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Abstract

Background—T-box family proteins are DNA-binding transcriptional regulators that play
crucial roles during germ layer formation in the early vertebrate embryo. Well-characterized
members of this family, including the transcriptional activators Brachyury and VegT, are essential
for the proper formation of mesoderm and endoderm, respectively. To date, T-box proteins have
not been shown to play a role in the promotion of the third primary germ layer, ectoderm.

Results—Here, we report that the T-box factor Thx2 is both sufficient and necessary for
ectodermal differentiation in the frog Xenopus laevis. Tbx2 is expressed zygotically in the
presumptive ectoderm, during blastula and gastrula stages. Ectopic expression of Thx2 represses
mesoderm and endoderm, while loss of Thx2 leads to inappropriate expression of mesoderm- and
endoderm-specific genes in the region fated to give rise to ectoderm. Misexpression of Thx2 also
promotes neural tissue in animal cap explants, suggesting that Thx2 plays a role in both the
establishment of ectodermal fate and its dorsoventral patterning.

Conclusions—Our studies demonstrate that Tbx2 functions as a transcriptional repressor during
germ layer formation, and suggest that this activity is mediated in part through repression of target
genes that are stimulated, in the mesendoderm, by transactivting T-box proteins. Taken together,
our results point to a critical role for Tbx2 in limiting the potency of blastula-stage progenitor cells
during vertebrate germ layer differentiation.
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Introduction

In triploblastic organisms, all tissues, with the exception of the germ cells, derive from the
three primary germ layers: ectoderm, mesoderm, and endoderm. Studies in embryos of the
frog Xenopus laevis have been instrumental in our understanding of vertebrate germ layer
formation. Prior to gastrulation, animal pole cells in the Xenopus blastula embryo are

specified to become ectoderm, while vegetal pole cells are specified to become endoderm.
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The mesodermal layer arises from the so-called “marginal zone,” the equatorial cells at the
border of the ectoderm- and endoderm-forming regions.

Several members of the T-box family of DNA-binding proteins, including Brachyury and
VegT, have been shown to play a prominent role in the appropriate partitioning of the
primary germ layers in the Xenopus embryo; notably, these proteins function in this context
as transcriptional activators (Naiche et al., 2005). For example, VegT directly stimulates the
transcription of endodermal genes, as well as genes encoding Nodal-related factors that are
secreted and act on the overlying cells of the equatorial region (the marginal zone) to induce
mesoderm (Lustig et al., 1996; Stennard et al., 1996; Horb and Thomsen, 1997; Zhang et al.,
1998). Nodal-related mesoderm induction, in turn, stimulates expression of another T-box
transcription factor, brachyury, in the marginal zone. In mice, homozygous mutants for
brachyury display a loss of posterior mesoderm due to primitive streak defects, lack a
notochord, and die in utero (Showell et al., 2004). In Xenopus, injection of brachyury
mMRNA results in expanded ventral mesoderm formation (Cunliffe and Smith, 1992).
Injection of RNA encoding either an Engrailed repressor domain-brachyury fusion
construct, or a brachyury mutant truncated at the C-terminus and incapable of
transactivation, inhibit mesoderm formation, suggesting that Brachyury plays an essential
role in mesoderm formation (Rao, 1994; Conlon et al., 1996); surprisingly, expression of the
C-terminal truncation mutant, B304, encoding only the 304 N-terminal amino acid residues
exhibits neuralizing activity (Rao, 1994). Another T-box protein, Eomesodermin (Eomes) is
also important for mesoendoderm development: ectopic expression of Eomes in blastula
stage Xenopus explants or zebrafish embryos activates transcription of mesodermal and
endodermal genes, while inhibition of Eomesodermin function leads to defective mesoderm
gene activation (Ryan et al., 1996; Conlon et al., 2001; Bjornson et al., 2005). Notably,
chromatin profiling studies in Xenopus have demonstrated significant overlap in the
genomic binding sites of VegT, Brachyury and Eomes, suggesting that these T-box proteins,
and perhaps others, activate common target genes during early embryogenesis (Gentsch et
al., 2013).

In the early Xenopus embryo, active restriction of inappropriate germ layer formation plays
a critical role in the differentiation of the ectoderm. Maternal factors including Coco,
Ectodermin, SRF, and the zygotic factor XFDL56 repress mesoderm in the early embryo via
distinct mechanisms, thus allowing for proper ectodermal development (Bell et al., 2003;
Dupont et al., 2005; Yun et al., 2007; Sasai et al., 2008). Studies in our lab and by others
have demonstrated that misexpression of the Fox family DNA-binding protein Xema/Foxile
stimulates ectodermal differentiation in cells fated to give rise to mesoderm, while Foxile
knockdown leads to the ectopic formation of mesoderm and endoderm in the embryonic
ectodermal field (Suri et al., 2005; Mir et al., 2007). These studies again point to a
requirement for suppression of mesendodermal fate during ectodermal differentiation; as
Foxile functions as a transcriptional activator, it likely mediates mesendoderm suppression
indirectly, via activation of one or more transcriptional targets (Suri et al., 2005). A
prominent role for transcriptional repression during ectodermal differentiation has not
previously been demonstrated.
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We report here the function of the T-box family factor Thx2 during ectodermal development.
thx2is expressed in the presumptive ectoderm at blastula and gastrula stages. Misexpression
of Tbx2 inhibits differentiation of both ventral ectoderm and growth factor-induced
mesendoderm, and promotes neuralization, the latter via repression of Bone Morphogenetic
Protein (BMP) pathway activity. Thx2 functions as a transcriptional repressor, and appears
to regulate a set of target genes that overlap with those regulated by transactivating T-box
proteins, including Brachyury and VegT. Finally, Thx2 knockdown promotes ectopic
mesendoderm differentiation; taken together, these studies demonstrate that Thx2 is
sufficient and necessary for the transcriptional suppression of inappropriate germ layer
formation in the presumptive ectoderm.

