the Cre expressing cell lineages were genetically ablated with no bystander effects, in order to
test the eventual requirement of the Smad7C'e cell lineage in utero.

To determine Smad7C"® spatiotemporal expression and its lineage mapping, we crossed
Smad7C"® with ROSA26R lacZ reporter (R26r) mice (Soriano, 1999). LacZ expression could
initially be seen at E9.5 and by E10.5, the Samd7€"¢;R26r mice exhibited robust staining in
ventral structures including the lower jaw, aortic arch arteries, heart, limb buds, and brain (Fig.
1a). Initial lacZ expression patterns were similar to those of endogenous Smad7 mRNA
expression at these early ages (Luukko et al., 2001). Smad7C"® driven lacZ reporter activity is
present in E9.5 and older limbs, and is restricted to the ventral limb ectoderm and underlying
mesoderm (histology not shown; Fig. 1a,c). The lacZ ectodermal expression pattern is similar
to that observed for the homeodomain-containing Engrailed-1 transcription factor, which is
expressed within only the embryonic ventral limb ectoderm (Loomis et al., 1996). At E10.5,
we see very robust expression in the endodermal epithelia of the branchial pouches of the third
and fourth arch artery (Fig. 1i). Examination of the heart revealed robust expression in the
outflow tract (OFT) and atrioventricular (AV) endocardial cushions with punctate staining
within the myocardium (Fig. 1b). This cushion expression is much greater than that observed
in 4.3 kb Smad7-12¢Z reporter mice, due to our ability to mark both cells actively expressing
Cre, and their daughter cells. Consequently, E11.5 embryos exhibit stronger (cumulative)
lacZ staining in the heart, as well as the face, arches, limbs, eye, and brain (Fig. 1c). Embryos
containing R26r but no Cre, do not exhibit any lacZ or background staining, even after several
days in X-gal substrate (Fig. 1d). At E13.5, lacZ expression remains robust within the aorta
and pulmonary vessels, atria, and punctate in the ventricle (Fig. 1e). Smad7C"¢;R26r reporter
activity is now also observed in the ventral lung bud and midgut/dorsal mesentery tissues
adjacent to dorsal aorta (Fig. 1f). Besides the robust reporter expression observed in the
cardiovascular system, there was notable restricted lacZ in the entrance of optic stalk,
neuroepithelial adjacent to hindbrain roof and telencephalic neuroepithelium at telencephalic-
mesencephalic boundary (Fig. 1k). We also observed restricted lacZ staining in the eye (Fig.
11,m).

Histological analysis of lacZ-stained E10.5 hearts revealed extensive Smad7C"® positive
endothelial cells in the conus, but fewer in the truncus of the OFT (Fig. 1g). Although the
truncus is largely derived from neural crest, the distal conus is derived solely from endocardial
EMT (de Lange et al., 2004;Kisanuki et al., 2001;Snider et al., 2007;Zhou et al., 2005). The
endocardium of the AV cushions stains strongly for lacZ, although clearly not all endocardial
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cells are Cre-positive (Fig. 1g). Additionally, the majority of the endocardial cells covering the
trabeculae of the myocardium are also lacZ positive (Fig. 1h). Given that the 4.3 kb
Smad7-12¢Z reporter did not exhibit any ventricular endocardial expression (Liu et al., 2007),
this enhanced Smad7<"e;R26r reporter activity illustrates the sensitivity of the LoxP/Cre
lineage marking recombination system. These data suggest that Smad7C"® is likely transiently
expressed early with little Cre, but that this is still sufficient to result in permanent endocardial
cushion lacZ expression. Similar to the 4.3 kb Smad7-12°Z reporter mice, Smad7¢"¢ is also
present in the endothelial cells lining the dorsal aorta (Fig. 1j). Although more restricted, this
Smad7C"e cardiovascular expression pattern is analogous to that observed with Tie2C™ mice.
Tie2C" mice have proved to be an extremely useful tool for examination of lineage derivatives
and the genes expressed within the endothelial cell population, as Tie2C™ is expressed in all
endothelial cells including the yolk sac (de Lange et al., 2004;Kisanuki et al., 2001). Thus, the
Smad7C"e mice represent a useful additional model that exhibits restricted Cre expression in
only a subpopulation of the endothelial lineage.

