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Abstract
Early in vertebrate development, endodermal signals act on mesoderm to induce cardiogenesis. The
F-type SOXs SOX7 and SOX18β are expressed in the cardiogenic region of the early Xenopus
embryo. Injection of RNAs encoding SOX7 or SOX18β, but not the related F-type SOX, SOX17,
leads to the nodal-dependent expression of markers of cardiogenesis in animal cap explants. Injection
of morpholinos directed against either SOX7 or SOX18 mRNAs lead to a partial inhibition of
cardiogenesis in vivo, while co-injection of SOX7 and SOX18 morpholinos strongly inhibited
cardiogenesis. SOX7 RNA rescued the effects of the SOX18 morpholino and visa versa, indicating
that the proteins have redundant functions. In animal cap explants, it appears that SOX7 and SOX18
act indirectly through Xnr2 to induce mesodermal (Eomesodermin, Snail, Wnt11), organizer
(Cerberus) and endodermal (endodermin, Hex) tissues, which then interact to initiate cardiogenesis.
Versions of SOX7 and SOX18 with their C-terminal, β-catenin interaction domains replaced by a
transcriptional activator domain failed to antagonize β-catenin activation of Siamois, but still induced
cardiogenesis . These observations identify SOX7 and SOX18 as important, and previously
unsuspected, regulators of cardiogenesis in Xenopus.
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Introduction
The heart is the first functional organ to form during vertebrate development (Foley and
Mercola, 2004; Mohun et al., 2003). Generated primarily from mesodermal tissues, in
Xenopus the cardiogenic domain is specified during gastrulation (Jacobson and Sater, 1988;
Sater and Jacobson, 1989; Sater and Jacobson, 1990) by signals that arise within the organizer
and anterior endoderm (Foley and Mercola, 2005; Nascone and Mercola, 1995; Sater and
Jacobson, 1990; Schultheiss et al., 1995; Sugi and Lough, 1994). Dorsal lateral domains are
brought together through the morphogenic movements of gastrulation and neurulation to form
the heart tube. The regulatory interactions involved in cardiogenesis appear to be conserved
among both invertebrates and vertebrates (Cripps and Olson, 2002; Davidson and Levine,
2003). The homeobox-containing transcription factor Nkx2.5, and related proteins (Newman
and Krieg, 1998), sit atop a regulatory cascade that leads to the differentiation of mesodermal
cells into cardiomyocytes.

Wnts are a phylogenetically ancient group of secreted signaling proteins (Jockusch and Ober,
2000; Kusserow et al., 2005; Prud’homme et al., 2002). Wnts can activate a number of
downstream signaling pathways, which in turn modulate target gene activity, cell morphology,
motility, and polarity (Logan and Nusse, 2004; Miller, 2002; Nelson and Nusse, 2004; Walston
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et al., 2004). One of the best studied of these Wnt-activated pathways involves stabilization of
the cytosolic form of the cell adhesion protein β-catenin. Originally identified through its ability
to interact with cadherins and to mediate the anchorage of cytoskeletal systems to cell adhesion
sites, cytosolic β-catenin is normally rapidly degraded. In the presence of a “canonical” Wnt
signal, cytosolic β-catenin is stabilized, enters the nucleus and interacts with LEF/TCF-type
HMG box transcription factors, altering their effects on gene expression.

Studies in Xenopus, chick and mouse suggest the inhibition of Wntmediated, β-catenin-
regulated gene expression plays a conserved role in the induction of cardiogenic mesoderm
(Lickert et al., 2002; Marvin et al., 2001; Schneider and Mercola, 2001; Tzahor and Lassar,
2001). In X. laevis, inhibitors of β-cateninregulating Wnt signaling act on endoderm, leading
to the expression of Hex, which encodes a homeobox-containing transcription factor. Hex
expression, in turn, leads to the generation of inductive signals that act on adjacent mesoderm
(Foley and Mercola, 2005; Schneider and Mercola, 2001). That this mechanism is conserved
in mice is suggested by the phenotype of Hex mutant mice, and the observation that mice
carrying a conditional null mutation of β-catenin in the mesoderm produce multiple hearts
(Foley and Mercola, 2005; Lickert et al., 2002).

A second “non-canonical” Wnt signaling pathway plays an important role in cardiogenesis. In
the chick and in X. laevis, Wnt11 induces cardiogenesis through activation RhoA and Jun-N-
terminal kinase (JNK)(Eisenberg and Eisenberg, 1999; Eisenberg et al., 1997; Pandur et al.,
2002a; Pandur et al., 2002b). Wnt11 also acts as an antagonist of β-catenin-regulating Wnt
signaling (Maye et al., 2004; Pandur et al., 2002a). Wnt 11 is expressed in the developing heart
field of the mouse and the chick (Eisenberg et al., 1997; Kispert et al., 1996; Terami et al.,
2004) and its expression is elevated as mouse P19 carcinoma and embryonic stem cells
differentiate into cardiomyocytes within embryoid bodies (Pandur et al., 2002a; Terami et al.,
2004). Circulating endothelial progenitor cells can be induced to differentiate into
cardiomyocytes by exposure to Wnt11 (Koyanagi et al., 2005)

A number of observations led us to examine the role of the F-type SOX transcription factors,
SOX7, SOX17 and SOX18, in cardiogenesis. The first was the observation that both SOX7
and SOX17 can act as antagonists of β-catenin-mediated Wnt signaling (Takash et al., 2001;
Zorn et al., 1999). Next, there was their the pattern of expression. In the mouse and human,
SOX7, SOX17 and SOX18 are expressed in the adult heart (Katoh, 2002; Saitoh and Katoh,
2002; Takash et al., 2001; Taniguchi et al., 1999). During mouse development, SOX7 is
expressed in the parietal endoderm, but is apparently absent from the definitive endoderm and
embryonic gut (Kanai-Azuma et al., 2002). SOX7 appears to be essential for endodermal
differentiation in F9 embryonal carcinoma cells, acting up-stream of GATA factors (Futaki et
al., 2004; Murakami et al., 2004; Niimi et al., 2004). By embryonic day 7.5, mouse SOX18 is
expressed in the extraembryonic allantois and yolk-sac blood islands; shortly after, it is
expressed in foregut endothelial and presumptive endocardial cells and in the dorsal aorta and
the heart (Pennisi et al., 2000b). SOX17 expression is present at day 6 in the extraembryonic
endoderm and later within the definitive endoderm (Kanai-Azuma et al., 2002).

Next, there was the observation that in mice, semi-dominant mutations in SOX18 lead to severe
cardiovascular defects, whereas mice homozygous for a null mutation in SOX18 display only
a mild coat-color phenotype (Downes and Koopman, 2001; Pennisi et al., 2000a; Pennisi et
al., 2000b). This suggests that the mutant protein interferes with the activity of other proteins,
perhaps other SOXs, and that one or more related SOXs may compensate for the absence of
SOX18 during cardiovascular development.

Finally, our attention was drawn to a possible role for SOX7 and SOX18 in cardiogenesis when,
in the course of studies on foregut differentiation, we observed that the injection of SOX7
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mRNA induced the expression of markers of cardiogenesis in Xenopus animal cap explants.
While we had previously found only mild gross morphological defects following SOX7
morpholino injection (Zhang et al., 2005), the ability of SOX7 (and SOX18) to induce
cardiogenic markers in animal caps lead us to more thoroughly examination of the role of these
proteins in heart formation. Using a combination of in vivo and explant studies, we find that
both SOX7 and SOX18 are expressed in the early cardiogenic region of the Xenopus embryo,
and are required for, and capable of inducing, cardiogenesis in a process that depends upon
nodal signaling.

