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Abstract

Three closely related mammalian R-Smads, namely Smadl1, Smad5and Smad8, are activated by
BMP receptors. Here we have taken a genetic approach to further dissect their possibly unique
and/or shared roles during early mouse development. A Smad8.LacZ reporter allele was created to
visualize Smad8 expression domains. Smaad8is initially expressed only in the visceral yolk sac
(VYS) endoderm and shows a highly restricted pattern of expression in the embryo proper at later
stages. In addition, Smad8 conditional and null alleles were engineered. All alleles clearly
demonstrate that adult Smad8homozygous mutants are viable and fertile. To elucidate gene
dosage effects, we manipulated expression ratios of the three BMP R-Smads. Smad8homozygotes
also lacking one copy of Smad1 or Smad5 did not exhibit overt phenotypes, and the tissue
disturbances seen in Smadl or Smad5 null embryos were not exacerbated in the absence of
Smad8. However, we discovered a profound genetic interaction between Smadl and Smad5s. Thus,
as for Smad1 and Smad5 mutant embryos, Smadl *'~ :Smad’5*'~ double heterozygotes die by
E10.5 and display defects in allantois morphogenesis, cardiac looping and primordial germ cell
(PGC) specification. These experiments demonstrate for the first time that SmadI and Smad5
function cooperatively to govern BMP target gene expression in the early mammalian embryo.
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Introduction

Members of the TGFP family of secreted growth factors regulate key processes during
postimplantation mammalian development including embryonic axis patterning,
organogenesis and specification of the germ line (reviewed in Chang et al., 2002; Massague
et al., 2005). The ligands can be broadly divided into two groups, namely, the BMPs and
activin/TGFp/nodals in accordance with biological and structural criteria (reviewed in
Massague and Chen, 2000; Massague and Wotton, 2000; Massague et al., 2000). Despite
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considerable ligand diversity, signal transduction is controlled by only a few Smad
transcription factors that are activated by cell surface receptor kinases and are highly
conserved across the animal kingdom including vertebrates, insects and nematodes.

A key question is whether R-Smads have unique and/or partially overlapping functions in
the early embryo. It is well known that Smad2and Smad3, acting downstream of TGFp/
activin/nodal ligands, differ in their abilities to activate or repress selected target genes
(Chou et al., 2003; Labbe et al., 1998; Massague et al., 2005; Seoane et al., 2004). Mice
lacking Smad2 or Smad3 display quite different phenotypes. Loss of SmadZ results in
embryonic lethality shortly after implantation (Heyer et al., 1999; Waldrip et al., 1998),
whereas Smad3-deficient animals are viable and fertile (Datto et al., 1999; Zhu et al., 1998).
Nonetheless, our recent experiments reveal that Smad3 coding sequences can functionally
substitute for Smad?2 during mouse development (Dunn et al., 2005). These results
demonstrate that the strikingly different phenotypes are not due to divergent functional
activities but rather result from the unique SmadZ expression domain in the extra-embryonic
visceral endoderm (VE), essential for inducing the anterior visceral endoderm (AVE)
signaling center that patterns the early embryo (Brennan et al., 2001).

Three mammalian R-Smads, namely Smad1, Smad5and Smad8, are activated by BMP
receptors. Smadl and Smad5 have been shown to play essential roles in the early mouse
embryo. Smad5 mutants display multiple embryonic and extra-embryonic tissue defects
affecting ventral closure, the heart and vascular system and allantois (Chang et al., 1999;
Yang et al., 1999). Smad1-deficient embryos die at day 10.5 dpc due to failure to elaborate
the allantois (Lechleider et al., 2001; Tremblay et al., 2001). Both SmadI (Hayashi et al.,
2002; Tremblay et al., 2001) and Smad5 (Chang and Matzuk, 2001) mutants display defects
in PGC specification. Interestingly, the disturbances caused by mutations in the Smad genes
are far less severe than the embryonic patterning defects caused by functional loss of their
BMP ligands (Solloway and Robertson, 1999; Winnier et al., 1995; Zhang and Bradley,
1996) or type | Alk receptors (Gu et al., 1999; Mishina et al., 1999; Mishina et al., 1995).
For example, BMP4 mutants display gastrulation defects, with many embryos failing to
form sufficient mesoderm (Winnier et al., 1995). Similarly, loss of BMPZ function disrupts
formation of both extra-embryonic and embryonic mesodermal derivatives beginning at
around day 8 of development (Zhang and Bradley, 1996). The relatively late onset of Smadl
and Smad5 phenotypes in comparison with those observed for BMP2and BMP4 mutant
embryos can be explained due to functional redundancy and suggests that BMP R-Smads
may share interchangeable roles as transcriptional activators of BMP target genes.

Smadl, Smad5and Smaad8 share striking sequence similarities, including conserved ERK/
MAPK consensus phosphorylation sites in the linker region (Fig. 1A) (Aubin et al., 2004;
Massague, 2003). Phylogenetic sequence comparisons indicate that Smad8and Smad1/5
diverged early in vertebrate evolution (Fig. 1C). Interestingly, the linker region of both
Smadl and Smad5 is encoded in a single exon whereas the Smaa8 linker is encoded by two
exons. In rodents, the exon encoding the C-terminal portion of the Smad8 linker has been
lost (Fig. 1B), but the short isoform retains the conserved MAPK consensus phosphorylation
sites. Both Smad8isoforms are efficiently phosphorylated in response to activated BMP type
I receptors, form complexes with Smad4 and move to the nucleus to govern target gene
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expression (Kawai et al., 2000). Such a high degree of conservation across a wide
evolutionary distance strongly suggests that Smad8 plays an important functional role in
mediating BMP signaling in vertebrates.

A recent report described Smad8 “hypomorphic” mutant mice but results were inconclusive
(Hester et al., 2005). The hypomorphic allele lacking exon 3 gave no discernable phenotype,
whereas an alternative targeting strategy that generates a Smad&-neomycin fusion protein
was associated with weakly penetrant neural defects. Thus, the role played by Smad8in the
early mammalian embryo has yet to be elucidated. Moreover, Smad8 expression patterns
remain ill defined. Here we used a genetic approach to further dissect unique and shared
roles played by closely related BMP R-Smads. A LacZ Smad8 reporter allele was
engineered to document highly restricted Smad8 expression domains in the early mouse
embryo. At implantation Smad8is exclusively expressed in the visceral endoderm, and in
contrast to Smadl and Smads, Smad8 transcripts are undetectable in the embryo proper until
E8.0. Unlike SmadI and Smad5, which are ubiquitously expressed throughout the embryo,
Smad8 shows a tightly regulated pattern of expression restricted to only a few tissue sites.

