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furthermore, vegetal blastomeres depleted in VegT lose the ability to induce
mesendoderm in co-cultured animal cap explants (Zhang et al., 1998). VegT is also
required for the expression of FGFs and of multiple Xnrs (Kofron et al., 1999). Taken
together, vegetally localized maternal Vg1 and VegT together with dorsally localized
Wnt/B-catenin signaling appear to establish a dorsoventral gradient of Nodal-
related signaling emanating from the vegetal pole. Distinct levels of Nodal-related
signaling induce formation of the endoderm, dorsal mesoderm (including the
Spemann Organizer) and ventral mesoderm. Further germ layer specification
requires the involvement of germ layer-specific transcription factors, such as
Brachyury and Eomesodermin for mesoderm, and Sox17 and GATA family proteins

for endoderm (reviewed in Kiecker et al., 2016).

1.4 The formation of ectoderm

The ectoderm consists of two layers, an outer epithelial layer and an inner sensorial
layer. As described above, addition of mesendoderm-inducing growth factors induce
mesoderm or endoderm in ectodermal explants; factors that protect ectodermal
cells from excessive inducers are needed for ectoderm formation, both in explants
and in vivo. Coco, an antagonist of both BMP and Nodal ligands, is expressed
maternally throughout the animal hemisphere of Xenopus embryos (Bell et al., 2003).
Knockdown of Coco results in embryos that display an expansion of endoderm; this
effect can be rescued by elimination of either Activin or Xnr5/6 (Bates et al., 2013).
Another maternal factor, with higher transcript distribution on the dorsal side of the

animal hemisphere, is Ectodermin, a RING-type E3 ubiquitin ligase that targets



Smad4 for proteasome-mediated degradation. Since Smad4 is a co-Smad for both
Smad2/3 and Smadl/5/8, Ectodermin inhibits both Nodal and BMP signaling.
Knockdown of maternal Ectodermin mRNA results in the expansion of both
endoderm and non-neural ectoderm at the expense of mesoderm and

neuroectoderm, respectively (Dupont et al., 2005).

Several transcription factors are also involved in the suppression of mesendoderm.
One of these is Xema (Xenopus ectodermally-expressed mesendoderm antagonist), a
member of the forkhead box gene family that is expressed zygotically in the animal
pole before gastrulation. Ectopic expression of Xema suppresses mesoderm
induction, in both animal caps treated with growth factors and in the marginal zone
of intact embryos. Conversely, antisense morpholino-mediated knockdown of Xema
stimulates the expression of mesendodermal genes in the animal pole (Suri et al,,
2005). Sox3 is another transcription factor that is reported to inhibit mesendoderm
induction, by directly repressing Xnr5 expression as a transcriptional repressor
(Zhang et al.,, 2003). In summary, both extracellular and intracellular factors that
inhibit Activin/Nodal-related signaling are required to restrict ectopic

mesendoderm induction in the prospective ectoderm.

1.5 Dorsal-ventral patterning in the Xenopus ectoderm

Dorsal-ventral patterning in the Xenopus ectoderm is regulated by signaling through
the Bone Morphogenetic Protein receptors (BMPRs), expressed throughout the

gastrula stage ectoderm (Hawley et al., 1995; Wilson and Hemmati-Brivanlou, 1995;
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Xu et al,, 1995). Ventrally, high levels of Bone Morphogenetic Protein (BMP) ligands
bind to the BMPRs, initiating a signaling cascade that results in the activation and
nuclear retention of the intracellular Smad1/5-Smad4 complex, the transactivation
of BMP target genes, and the initiation of the program for epidermal differentiation
(Suzuki et al,, 1997; Wilson et al., 1997). Dorsally, extracellular BMP antagonists
secreted by the Spemann Organizer bind BMP proteins and prevent them from
activating their cognate receptors—Smad1/5 signaling remains inactive, BMP target
genes are not activated and the dorsal ectoderm subsequently differentiates as
neural tissue, the "default" fate of the ectoderm (reviewed in Weinstein and

Hemmati-Brivanlou, 1999).

1.6 Pituitary homeobox (Pitx) genes

It has been proposed that there is a direct relationship between levels of BMP
activity and dorsoventral ectodermal fate (Knecht and Harland, 1997; Wilson et al,,
1997). As an ectodermal organ located in the anterior border of the neural plate, the
cement gland can be induced following expression of BMP antagonists (e.g., Chordin,
Noggin and Follistatin) (reviewed in Sive and Bradley, 1996). Neural tissue
(positioned more dorsally) is also induced in concert with the cement gland upon
inhibition of BMP signaling, suggesting that other factors are required to
discriminate between the cement gland and neural fates. Two Pituitary
homeodomain transcription factors, Pitx1 and Pitx2c, have been implicated in