RESULTS
Three F-type SOXs have been described in tetrapods, SOX7, SOX17 and SOX18. In X. laevis
SOX7 RNA is supplied maternally and is present in the aortic arch, the procardiac tube, within
cells of the developing embryonic vasculature, in the notochord, and within the hindbrain
(Fawcett and Klymkowsky, 2004). SOX17 α and SOX17 β are expressed zygotically in early
embryonic endoderm (Hudson et al., 1997). As in the case of SOX17, there are two SOX18
genes in X. laevis, α and β (Hasegawa et al., 2002). Expression of SOX18β begins following
the on-set of zygotic transcription at the mid-blastula transition (Hasegawa et al., 2002);
SOX18β RNA is detectable by RT-PCR in both animal and vegetal hemispheres of the embryo
at this early stage (FIG. 1A). Expression of SOX18α begins at stage 32 (Hasegawa et al.,
2002).

Hasegawa et al., (2002) were unable to localize SOX18β RNA by in situ hybridization; we
were also unable to visualize a clear pattern of SOX18β expression in the early embryo via in
situ hybridization (data not shown). By stage 30, however, in situ staining for SOX18β RNA
was found in the rostral region of the embryo (FIG. 1B).

To better define the pattern of SOX7 and SOX18β expression, gastrula and neurula stage
embryos were dissected into distinct regions. In gastrula stage embryos (FIG. 1C,D), both
SOX7 and SOX18β RNAs were found in the region of the dorsal and lateral marginal zones;
RNA for the anterior endodermal marker Hex was restricted to the dorsal marginal zone. At
neurula stage 16/17 (FIG. 1E-G), SOX7 and SOX18 RNAs were found in both anterior dorsal
and ventral regions of the embryo, while Hex RNA was restricted to the anterior ventral region.
Expression of Nkx2.5, an early marker of the cardiogenic domain (Raffin et al., 2000; Tonissen
et al., 1994), was also restricted to the anterior ventral region, whereas NCAM, a marker of
neurogenic regions (Jacobson and Rutishauser, 1986; Kintner and Melton, 1987), was
restricted to the dorsal regions of the embryo. Markers of cardiogenic differentiation (Tbx5 and
MHCα, but not TnIc - see below) could be detected by RT-PCR in stage 16/17 embryos when
30 cycles of amplification were used (FIG. 1G). This contrasts to the previous report that
MHCα expression first begins as stage 29/30 (Logan and Mohun, 1993); we attribute this to
differences in the sensitivity of the techniques used, that is, RT-PCR versus RNA protection
assays.

SOX7 and SOX17 share similar DNA-binding HMG boxes, but activate distinct sets of target
genes (Sinner et al., 2004; Zhang et al., 2005). In animal cap explants SOX7 activates
expression of the nodal-related protein-encoding genes Xnr1, Xnr2, Xnr4, Xnr5 and Xnr6 in a
nodalsignaling independent manner (Zhang et al., 2005). Of these, Xnr4, Xnr5 and Xnr6 appear
to be direct targets (see below). In contrast, SOX17β induces the expression of Xnr4 alone
(Sinner et al., 2004; Zhang et al., 2005). To determine which Xnr genes were regulated by
SOX18, animal caps derived from embryos injected with either SOX7- GFP, mt-SOX17-GFP
or SOX18β-GFP RNAs were analyzed by RT-PCR. SOX18β induced the expression Xnr2 and
Xnr4, and Xnr1 weakly (FIG. 2). Both SOX7 and SOX18β, but not SOX17, induce the
expression of Mixer (FIG. 2), a homeodomain-containing transcription factor involved in
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mesendodermal differentiation (Henry and Melton, 1998; Kofron et al., 2004). All three SOXs
induce expression of the pan-endodermal marker endodermin (Edd)(FIG. 2)(Hudson et al.,
1997; Sinner et al., 2004; Zhang et al., 2005).

Redundant roles for SOX7 and SOX18 in cardiogenesis
There are two common methods for studying gene function in Xenopus – the injection of RNA
encoding dominant negative polypeptides or the injection of translation-blocking morpholinos
(MO). Given the observation that SOX3 and SOX7 share at least partial DNA binding site
selectivity (Zhang et al., 2005), there is a real possible of “crossinhibition” when using DNA-
binding forms of either SOX7 or SOX18 to study their role in early embryos, where multiple
SOXs (e.g. SOXD, SOX3, SOX7, SOX11, SOX17α and β and SOX18β) are expressed (St
Amand and Klymkowsky, 2001). We therefore designed morpholinos to specifically target
SOX7 (MO7) and SOX18 (MO18) RNAs (FIG. 3A). The SOX7 morpholino (MO7) has
previously been shown to block the translation of a SOX7 RNA in embryos and its effects can
be rescued by injection of altSOX7-GFP RNA, which contains silent mutations that reduce its
affinity for MO7 (Zhang et al., 2005). MO7 has 16 mismatches with the SOX18β RNA, 14
mismatches with SOX17α RNA, and 12 mismatches with the SOX17α RNA. The MO18 is a
perfect match to SOX18β and has one mismatch with the SOX18α sequence; it has 16
mismatches to SOX7, and 17 mismatches with SOX17α and SOX17β RNAs. The SOX18MO
differs from the SOX18b sequence at 4 sites, although it still blocks translation of the SOX18b
RNA.

To characterize the ability of the SOX18 morpholino to inhibit the translation of SOX18 RNA,
we generated a version of the pCS2 plasmid in which the 5’ UTR region of β-globin was
replaced by the 123 base pair region of the SOX18β cDNA characterized Hasegawa et al
(Hasegawa et al., 2002); MO18 perfectly matches the utrSOX18V5 RNA (FIG. 3A). We
injected utrSOX18V5 RNA (0.5 ngs/embryo) into fertilized eggs either alone, or together with
control or SOX18 morpholinos (15 ngs/embryo); embryos were analyzed at stage 9/10 by
immunoblot using a monoclonal antiV5 epitope antibody. MO18 blocked the accumulation of
the SOX18V5 polypeptide, while the control morpholino had no apparent effect (FIG. 3B).
We also tested the specificity of the MO18 morpholino using a rabbit translation reticulocyte
in vitro assay programmed with both SOX3V5 and utrSOX18V5 RNAs; addition of MO18
inhibited SOX18V5 accumulation, but had no discernable effect on SOX3V5 accumulation
(FIG. 3C).

We injected either MO7 and MO18 (total final concentration 30 ng/embryo) into animal and
vegetal sites of fertilized eggs and examined the phenotypes at larval stages. Gastrulation
appeared normal and, as described previously for SOX7, the larvae displayed only mild gross
morphological phenotypes (FIG. 4)(Zhang et al., 2005). When such embryos were stained in
situ for either myosin heavy chain α (MHCα) RNA, a specific marker of cardiomyocyte
differentiation (Logan and Mohun, 1993)(FIG. 4B-D) or Nkx2.5 RNA (FIG. 4F), both MO7
(FIG. 4B,E) and MO18 (FIG. 4C,E) produced dramatic decreases in the extent and intensity
of staining; no effect on these markers was observed when control morpholino was injected
(data not shown). When the MO7 and MO18 were injected together (each 15ng/embryo), the
complete loss of expression of Nkx2.5 (FIG 4F) and MHCα (FIG. 4D) was more frequent (Table
2). It is worth noting that while some morpholino-injected embryos displayed aberrant head
morphologies, others appeared quite normal, even while the expression of cardiac markers was
extinguished (see FIG. 4D,F).