Expression of Xenopus thx2

Previous studies demonstrated a requirement for Foxile, functioning as a transcriptional
activator, in the suppression of ectopic mesendoderm in Xenopus laevis (Suri et al., 2005).
We previously performed gene chip-based screens to isolate transcripts that are
downregulated following Foxile knockdown; isolates from these screens are expected to
include potential mediators of Foxile function that are expressed in the presumptive gastrula
ectoderm (Sridharan et al., 2012). One transcript that was strongly downregulated following
Foxile knockdown encodes the previously identified T-box protein, Thx2 (Bollag et al.,
1994). While important roles for Thx2 have been suggested later in development, the
function of Thx2 during early Xenopus embryogenesis remains elusive (Schlosser and
Ahrens, 2004; Cho et al., 2011; Oropeza and Horb, 2012). We performed animal cap assays
on embryos injected with translation-blocking Xema morpholino oligonucleotides and
confirmed that 6x2is strongly downregulated following Foxile knockdown, confirming the
results of our microarray analysis (Fig. 1A). We note that fox/Ze overexpression in animal
cap explants does rot lead to an enrichment of f6x2 expression in gastrula stage explants
(data not shown). These data indicate that Foxile is necessary but not sufficient for tbx2
expression.

Earlier studies have reported that Xenopus tbx2 expression initiates zygotically, and have
detailed the spatial expression of this transcript from neurula through tadpole stage
(Takabatake et al., 2000); our studies support these findings (data not shown). While
preparing this manuscript, a study was published by Cho and colleagues, which reported the
expression of tbx2in the ventral ectoderm (Cho et al., 2017). Our whole mount in situ
hybridization studies demonstrate that t6x2is highly expressed throughout the animal pole
ectoderm during early gastrula stages, in agreement with expression patterns reported in X.
tropicalis (Fig. 1B) (Showell et al., 2006); Xbra expression is restricted to the marginal zone
at similar stages, as expected (Fig. 1B) (Smith et al., 1991). To confirm the exclusion of tbx2
transcripts from vegetal pole cells, RT-PCR was performed on gastrula-stage animal and
vegetal pole explants. thx2expression is observed in animal pole (“cap”) explants and is
excluded from the vegetal pole, the latter the site of VegT expression (Fig. 1C) (Lustig et al.,
1996; Stennard et al., 1996; Zhang and King, 1996; Horb and Thomsen, 1997; Clements et
al., 1999). In contrast to X. tropicalis, where thx2 expression is observed in the outer
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(epithelial) layer of the animal cap, X. /aevis tbx2 expression is limited to cells in the deep
(sensorial) layer (Fig. 1D) (Showell et al., 2006). In sum, 6x2is expressed zygotically in the
embryonic region fated to become ectoderm during Xenopus development.

Tbx2 inhibits mesoendoderm gene expression

Given that other T-box proteins play a critical role in the patterning of the mesodermal and
endodermal germ layers, and that Thx2, to our knowledge, is the first T-box factor with
expression throughout the gastrula-stage ectoderm, we endeavored to establish the function
of Thx2 during germ layer development. Based on the spatial distribution of 6x2and
microarray analysis demonstrating that Foxile is required for early expression of t6x2, we
hypothesized that Thx2 might, like Foxile, suppress mesendoderm. Incubation of blastula
stage animal caps with the TGFp ligand Activin results in a dose-dependent induction of
mesendodermal fate (Ariizumi et al., 1991a; Ariizumi et al., 1991b). Animal caps derived
from embryos injected with t6x2 RNA at early cleavage stages show a marked reduction in
levels of the Activin-induced ventral mesodermal markers Xbra and wnt-8, the dorsal
mesodermal markers chordin and goosecoid and the endodermal marker sox17p (Fig. 2A)
(Cho et al., 1991; Christian et al., 1991; Smith et al., 1991; Smith and Harland, 1991, Sasai
et al., 1994; Hudson et al., 1997). These data demonstrate that #6x2, expressed in the animal
pole ectoderm, can suppress mesodermal and endodermal fate.

The primary secreted mesendoderm-inducing signal in Xenopus is believed to be a member
of the Nodal-related branch of the TGFB superfamily (Whitman, 2001); FGF receptor
activation can also induce mesoderm in animal cap explants, and FGF is required in the
marginal zone for the differentiation of this germ layer (Harland and Gerhart, 1997).
Misexpression of #bx2 effectively inhibits FGF-mediated mesoderm induction, as well,
suggesting that inhibition of mesoderm by Tbx2 is downstream or independent of the Nodal-
related and FGF signaling networks (Fig. 2B).