We also engineered Smad8 conditional and null alleles. The present results clearly
demonstrate that Smad8homozygous mutant mice are fully viable and fertile. To test the
possibility that Smad and/or Smaa’5 compensate for Smad8 due to functional redundancy,
we used a genetic approach to manipulate gene dosage and expression ratios of the three
BMP R-Smads. Smad8homozygotes also lacking one copy of Smadl or Smad5 did not
exhibit overt phenotypes. Moreover, the defects displayed by SmadZ or Smad5 null embryos
were not exacerbated in the absence of Smad8. Surprisingly, however, we discovered a
profound genetic interaction between Smadl and Smad5. Interestingly, the tissue
disturbances in double heterozygous embryos including failure of allantois morphogenesis
and cardiac defects closely resemble those seen in Smadl and Smad5homozygous mutants.
These experiments demonstrate for the first time that SmadZ and Smad5 function
cooperatively to govern BMP target gene expression in the early mammalian embryo.

Materials and methods

Generation of Smad8 alleles

A 129/SvJ genomic library (Stratagene) was screened using a full-length Smad8 cDNA
clone as a probe to isolate Smad8 genomic fragments. The Smad8. LacZ knock-in construct
was generated by placing a LacZ-polyA cassette immediately upstream of the endogenous
translational start site in exon 2. A 3.2-kb X#ol/Kpnl fragment was used as 3" homology
arm. A loxP flanked PGK-hygro resistance cassette was integrated between the 5” 2.9-kb
Nhell Xhol genomic fragment and the 3" homology arm. The 5" and 3" homology arms were
flanked with HSV-TK and PGK-DTA-negative selection cassettes, respectively. To generate
the Smad8 conditional construct, a loxP flanked PGK-hygromycin resistance cassette was
inserted between a 2.9-kb NAel/ Xhol subfragment as 5° homology arm and a 7.5-kb X#ol/
Sal 3" arm subfragment. A loxP-site and an As restriction site were inserted 3" of exon 3
into the Xbal site. The homology regions were flanked with HSV-TK and PGK-DTA-
negative selection cassettes.
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Following electroporation into CCE ES cells, drug-resistant colonies were screened by
Southern blot. For the Smad8.LacZ mutant allele, Sacl-digested DNAwas analyzed using a
5" external probe. Seven of 142 clones were correctly targeted of which 2 were subjected to
in vitro Cre-mediated recombination. Subclones lacking the floxed hygromycin cassette
were identified via Southern blot on Xbal-digested samples with a 5" internal probe. For the
conditional allele, DNA from drug-resistant clones was digested with Sacl and screened by
Southern blot analysis using a 5" external probe. The presence of the single loxP site was
confirmed with a 3" internal probe. Eleven out of 384 clones were correctly targeted. To
generate both conditional and null alleles and to confirm that the loxP sites were intact, we
transiently transfected targeted clones with a pMC1Cre expression vector. The excision
events were analyzed by Southern blots analyzing AsA-digested DNA with an internal
probe. All possible Cre-mediated recombination events were detectable.

Cre-excised clones were injected into C57BL/6J blastocysts to generate germ line chimeras.
Offspring were genotyped by Southern blot analysis and confirmatory PCR assays.
Homozygous progeny from F1 intercross matings were used to establish mutant strains for
each of the alleles.

Mouse strains and genotyping

The mutations were maintained on a mixed genetic background. All three Smad8alleles
were detectable by PCR with Smad8-specific primers: Smad8-F3 5’-
GCAGTGCCTTGGGGTTTTCA-3’, Smad8-R1 5 -GGGGAAACTGAGGCAAGAGA
ATGG-3" and Smad8-R3 5'-AAGCAGTGGGGTC-CGATTCAA-3". PCRs were performed
as follows: 94°C for 3 min followed by 35 cycles of 94°C for 15 s, 56°C for 30 s, 72°C for
30 s and 72°C extension for 7 min. Bands were separated on a 2% agarose gel resulting in
192 bp (wt), 244 bp (conditional allele), 150 bp (null allele) and 250 bp (LacZallele),
respectively. PCR screens for Smad (Tremblay et al., 2001) and Smad5 (Chang et al., 1999)
mutant alleles have been described.

Ribonuclease protection assays

Total RNA from outbred CD1 embryos and yolk sacs was prepared using Trizol®
(Invitrogen). Ribonuclease protection analysis was performed using 10 pg of total RNA
according to the manufacturers’ instructions (RPAIII Kit, Ambion). The SmadI probe
corresponds to the Man—EcoR| fragment encompassing nucleotide positions 1100-1320 of
NMO008539 and spans the C-terminal portion of the linker and the N-terminal portion of the
MH2 domain. The protected fragment is 220 bp. The Smad5 probe encompassing the linker
region corresponds to an £coRl1/ 7ag® /fragment spanning nucleotide positions 1128-1510
of AF063006 and protects a 383 bp fragment. The Smad8 probe derives from exon 1 and
protects the first 304 bp of the Smaad8 mRNA. Protected fragments were analyzed on 5%
PAGE gels, exposed to film and quantified by Biorad Personal Molecular Imager FX with
BioRad GE Heathcare Quantity One® software.

In situ hybridization, X-Gal staining and histology

Whole-mount in situ hybridization analysis was performed according to standard procedures
(Hogan et al., 1994). Probes specific for eHand (Cserjesi et al., 1995), FGF8 (Crossley and
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Martin, 1995), MLC2V (Lyons et al., 1995b), NModa/ (Conlon et al., 1994), Smad1 (Waldrip
et al., 1998), Smad5 (Meersseman et al., 1997) and 7wist (Fuchtbauer, 1995) have been
described. The Smad8 probe comprised the full-length cDNA. Up to E10.5 X-Gal staining
was performed on whole embryos as described (Hogan et al., 1994). Older stage embryos
were fixed in 4% PFA/PBS for 2 h, embedded in 3% agarose/PBS, sectioned at 300 ym on a
Leica VT 1000S vibratome and stained for X-Gal activity. For histology, embryonic tissues
were postfixed in 4% PFA, dehydrated through an ethanol series and embedded in paraffin
before sectioning at 8 um. Hematoxylin and eosin staining was performed according to
standard procedures.