The expression of both MHCα and Nkx2.5 in MO18 injected embryos could be rescued by
injection of RNA encoding altSOX7-GFP (0.5ng/embryo)(data not shown), while the injection
of SOX18β-GFP (0.5ng/embryo) rescued the effects of MO7 (Fig. 4N and data not shown).
Similarly, the loss of Nkx2.5 and MHCα expression observed in MO7+MO18 injected embryo
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was efficiently rescued by either altSOX7-GFP RNA or SOX18β-GFP RNA injection (FIG.
4H, J, L). In contrast, little or no rescue was observed using a mutated form of SOX7,
SOX7GGG-GFP (FIG. 4I,M; see below). Together these observations indicate that SOX7 and
SOX18 are required for normal cardiogenesis and have largely redundant activities.

SOX7, SOX18 and the cardiogenic gene regulatory network
It is possible that SOX7 and SOX18 are not necessary for cardiogenesis per se, but are required
for developmental processes upon which cardiogenesis depends. Previous studies indicate that
animal ectodermal explants, animal caps, form cardiac tissue and even beating hearts following
activin treatment (Ariizumi et al., 2003; Logan and Mohun, 1993; Okabayashi and Asashima,
2003). In contrast, naïve animal caps differentiate into atypical epidermis, and do not express
endodermal, mesodermal or cardiac markers (Sive et al., 2000). If SOX7 and SOX18 are
actively involved in cardiogenesis, they might be able to induce expression of markers of
cardiogenesis when introduced into animal caps. Animal caps were generated at stage 8 from
embryos injected with SOX7-GFP RNA (0.1–0.5 ng/embryo) and cultured until controls
reached stage 30 and then stained in situ for Nkx2.5 (FIG. 5A) or MHCα (FIG. 5B) – in each
case, a single distinct domain of staining was observed; no staining was observed in uninjected
animal caps (data not shown). Markers of cardiogenesis were examined by RT-PCR, when
control embryo had reached stage 25, we obtained a similar result (FIG. 5C). In addition to
Nkx2.5 and MHCα, both SOX7-GFP and SOX18β-GFP induced expression of the heart
specific T-box transcription factor Tbx5 (Horb and Thomsen, 1997), the cardiac-specific
structural protein troponin c inhibitory chain (TnIc)(Drysdale et al., 1994), as well as the
endodermal marker endodermin. It is worth noting that, as in the case of injection of Hex RNA,
which also induces the expression of cardiac markers in animal caps (Foley and Mercola,
2005), we did not observe obvious beating tissue in SOX7 or SOX18 RNA injected animal
caps (data not shown). When SOX7-GFP or SOX18β-GFP RNAs were injected into fertilized
eggs and intact embryos were examined by in situ hybridization; the extent and intensity of
the Nkx2.5 and MHCα expression domains appeared to be increased compared to uninjected
controls (data not shown; see supplemental figure). In contrast to the effects of SOX7 and
SOX18, injection of RNA encoding mtSOX17β-GFP induced endodermin but none of the
cardiac markers (FIG. 5C).

Cardiogenesis involves mesodermal tissues. Both SOX7 and SOX18β, but not SOX17, induce
expression of Xnr2 which in turn has been reported to activate expression of Eomesodermin
(Eomes)(Loose and Patient, 2004), a T-box containing transcription factor expressed very early
in mesodermal specification and known to play a role in cardiac development (Ryan et al.,
1996; Ryan et al., 2004; Sousa-Nunes et al., 2003). Both SOX7 and SOX18 induced animal
cap expression of Eomes and Snail, which encodes a Zn+-finger transcription factor expressed
in the embryonic mesoderm (Essex et al., 1993)(FIG. 5D). SOX7 and SOX18β induction of
animal cap Eomes and Snail expression was inhibited by the co-injection of RNA encoding
the nodal-specific antagonist CerS (FIG. 5E), indicating that this induction is indirect.

To further characterize how SOX7 (and presumably SOX18) acts to induce cardiogenesis, we
generated a plasmid encoding a dexamethasone-regulated version of the polypeptide, GR-
SOX7-GFP. In the absence of dexamethasone, GRSOX7-GFP RNA is translated but the
polypeptide is expected to be inactive due to interactions with hsp90 (Sive et al., 2000). When
animal caps expressing GR-SOX7-GFP were analyzed in the absence of dexamethasone, there
was no detected activation of known SOX7 targets; upon addition of dexamethasone, however,
there was clear expression of the mesoderminducing nodal-related protein encoding genes
Xnr1, Xnr2, Xnr4, Xnr5 and Xnr6 (FIG. 6). When animal caps were pretreated with the protein
synthesis inhibitor emetine (commonly used in studies of cell cycle proteins) prior to, and
during dexamethasone activation, expression of Xnr4, Xnr5 and Xnr6 remained robust,
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suggesting that these are immediate-early, i.e., direct targets of SOX7 regulation. The
expression of Eomes was blocked by emetine treatment, confirming that it is an indirect target
of SOX7 regulation. Emetine-treatment alone did not lead to the expression of any of the genes
examined (FIG. 6).

Formation of the heart depends upon the release of inhibitors of canonical Wnt signaling from
the organizer that act on the endoderm (Foley and Mercola, 2005; Schneider and Mercola,
2001). In addition, Wnt11 both inhibits canonical Wnt signaling and acts through the protein
kinase C (PKC) and jun kinase (JnK) to induce cardiogenesis (Pandur et al., 2002a).
Cerberus encodes a secreted Wnt/BMP/Nodal inhibitor first expressed in the deep region of
the organizer (Bouwmeester et al., 1996; Piccolo et al., 1999; Schneider and Mercola, 1999),
while Hex encodes a homeobox-containing protein expressed in the anterior endoderm in
response to the inhibition of Wnt signaling in the endoderm (Foley and Mercola, 2005; Jones
et al., 1999; Smithers and Jones, 2002). Both SOX7 and SOX18β induced expression of
Cerberus (FIG. 6 & 7C), Hex (FIG. 5E & 6), and Wnt11 (FIG. 6 & data not shown) in animal
caps. Two lines of evidence indicate that SOX7/SOX18 activation of Cerberus, Hex and
Wnt11 is indirect: GR-SOX7-GFP induction of Cerberus, Hex, and Wnt11 was blocked by the
protein synthesis inhibitor emetine (FIG. 6), and the SOX7/18-induced expression of Eomes,
Hex and Nkx2.5 was blocked by injection of RNA encoding the nodal-inhibitor, CerS (200 pg/
embryo)(FIG. 5E & data not shown)

SOX7 and SOX18 are β-catenin-signaling antagonists
SOX7 and SOX17 have previously been identified as antagonists of β-catenin activation of the
β-catenin/TCF regulated OT reporter (Takash et al., 2001; Zorn et al., 1999). The β-catenin
binding domain of SOX17 has been localized to its C-terminus (Sinner et al., 2004; Zorn et
al., 1999). We generated a version of SOX7, SOX7ΔC-GFP, which lacks this C-terminal
domain, beginning 20 residues downstream of the HMG box. In immunoprecipitation studies,
SOX7-GFP co-precipitated endogenous β-catenin, while SOX7ΔC-GFP failed to co-
precipitate β-catenin (FIG. 7A). In animal cap studies, SOX7ΔC-GFP failed to induce the
expression of Nkx2.5, Tbx5 or MHCα (FIG. 7B), although it was able to bind to DNA (data
not shown). Replacing the C-terminal domains of SOX7 and SOX18βwith a VP16
transcriptional activation domain (Sadowski et al., 1988) restores the ability of these proteins
to induce the cardiogenic markers Nkx2.5, Tbx5, MHCα and TnIc (FIG. 5C).