cement gland induction (Schweickert et al., 2001a). The zygotic expression of
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Xenopus pitx] begins at late gastrula stages (Fig. 2). At mid-neurula stages,
expression of pitx1 is localized in the cement gland primordium and overlying
stomodeal /hypophyseal (pituitary) anlage (Fig. 3D) (Schweickert et al., 2001b). The
stomodeal/pituitary anlage develops into two separate tissues, the ectodermal
mouth plate and Rathke's pouch. The pouch eventually forms the glandular portion
of the pituitary gland, which produces and secretes diverse hormones including
growth hormone, adrenocorticotropin, thyroid stimulating hormone, gonadotropins
and prolactin (reviewed in Kawamura et al., 2002). Pitx1 functions as an early pan-
pituitary transcriptional activator during the differentiation of various cell types in
the anterior pituitary gland. After the maturation of the pituitary gland, Pitx1 is
reported to activate the transcription of the 3 subunits of Luteinizing Hormone and
Follicle Stimulating Hormone through direct binding to their promoters (reviewed
in Bernard et al, 2010). Later, at tailbud stages, Xenopus pitx1 expression is
observed in the foregut including the pharyngeal endoderm (Schweickert et al,
2001b). It has been shown that Pitx1 directly activates Shroom3 transcription to
control gut morphogenesis (Chung et al., 2010). In addition, pitxI mRNA is detected
in the lens, midbrain and posterior lateral plate mesoderm. It is reported that Pitx1

is required for the development of hindlimbs.
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Figure 2. Temporal expression of pitx1. The zygotic expression of pitx] begins at late
gastrula stages (stage 12). Zygotic expression of the organizer gene chordin begins at early
gastrula stages (stage 10) (Sasai et al., 1994). Ornithine decarboxylase (ODC) is used as a
loading control (Bassez et al., 1990). RT-PCR analysis was performed on embryos collected
at the indicated stages. The -RT lane contains all reagents except reverse transcriptase, and
is used as a negative control. UF, unfertilized.
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Figure 3. Expression of Xenopus pitx1 and pitx2c at mid-neurula stages. pitx1 and
pitx2c are co-expressed in the cement gland primordium (black arrowhead) and the
stomodeal /pituitary anlage (yellow arrowhead). (D') and (F') show the sections of the
embryos in (D) and (F), respectively. The picture is adapted from Schweickert A,
Steinbeisser H, Blum M, 2001, Differential gene expression of Xenopus Pitx1, Pitx2b and
Pitx2c during cement gland, stomodeum and pituitary development. Mech Dev 107, 191-
194.
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Xenopus pitx2 has several isoforms, among which pitx2c shares the highest overlap
in expression, during early embryonic development, with pitx1. Expression of pitx2c
at neurula stages, like that of pitx1, is localized in the cement gland primordium and
stomodeal/pituitary anlage (Fig. 3F) (Schweickert et al.,, 2001b). Later, pitxZc is also
expressed in the left lateral plate mesoderm and heart anlage (Schweickert et al.,
2000). Pitx2c has been shown to regulate left-right asymmetry of both heart and gut
looping in response to Nodal and sonic hedgehog signaling in mouse embryos (Ryan

et al., 1998).
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Chapter 2: Materials and methods

2.1 Synthetic RNA preparation, embryo culture, and explant dissection

RNA for microinjection was synthesized in vitro in the presence of cap analog using
the mMessage mMachine kit (Ambion, AM1340). After in vitro fertilization,
synthetic RNA was injected into the animal pole of 2- or 4-cell stage Xenopus
embryos cultured in Ficoll solution (Sigma, F4375). 3-4 hours post-injection,
Xenopus embryos were transferred to and cultured in 0.1x MMR. At late blastula
stages (stage 8.5-9), animal cap (ectodermal) explants were dissected and cultured
in 0.5x MMR with 0.05% BSA until mid-neurula stages (stage 16-18) or late neurula
stages (stage 19-21) for collection (Hemmati-Brivanlou and Melton, 1994; Wilson

and Hemmati-Brivanlou, 1995).

2.2 Constructs and morpholinos

The coding sequence of pitx1 was isolated by PCR from cDNA derived from mid-
neurula stage Xenopus laevis embryos using the following primers: 5'-
GGAATTCACCATGGATTCCTTTAAAG; 5'-CCTCGAGTCAACTGTTATATTGGC, and
cloned into the EcoRI and Xhol sites of the pCS2++ vector (Hollemann and Pieler,
1999). Pitx1 fusion constructs were generated by PCR. For VP16-Pitx1, residues
410-490 of the VP16 transcriptional activator were fused upstream of the complete
coding sequence of Xenopus pitx1 (Kessler, 1997). For EnR-Pitx1, residues 1-298 of
the Drosophila Engrailed transcriptional repressor were fused upstream of the