Visualization of PGCs

Results

Primordial germ cells were visualized in E8.5 and 9.5 embryos by alkaline phosphatase
staining as described (Ginsburg et al., 1990; Lawson et al., 1999). Embryos were dissected
in PBS, fixed for 2 h at 4°C in 4% PFA, washed 3 times in PBS, and either maintained intact
as whole embryos (E8.5) or further dissected (E9.5). In this case, embryos were split into an
anterior and posterior portion at the forelimb level, and posterior portions were split
longitudinally along the dorsal aorta to remove the somites, unsegmented paraxial mesoderm
and neural tube. Fragments were then treated with 70% ethanol for 1 h at 4°C, washed three
times with distilled water and stained with a-naphtyl phosphate/fast red (Sigma F4523) for
45 min at room temperature. Stained embryos or dissected fragments were washed in water
and transferred to 75% glycerol to clear. Specimens were flattened on a slide under a
coverslip prior to photography.

Highly restricted Smad8 expression domains at early stages of mouse development

We previously used radioactive in situ hybridization techniques to study Smadi, Smad5 and
Smad8 expression at early stages, but it was difficult to visualize discrete signals in E6.5, 7.5
and 8.5 sagittal sections (Tremblay et al., 2001). In particular, Smad8 gave an extremely
weak hybridization signal just barely detectable above background. To compare expression
patterns, we performed whole mount in situ hybridization on intact postimplantation
embryos (Figs. 2A-F). As expected, we observed that SmadZ and Smad5 are broadly
expressed throughout the extra-embryonic and embryonic regions (Chang et al., 1999;
Tremblay et al., 2001). In contrast, Smad8is initially confined to the VY'S endoderm at
E7.5, later by E9.5 expression within the embryo is localized to the developing heart,
including the heart tube and surrounding mesenchyme and the tail bud (Figs. 2C and F).

To further examine BMP R-Smad expression ratios, we performed RNase protection assays
(RPA) (Figs. 2G and H). Consistent with results above, we found Smad1 and Smad5
mRNAs were strongly co-expressed from E7.5 onwards. We consistently detect increased
levels of Smadl in the yolk sac, whereas Smad5is slightly more abundant in the embryo
proper. In contrast, Smad8transcripts are mainly detectable in the VYS and only marginally
in the embryo proper (Fig. 2H). In comparison with Smad and Smad5, we detect
considerably less Smad8 expression in the VYS. These results suggest that Smad? and
Smad5 function as the predominant transcriptional regulators of target gene expression
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throughout development whereas Smad8 probably serves to modulate BMP signals in
selected cell types.

Generation of Smad8 null, conditional and LacZ reporter alleles

To more precisely delineate Smaa8expression domains, we introduced an in-frame LacZ
cassette into exon 2, the first coding exon of the locus (Fig. 3A). We also decided to generate
both a null and conditional allele by flanking exons 2 and 3 with loxP sequences (Fig. 3C).
Cre-mediated recombination is predicted to eliminate the initial 180 residues comprising the
MHZ1 domain and most of the linker region.

Embryos carrying the Smaa8.LacZ reporter allele were recovered from early
postimplantation stages onwards and stained for B-galactosidase activity. As expected, LacZ
expression is first detected in the VE overlying the extra-embryonic ectoderm at E6.0 and is
maintained in the VE of the yolk sac throughout gestation (Figs. 4A, B, B” and data not
shown). LacZactivity is undetectable within the embryo proper until early somite stages,
when low levels of expression become apparent in the region of the heart and the tail bud
and allantois (Fig. 4C). By E9.5, LacZ staining is regionalized within the heart tube being
confined to the myocardial layer of the outflow tract but the forming ventricles lack
Smad8.LacZ expression (Figs. 4D, D" and D”). We also detect Smad8.LacZ expression in
the inner (neural) layer of the developing optic vesicle (Figs. 4E, E” and G).

At later stages, Smad8.LacZ staining was detectable in all sites of forming cartilage
associated with the axial, appendicular and cranial skeleton (Figs. 4G and 5A-C). Heart
expression resolves to the tissue separating the atria from the ventricles (Figs. 5D and E). In
the Kidney, Smad8.LacZ expression is detectable in the epithelium of Bowman’s capsule,
proximal tubules and collecting ducts and in cells comprising the juxtaglomerular apparatus
(Fig. 5G). In the lung, LacZ staining is mainly seen in the endodermal component of the
bronchioles (Fig. 51). Smad8is strongly expressed in the outer muscular layer and in the
outer endodermal layer of the gut villi along the entire length of the gut tube (Figs. 5A, C
and H). Within the developing CNS, we detect a very restricted expression pattern for
Smad8. For example, focal expression is seen in the choroid plexus and groups of
interneurons in the spinal cord (Figs. 5B, C and F). The tightly regulated Smad8.LacZ
expression pattern described here strengthens the idea that Smad8 regulates BMP signaling
in a highly restricted cell context-dependent fashion.

Smad8 mutant mice develop normally and are viable and fertile

Recent experiments suggest that Smaad8 may play a role in the developing CNS (Hester et
al., 2005). A small proportion of homozygous embryos expressing a Smad8-neomyecin
fusion protein display increased cellularity of the hindbrain. However, animals carrying a
hypomorphic Smad8allele lacking exon3 sequences develop normally (Hester et al., 2005).
To clarify these contradictory conclusions and evaluate possible Smad8requirements in
vivo, our Smad8*'~ heterozygotes were intercrossed. As shown in Table 1A, Smad8null
homozygotes were recovered at Mendelian frequencies. Smaad8 mutants of both sexes were
overtly indistinguishable from littermates and proved to have normal fertility and fecundity
in breeding experiments. Moreover, homozygotes carrying the Smad8.LacZ reporter allele in
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which the LacZ cassette inserted into exon 2 disrupts the endogenous coding sequence were
also perfectly healthy. We conclude that Smad8 plays a nonessential role and that the
abnormalities previously reported in Smad8mutants (Hester et al., 2005) most probably
arise due to dominant effects of the neomycin fusion protein.