In animal caps, stabilized β-catenin induces the expression of the TCFregulated gene
Siamois (Brannon and Kimelman, 1996; Fagotto et al., 1997). Coinjection of either SOX7-
GFP or SOX18β-GFP RNAs suppressed β-catenin-mediated activation of Siamois in this assay,
while mtSOX7ΔC-VP16 did not (FIG. 7C). Both mtSOX7ΔC-VP16 and mtSOX18βΔC-VP16
RNAs retained the ability, when injected into fertilized eggs, of increasing the extent and
intensity of the Nkx2.5 expression domains, as determined by in situ hybridization (data not
shown - supplemental figure 1), and both can rescue the loss of MCHα staining produced by
SOX7/18 morpholino injection (FIG. 2K; Table 2).

Sinner et al (2004) identified a conserved sequence motif in the tail domain of F-type SOXs
as a critical β-catenin binding element in SOX17 (FIG. 7D). We generated a version of SOX7,
SOX7GGG-GFP, analogous to their SOX17-3G construct. We compared the ability of SOX7-
GFP, SOX18β-GFP and SOX7GGGGFP to inhibit β-catenin activation of the OT reporter in
animal caps (FIG. 7E). Fertilized eggs were injected with linearized OT and pTK-Renilla
luciferase plasmids, and RNAs encoding a mutationally stabilized form of β-catenin and either
SOX7-GFP, SOX18β GFP or SOX7GGG-GFP. Both SOX7 and SOX18β were potent
inhibitors of OT activation, whereas SOX7GGG-GFP was reproducibly less effective (FIG.
7E). In animal caps, SOX7GGG-GFP retained the ability to induce the expression of the
endodermal marker Edd but failed to induce expression of the markers of cardiogenesis (FIG.

Zhang et al. Page 6

Dev Dyn. Author manuscript; available in PMC 2006 June 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



7F). In the embryo, injection of RNA encoding SOX7GGG-GFP failed to rescue the effects
of SOX7 and SOX18 morpholinos (FIG. 4I,M; TABLE 2).

Discussion
There are three main conclusions from the studies presented here. The first is the demonstration,
based on the effects of targeted morpholinos, RNA rescue, and animal cap studies, that the F-
type SOXs, SOX7 and SOX18 play an unexpected, essential and overlapping role in
cardiogenesis in Xenopus. The second is that while SOX7, SOX17 and SOX18 can each inhibit
β-catenin-mediated gene/reporter activation, this activity is not sufficient for them to induce
cardiogenesis; while both SOX7 and SOX18 are cardiogenic, SOX17 is not. Moreover, a
version of SOX7 in which the C-terminal β-catenin binding domain is replaced by a generic
transcription activation domain still induces the expression of cardiogenic markers. Finally,
based on an analysis of their activity in animal caps, the cardiogenic effects of SOX7 and
SOX18 appear to depend upon the indirect activation of Xnr2 in particular and nodal signaling
in general.

Overlapping functions of SOX7 and SOX18 in cardiogenesis
A role for SOX18 in cardiovascular development was first suggested by the observation that
semidominant mutations in SOX18 lead to cardiovascular defects (Pennisi et al., 2000b). On
the other hand, the observation that mice homozygous for a SOX18 null mutation have no such
defect (Pennisi et al., 2000a) implies that the mutant SOX18 proteins must disrupt the functions
of genes other than SOX18 to produce the cardiovascular phenotype observed. In a previous
study, we found that a “dominantnegative” version of SOX7 produces a much more severe
gross morphological phenotype that did the SOX7 morpholino, presumably because of their
ability to interfere with the activity of other SOX proteins (Zhang et al., 2005). This lead us to
avoid the use of “dominant-negative” constructs in this study.

Both SOX7 and SOX18β RNAs are present in the embryo during the period of cardiogenic
specification (Fawcett and Klymkowsky, 2004; Hasegawa et al., 2002; Shiozawa et al.,
1996)(FIG. 1) and the coinjection of SOX7 and SOX18 morpholinos produces a more complete
suppression of cardiac marker expression than does either morpholino alone (FIG. 3; Table 2)
supporting the conclusion that both proteins are normally involved in cardiogenesis. At the
same time, the observation that either SOX7 or SOX18 RNA can rescue the loss of cardiac
markers produced by SOX7 or SOX18 morpholinos, when used alone or together, indicates
that the two proteins are functionally similar, at least at this level of resolution (FIG. 2; Table
2). It is possible that the expression of both genes is required to produce a level of protein
activity necessary to insure that cardiogenesis occurs normally. It remains to be determined
whether the combination of SOX7 and SOX18 are required for cardiogenesis in other
organisms, such as the mouse or human, or what roles they may play in different tissues.

Wnt signaling and the cardiogenic activities of SOX7 and SOX18
The inhibition of canonical Wnt signaling in the endoderm, by Wnt inhibitors secreted by the
organizer and Wnt11, expressed in the mesoderm, plays a key role in the induction of
mesodermal cardiogenesis (Foley and Mercola, 2004; Foley and Mercola, 2005; Mohun et al.,
2003; Pandur et al., 2002a; Sater and Jacobson, 1989; Sater and Jacobson, 1990). SOX7,
SOX17 and SOX18 can each induce endodermal differentiation, as revealed by their ability to
induce expression of Endodermin. They also each antagonize β-catenin-regulated gene
expression (FIG. 7)(Sinner et al., 2004; Takash et al., 2001; Zorn et al., 1999). That said, it is
clear that the ability to induce endodermal differentiation and to antagonize β-catenin signaling
is not in and of itself the reason SOX7 and SOX18 are cardiogenic, since SOX17 does not
induce cardiogenic markers in the animal cap system.
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To further define the role, if any, of the anti-β-catenin activity of SOX7 and SOX18 in
cardiogenesis, we replaced the Cterminal β-catenin binding domain of SOX7 or SOX18 with
a virally-derived, transcriptional activation domain. The resulting “VP16” polypeptides
retained the ability to induce cardiac markers in animal caps and to rescue the effects of SOX7
and SOX18 morpholinos on heart markers in vivo, but did not suppress β-catenininduction of
Siamois. On the other hand, a mutant form of SOX7, SOX7GGG-GFP, reduced, but did not
eliminate, the anti-β-catenin activity of SOX7 in the OT assay, failed to suppress the β-catenin
activation of Siamois expression, and, while clearly retaining some transcriptional activity, was
unable to either induce the expression of cardiogenic markers in animal cap explants or to
rescue the effects of SOX7 and SOX18 morpholinos on cardiogenesis in vivo. Our results
support the conclusions of Sinner et al (2004), working with an analogous mutation in SOX17,
that this conserved region of the SOX7/SOX17 polypeptides is clearly critical for some, but
not all of the transcriptional activities of these proteins. One possibility is that the proteins
differ quantitatively rather than qualitatively, and that threshold effects are involved in the
differences in gene expression patterns they provoke. A detailed quantitative analysis that
examines direct and indirect targets should be able to identify qualitative differences associated
with the GGG mutation if they exist, and is currently planned.