Tbx2 promotes neural fate

Expression of the epidermal-specific marker, epidermal keratin, is reduced in animal pole
explants derived from t6x2 RNA-injected embryos in the presence or absence of Activin
(Fig. 2A and data not shown) (Jonas et al., 1985). We therefore examined the role of Thx2 in
the patterning of the ectoderm itself. It is well established that the ectoderm gives rise to two
major, distinct fates: epidermis, ventrally, and neural ectoderm, dorsally (Heasman, 2006).
Since Thx2 suppresses mesoderm, endoderm and ventral ectoderm, we asked if Thx2 might
play a role in promoting the development of neural tissue. To test this possibility, animal
caps excised from embryos injected with t6x2 RNA were analyzed for neural markers. We
find that Thx2 induces the pre-neural markers sox2and sox3, indicating that Thx2 promotes
dorsal ectodermal fate (Fig. 3A) (Uwanogho et al., 1995; Wills et al., 2010).

Previous studies have shown that a critical, initial step in the specification of neural fate is
the inhibition of BMP signaling (Weinstein and Hemmati-Brivanlou, 1999). To better
understand how Thx2 promotes neural fate, we first analyzed the effects of Thx2 on targets
of BMP signaling. We find that Thx2 suppresses markers of BMP4 activity, including
sizzled, Xvent-2and bmp-4 (Fig. 3B) (Marom et al., 1999; Rastegar et al., 1999; Reversade
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et al., 2005; Rogers et al., 2009). To further explore this repression of BMP signaling, we
examined the effects of Thx2 on the expression of a modified Xvent-2-Luciferase promoter
lacking Wnt-responsive TCF/LEF binding sites (TCFm -vent2-LUC), but responsive to
BMP pathway activation (Hikasa et al., 2010). Analysis of whole embryo lysates co-injected
with the TCFm -vent2-LUC construct and t6x2 RNA demonstrate that Thx2 strongly
represses TCFm -vent2-L.UC expression (Fig. 3C).

Individual T-box proteins bind to distinct T-box binding elements (TBES) in the promoters
of target genes and regulate their expression (Abrahams et al., 2010). Since Thx2 strongly
represses TCFm -vent2-LUC, we examined the promoter sequence for candidate T-box
binding elements (TBEs). Our analysis revealed a predicted TBE site (GGGTGA) that, in
another context, is recognized by the Thx2 protein (Carreira et al., 1998). To test whether
Thx2 can directly repress transcription of Xvent2 through the predicted TBE, this site was
mutated (GGGTGA to GGGGTC) in TCFm -vent2-LUC using a PCR-based mutagenesis
strategy (TBEm-TCFm-vent2-LUC), thereby likely eliminating the affinity of this site for
Thx2. Embryos were injected with either TCFm -vent2-LUC or TBEm-TCFm-vent2-LUC,
both in the presence and absence of t6x2RNA (Fig. 3D). We found that the presence or
absence of the putative Thx2-binding site has no significant effect on the ability of Thx2 to
repress Luciferase expression, suggesting that Thx2 regulates Xvent-2 expression indirectly,
via intermediary factors.

Tbx2 is required for the suppression of mesendoderm in the animal pole

To determine whether Thx2 is necessary for ectodermal development, we utilized a
morpholino oligonucleotide designed to block translation of t6x2RNA (Thx2MO). We first
confirmed that Tbx2 MO binds and inhibits translation of t6x2RNA,; as expected, Tbx2MO
blocks translation of a t6x2 mMRNA that contains the Thx2MO binding site (MObs-Thx2) /n
vitro (Fig. 4A, lane 2). Embryos injected with the Thx2 morpholino do not develop normally
beyond gastrulation, and form none of the hallmark embryonic structures seen at subsequent
stages of development (data not shown); we were not, however, able to rescue this
phenotype and are thus not able to definitively attribute these defects to the loss or reduction
of Thx2. We next attempted to determine the effects of Thx2 knockdown in explant cultures.
We reasoned that if Thx2 suppresses mesendoderm, loss of Thx2 might promote the
differentiation of ectopic mesendoderm. Consistent with this hypothesis, we find that
morpholino-mediated knockdown of Thx2 leads to elevated expression of mesodermal
markers, including Xbra, wnt-8, chordin, and goosecoid, and induction of the endodermal
marker sox178, in animal cap explants (Fig. 4B, lane 2); injection of a control, “scrambled”
morpholino does not lead to elevated expression of mesodermal or endodermal markers (Fig.
4C, lane 3). Dose response studies performed at different concentrations of Thx2
morpholino indicate that loss of Thx2 leads to elevated ventral mesodermal and dorsal
mesodermal markers at higher doses, and only ventral mesodermal markers at low doses
(data not shown). To determine whether the changes in gene expression observed in these
assays are a consequence of Thx2 knockdown, we performed rescue experiments and found
that /6x2 RNA indeed inhibits Tbx2MO-mediated mesendoderm formation (Fig. 4B,
compare lanes 2 and 3). Overall, these results demonstrate that Thx2 is required for the
suppression of inappropriate mesoderm and endoderm in the presumptive ectoderm.
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Tbx2 functions as a repressor