We also intercrossed Smad8 mutants with Smad (Tremblay et al., 2001) and Smad5 (Chang
et al., 1999) null alleles to test for possible functional redundancy (Tables 1B and C).
Reducing Smad1 or Smad5 expression levels in the context of the Smad8 mutation fails to
cause any noticeable disturbances. Thus, Smad8~'~ :Smad1*'~ and Smad8~'~ : Smad5*!-
animals were recovered at the predicted Mendelian ratios. Next, we intercrossed Smad8

1= :Smad1*'~ or Smad8~~ : Smad5*!~ animals. At E10.5, Smad8 '~ :Smad1 '~ and
Smad8 !~ :Smad5~'~ double homozygous embryos display the same phenotypes as those
described previously for Smadl or Smad5 null mutant embryos (data not shown). Given that
Smad8is co-expressed with Smad1 and Smad5 only in the VYS of the early embryo (Fig.
2), particular care was taken to examine the morphology of the visceral yolk sac. However,
there was no evidence for exacerbated phenotypes associated with the loss of Smaad8
expression.

Smad1 */~ :Smad5 */~ double heterozygous embryos die by E10.5

To further evaluate dose-dependent BMP R-Smad signaling thresholds, we attempted to
reduce both Smad1 and Smad5 expression levels. Intercrosses between Smad8 '~ :Smad1
*I= and Smad8 '~ : Smaad5 '~ animals were set up to generate F1 Smad8 '~ : Smadl

*I- - Smad5*'~ progeny. From a panel (>100) of live born animals, none proved to be double
heterozygotes (Table 1D). Lowering the dose of both Smadi and Smad5 clearly results in
embryonic lethality. We were curious to learn whether the phenotype depends on the loss of
Smad8 function. To test this possibility, we intercrossed Smadl */~ : Smad8** and Smads
*I= : Smad8*'* animals. Also in this case no live born double heterozygous offspring were
recovered (data not shown). A panel of E13.5 embryos (7= 42) from intercross matings
showed that the Smad */=: Smad’5*!~ double hetero-zygotes were lost by this stage of
development although a number of resorption sites were noted. Although not tested formally
because the phenotypes of Smad8 '~ : Smad5*'~: Smad1*'~ were not examined, the
Smadl1/5 genetic interaction is independent of Smad8expression because of the very limited
domain of Smad8expression in the early embryo (Fig. 2).

Smad1*'=:Smad5*'~ double heterozygotes were readily identifiable at E10.5 and E11.5. As
for Smadl and Smad5 mutants, we also observe a diverse spectrum of tissue abnormalities
(Fig. 6). The various classes of double heterozygous embryos, as summarized in Table 2,
encompass the entire range of disturbances described for Smadi- and Smad5-deficient
embryos. The most severely affected embryos (approximately 33%), as for Smaad5 null
embryos (Chang et al., 1999), were poorly patterned along the anterior—posterior axis and
failed to initiate the process of embryonic turning (Figs. 6E and G). On the other hand, many
embryos were overtly normal except that the allantois remained as a dense mass of tissue
(Fig. 6C), as described for Smadi null mutants (Lechleider et al., 2001; Tremblay et al.,
2001). Interestingly, at E7.5 a proportion of the double heterozygous mutants also displayed
a pronounced ruffling of the VYS endoderm (Fig. 6A) characteristic of SmadZ but not
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Smad5 mutants. Furthermore, we observed some mutant embryos in which the allantois
tissue was fused across the amnion, a phenotype that is distinctive of Smad5-deficient
embryos (Chang et al., 1999). Pronounced heart looping defects were also evident in a high
proportion of embryos.

To further characterize the tissue defects, we used a panel of molecular markers. The bHLH
gene Twistwas used as a pan marker of mesenchyme. As shown in Fig. 6G, in the most
severely affected mutants, mesoderm was underrepresented. The second and third branchial
arches were absent or severely compromised in their development. Similar defects have been
described in Smad5 mutants (Chang et al., 1999) and BMP5/7 double null embryos
(Solloway and Robertson, 1999). As seen in BMP5/7 mutants, we observed in a proportion
of double Smad1 *'~ : Smad5 *!~ heterozygous embryos that the somites were often
misaligned and fragmented (Fig. 6H). Fgf8expression normally delineates the anterior-most
forebrain, the isthmus separating the mid- and hindbrain and the branchial arches. Fgf8
expression domains reveal a spectrum of anterior defects (Fig. 6J). As for Smad5 mutant
embryos, in the majority of the more severely affected embryos (Chang et al., 1999), the
most rostral regions of the CNS were absent, whereas in other cases, the tissue was correctly
specified, but the cranial folds had failed to fuse (Fig. 7B).

Smad1 */~ :Smad5 */~ double heterozygous embryos display heart looping and laterality

defects

Heart morphogenesis and patterning is severely disturbed in Smad5 mutant embryos (Chang
et al., 2000). We also found here that Smadl *'~ :Smad5*'~ embryos consistently display
defects in early heart development. Fusion of the bilateral heart primordia to form the heart
tube always occurs, but subsequent morphogenesis is disturbed. As shown in Fig. 7, we
observe a range of phenotypes including inversion in the direction of looping, stalled
looping with the heart tube remaining linear along the ventral midline, and normal rightward
looping. Sections of affected hearts showed that the endocardium had formed normally (data
not shown). However, even in cases where the direction of heart looping was correct, overt
patterning of the forming heart chambers was severely abnormal. In situ hybridization with
eHanad, a basic helix—-loop—helix gene normally expressed primarily on the outer curvature of
the developing left ventricle (Biben and Harvey, 1997), revealed major disturbances in
chamber specification (Figs. 7E-H). In the majority of Smad1 *'~ : Smad5*'~ double
heterozygotes, the eHand expression domain expands to mark myocardial cells situated
more cranially and becomes symmetrically expressed (Fig. 7F). Looping morphogenesis
defects may therefore be a secondary consequence of failure to appropriately pattern the A—
P axis of the heart tube.