SOX7 and SOX18 regulation of nodal expression
Given the apparent role of SOX7 and SOX18 in cardiogenesis, the next question we sought to
answer was, where in the cardiogenic pathway do these proteins act? To place SOX7 and
SOX18 in the cardiogenic pathway, we examined their effects in animal caps. Although the F-
type SOXs have similar DNA binding domains, they differ in the genes they activate. SOX17
activates only Xnr4, SOX18 activates Xnr2 and Xnr4, while SOX7 activates Xnr1, Xnr2,
Xnr4, Xnr5 and Xnr6 (Sinner et al., 2004; Zhang et al., 2005)(this work). Given that the pattern
of Xnr activation is similar between full length and ΔC-VP16 versions of SOX7 and SOX18,
it appears that this specificity resides in the N-terminal and HMG box regions of the proteins.

Based on the use of hormoneregulated forms of SOX7 (this work) and SOX17 (Sinner et al.,
2004), Xnr4 appears to be a direct target of both proteins, but whether they bind to common
or distinct sites is not yet known. We expect, but have yet directly determined, that SOX18
also directly regulates Xnr4 and, like SOX7, indirectly regulates Xnr2. Since SOX7 induces
Xnr2 expression in the presence of the nodal inhibitor CerS (Zhang et al., 2005), it appears that
SOX7 acts through an as yet unidentified intermediate to activate Xnr2 expression. It should
be possible to use the GR-SOX7-GFP construct to identify this intermediate factor, particularly
as Xenopus DNA microarrays become more complete.

Nodals and cardiogenesis
Although there may well be other targets involved in the regulation of cardiogenesis by SOX7
and SOX18, their common activation of Xnr2, together with the failure of SOX17 to activate
Xnr2, and the ability of CerS to block the expression of cardiac markers by SOX7 and SOX18,
suggests that Xnr2 plays a key upstream role in the induction of cardiogenesis (FIG. 8). A
number of previous studies demonstrate that, with the exception of Xnr3, all of the Xnrs induce
mesendodermal specification (Schier, 2003). The requirement for nodals in mesoderm
formation in general is based on the inhibition of mesoderm formation by the nodal-inhibitor
CerS (Agius et al., 2000;Piccolo et al., 1999) and the defects in mesoderm formation observed
in mice null for Nodal (Conlon et al., 1994).

Identifying the specific roles of the specific Xnrs in the patterning of the early Xenopus embryo
in general, and cardiogenesis in particular is, for a number of reasons, not completely
straightforward. Aside from the rather extravagant number of nodal genes in X. laevis (6
compared to 3 in the zebrafish and 1 in the mouse)(Schier, 2003; Weng and Stemple, 2003;
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Whitman, 2001), there is the added complexity that nodals, like other members of the TGFβ-
superfamily, normally act as dimers and can heterodimerize with other TGFβ polypeptides,
such as Derrierre and BMPs (Eimon and Harland, 2002; Yeo and Whitman, 2001). Commonly
used dominant “cleavage mutant” forms of Xnrs inhibit the activity of both nodals and other
TGFβ family members (Onuma et al., 2002; Takahashi et al., 2000), but may not inhibit all
nodal functions (Eimon and Harland, 2002). At the same time, nodals regulate each other’s
expression in a dose dependent fashion, e.g., low levels of Xnr5 and Xnr6 induce the expression
of Derriere, while higher levels lead to Xnr1, Xnr2 and Xnr4 expression (Takahashi et al.,
2000). Nodals also can diffuse some distance from the cells that secrete them (Williams et al.,
2004). Finally, nodals can use the same receptors as other TGFβ family members (Chen et al.,
2004; Kumar et al., 2001; Reissmann et al., 2001).

That the details of nodal signaling remain to be fully understood is illustrated by experiments
on SOX regulation of nodal activity. In animal caps, SOX7 induces the expression of Xnr1,
Xnr2, Xnr4, Xnr5 and Xnr6; each of these nodals has been found to induce expression of
prospective posterior mesodermal marker Xbra in animal caps (Joseph and Melton, 1997;
Osada and Wright, 1999; Takahashi et al., 2000), yet SOX7 does not induce Xbra expression
in animal caps (Zhang et al., 2005). Similarly, SOX17 induces expression of Xnr4, which can
induce Xbra, but SOX17 does not induce Xbra expression (Joseph and Melton, 1997; Sinner
et al., 2004). Finally, both Xnr5 (Takahashi et al., 2000) and Xnr2 (data not shown) induce the
cardiac marker Nkx2.5 in animal caps. SOX7 and SOX7GGG both induce Xnr2 and Xnr5
expression (data not shown), but SOX7GGG-GFP does not induce Nkx2.5. This suggests that
genes, differentially regulated by SOX7 and SOX7GGG, play an important role in the
cardiogenic cascade. Since replacing the C-terminal domain of SOX7 with a transcriptional
activation domain restores the ability to induce cardiogenesis, it may be this effect is due simply
to quantitative, rather than qualitative changes in protein activity. In either case, such data
suggest that interactions between Xnr2 and other SOX7/SOX18 target genes may be important
in regulating cardiogenesis in vivo.

Methods and Materials
Generation and manipulation of embryos and animal caps

Fertilized eggs were generated, injected at 1 to 4 cell stages, and cultured at 16 ºC or room
temperature (22–24 ºC) in 20% Marc’s modified Ringers (MMR), following established
laboratory protocols (Karnovsky and Klymkowsky, 1995; Sive et al., 2000). Embryos were
staged according to Nieuwkoop & Faber (Nieuwkoop and Faber, 1967). Animal caps were
prepared from embryos at stage 8/9 using a Gastromaster (Xenotek, Inc.) as described
previously (Sive et al., 2000; Zhang et al., 2003). For experiments involving hormone activation
of chimeric polypeptide, animal caps were first treated for 30 minutes with the protein synthesis
inhibitor emetine (100 μg/ml)(Sigma)(Entner and Grollman, 1973; Roy et al., 1991), and then
with dexamethasone (20 μM)(diluted 1:100 from a 2mM solution in 100% ethanol (Sigma).
Control caps were incubated in 1% ethanol.

Plasmids, RNAs and morpholinos
The pCS2.SOX3-V5H, pCS2.SOX7-GFP, pCS2.altSOX7-GFP, pCS2.mt-SOX17β-GFP,
pCS2.SOX7ΔC-EnRmyc, pCS2mycΔG-β-catenin, and pCS2.CerS plasmids have been
described previously (Merriam et al., 1997; Piccolo et al., 1999; Zhang et al., 2005; Zhang et
al., 2003). For this work, we generated new forms of SOX7 and SOX18β. In pCS2.SOX7ΔC-
GFP, the region of SOX7 encoding amino acids 161-362, which begins 20 amino acids
downstream of the DNA-binding HMG box, was deleted. In pCS2mt-SOX7ΔC-VP16, the
SOX7ΔC region was subcloned into the pCS2mt-SOX3ΔCVP16 plasmid, replacing the
SOX3ΔC sequence. A plasmid containing the Xenopus SOX18β cDNA was supplied by
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Sadakazu Aiso (Keio University, Japan)(Hasegawa et al., 2002) and the full length and
“ΔC” (amino acids 206-361 removed) regions were amplified by PCR and subcloned to form
pGEM.SOX18β, pCS2-SOX18β-GFP, pCS2mt-SOX18βΔCVP16. In SOX7GGG-GFP,
amino acids 310–312 of the original SOX7 coding sequence were changed, using a
QuickChange Kit (Stratagene), from DQL to GGG; the change was confirmed by DNA
sequencing. For testing morpholino inhibition of SOX18β mRNA translation, we generated
the pCS2utrSOX18β-V5H plasmid in which the 5’ globin-derived UTR of the pCS2 plasmid
was replaced by the 123 base pair region of the 5’ UTR region of the SOX18β cDNA (Hasegawa
et al., 2002). The utrSOX18β-V5H RNA is a perfect match to the SOX18 morpholino. Finally,
the hormone-binding region of the human glucocorticoid receptor (originally supplied by H.
Sive, MIT) was amplified by PCR and subcloned into pCS2.altSOX7-GFP to form
pCS2.GRaltSOX7-GFP. Plasmids were linearized and capped RNAs were synthesized using
a mMessage mMachine kit (Ambion) following manufacturer’s instructions. Modified
antisense DNA oligonucleotides (morpholinos) were synthesized by Gene Tools, Inc. and are
directed against the 5’ UTR and coding sequence of the SOX7 and SOX18β cDNAs. The
morpholinos were (7MO: 5′-ATCCCATCAGGGTAGTCATTATTCCFL3′; 18MO: 5′
GACTCAGATCTATGCATTCCAGCTG-3′)(FIG. 3A). As a control, we used the standard
control morpholino sold by Gene Tools. In vitro translation reactions were carried out using
Promega Rabbit Reticulocyte Lysate, following manufacturer’s instructions.