We next sought to identify the mechanisms by which Thx2 regulates gene expression during
early development. Thx2 has been shown to function as a transcriptional repressor in several
distinct biological contexts (Carreira et al., 1998; Jacobs et al., 2000; Sinha et al., 2000);
however, studies by Paxton and colleagues have identified both activator and repressor
activity for Thx2 (Paxton et al., 2002). A repressor domain has been identified in the C-
terminal domain of Thx2 (Paxton et al., 2002; Cho et al., 2011); in order to determine
whether this region mediates Thx2 function during mesendoderm suppression, we designed
a Thx2 construct in which the C-terminal amino acids (519 -688) were deleted (Thx2AC).
RNA synthesized from this construct did not inhibit mesendoderm induction by Activin;
similar concentrations of t6x2 RNA strongly inhibited Activin-mediated induction,
suggesting that the Thx2 C-terminus is necessary for mesendoderm suppression by Thx2
(Fig. 5A). Notably, injection of RNA encoding tbx2AC resulted in ectopic expression of
mesodermal markers, in the absence of exogenous growth factors (Fig. 5B); this result
suggests that Thx2AC functions as a dominant negative reagent that can inhibit the activity
of native Tbx2 in the animal pole ectoderm.

Our demonstration of Thx2AC activity, along with previous studies in other systems
demonstrating repressor activity in the Thx2 C-terminus, suggest that Thx2 functions as a
repressor in the context of germ layer development. To test this hypothesis, we generated
constructs in which the DNA-binding domain (DBD) of Thx2 was fused to either the
Engrailed (EnR) repressor domain or the VP16 activator domain (Kessler, 1997); RNA
transcribed from these constructs was injected into embryos for analysis in explant assays. In
Activin-treated animal caps, tbx2-DBD-EnR expression mimics the repression of
mesendodermal genes observed following misexpression of wild-type #bx2, while
misexpression of tbx2-DBD-\/P16 does not inhibit Activin-mediated induction (Fig. 6A);
these results suggest that Thx2 functions as a repressor during early embryonic
development. Animal cap explants from embryos injected with tbx2-DBD-V/P16 show no
reduction in BMP targets bmp4 and vent-2, as well as markedly increased expression of
mesodermal and endodermal genes, in the absence of exogenous growth factors (Fig. 6B);
these latter results resemble the effects seen following morpholino-mediated knockdown of
Thx2 (Fig. 4B). Taken together, these data suggest that Thx2 functions as a repressor during
early development.

Thx2 represses direct targets of transactivating T-box proteins

Identification of Thx2 targets constitutes an important step in understanding how Thx2
exerts its function. The DNA binding domains of T-box proteins are comprised of
approximately 180 amino acid residues, and are highly conserved among closely-related T-
box family members (Bollag et al., 1994); for example, the DNA binding domains of Thx4
and Thx5 share 94% identity (Papaioannou and Goldin, 2008). Consistently, target DNA
sequences for closely related T-box proteins are also highly conserved (Conlon et al., 2001;
Abrahams et al., 2010); for example, Brachyury, VegT and Eomesodermin preferentially
bind to the same core motif TCACACCT (Tada et al., 1998; Casey et al., 1999; Conlon and
Smith, 1999; Tada and Smith, 2001). Since Brachyury, VegT, and Eomesodermin share
similarity in their DNA binding domains and bind to the same core sequence, we
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hypothesized that Thx2, with a DNA binding domain that is very similar to that of the T-box
transactivators listed above, may bind to an overlapping set of genomic targets (Tada et al.,
1998; Tada and Smith, 2001; Showell et al., 2004; Abrahams et al., 2010). In support of this
model, we find that ectopic Tbx2 represses Activin-induced induction of wnt11, a direct
target of Brachyury, derriere, a direct target of VegT and bix4 (Brachyury inducible
homeobox containing gene), a target of both Brachyury and VegT (Fig. 7A) (Zhang and
King, 1996; Casey et al., 1999; Tada and Smith, 2000; White et al., 2002). These results
suggest that Thx2, VegT, and Brachyury share at least a subset of target genes, and raise the
possibility that Tbx2 represses the expression of these genes in the presumptive ectoderm.

Repression of bix4 by Thx2 is mediated by T-box binding sites on the bix4 promoter

As described above, both Brachyury and VegT bind to regulatory regions of the bix4 gene
and induce its expression in mesoderm and endoderm (Tada et al., 1998; Casey et al., 1999).
Based on our earlier results, we reasoned that Tbx2 might directly regulate bix4 expression
in the cells of the presumptive ectoderm. To address this possibility, we performed
Luciferase assays on lysates derived from gastrula stage embryos that had been injected at
early cleavage stages with a bix4-Luciferease reporter fusion construct (6ix4-LUC) in the
presence or absence of #x2RNA (Tada et al., 1998; Casey et al., 1999). As expected,
ectopic Thx2 represses expression of bix4-luciferase (Fig. 7B).