Heart looping defects in Smad5-deficient embryos have been attributed in part to
inappropriate establishment of the L/R axis (Chang et al., 2000). To investigate
establishment of the L/R body axis in Smad1 *'~ :Smad5*'~ double heterozygotes, we
examined expression of the TGFp. ligand Nodal. Nodal is the first gene to become
asymmetrically activated in the lateral plate, where it initiates a signaling cascade that
governs induction of key target genes namely /efty1, lefty2and the transcription factor Pitx2
(reviewed in Schier, 2003). At early somite stages, the double mutant embryos all showed
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appropriate NModal expression in the node, but staining patterns in the lateral plate mesoderm
were disturbed. Leftsided, bilateral and right-sided expression as well as complete failure to
activate NMoadal expression were observed (Figs. 71-L). Thus, we conclude that Smad1

*I= - Smad5*'~ double heterozygous embryos are compromised in their ability to correctly
activate the L/R pathway in the lateral plate mesoderm.

Severely impaired PGC specification in Smad1 */~ :Smad5 */~ double heterozygotes

BMP signaling from the extra-embryonic ectoderm is essential for inducing formation of
PGCs in the adjacent proximal epiblast prior to gastrulation (reviewed in McLaren, 2003).
The pathway for germ cell specification is known to be highly dose dependent. Thus, loss of
BMP4 disrupts PGC specification and fewer germ cells are specified in BMP4 heterozygotes
(Lawson et al., 1999; Ying and Zhao, 2001). Smad1 (Hayashi et al., 2002; Tremblay et al.,
2001), Smad5 (Chang and Matzuk, 2001) and Smad4 (Chu et al., 2004) activities are
required for PGC specification. We wondered if decreased Smad/5 expression levels might
also cause PGC defects in double heterozygous embryos. PGCs can be readily recognized
from E7.5 onwards due to their high levels of endogenous alkaline phosphatase (AP)
activity. AP-positive PGCs are first seen at the base of the allantois, then enter the dorsal
hindgut as gastrulation proceeds. To examine PGC specification, we examined PGC
numbers in 10-15 and 20-25 somite stage (early forelimb bud) double heterozygous
embryos in which ventral closure and gut formation had proceeded normally. By 10-15
somite stages, approximately 80-100 PGCs are detectable in the dorsal wall of the gut tube
of wild-type embryos (Figs. 8A and A”). In contrast, age-matched double heterozygotes
contain markedly reduced PGC numbers (Figs. 8B and B”). By 20-25 somites, between 200
and 300 AP-positive germ cells are normally present in the dorsal hindgut (Fig. 8C). The
majority of double heterozygotes entirely lack germ cells, whereas in the remainder (<40%)
we observe ~ 10-fold fewer AP-positive cells (Fig. 8E). These results demonstrate that dose-
dependent Smadl1/5 signals regulate allocation of the germ cell founder population at very
earliest stages.

Discussion

The wide range of biological responses elicited by BMPs, the largest subfamily of TGFp
secreted growth factors, converge on three closely related downstream effectors, Smad.,
Smad5 and Smad8. Smadl and Smad5 show the highest degree of sequence conservation
whereas Smad8is more structurally divergent (Figs. 1A and C). Smad8is conserved in the
genomes of all vertebrates. In contrast to SmadZ and Smad5, both strongly expressed
throughout the embryo, we demonstrate here that Smad8 s initially confined to the visceral
endoderm. From E9.5 Smad8 shows a tightly regulated pattern of expression within the
embryo localized to the early heart, eye, gut endoderm, subsets of cells in the lung, kidney
and throughout the developing skeleton. These results suggest that Smad8 expression at
discrete tissue sites may act to modulate BMP signaling in selected cell types.

In the developing eye, the lens-specific promoter of the Foxe3 transcription factor is
specifically regulated via a Sip-1/ Smad8 complex (Yoshimoto et al., 2005). Nonetheless, we
observe that lens morphogenesis proceeds normally in the absence of Smad8. Intriguingly,
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the Smad8 expression pattern described here closely resembles that of an Id SBE-LacZ
transgene reporter that specifically detects sites of active BMP signaling (Monteiro et al.,
2004). Particularly robust reporter activity was seen in the dorsal optic vesicle and the heart.
We speculate that Smad8transcription could potentially be a BMP target. This is not without
precedence because expression of the inhibitory Smads, Smad6and Smad7, is up-regulated
by BMP/TGF. signaling to provide a negative feedback circuit (Imamura et al., 1997;
Nakao et al., 1997). An attractive possibility is that Smad8 functions synergistically to up-
regulate Smadl/5 activities.

In humans, a recent report described consistent epigenetic silencing of Smad8via DNA
hypermethylation in multiple cancer types, including 30% of breast and colon cancer
samples surveyed (Cheng et al., 2004). These observations suggest that Smad8 may serve as
a negative regulator of cell growth particularly in the mammary gland and gut endoderm.
The present experiments clearly demonstrate that Smad8 mutant mice develop normally and
are viable and fertile. Further experiments exploiting the available SmadZ (Tremblay et al.,
2001), Smad5 (Umans et al., 2003) and Smad8 conditional alleles will be required to
describe possible Smaa8functions regulating organogenesis and homeostatic processes.

In zebrafish, both Smadl and Smad5 are involved in specification of the dorsal-ventral axis.
Interestingly, Smad5 is expressed both maternally and zygotically and is required
downstream of BMPZb signaling to induce Smadl ventrally (Dick et al., 1999; Suzuki et al.,
1997). The dorsalized phenotype of BMPZ2b mutant embryos can be rescued by exogenous
Smad1 but not Smad5s. Thus, previous studies point to unique functions for the Zebrafish
Smadl and Smad5homologs. On the other hand, in mouse both Smadi and Smad5 mutant
embryos display a wide spectrum of partially overlapping tissue defects (Chang et al., 1999,
2000; Chang and Matzuk, 2001; Lechleider et al., 2001; Tremblay et al., 2001; Yang et al.,
1999). Overall, the Smad5 phenotype is more severe because only a small proportion of
embryos achieve turning (Chang et al., 1999; Table 2). Smadi-deficient embryos fail to
establish a connection with the placenta due to failure of allantois growth but otherwise
develop more normally. These distinctive phenotypes could potentially reflect subtle
differences in the relative expression ratios in distinct cell lineages of the embryo. Thus, our
RPA experiments consistently demonstrate increased SmadZ expression in the early VYS,
perhaps accounting for ruffled yolk sacs in the mutants (Tremblay et al., 2001). In contrast
Smad5 mRNA is more strongly expressed in the embryo proper.