In situ hybridization, histochemical staining imaging and quantitative RT-PCR
Digoxygenin-labeled antisense RNA probes against Myosin Heavy Chain-α (MHCα) (Logan
and Mohun, 1993), troponin c inhibitory chain (TnIc) (Drysdale et al., 1994), Nkx2.5 (Tonissen
et al., 1994), Tbx5 (Horb and Thomsen, 1997) and SOX18β (Hasegawa et al., 2002) mRNAs
were prepared and in situ hybridization was carried out following standard laboratory protocols
(Sive et al., 2000). In the case of SOX18β, the pGEM.SOX18β plasmid was linearized with
Not I and antisense RNA was synthesized using SP6 RNA polymerase. All photographs were
taken using a Nikon CoolPix 995 Camera on an Inverted Leica M400 Photomicroskop. Images
were manipulated using Macromedia Fireworks Software using the “auto levels” and “curves”
functions only. Primers used for RT-PCR analyses are listed in TABLE I.

Reporter assays
Fertilized eggs were injected with linearized pOT-firefly luciferase (Korinek et al., 1998) and
pTKRenilla luciferase reporter plasmids (Promega)(20 pg/embryo each), together with 50 pg/
embryo RNA encoding the mutationally stabilized form of β-catenin, pCS2mtΔGβ-catenin
(Merriam et al., 1997), and various amounts of SOX7-GFP, SOX7GGG-GFP, or SOX18β-
GFP RNAs. At stage 8, animal caps were prepared and analyzed when unmanipulated embryos
reached stage 10/11 using the Promega dual luciferase assay system. Alternatively, fertilized
eggs were injected with 50 pgs/embryo of mtΔGβ-catenin RNA and SOX7-GFP, SOX7GGG-
GFP, mtSOX7ΔC-VP16, SOX18β-GFP or mt-SOX18β ΔC-VP16 RNAs (500pg/embryo);
animal caps were prepared at stage 8, and analyzed by RT-PCR for expression of Siamois, a
direct target of β-catenin regulation (Brannon and Kimelman, 1996), when unmanipulated
embryos reached stage 10/11.