To determine whether the Smad7C"€ lacZ-positive cells are those that undergo EMT to populate
the cushion or they are the cells that do not undergo this transition, we used genetic cell ablation.
Smad7C"e mice were crossed to ROSA266CFP-DTA (R26DTAY mice (Ivanova et al., 2005) to
determine the functional role of the Smad7C"® lineage during embryonic cardiovascular
morphogenesis. When E10.5 Smad7¢"¢;R26 PTA mice were harvested (see Fig. 2), ablated
embryos were hemorrhaging and had smaller hearts and hypoplastic branchial arches than
control littermates (Fig. 2a—c). There was virtually no vasculature in the yolk sac of the mutants
in contrast to that of the control littermates (Fig. 2d,e). As we did not observe any Smad7¢e-
mediated lacZ reporter expression in the yolk sac, the lack of yolk sac vasculature in the mutant
is likely, secondary to cardiovascular defects. To assess both cardiomyocyte and vascular
smooth muscle cell lineages in ablated hearts, we examined a-smooth muscle actin (a-SMA)
protein expression. aSMA marks only the cardiomocytes in the heart at this developmental
stage, and the mutant myocardium appeared intact and normal. Additionally, both the
ventricular myocardium and endothelial layer was intact, but the AV cushions were extremely
hypoplastic (Fig. 2f). At this stage in normal embryos, EMT has initiated and usually the
cushions are populated with mesenchyme (Fig. 2g). Instead of the normal large paired dorsal
aorta surrounded by vascular smooth muscle (Fig. 2i), the mutant dorsal aorta were fragmented
and only a few aSMA-positive cells remained. Because of Smad7¢"-mediated endothelial cell
ablation, the vessels are weakened and hemorrhaged, resulting in in utero lethality and
dysmorphic yolk sac in the mutants.

To verify the efficiency of the DTA-mediated cell ablation, we combined the R26r reporter
mice with the Smad7€"e;R26PTA mice and developed a triple transgenic mouse. This enabled
us to visualize the Smad7C"® expressing cells with the lacZ reporter, and to determine how
effectively they were genetically ablated following activation of DTA (see Fig. 3). By E10.5,
Smad7C"e;R26r;R26PTA embryos exhibited minimal lacZ staining (Fig. 3a,b). After 1 day, only
afew lacZ cells remained in the arches and limb buds (Fig. 3c,d). Notably, the triple transgenic
mutant heart has no AV junction, and absent lacZ staining in the malformed ectodermal clefts.

To further characterize the hypoplastic cushion phenotype and the effects of the loss of
mesenchymal cushions cells on the surrounding heart, we examined the expression of key
molecular markers via immunohistochemistry and in situ hybridization (see Fig. 4). a-SMA
staining of E10 ablated hearts revealed normal viable myocardium and an intact endocardium
inboth the OFT and AV (Fig. 4a,b). Given the mutant hypoplastic phenotype and the significant
reduction in endocardial cells that are able to undergone EMT and migrate into the cushions
(Fig. 4a), we examined whether the mesenchymal cushion marker Periostin was still expressed
in the few remaining mesenchymal cushion cells. Periostin is a secreted extracellular matrix
protein that marks mesenchymal cells in endocardial cushions following EMT (Snider et al.,
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2008b). We show that Periostin mRNA is still highly expressed in the umbilical connection
(where Smad7C"e is absent) and is expressed in the remaining mesenchymal cushion cells, but
that most Periostin expressing cells were ablated by E10 (Fig. 4c,d). To examine whether the
intact endocardium in both the mutant OFT and AV continues to be viable, we examined Nfatcl
protein expression. Nfatcl is a transcription factor present in pro-valve endocardial cells and
is expressed exclusively in the endocardium from the initiation of endocardial differentiation
(de la Pompa et al., 1998;Zhou et al., 2005). Nfatcl is expressed during early EMT, but is
downregulated at the initiation of valve leaflet remodeling (Zhou et al., 2005). Nfatc1 protein
is similarly expressed in both the control and ablated hearts (Fig. 4e,f). This indicates that
Smad7C"e is mainly expressed within the subpopulation of endocardial cells that undergo EMT,
as when they are ablated, there is negligible invasion into the adjacent acellular cardiac
cushions. Surprisingly, even though the ablation of Smad7C"® results in a failure of the
endocardium to undergo EMT, both the endocardium and adjacent myocardium continue to
proliferate normally, as evidenced by Ki67 staining (Fig. 4g,h).