The present report documents a profound Smad/5 genetic interaction. The striking
phenotypic similarity shared between Smadl *'=: Smad5*'~ double heterozygous embryos
and those lacking Smadl or Smad5 strongly suggests that signaling functions mediated by
Smadl and Smad5 are equivalent. The developmental defects caused by progressive loss of
Smadl1/5 signals are summarized in Table 2. As for BMP4 phenotypes (Lawson et al., 1999),
genetic background effects may possibly contribute to this variability because both Smadi
and Smad5 mutations have been maintained on an outbred background. However, variable
penetrance of the Smadl phenotype has also been documented in 129/Sv inbred mice
(Tremblay et al., 2001). Early embryonic and extra-embryonic mesodermal cell lineages are
exposed to a continuously changing signaling environment and are required to accurately
interpret ligand concentrations. The present experiments demonstrate that combinatorial
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functional activities of Smadl and Smad5 during mesoderm formation and patterning must
be maintained above a critical threshold level roughly equivalent to three copies of Smadl/5
to promote rapid growth and cell migration.

Consistent with this way of thinking, BMP ligands are expressed in partially overlapping
patterns (Dudley and Robertson, 1997; Lyons et al., 1995a; Solloway and Robertson, 1999)
and genetic studies strongly argue that closely related BMP family members are functionally
redundant in vivo. For example, BMP5and BMP6 are co-expressed from early
postimplantation stages onwards (Solloway and Robertson, 1999) and functional loss of
either alone fails to perturb embryonic development (Kingsley et al., 1992; Solloway et al.,
1998). BMP7widely expressed throughout the embryo is essential only to promote eye and
kidney development (Dudley and Robertson, 1997; Luo et al., 1995), whereas other tissues
such as the notochord, surface ectoderm and heart that also express BMP5 and/or BMP6
develop normally. BMP5/7 and BMP6/7 double mutants show profound early phenotypes
and die by mid-gestation (Kim et al., 2001; Solloway and Robertson, 1999). Interestingly,
both BMP4 or BMPE, structurally divergent ligands, can functionally substitute for loss of
BMP7 and rescue kidney development (Oxburgh et al., 2005). Thus, considerable evidence
strongly argues that BMP signals act combinatorially.

Activin signaling thresholds in Xenopus result from varying degrees of receptor occupancy
at the cell surface, and dose-dependent SmaaZ2 phosphorylation in turn modulates target gene
expression (Dyson and Gurdon, 1998). Similarly, we have previously shown that
progressively lowering dose-dependent Smad2and Smad3 signals in the mouse embryo
results in discrete phenotypic thresholds during gastrulation (Dunn et al., 2005; Vincent et
al., 2003). Smad3-deficient embryos are viable, but removal of one copy of SmadZresults in
failure to specify axial mesendoderm. Progressive loss of Smad3in the context of a Srmaad2-
deficient epiblast eventually disrupts node and axial mesoderm formation. Further reduction
of Smaa2/3 signals compromises paraxial and lateral mesoderm formation. These genetic
manipulations demonstrate a strict dose response relationship between Smaad2/3 expression
levels and cell type specification (Dunn et al., 2005; Vincent et al., 2003).

The present experiments demonstrate for the first time that combinatorial activities of
Smadl and Smad5 regulate mesoderm patterning in the mouse embryo. As for SmadZ and
Smad5 mutants, Smad1 *'~ :Smad5*'~ double heterozygous embryos display L/R and heart
patterning defects. Smad1 */=:Smad5*'~ double heterozygotes also show defective allantois
morphogenesis and PCG specification, cell types known to require maximal BMP signaling.
PCG specification is abolished or greatly reduced in Smad1/5 double heterozygotes,
suggesting that R-Smads act combinatorially downstream of BA/P4to control this process. It
would of course be interesting to test whether Smad1/5 double null embryos display more
severe, earlier onset tissue abnormalities. Unfortunately, this possibility cannot be tested due
to the inability to generate Smad *'~ : Smad5*'~ double heterozygous animals.

Previous work has shown that the three mammalian BMP R-Smads, Smad1, Smad5 and
Smada8 signal downstream of activated A/k3and Alké6 receptors (Aoki et al., 2001). On the
other hand, considerable evidence suggests that Smad1, Smad5and Smad8 also exhibit
discrete activities in selected cell types. For example, Smadl and Smad5 but not Smaa8 are
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phosphorylated in response to stimulation of C2C12 cells by exogenous BMPE (Ebisawa et
al., 1999). This observation may in part result due to the inability of A/k2, the preferred
receptor for BMPE (Aoki et al., 2001), to efficiently phosphorylate Smad8. Relatively little
is known about how Smadl, Smad5and Smad8 associate with Smad4 and enter the nucleus.
Additional factors may also govern phosphorylation of Smadi, Smad5and Smad8by BMP
receptors. The present experiments strongly argue that Smadl and Smad5 share equivalent
functional activities in the early embryo. Considering that BMPs elicit a wide range of
biological responses in diverse cell types it will be interesting to learn whether BMP R-
Smads may have unique functions controlling cell proliferation, differentiation and tissue
homeostasis in the context of the adult organism.
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package (Accelrys.com). (C) A phylogenetic tree of BMP R-Smads shows early branching
of Smad8from Smadl and 5 genes. Fruitfly (Drosophila melanogaster), zebrafish (Danio
rerio), frog (Xenopus tropicalis), mouse (Mus musculus) and human (Homo sapiens).
Phylogenetic alignment was generated using Macvector (Accelrys.com).
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Fig. 2. Partially overlapping Smadl, Smad5 and Smad8 expression domains in the early mouse
embryo.