Immunoprecipitation
Thes studies were carried out using streptavidin-protein A beads (Sigma) as described
previously (Zhang et al., 2003). A rabbit anti-β-catenin antibody was used to visualize
endogenous β-catenin, and immunoprecipitation was performed using an anti-GFP antibody,
while V5 tagged SOX18 was visualized using a monoclonal antiV5 antibody; antiGFP and V5
antibodies were purchased from Invitrogen.
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Figure 1. Expression and activity of SOX18β
A: Fertilized eggs were analyzed by RT-PCR for SOX18 RNA at various stages. A weak signal
was observed in pre-MBT embryos, but strong expression was detected by stage 10. When
animal caps and vegetal masses were analyzed at stage 9.5, SOX18β mRNA appeared to be
present at similar levels in both regions. Ornithine decarboxylase (ODC) was used as a control
for RNA quality throughout. B: In situ hybridization staining with an anti-sense SOX18β probe
revealed expression primarily in the anterior region of stage 30 embryos – at earlier stages no
consistent, regionspecific staining was observed; no staining was observed using a sense probe
(data not shown). C: To define the regional distribution of SOX7 and SOX18 in the gastrula
(stage 10/11) embryos, such embryos were dissected into four regions: Spemann Organizer/
Dorsal marginal zone (“SO”), lateral marginal zones (“MZ”), and ventral marginal zone
(“VZ”). The schematic shows these regions. D: RNA was isolated from the various regions
and used for RT-PCR analysis (30 cycles); SOX7 and SOX18 RNAs were found in the SO
and MZ, but not in the VZ region; Hex RNA was restricted to the SO region. ODC was found
to be uniformly distributed in all four regions. E: A similar analysis was carried out with neurula
stage embryos (stage 16/17); these embryos were dissected into anterior dorsal (“AD”), anterior
ventral (“AV”), posterior dorsal (“PD”) and posterior ventral (“PV”) regions and RT-PCR
analysis was performed. F: Using 27 cycles of amplification, we found SOX7 and SOX18
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RNA in both anterior regions, but little if any in the posterior regions. Hex and Nkx2.5 RNAs
were found in the AV region only, while NCAM RNA (a marker of neural specification) was
found in the two dorsal regions (AD and PD) but not in ventral regions. G: When 30 cycles of
PCR were used, Tbx5 and MHCa, but not TnIc RNAs could be detected in the anterior ventral
region of the embryo. Images in parts C and E are modified from Nieuwkoop & Faber (1976).
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Figure 2. SOX18 induction of Nodal-related genes in animal caps
To compare the activity of SOX18 to SOX7 and SOX17 in the animal cap system, fertilized
eggs were injected with RNAs encoding SOX7-GFP, mtSOX17β-GFP or SOX18β- GFP (0.5
ng/embryo). At stage 8, animal caps were prepared, cultured for approximately 4 hours (when
control embryos had reached stage 10/11) and then analyzed by RT-PCR (Unless otherwise
noted, this is the “standard” animal cap assay used throughout this work). As reported
previously, SOX7-GFP induced the expression of the five mesoderminducing nodal-related
genes Xnr1, Xnr2, Xnr4, Xnr5 and Xnr6, as well as Mixer and Endodermin (Edd), while
SOX17β-GFP induce the expression of Xnr4 and Edd, but not Mixer. SOX18β-GFP induced
weak expression of Xnr1, and stronger expression of Xnr2, Xnr4, Mixer and Edd.
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Figure 3. SOX7 and SOX18 morpholinos
A: The sequence of the morpholinos against SOX7 and SOX18, their alignment with their
target sequences, and the analogous regions of the other F-type SOX mRNAs are shown. The
ability of the SOX7 morpholino to inhibit SOX7 RNA translation has been established
previously (Zhang et al., 2005). B: To test the specificity of the SOX18 morpholino, fertilized
eggs where injected with 0.5 ng/embryo utr-SOX18β-V5 RNA either alone or in the presence
of control (CMO) or SOX18 (18MO) morpholinos (15 ng/embryo). At stage 8/9 embryonic
lysates were generated and analyzed by SDS-PAGE/immunoblot using a monoclonal antiV5
antibody. The accumulation of SOX18β-V5 polypeptides (marked “*”) was blocked by the
SOX18 morpholino, but unaffected by the control morpholino. C: Rabbit reticulocyte extracts
(25 μL final volume) were programmed with 2 μg each of utr-SOX18β-V5 and SOX3-V5
RNAs either alone or together with 80ng SOX18 morpholino. The reactions were then analyzed
by SDS-PAGE and immunoblot using the monoclonal antiV5 antibody. The SOX18
morpholino completely inhibited the accumulation of SOX18-V5 polypeptide, but had no
effect on SOX3V5 polypeptide accumulation.
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Figure 4. Inhibition of cardiogenesis by SOX7 and SOX18 morpholinos
Fertilized eggs were injected at animal and vegetal sites with a total of 30 ngs of morpholino
and examined at stage ~30. A: A schematic of a stage 30 embryo showing the location of the
cardiogenic region (“arrow”)(Image from Nieuwkoop & Faber, 1976). In situ hybridization
using antisense RNAs directed against either MHCα (B-D) or Nkx2.5 (E,F). Both the SOX7
morpholino (MO7)(B,E) and the SOX18 morpholino (MO18) (C,E) reduced the size and
intensity of the MHCα and Nkx2.5 staining domains. A combination of both morpholinos (15
+15 ng/embryo)(D,F) produced a more complete suppression of MHCα and Nkx2.5 staining
(see also Table 2). Rescue studies: To confirm the specificity of the morpholino effects, MO7
+MO18-injected embryos were injected with RNAs (0.5 ng/embryo) encoding either altSOX7-
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GFP (H,L), SOX7GGG-GFP (I,M), SOX18β-GFP (J,N), or mtSOX18βΔC-VP16 (18VP16)
(K); at stage 30 the embryos were stained in situ for MHCα (H-K) or Nkx2.5 (L-N). SOX7,
SOX18, and mtSOX18βΔC-VP16 rescued the effects of the combined morpholinos, whereas
SOX7GGG-GFP did not.
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Figure 5. Induction of cardiogenesis in animal caps
To determine whether SOX7 induced markers of cardiogenesis, fertilized eggs were injected
with RNA encoding SOX7-GFP (0.5ng/embryo); animal caps were prepared at stage 8 and
analyzed by in situ hybridization when control embryo had reached stage 30. Both Nkx2.5
(A) or MHCα (B) were expressed in discrete domains, one per animal cap; no expression of
either gene was observed in cap derived from uninjected embryos (data not shown). C: A
similar analysis was carried using RT-PCR. Fertilized eggs were injected with RNA (0.5 ng/
embryo) encoding either SOX7-GFP (SOX7), mtSOX7ΔC-VP16 (7ΔCVP16), SOX18β-GFP
(SOX18), mtSOX18ΔC-VP16 (18ΔCVP16), or mtSOX17β-GFP (SOX17). Animal caps were
prepared and analyzed when controls reached stage 25. Each of the injected RNAs induced the
expression of the endodermal marker Edd, but only SOX7 or SOX18 constructs induced
markers of cardiogenesis, Nkx2.5, MHCα Tbx5 and TnIc. D: In a similar study, SOX7-GFP
and SOX18β-GFP induced expression of the mesodermal markers Snail and Eomesodermin
(Eomes). E: The SOX7-GFP and SOX18β-GFP induction of Eomes, Hex and Nkx2.5
expression was blocked by the coinjection of RNA encoding the nodal inhibitor CerS (0.2 ng/
embryo).
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Figure 6. Direct versus indirect targets of SOX7 regulation
Fertilized eggs were injected with RNA encoding GR-SOX7-GFP (0.5 ng/embryo). Animal
caps were treated in four different ways: either left in standard media (AC) with 1% ethanol
(the carrier for the dexamethasone), incubated with 20 μM dexamethasone (+DEX), pretreated
with 100 μg/ml emetine for 30 minutes and then incubated with 20mM dexamethasone and
100 μg/ml emetine (+DEX +Eme), or incubated with 100 μg/ml emetine alone (+Eme). In
contrast to cycloheximide (see Sinner et al 2004), emetine treatment had no apparent effect on
the expression of any of the genes examined in the absence of dexamethasone. In the presence
of dexamethasone, the Xnrs were induced, along with Eomes, Hex, Wnt11 and Cerberus; of
these genes, Xnr4, Xnr5 and Xnr6 were expressed in the presence of both dexamethasone and
emetine, indicating that they are direct targets of SOX7 regulation.
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Figure 7. SOX7 antagonism of b-catenin signaling and cardiogenic ability
A: Fertilized eggs were injected with RNA encoding either SOX7-GFP (Sx7GFP) or
SOX7ΔC-GFP (Sx7ΔC-GFP)(0.5 ng/embryo); at stage 9/10 embryo lysates were prepared and
immunoprecipitated with a rabbit antiGFP antibody. Immunoprecipitates where analyzed by
SDS-PAGE and immunoblot using a rabbit anti-β-catenin antibody. β-catenin was
coprecipitated with SOX7-GFP (arrow), but little or no β-catenin co-precipitated with
SOX7ΔC-GFP (immunoglobulin heavy chain marked “HC”). Immunoblot with antiGFP
antibody of embryonic lysates indicated that both SOX7-GFP and SOX7ΔC-GFP polypeptides
accumulated to similar extents (data not shown). B: In an animal cap assay, injection of RNA
(0.5 ng/embryo) encoding SOX7ΔC-GFP failed to induce Nkx2.5, Tbx5 or MHCα expression
(animal caps analyzed when control embryos reached stage 25). C: Injection of RNA encoding
a mutationally stabilized form of β-catenin (mt-ΔG-β-catenin) induces the expression of
Siamois in animal caps. Fertilized eggs were injected with RNA encoding mt-ΔG-β-catenin
(50 pg/embryo) alone or together with RNAs encoding SOX7-GFP, mt-SOX7ΔC-VP16 or
SOX18β-GFP (500 pg/embryo); animal caps were prepared at stage 8 and analyzed when
control embryos reached stage 10/11. β-catenin induced expression of Siamois; both SOX7-
GFP and SOX18β-GFP suppressed β-catenin-induced Siamois expression, and induced
expression of Xnr2, Xnr4, Cerberus and Nkx2.5; SOX7-GFP also induced Xnr5 expression.
SOX7ΔC-VP16 failed to suppress β-catenin-induced Siamois expression, but induced Xnr2,
Xnr4, Xnr5, Cerberus and Nkx2.5 expression. D: The SOX7GGG-GFP construct is analogous
to the SOX17G3 construct generated and characterized by Sinner et al (2004). In animal caps
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assayed at stage 25, SOX7GGG-GFP (0.5 ng/embryo) induced the expression of Edd, but not
Nkx2.5, Tbx5, MHCα or TnIc. E: To examine the ability of SOX7-GFP, SOX7GGG-GFP and
SOX18β-GFP to inhibit β-catenin activation of the OT reporter, fertilized eggs were injected
with OT and pTK-Renilla DNAs (20 pgs each/embryo) together with RNAs encoding mt-ΔG-
β-catenin (50 pg/embryo) and varying amounts of SOX RNAs; animal caps were analyzed
when control embryos reached stage 10/11. SOX7-GFP and SOX18β-GFP RNAs inhibited of
β-catenin activation of OT; SOX7GGG-GFP was a much less active antagonist of β-catenin
in this assay.
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Figure 8. SOX7, SOX18 and the cardiogenic pathway
In this diagram, direct interactions are indicated by solid lines, indirect interactions by dotted
lines. SOX17 induces Xnr4, but fails to induce cardiogenesis in animal caps, whereas SOX7
and SOX18 induce both Xnr2 and Xnr4 and induce cardiogenesis. The presence of the nodal
inhibitor CerS inhibits SOX7 and SOX18-induced cardiogenesis. How other direct and indirect
targets of SOX7 and SOX18 interact with “downstream” targets of Xnr-regulation (e.g.
Eomes, Wnt11, Cerberus and Hex) remains unclear - nevertheless, the end result in the
activation of Nkx2.5 and other cardiac markers by SOX7 and SOX18.
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Supplemental figure.
Fertilized eggs were injected with either SOX18βΔC-VP16myc (B), SOX7ΔC-VP16myc
(C), SOX18β-GFP (E) or SOX7-GFP (F) RNAs (0.5 ng/embryo). At stages between 25 (A-
C) and 30 (D-F) the embryos were stained in situ for Nkx2.5. Compared to uninjected controls
(A,D), both GFP and ΔCVP16myc forms of SOX7 and SOX18 induced an apparent increase
in the extent and intensity of the Nkx2.5 expression domain.
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Table 1
PCR primer sets for RT-PCR