The Bix4 upstream regulatory region contains three T-box binding elements located within
200 base pairs of the transcription start site, labeled previously as Td, Tm and Tp (T-box
distal, medial, and proximal, respectively) (Casey et al., 1999). Mutational studies of the
three sites suggested that the most distal site (Td) likely plays a role in restricting expression
of Bix4 (Casey et al., 1999). We speculated that Thx2 might bind to the distal site (Td) of
bix4 and repress its expression. To test this hypothesis, we injected embryos with the Td-
mutant construct in the presence or absence of t6x2 RNA, and performed Luciferase assays
on lysates derived at gastrula stages. In agreement with Casey and colleagues (1999), we
find that the Td construct alone has higher basal levels of activity than does the wild-type
construct (Fig. 7C). Expression of 7dis reduced, but still prominent, upon co-injection of
thx2 RNA, suggesting that Thx2 represses bix4 expression partially, but not completely, via
the Td T-box binding site bix4 (Fig. 7C). We next generated a construct in which all three
known T-Box binding sites, distal, middle and proximal, were mutated ( 7amp). Injected
alone, this construct, like 74, has higher basal levels of activity than does wild-type bix4,
Tamp Luciferase activity, however, is insensitive to Tbx2-mediated repression (Fig. 7C).
These results suggest that Tbx2 inhibits bix4 expression, at least in part, via multiple T-box
binding sites on the bix4 promoter.

Discussion

We report here the localization and activity of the T-box DNA binding factor Thx2 during
germ layer differentiation. tbx2is expressed in the deep layer of the presumptive ectoderm
in Xenopus laevis embryos. Thx2 knockdown results in the ectopic expression of
mesodermal and endodermal marker genes, while Thx2 misexpression inhibits epidermal
fate, promotes neuralization, and suppresses both Activin-induced mesendoderm induction
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and FGF-induced mesoderm induction; Thx2 functions as a transcriptional repressor during
mesendoderm suppression. Taken together, our studies demonstrate that appropriate germ
layer differentiation in the Xenopus embryo is dependent upon Thx2-mediated repression of
extra-ectodermal fate.

Homozygous inactivation of 6x2in the mouse results in embryonic lethality (Harrelson et
al., 2004). As the earliest reported expression of mouse t6x2is in the allantois at post-
gastrula stage E8.5, it is not surprising that disruption of germ layer patterning has not been
observed in these animals (Mahlapuu et al., 2001). Other T-box factors including the
closely-related Thx3, expressed in the pre-gastrula mouse epiblast, may contribute to
suppression of ectopic mesendoderm during mammalian embryogenesis (Weidgang et al.,
2013). We note that homozygous inactivation of 6x3does not disrupt germ layer patterning,
suggesting the involvement of additional or alternative T-box factors in mammalian germ
layer suppression (Davenport et al., 2003).

In Xenopus, endoderm and mesoderm differentiation are regulated by multiple
transactivating T-box proteins, including VegT, Brachyury, and Eomesodermin, all of which
share DNA target sequences similar to that of Thx2 (Ryan et al., 1996; Gentsch et al., 2013).
These T-box factors show restricted expression, with t6x2 expressed in the presumptive
ectoderm, and brachyury, vegT and eomesodermin expressed in the presumptive endoderm
and/or mesoderm (Showell et al., 2004). We report here that repression of bix4, a previously
described target of both Brachyury and VegT, by Thx2 is mediated via multiple T-box
binding sites in the bix4 promoter (Tada et al., 1998; Casey et al., 1999). It is well
established that transactivating T-box proteins bind to and induce expression of
mesendodermal target genes, including 67x4 (Tada and Smith, 2001); our studies build on
and refine this model of T-box function, and suggest that repressor T-box proteins including
Thx2 suppress expression of these same genes, and thus inhibit mesendodermal
differentiation, in the cells of the presumptive ectoderm in Xenopus (Fig. 8).

Direct repression of mesendodermal target genes may not be the only mechanism by which
Thx2 inhibits inappropriate germ layer differentiation. During preparation of this
manuscript, Cho and colleagues reported that Thx2 limits FGF-mediated neural
caudalization via transcriptional suppression of the f/rt3gene (Cho et al., 2017). fIrt3does
not appear to be expressed in the presumptive ectoderm at gastrula stages (Bottcher et al.,
2004); nevertheless, this finding raises the possibility that Thx2 inhibits mesendoderm both
through direct binding to mesendoderm-specific target genes and through indirect regulation
of FGF signaling, the latter shown previously to be required for mesodermal differentiation
(Heasman, 2006).

Suppression of ectodermal BMP activity by Thx2 may be mediated through direct repression
of BMP target genes. The absence of de-repression following mutation of the sole candidate
TBE site within the region of the vent-2promoter shown to be sufficient for regulation by
BMP, however, suggests that an alternate mechanism may underlie BMP signal inhibition by
Thx2 (Henningfeld et al., 2000; Lee et al., 2002). Studies have demonstrated that the T-box
proteins Brachyury and Eomesodermin interact with the BMP signal transducer Smad1
during mesodermal and endodermal differentiation, respectively (Messenger et al., 2005;
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Faial et al., 2015). Another T-box protein, Thx20, has been shown to inhibit BMP signaling
by directly binding to Smadl and Smad5, sequestering them from association with the co-
factor Smad4; this association is mediated through the Tbhx20 T-box domain (Henningfeld et
al., 2000; Singh et al., 2009). These studies raise the possibility that Thx2 may also
physically associate with Smad1 or other intracellular mediators of BMP receptor activity to
abrogate BMP signaling.