(A-F) Whole-mount in situ hybridization analysis of Smad1, Smad5and Smad8 expression.
(A and B) At the early head fold stage (E7.75), Smadl and Smad5 are robustly expressed
throughout the extra-embryonic and embryonic regions. (D and E) Similarly at E9.5 both
transcripts are widely expressed throughout the embryo proper. (C) In contrast, Smad8is
exclusively expressed in the extra-embryonic region at E7.75, specifically in the endoderm
of the visceral yolk sac (VYS). (F) At E9.5 Smad8 expression in the embryo is restricted to a
subregion of the heart tube and surrounding mesenchyme, the eye and the tail bud. (G and
H) Ribonuclease protection assays analyzing Smadl1, Smad5and Smad8 expression ratios.
Total embryonic (E) and yolk sac (YS) RNA at the various stages indicated were tested. The
numbers to the right hand side indicate the sizes of the protected fragments. The expression
ratios shown as numbers at the bottom of the lanes were calculated by scanning the gels in a
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Phosphorlmager, measuring the amount of radioactivity in each band and adjusting for the
CTP content of the antisense probes. Smadl and Smad5 are co-expressed in the embryo and
yolk sac, whereas in contrast Srmad8transcripts are predominantly localized to the yolk sac.
Data shown are representative of 4 independent experiments testing several embryonic and
yolk sac total RNA samples.
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Fig. 3. Generation of Smad8.LacZ, conditional and null alleles.
(A) A B-galactosidase-polyA cassette was introduced into the ATG-containing exon 2 of the

Smad8 locus. (B) Hygromycin-resistant ES cell clones were screened by Southern blot
analysis of Sacl-digested DNA using a 5" external probe (probe 1) that distinguishes 5.2-kb
wild-type (+) and 7.4-kb targeted (T) alleles. Correctly targeted clones were subjected to in
vitro Cre-mediated excision to remove the loxP (blue arrows)-flanked hygromycin resistance
cassette and verified by Southern blot analysis using an internal probe (probe I1) on Xbal-
digested DNA. (C) Targeting strategy for generation of Smad8 conditional and null alleles.
A loxP (blue arrows)-flanked hygromycin resistance cassette was inserted 5" of exon 2 and a
single loxP site placed 3" of exon 3. Hygromycin-resistant clones were screened by
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Southern blot analysis using a 5" external probe (probe 1). Cre-mediated recombination
yielded ES cell subclones carrying the conditional (CA) and null (N) alleles. (D) Genotypes
of offspring from heterozygous intercross matings. Southern blot analysis of Nsil-digested
genomic DNA using a 3” internal probe (probe 111 in C) distinguishes 8.9-kb wild-type (+),
3.2-kb conditional (CA) and 4.2-kb null alleles (N). The 3" internal probe (probe IV in panel
C) confirms excision of exons 2 and 3 in homozygous null animals. Confirmatory multiplex
PCR genotyping analysis using the indicated primers (green arrowheads in C) distinguishes
wt (192 bp), conditional (244 bp) and null allele (150 bp). K, Kpnl; Nh, Nhel; Ns, Nsi; Sa,
Sacl; Sl, Sall; X, Xhol; Xb, Xbal.
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Fig. 4. Highly restricted Smad8.LacZ expression during early mouse development.
Whole-mount X-Gal staining of Smad8.LacZ+ embryos at 5.5 dpc (A), 7.5 dpc (B, B'), 8.5

dpc (C), 9.5dpc (D, D’, D”), 10.5 dpc (E, E’, F) and 12.5 dpc (G). (A, B, B") Smad8.LacZ
expression is initially detected in the extra-embryonic visceral endoderm(VVE) from day 5.5,
but not in the definitive endoderm (de), neuroectoderm (ne) or mesoderm (m) of the embryo
proper. (C) LacZexpression in the embryo is first detected at 8.5 dpc in the mesenchyme
surrounding the forming heart (h) and at lower levels in the tail bud region (tb) and allantois
(a). (D, D", D”) At 9.5 dpc, embryonic expression is strongly seen within the myocardial
layer (myo) of the cardiac outflow tract (oft) and inflow tract (ift) but is absent from the
forming ventricular regions and endocardium (end). (E, E”) Expression is also initiated
within the forming eye and by 10.5 dpc expression is confined to the inner retinal layer of
the optic vesicle exclusively in the rostral dorsal half. No expression is seen within the
surface ectoderm (se). (F) From E10.5 expression is detectable in the sclerotomal component
(arrow) of the somites. (G) At E11.5 X-Gal staining is seen in presumptive areas of
chondrogenesis throughout the forming cranial, axial and appendicular skeleton. LacZ
staining also marks ventral mesenchyme of the thoracic and abdominal regions (vm). Low
levels of expression are also seen in the neuroepithelium of the hindbrain (hb) and eye
(asterisk).
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Fig. 5. The Smad8.LacZ reporter allele reveals a dynamic pattern of expression during
organogenesis.

(A) Sagittal vibratome section of an E14.5 embryo. LacZexpression is detected in the
choroid plexus (cp), forming vertebra (v), in a band of mesenchyme located in the
atrioventricular regions of the developing heart (hm) and in the developing gut. (B)
Transverse section of the brain of a 16.5 dpc embryo showing LacZ expression in a subset of
motorneurons in the anterior spinal cord (nsc), the trigeminal ganglion (tg) and the lens (I).
(C) Sagittal vibratome section of an E16.5 embryo. LacZ-positive sites include all of the
cartilage primordia. In this particular section, cartilage primordia of the vertebrae (v), ribs
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(c), basioccipital bone (bb) and forming maxilla (mx) and mandible (mb) are clearly stained.
(D and E) Transverse and coronal sections of 16.5 dpc heart showing expression of the
Smad8 reporter allele in the mesenchyme tissue (hm) separating the atria (a) from the
ventricles. (F) Close-up of the choroid plexus. (G) Sagittal section of an E16.5 kidney
reveals LacZ expression in the epithelium of the collecting ducts (cd) and proximal tubules
(pt) as well as in the juxtaglomerular apparatus and Bowman’s capsule (Bc) of the glomeruli
(9). (H) Transverse section of the intestine of a 16.5 dpc embryo. Stained cells correspond to
the epithelium layer of the villi (ve). The outer smooth muscle layer (sm) is also positive for
LacZexpression. (1) At E16.5, within the lung LacZ expression is detectable in the epithelial
cells of the bronchiole (be).
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Fig. 6. Smadl *I~:Smads *~ double heterozygous embryos display pleiotropic tissue
abnormalities.