Our data suggest that prior to EMT, the endocardial cells express inhibitory Smad7, which
renders them competent to undergo EMT in the AV and OFT cushions. Based on these data,
we propose that Smad?7 is a critical component of the checks and balances needed to regulate
TGFB superfamily signaling within the heart, and that it is expressed in the cushions to insure
that TGFp signaling is maintained at a consistent threshold to direct EMT during early stage
valvulogenesis. This Smad7-C€ transgenic line should thus prove useful for genetic analysis
of diverse aspects of cardiovascular morphogenesis and as a restricted endocardial cushion
lineage deletor line.

MATERIALS AND METHODS

Generation of Smad7€" Mice and Mice Tissues

A 4.3 kb Xhol-Hindlll Smad7 promoter fragment (Liu et al., 2007) was subcloned into the
pBS594-EGFPCre expression vector (Le et al., 1999). Following diagnostic verification
restriction digests, the linearized construct was given to the IU Transgenic Core facility for
microinjection into inbred C3HeB/FeJ zygotes, which were then implanted into the oviducts
of pseudopregnant Swiss Webster mice as described (Snider et al., 2008a). Forward primer 5'-
CATTTGGGCCAGCTAAACAT-3' and reverse primer 5'-
CCCGGCAAAACAGGTAGTTA-3' were used for genotyping Smad7C"® transgenic offspring
via PCR using mouse genomic DNA from tail using established protocols (Snider et al.,
2008a). Two independent lines were generated, and as both had similar lacZ reporter
distribution patterns the data form only one line is shown.

Both ROSA266CGFP-DTA (Jvanova et al., 2005) and ROSA26R (from Jackson Laboratories)
indicator mice were intercrossed to Smad7C" offspring and genotyped as described (Snider
et al., 2008a).

Histological Analysis and X-Gal Staining

Tissue isolation, paraformaldehyde fixation, processing, paraffin embedding, and wholemount
staining for B-galactosidase were performed as described (Snider et al., 2008a,b). Following
wholemount lacZ staining, 10-um serial sections were counterstained with eosin or used for
immunohistochemistry with aSMA (dilution 1:5,000, Sigma, St. Louis, MO); NFATc1
(dilution 1:150, Santa Cruz, Santa Cruz, CA); or Ki67 (dilution 1:25, DakoCytomation,
Carpinteria, CA). The negative control was normal rabbit serum at 1:150 dilution and positive
staining within serial sections was examined using at least three individual E10.5 embryos of
each genotype.
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In Situ Hybridization

Radioactive in situ hybridization for endogenous periostin expression was performed as
described (Lindsley et al., 2007). Both sense and antisense 3°S-UTP-labeled probes were used,
and specific signal was observed only with hybridization of the antisense probe, in at least three
independent embryos of each genotype.
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FIG. 1.

Analysis of X-gal stained E10.5 to E13.5 embryos from Smad7C"¢; R26r indicator mice.
Smad7CTe transgenic males were bred to R26r females. Wholemount X-Gal stained embryos
were either photographed whole (a—d, m), partially dissected to expose heart (e), or serially
sectioned and counterstained with eosin (f-I) to visualize Cre expressing cells. (a) Wholemount
lacZ stained E10.5 Smad7C"e;R26r embryo. Note lacZ expression within the upper jaw,
branchial arches (ba), ventral mesenchyme (vm), ventral region of the limb buds (1), and heart
(h). (b) Higher magnification view of the first, second, third, and 4/6th branchial arches and
heart in a, reveals lacZ-expressing cells in the outflow tract (oft) and atrioventricular cushions
(avc), and punctate staining in the ventricles (v). (c) E11.5 Smad7¢"¢;R26r embryo shows more
extensive expression in the craniofacial region, the eye (e), arches, heart, and limb buds. (d)
E13.5 lacZ stained R26r only (left) and Smad7€"e;R26r (right) littermate embryos. No
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expression is seen in R26r only embryos when Cre is absent, verifying tissue-restricted reporter
expression. (e) Isolated E13.5 heart from Smad7<"¢;R26r embryo. Note robust lacZ expression
in both aorta (a) and pulmonary (p) vessels, as well as punctate lacZ in right atria (ra) and left
and right ventricles (lv,rv). Also note lacZ expression in bronchi of nascent lungs (arrow). (f)
Eosin counterstained paraffin section of the embryo in a. (g) Sagittal section of E10.5
Smad7Cre;R26r embryo heart showing robust lacZ expression within both the OFT and AV
mesenchymal cushions (*) and overlying endocardial cell (arrows) lineages. Note lacZ is
present within both the conus (c) and truncus (t) of the OFT. (h) E10.5 sagittal section through
the myocardium of the heart, note lacZ is con- fined to the endocardial cells and absent from
the cardiomyocytes. (i) E10.5 sagittal section through aortic arch arteries, showing robust
lacZ expression in the ectodermal pouches. (j) E10.5 section through the aorta showing lacZ
staining is restricted to the endothelium (arrow). (k) Sagittal section of the E11.5
Smad7C"e;R26r embryo in ¢, showing lacZ in the neuroepithelium of the forebrain and
hindbrain (arrows) and within the first branchial arch. (I,m) High power section of lacZ in
E11.5 inner neural layer of the optic cup (I), and low power wholemount view of lacZ
expression in E13.5 eye and ear (m). Scale bar in g = 20 um. Abbreviation: v = ventricle.
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FIG. 2.