Although we have established a requirement for Thx2 in the suppression of ectopic
mesendoderm, the physiological significance of BMP target gene repression in this process
is not clear. Thx2-mediated BMP inhibition may contribute primarily to one of several
previously described mechanisms that limit BMP activity in, and thus limit ventralization of,
the early embryo prior to the secretion of extracellular antagonists from the Organizer
(Onichtchouk et al., 1999; Zhu et al., 1999; Bell et al., 2003; Dupont et al., 2005; Heasman,
2006; Sridharan et al., 2012). As epidermal induction occurs in regions of the embryo that
express native t0x2, however, it is at present difficult to conclude that Thx2-mediated BMP
suppression plays a central role in neuralization of the dorsal ectoderm.

Experimental Procedures

Gene chip analysis and isolation of Thx2

Gene chip analysis was performed as described in Sridharan et al., 2012. Briefly, RNA from
80 animal cap explants, cultured to stage 11, derived from embryos injected with 1ng xema/
foxileor B-galactosidase RNA, 63ng 1:2 Xema MO1: Xema MO2, or 62.5ng scrambled
morpholino (CMO) were used to generate hybridization probes for use on Affymetrix
GeneChip Xenogpus laevis Genome Arrays (Suri et al., 2005; Sridharan et al., 2012).
Microarray data were normalized by RMA (lrizarry et al., 2003) and analyzed using the
affylimGUI Bioconductor package (Wettenhall et al., 2006).

Xenopus thx2 was isolated in a microarray screen to identify transcriptional targets of
Foxile (Suri et al., 2005; Sridharan et al., 2012). The probe set (X1.931.1) corresponding to
thx2 was down-regulated in Foxile morpholino-injected animal pole ectodermal explants at
stage 11, when compared to uninjected or control scrambled morpholino-injected samples,
respectively. Full-length #bx2 cDNA was a gift from the lab of Jin Kwan Han (Cho et al.,
2011).

Preparation of Tbx2AC, repressor and activator fusion constructs

The Thx2AC construct was designed to contain amino acids 1-518, following deletion of
sequence encoding the putative repressor domain (aa 519 to 688) (Cho et al., 2011). For the
Thx2-DBD-VP16 and Thx2-DBD-EnR constructs, sequence encoding residues 410-490 of
the VP16 activator (Kessler, 1997) and residues 1-298 of the Drosgphila Engrailed repressor
(Kessler, 1997), respectively, were cloned downstream of the Thx2 DNA-binding domain
(sequence encoding residues 91-279).
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RNA preparation, explant dissection, and cell culture

RNA was synthesized /in vitroin the presence of cap analog using the mMessage mMachine
kit (Ambion). Microinjection, explant dissection, and cell culture were performed as
described (Hemmati-Brivanlou and Melton, 1994; Wilson and Hemmati-Brivanlou, 1995).

Luciferase assays

The BMP-responsive, Wnt-unresponsive Vent-2promoter (7CFm-Luc) was a gift from the
S. Sokol laboratory (Hikasa et al., 2010). Mutation in the putative T-box Binding Element
(TBE) (GGGTGA to GGGGTC) was generated by GENEWIZ and independently
sequenced. Embryos were injected at the 2-cell stage with 50 pg of 7CFm-Luc reporter
plasmid, with or without 6x2RNA, (Hikasa et al., 2010); 5 pg of Renilla luciferase reporter
was co-injected with all samples as an internal control.

The Bix4-Luc promoter was a gift from Elena M Silva (Tada et al., 1998; Casey et al.,
1999). The Td construct was generated by GENEWIZ and independently sequenced. The
mutations in Td-LUC were introduced as described in (Casey et al., 1999). The triple
mutant, Tdmp-LUC, in which all three characterized T-elements in bix4 were mutated, was
generated by GENEWIZ and independently sequenced; Tm and Tp mutations were
introduced as described (Casey et al., 1999). For all luciferase assays, samples of five
embryos each were collected in triplicate at stage 11 for analysis. Embryos were lysed in
200ul passive lysis buffer (Promega); 20 pl was assayed for luminescence.

Whole mount in situ hybridization

Whole mount /n situ hybridization was carried out using standard protocols (Harland, 1991).
BM Purple (Roche) was used for chromogenic reactions.

Morpholinos

Morpholino antisense oligonucleotides (GeneTools LLC) were designed to hybridize to the
5" region of thx2mRNA to block translation. Morpholinos were heated at 65°C for 5
minutes, and then cooled on ice prior to microinjection. The Tbx2MO used in this study was
designed as follows: 5 -TTCCAGAGCGAGATAGAGCCCTGTC. Since there is one
nucleotide difference between the tbx2.L and t6x2.S alloalleles at the t6x2 morpholino target
sequence, it is possible that the Tbx2MO preferentially inhibits translation of bx2.L.

A morpholino-sensitive Thx2 construct, MObs-Thx2, was generated by PCR using KOD
Hot Start Polymerase (EMD, Rockland, MA), with the following primers: MO-Thx2-FP
(Phosphorylated) TTTGTGTATGCACCGATGAGAGATCCAGCTTTCCCGGGGG and
MO-Thx2a-RP: TCCAGGAGGGAATGCAAAAAGAACAAGTAGCTTGTATTC.

Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

Xenopus laevis embryos were staged according to Nieuwkoop and Faber, 1967 and
harvested at appropriate stages according to morphological criteria. RNA was prepared
using RNA Bee RNA isolation reagent (Tel-Test Inc.). RT-PCR was performed as described
(Wilson and Hemmati-Brivanlou, 1995). Primer Sequences designed for this study are as
follows: Xmab2113-F: GGAGGATGAGTAGGATAAAGTGGTG, Xmab2113-R:
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TATGCCGCTCTTCTGATGCCCAG; Xthx2-F: CCTGGACAGCTGCCTTATTC, Xthx2-R:
CGGCTTCAACTAAGGATGGA; Bix4-F: AGGACCTCCTGTCTTGCCC, Bix4-R:AG
ATGCTACAGGCTGGAGCAA.

The Xenopus laevis genome contains two homeologs for the #bx2gene, designated as 6x2.L
and tbx2.S. While the 3'UTR of #6x2.Sis not annotated, there is a high degree of homology
between the two homeologs; although the primers used in this study were designed to detect
thx2.L transcripts, these primers may also amplify sequences derived from tx2.S
transcripts.

All other primer sequences are as described: ODC, Xbra, Wnt8, chordin, goosecoid and
Sox17pB (Suri et al., 2004), sox2, sox3and Sizzled (Sridharan et al., 2012). VegT (Horb and
Thomsen, 1997; Zhang et al., 1998); Delfa (Tao et al., 2005); Epidermal Keratin (Takahashi
et al., 2015); Bmp4 (Fainsod et al., 1997); Xvent2 (Miyazaki et al., 2012); XWnt11 (Afouda
and Hoppler, 2011); Derriere (Sun et al., 1999).
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(A) XZma morpholino-mediated knockdown (Xema MO) inhibits expression of tbx2. RT-
PCR analysis of early gastrula stage explants. Ornithine decarboxylase (ODC) was used as a
loading control (Bassez et al., 1990). (B) Whole-mount /n situ hybridization of early gastrula
stage embryos (stage 10.5). 7bx2expression is seen as a blue stain throughout the animal
pole of albino embryos; tbx2 expression is excluded from the vegetal pole. Expression of the
panmesodermal marker Xbra is only detected in the marginal zone of gastrula stage
embryos, as expected (Smith et al., 1991). (C) RT-PCR analysis of t6x2in late blastula stage
explants. t0x2is expressed in the animal cap and excluded from vegetal pole explants; vegt
is only expressed in vegetal explants, as expected (Lustig et al., 1996; Stennard et al., 1996;
Zhang and King, 1996; Horb and Thomsen, 1997). (D) Inner and outer layers of early
gastrula stage ectoderm was separated and analyzed by RT-PCR for expression of tox2. tbx2
is expressed in the inner layer of the ectoderm; Deftais only expressed in the inner layer and
serves as a control and epidermal keratin is only expressed in the outer layer (Jonas et al.,
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1985; Chalmers et al., 2002). All experiments shown or described in this figure, and
throughout the manuscript, were performed at least three times.
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Fig 2. Ectopic Thx2 suppresses mesendoder m induction
(A) Tbx2 inhibits Activin-induced mesendoderm. RT-PCR analysis of animal cap explants

dissected at late blastula stages and cultured until midgastrula stages. Activin (0.25ng/ml)
was added to stage 8 animal caps excised from uninjected embryos or from embryos injected
with t6x2 RNA into the animal pole of both blastomeres at the two-cell stage. (B) Inhibition
of FGF-mediated mesoderm induction by Thx2. RT-PCR analysis of animal cap explants
dissected at late blastula stages and cultured until midgastrula stages. bFGF (10ng/ml) was
added to stage 8 animal caps excised from uninjected embryos or from embryos injected
with t6x2RNA, as listed. Unless otherwise noted, 1ng of t6x2 RNA was used in this and in
subsequent experiments.
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Fig 3. Tbx2 promotes neural fate

(A) Ectopic thx2induces the pre-neural markers sox2and sox3. RT-PCR analysis was
performed on animal cap explants from uninjected embryos and from embryos injected with

thx2 RNA,; explants were harvested at gastrula stages. (B) Thx2 represses the BMP targets

bmp4, sizzled and vent-2 (Lee et al., 2002; Collavin and Kirschner, 2003). RT-PCR analysis
of mid-gastrula stage animal caps. (C). Tbx2 misexpression inhibits expression of a \Vent-2

luciferase reporter fusion protein (TCFm-Vent2-LUC); this construct includes a mutation in
a TCF binding site that renders it insensitive to Wnt activation (Hikasa et al., 2010).
Truncated BMP receptor (tBR) was used a positive control (Graff et al., 1994). Embryos at
the 2-cell stage were injected with 5pg of pRLTK, 50 pg of TCF and 1ng 6x2 RNA or 1ng
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tBRRNA in the animal pole. (D) Thx2 misexpression inhibits expression of a Vent-2
luciferase reporter fusion protein with a mutation in the putative T-box binding element
(TBEmM-TCFm-Vent2-LUC). TCFm-Vent2-LUC and TBEm-TCFm-Vent2-LUC were
injected in the absence or presence of 16x2 RNA at the 2-cell stage and collected for analysis
of Luciferase expression. Samples of five whole embryo lysates were assayed in triplicate
for Firefly and Renilla luciferase activity at mid-gastrula stages. 15 embryos were used for
each trial, and each experiment was repeated at least 3 times to confirm the observed trends.
Error bars indicate standard error.
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Fig 4. Tbx2 knockdown leads to ectopic expression of mesendoder mal marker genes
(A) Tbx2 morpholino (Tbx2MO) blocks translation of t6x2RNA in vitro. MObs-Thx2 is a