(A) The earliest abnormality seen in a proportion of embryos at E7.5 is ruffling of the
visceral yolk sac (asterisk). The arrow marks the boundary between the embryo and extra-
embryonic regions. At E9.5, in contrast to wild-type litter mates (B) where the allantois has
fused to the chorion, Smad1 *'~: Smad5*'~ double heterozygotes (C) display an unfused
allantoic bud (ab, outlined with dashed line). In this example, the remainder of the embryo is
grossly normal including the heart (arrow). (D) Approximately two thirds of mutant
embryos show abnormalities in heart morphogenesis including heart looping (arrow in panel
D) and patterning defects. (E) Approximately one third of mutant embryos arrest at
embryonic turning and show severe defects including lack of anterior neural structures
(asterisk). (F, G) In situ hybridization for 7wistexpression in wild-type (F) and mutant
embryos (G) shows that severely affected embryos have a paucity of mesoderm and lack
branchial arches (arrows in panels F and G). (H) Ventral view of the caudal region of a
severely affected embryo shows that the somites are disorganized and fragmented (arrow).
(1, J) Analysis of Fgf8expression in wild-type (1) and severely affected (J) embryos
documents the absence of anterior-most neural tissue whereas the midbrain/hindbrain
isthmus (i) is specified. The developing limb buds form but are disorganized. (ab, allantoic
bud; aer, apical ectodermal ridge; anr, anterior neural ridge; ba, branchial arch; nt, neural
tube; i, isthmus; tb, tail bud).
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Fig. 7. L/R and heart patterning defects in Smadl *+I~ :Smads *'~ double heterozygous embryos.
(A, B) Frontal views of E9.5 wild-type and mutant embryos. The arrows indicate the

direction of cardiac looping. Normally, the heart tube is looped to the right and the left
ventricle (LV) is readily seen. In contrast, in a proportion of Smad1 *~ :Smad/5*'~ mutants,
the heart fails to loop and the forming left ventricle remains caudal. The asterisk marks the
unfused anterior neural folds in mutants. (C) Staining of hearts with myosin light chain V/
(MLCV) highlights the disturbances to heart tube morphogenesis and (D) reversal in the
direction of heart looping. (E, G) eHand expression in E9.5 wild-type embryos delineates
the outer curvature of the left ventricle. Staining is largely absent from the forming right
ventricle. (F, H) In Smad1 *'~ :Smad5*'~ embryos, the domain of eHand expression has
expanded to encompass the length of the heart tube. (I) At E8.5 Noaalis normally expressed
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in the lateral plate mesoderm on the left side of the axis. SmadZ */~ : Smad5*'~ embryos
show bilateral (J), right-sided (K) NModal expression or in the majority of cases fail to activate
asymmetric expression, whereas in the node, Modal is expressed appropriately (L, posterior
view) (ift, inflow tract; L, left side of embryo; LV, left ventricle; oft, outflow tract; R, right
side of embryo; RV right ventricle).
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Fig. 8. Dose-dependent Smadl/Smad5 activities are essential for specification of primordial germ
cells.

(A, A’, B, B”) Fast red alkaline phosphatase staining of primordial germ cells (PGCs) in
E8.5 (A, A") wild-type and (B, B") Smad1*'~: Smad5+” double heterozygous mutant
embryos. The mutants display a significant reduction in number of primary germ cells
within the hindgut region (compare panel A” to B”) and additional tissue defects as
indicated (heart morphogenesis, dashed line; unfused anterior neural folds, asterisk). (C, D,
E) At E9.5, germ cells defects become more pronounced (compare panel C to E, arrows
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indicating few detectable PGCs). Smad5 '~ heterozygous embryos display PGCs at
intermediate numbers (D).
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Table 1

Genotypes of offspring from Smadl, Smad5 and Smad8 heterozygous intercrosses

A. Smad8*'- x Smad8*"-

Genotype Smad8*'*  Smad8*-  Smad8~-
No. of animals 45 81 55
Percentage 24.8 44.8 30.3
Expected % 25 50 25

B. Smad8*"~ :Smad1*"- x Smad8*'~ : Smad1 *-

Genotype
Smaad8 Smad8 Smad8 Smad8 Smad8  Smad8
++ ++ +/- +- -I- -I-
Smadl Smadl Smadl Smadl Smadl  Smadl
+/+ +- +/+ +- +/+ +-
No. of animals 17 21 44 39 18 21
Percentage 10.6 131 215 24.4 11.25 131
Expected 12.5 125 25 25 125 12,5
C. Smad8*'~ :Smad5*'~ x Smad8*'~ :Smad5*"~
Genotype
Smad8 Smad8 Smad8 Smad8 Smad8  Smad8
+/+ ++ +/- +- /- -~
Smad5 Smad5 Smad5 Smad5 Smad5  Smad5
+/+ +/- +/+ +/- ++ +/-
No. of animals 13 17 27 32 14 16
Percentage 10.9 14.3 22.7 26.9 11.8 134
Expected 125 12.5 25 25 125 12,5
D. Smad8~'~ :Smad5~'~ x Smad8~~ .Smad1*~
Genotype
Smad8 Smad8 Smad8 Smad8
-/~ -~ -/~ -I-
Smad5 Smad5 Smad5 Smad5
++ +- ++ +-
Smadl Smadl Smadl Smadl
++ ++ +/- +-
No. of animals 44 34 43 0
Percentage 355 28.1 355 0
Expected 25 25 25 25
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Smad1 */~ :Smad5 */~ double heterozygous embryos and mutants entirely lacking Smadl
or Smad>5 share partially overlapping tissue abnormalities

Defects

YS Heart

Ruffled Allantois o p L/R axis Turning Branchial PGC
vascularization looping
VYS defects defects defects defects defects arch defects  defects
Genotype
,/,
5 n’; Dgf”,fdl " Yes Yes NO ND ND NO NO Yes
_/_
5”2 d‘j’f’,‘fd‘g ' NO Yes Yes Yes Yes Yes Yes Yes
+/-
Sn?‘% dg’i’,fdl " Yes Yes NO Yes Yes Yes Yes Yes

Pleiotropic tissue disturbances were described by (A) Tremblay et al

Dev Biol. Author manuscript; available in PMC 2020 November 17.

. (2001); (B) Chang et al. (1999); or (C) in this report. ND, not determined.
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