Endodermin F, 5’-AGC AGA AAA TGG CAA ACA CAC-3’
R, 5’-GGT CTT TTA ATG GCA ACA GGT-3’

(Sasai et al., 1996)

Eomes F, 5 ’-TGG TCC TCA AGG TCA AGT CC-3’
R, 5’-GGG GAG TTT TCA TTG CTT GA-3’

(Ryan et al., 1996)

Snail F, 5’-GCA CAA TGG ACT CCT TAA ATT CCT G-3’
R, 5’-GTG ACC GGG TGC TCA TTG TG-3’

(Aybar et al., 2003)

MHCα F, 5’-GCC AAC GCG AAC CTC TCC AAG TTC CG-3’
R, 5’-GGT CAC ATT TTA TTT CAT GCT GGT TAA CAG G-3’

(Schneider and Mercola,
2001)

Nkx2.5 F.5’-GAG CTA CAG TTG GGT GTG TGT GGT-3’
R, 5’-GTG AAG CGA CTA GGT ATG TGT TCA-3’

(Schneider and Mercola,
2001)

Tbx5 F,5’-GGC GGA CAC AGA GGA GGC TTA T-3’
R, 5’-GTG GCT GGT GAA TCT GGG TGA AC-3’

(Schneider and Mercola,
2001)

TnIc F, 5’-CTG ATG AGG AAG AGG TAA CC-3’
R, 5’-CCT CAC GTT CCA TTT CTG CC-3’

(Schneider and Mercola,
2001)

SOX17β F, 5 ’-CAG GTG AAG AGG ATG AAG AG-3’
R, 5’-CAT TGA GTT GTG GCC CTC AA-3’

(Engleka et al., 2001)

SOX18β F, 5’-CTT TTC CCA CAT CCT CAT-3’
R, 5’-TGC AGG AAG CTG AAT GCC-3’

This work

Cerberus F, 5’ CCT TGC CCT TCA CTC AG-3’
R, 5’ TGG CAG ACA GTC CTT T-3’

(Foley and Mercola, 2005)

Hex F, 5’ GTG GCT ACT TAC CGG AC-3’
R, 5’ CCT TTC CGC TTG TGC A-3’

(Foley and Mercola, 2005)

Xnr1 F, 5’-TGG CCA GAT AGA GTA GAG-3’
R, 5’-TCC AAC GGT TCT CAC TTT-3’

(Kofron et al., 1999)

Xnr2 F, 5’-ATC TGA TGC CGT TCT AAG CC-3’
R, 5’-GAC CTT CTT CAA CCT CAG CC-3’

(Takahashi et al., 2000)

Xnr4 F, 5 ’-TTA CAA GAT GCT GCA CAC TCC-3’
R, 5’-AAC TCT GCA TGT ATG CGT GG-3

(Takahashi et al., 2000)

Xnr5 F, 5’-TCA CAA TCC TTT CAC TAG GGC-3’
R,5’ -GGA ACC TCT GAA AGG AAG GC-3’

(Yang et al., 2002)

Xnr6 F, 5’-TCC AGT ATG ATC CAT CTG TTG C-3’
R, 5’-TTC TCG TTC CTC TTG TGC CTT-3’

(Takahashi et al., 2000)

NCAM F, 5’-CAC AGT TCC ACC AAA TGC-3’ R 5’-GGA ATC AAG CGG TAC AGA-3’ (XenBase)
Siamois F, 5’-CTC CAG CCA CCA GTA CCA GAT C-3’ R 5’ GGG GAG AGT GGA TAG AAA

CAG T-3’
(Brannon and Kimelman,
1996)

ODC F, 5 ’-CAG CTA GCT GTG GTG TGG-3’
R, 5’-CAA CAT GGA AAC TCA CAC-3’

(Agius et al., 2000)
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TABLE 2

normal reduced absent
treatment MHCα Nkx2.5 MHCα Nkx2.5 MHCα Nkx2.5

Control (uninjected) 16/16 (100%) 0/16 (0%) 0/16 (0%)
Control MO (20 ng/
embro)

21/24 (87.5%) 11/13 (85%) 3/24 (12.5%) 2/13 (15%) 0/24 (0%) 0/13 (0%)

SOX7 MO 30 ng/
embryo

3/25 (12%)
3/19 (16%)

4/15 (27%) 14/25 (56%)
10/19 (53%)

5/15 (33%) 8/25 (32%) 6/19
(32%)

6/15 (40%)

SOX7 MO + 0.5 ng/
embryo altSOX7-
GFP RNA

51/74 (69%) 17/22 (77%) 19/74 (26%) 3/12 (25%) 4/74 (5%) 2/12 (17%)

SOX7 MO + 0.5 ng/
embryo SOX18β-
GFPRNA

7/12 (58%) 3/12 (25%) 2/12

SOX7 MO + 0.5 ng/
embryo
mtSOX18βΔC-VP6
RNA

6/10 (60%) 3/10 (30%) 1/10 (10%)

SOX18MO (30 ng/
embryo)

2/15 (13%)
3/13 (23%)

3/12 (25%) 7/15 (47%)
8/13 (62%)

6/12 (50%) 6/15 (40%) 2/13
(15%)

3/12 (25%)

SOX18MO + 0.5 ng/
embryo altSOX7-
GFP RNA

28/41 (68%) 13/15 (87%) 9/41 (22%) 2/15 (13%) 4/41 (10%) 0/15 (0%)

SOX18MO + 0.5 ng/
embryo
mtSOX7βΔC-VP6
RNA

7/11(64%) 3/11(27%) 1/11(9%)

SOX7+SOX18 MO
(15+15 ngs/embryo)

1/23 (4%) 3/22
(14%)

0/13 (0%) 2/23 (9%)
8/22 (36%)

9/13 (69%) 20/23 (87%) 11/22
(50%)

4/13 (31%)

SOX7+SOX18 MO
+ 0.5 ng/embryo
altSOX7-GFP RNA

14/17 (82%) 11/15 (73%) 2/17 (12%) 2/15 (13%) 1/17 (6%) 4/13 (31%)

SOX7+SOX18 MO
+0.5 ng/embryo
SOX7GGG-GFP
RNA

1/24 (4%) 2/12 (17%) 12/24 (50%) 8/12 (75%) 11/24(46%) 2/12 (17%)
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