thx2 construct that contains the Thx2MO-binding site. (B) Mesendodermal markers are
upregulated in ectodermal explants derived from Thx2 morpholino-injected embryos. RT-
PCR analysis of animal cap explants dissected at late blastula stages and harvested at mid-
gastrula stages; embryos were injected with Thx2 morpholino (80ng) at early cleavage
stages. For the rescue experiment, 80ng of Thx2 morpholino and 1ng of 6x2 RNA were co-
injected at early cleavage stages. (C) Injection of a control (80ng), “scrambled” morpholino
does not lead to extra-ectodermal gene expression, while injection of Thx2 morpholino
(80ng) results in ectopic expression of both mesodermal and endodermal markers.
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Fig 5. The Thx2 C-terminusisrequired for mesendoder m suppression
(A) Expression of Thx2AC does not suppress mesoderm induction by Activin. RT-PCR

analysis of animal caps dissected at late blastula stages and cultured until mid-gastrula
stages. thbx2ACRNA (1ng) was injected at early cleavage stages, as indicated. Activin
(0.5ng/ml) was added to stage 8 animal caps, as indicated (B) Expression of Tox2AC
stimulates expression of mesodermal marker genes in the absence of exogenous growth
factors. RT-PCR analysis of animal caps dissected at late blastula stages and cultured until
mid-gastrula stages. tbx2AC (1ng) was injected at early cleavage stages, as indicated.

Dev Dyn. Author manuscript; available in PMC 2019 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Teegala et al. Page 23

'
c
A 5
=
g @ e
T 2 o T
£ 3 o
:5 5 8 g
.. D LI
Activin+ + + E9%
.. D
- Xbra Activin + + +
= WXbra
- ‘Wnt8
-
Chordin Wnt8
- Goosecoid .Chordin
-~ - -
=  Sox17p Goosecoid
Xhex S Xhex
WSS EF1-a
s OoDC
12 3 123
2o
B S 3 &t
© >' ° m g
¢ g 2 . Qo
© (=
¢ 0 £53Ek
ISEVEN) SFEE=h
C 00 .
R W Chordin
|
.. ..BMP4 s Goosecoid
A= B soxa7p
@ Xbra
WWnts " Xhex
I ODC el ooc
123 12345

Fig 6. Tbx2 functionsasarepressor during germ layer differentiation
(A) Expression of Tbx2-DBD-EnR inhibits mesendoderm induction by Activin (left panel);

expression of Thx2-DBD-Vp16 does not inhibit Activin-mediated mesendoderm induction
(right panel). RT-PCR analysis of animal caps dissected at late blastula stages and cultured
until mid-gastrula stages. Tox2-DBD-EnR or Tbx2 DBD-VP16 RNA (1ng) was injected at
early cleavage stages, as indicated. Activin (0.5ng/ml) was added to stage 8 animal caps, as
indicated (B) Expression of 76x2 DBD-V/P16 inhibits BMP target gene expression (left
panel), and stimulates expression of mesodermal and endodermal marker genes in the
absence of exogenous growth factors (left and right panels). RT-PCR analysis of animal caps
dissected at late blastula stages and cultured until mid-gastrula stages. 76x2-DBD-VP16
RNA (1ng) was injected at early cleavage stages, as indicated. The “-RT” lane contains all
reagents except reverse transcriptase and was used as a negative control.
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Fig 7. Thx2 represses downstream tar gets of VegT and Brachyury
(A) Tbx2 represses expression of derriere, xwnt11, and bix4 (Zhang and King, 1996; Casey

etal., 1999). RT-PCR analysis of animal caps dissected at late blastula stages and cultured
until mid-gastrula stages, as indicated. Activin (0.5ng/ml) was added to stage 8 animal caps,
as indicated. (B) f6x2represses expression of a Bix4 reporter construct. Embryos at the 2-
cell stage were injected with bix4-LUC (20pg) and pRLTK (7pg), in the absence and
presence of tbx2 RNA (250 pg). Whole embryo lysates from gastrula stage embryos were
assayed in triplicate for Firefly and Renilla luciferase activity. (C) Mutation of three T-box
binding sites renders bix4 insensitive to repression by Tbx2. Embryos were injected at the 2-
cell stage with pRLTK (7pg) and 6ix4-LUC (20pg), Td-LUC (20pg), or Tdmp-LUC (20pg)
in the absence and presence of t6x2 RNA. Thx2 blocks the expression of Td-LUC less
efficiently than it does bix4-LUC, while mutation of the three T-box sites renders Tdmp-
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LUC insensitive to repression by Thx2. Samples of five whole embryo lysates from gastrula
stage embryos were assayed in triplicate for Firefly and Renilla luciferase activity. Error bars
indicate standard error.
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Fig 8. A model of Thx2-mediated ectoder mal specification

- : Repressor T-box protein

Page 26

Thx2 binds to and represses target genes in animal pole progenitor cells, thereby inhibiting
mesoderm and endoderm formation. In the marginal zone and vegetal pole, other T-box
proteins bind to and activate an overlapping set of target genes, stimulating mesodermal and

endodermal differentiation.
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