Evaluation of resultant cardiovascular phenotypes following Cre/loxP-mediated genetic cell
ablation in Smad7¢"¢;R26PTA embryos. (a) E10.5 Smad7¢"¢;R26PTA (left) and R26PTA only
(right) embryo littermates. (b,c) Higher power images of ablated mutant (b) and normal control
(c) cardiovascular and branchial arch regions of embryos shown in a. Note that the AV cushion
region (*) is largely absent in mutant (b) hearts and that the arches are smaller in size (arrows).
(d,e) High power images of the mutant (d) and normal control (e) yolk sacs, note the lack of
vasculature and blood in mutant. (f) Counterstaining with aSMA (that detects both smooth and
cardiac muscle lineages at this stage of in utero development), reveals that the myocardium is
largely unaffected via Smad7C"e-mediated cell ablation but that the overall size of the heart is
decreased, when compared to unaffected littermate photographed at same magnification (g).
Also note that while the endocardial cushions are hypoplastic, the mutant endothelium remains
intact (arrow, g). (h,i) a-SMA staining also reveals that whilst the control littermate has two
distinct a-SMA-positive paired dorsal aorta (i), and the ablated mutant vessels have
hemorrhaged and that there is fragmented a-SMA-stained smooth muscle cells within the
mutant (h). Sections f—i were lightly counterstained with methyl green. Abbreviation: a = atria.
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FIG. 3.

Verification of the efficiency of Smad7C"e-mediated genetic ablation. R26r lacZ reporter mice
were crossed with Smad7C" mice and the double transgenics were then bred to R26PTA mice,
to enable us to visualize in triple transgenic wholemounts how penetrant the genetic cell
ablation was. (a,b) E10.5 wholemount lacZ staining of Smad7©"¢;R26PTA:R26r (a) and control
Smad7€re;R26r only (b) littermates, revealed that most of the lacZ-expressing cells had been
ablated in triple transgenic mutants when compared to the extensive lacZ expression observed
in control Smad7C"¢;R26r littermates. (c,d) Higher magnification of cardiovascular and
branchial arch regions in embryos shown in a and b. Note that in triple mutant transgenic
embryos (c), a few lacZ-expressing cells can still be detected within the arches, ventricles, and
limb buds (1), although in extremely low numbers when compared with the littermate controls
(d). Arrows indicate the ectodermal pouches and asterisks indicate the AV canal.
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FIG. 4.

Molecular marker analysis of E10 Smad7°"¢;R26PTA hypoplastic endocardial cushion
phenotype. (a,b) Sagittal sections through Smad7©"¢;R26PTA (a) and control littermate (b)
hearts probed with a-SMA and counterstained with methyl green. Note that the cardiomyocytes
within the OFT, ventricle and atria are unaffected; but that the endocardial cushions are absent
in ablated mutant hearts. (c,d) Radioactive in situ hybridization detection of Periostin mMRNA
in genetically ablated mutant (c) and control (c) embryos reveals very few Periostin-expressing
cells within the mutant cushions (c). But note robust expression within the mutant umbilical
artery and embryonicmaternal connections, which is comparable with control expression
levels. (e,f) High power views of mutant (e) and control (f) hearts counterstained for Nfatcl
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protein. Note that even though the mutant cushions are largely devoid of endocardial cushion
cells, Nfatc1 is still expressed within the intact mutant endothelium (e). As expected, unaffected
control littermates exhibit both endothelial and cushion Nfatc1 expression (f). (g,h) High power
views of mutant (g) and control (h) hearts stained for Ki67 protein to assess proliferation. Note
the mutant cushion intact endothelial cells and myocardium exhibit comparable proliferation
rates as observed in littermate controls (h).
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