complete coding sequence of Xenopus pitx1 (Kessler, 1997). For Pitx1-Myc, six Myc
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epitopes were fused downstream of the complete coding sequence of Xenopus pitx1.
A fusion construct of the ligand-binding domain of the human glucocorticoid
receptor and Xenopus pitx1 (Pitx1-GR) was a gift from John Wallingford (Chung et al,,
2010). pCS2-hSmad1-WT was a gift from Edward De Robertis (Pera et al., 2003).
pBS-XFS-319 was a gift from Ali Hemmati-Brivanlou (Hemmati-Brivanlou et al,
1994). The constitutively active BMP receptor type la was subcloned from pCMV-
hBMPR-1A-CA (a gift from Lee Niswander & Peter ten Dijke) into the pCS2++ vector
(Varley et al., 1998). pSP64T-noggin was a gift from Richard Harland (Smith and
Harland, 1992). pCS2-Flag-SmadZ2 was a gift from Joan Massague (Hata et al., 1997).

pCS2-Flag-Smad3 was also a gift from Joan Massague (Kretzschmar et al., 1999).

Morpholinos were heated for 10 minutes at 65°C, then quenched on ice prior to
injection at two- or four-cell stages. Antisense morpholino oligonucleotides (Gene

Tools) used in this study are as follows:

Pitx1-MO: 5'-CATGGTCAATCACTTCTGCTCATGA (Chung et al,, 2010)

Pitx2-MO: 5'-GGTACAGTACAGTAGGCTCACAGAC

Follistatin-MO: 5'-CCTTTCATTTAACATCCTCAGTGCT
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2.3 Dexamethasone and cycloheximide treatment

For studies with Pitx1-GR fusion constructs, 400 pg pitx1-GR RNA was injected into
the animal pole of early cleavage stages embryos. pitx1-GR-injected animal cap
explants, dissected at late blastula stages, were treated with 10 pM dexamethasone
(Sigma, D1756) at late gastrula stages (stage 12). In the co-treatment condition,
dexamethasone was added 10 minutes after addition of 10 pg/ml cycloheximide

(Sigma, C7698) at stage 12 (Chung et al,, 2010).

2.4 Reverse transcription-polymerase chain reaction (RT-PCR)

Harvested animal cap explants or embryos were homogenized in Solution D lysis
buffer. Cell lysates were subject to RNA Bee (Tel-Test, CS105B) for total RNA
isolation and chloroform for phase separation. Isopropanol was used for RNA
precipitation. Subsequently, RNA pellets washed by 75% ethanol were dissolved in
nuclease-free water. cDNA was synthesized in vitro using M-MLV reverse
transcriptase (Promega, M170A). PCR was performed using Taq DNA polymerase

(Denville Scientific, CB4050-1).

Primers used in this study are as follows:

Gene name Forward primer Reverse primer
EFla 5'-CAGATTGGTGCTGGATATGC | 5'-ACTGCCTTGATGACTCCTAG
0DC 5'-AATGGATTTCAGAGACCA 5'-CCAAGGCTAAAGTTGCAG
Xag1 5'-CTGACTGTCCGATCAGAC 5"-GAGTTGCTTCTCTGGCAT

17




Xcg

5'-ACCAAAAGCACTCCGTCAAC

5'-TTGGCGCAGTGGAACTAAAG

agr2

5'-CCAGCAAAAGTCTCAAAGCC

5'-TGGATACCTTGGTGTTCAGC

nkx3.1

5'-ACATGTCCCATCCAGTCAAG

5'-CGTTTCTGTTGCTGCTTTGC

TGFP1

5'-AGCTGCGCATGTACAAGAAG

5"-TTTCCTCTGCACGTTTCAGC

bmp4

5'-TGACACGGGCAAGAAGAAAG

5'-TCCAAATGCTCCTCGTGATG

sizzled

5'-CACTAACATGGCAGAAGTCG

5'-GGAACCTGTCACAGTCTAAG

cv2

5'-AATGTGCCTCACCTTTCCTG

5'-TTACAGCGTTCACAGCAAGC

follistatin

5'-AAAAGACTTGCAGGGACGTG

5'-ACAGGCATTTCTTTCCAGCG

pitx2b

5'-GGATTCACCAAAGTGGCAGT

5'-TCAGTTTGTTGGTTCCTCTC

pitx2c

5'-TCCAGCCCAGACACTGCA

5'-TGCATCAGTCCATTGAACTG

pitx1

5'-AAATCCAAGCAGCACTCCAC

5'-ACAACCCGCATAATCCAGAG

goosecoid

5'-AGAGTTCATCTCAGAGAG

5'-TCTTATTCCAGAGGAACC

muscle actin

5'-GCTGACAGAATGCAGAAG

5"-TTGCTTGGAGGAGTGTGT

Xwnt8

5'-GTTCAAGCATTACCCCGGAT

5'-CTCCTCAATTCCATTCTGCG

brachyury

5'-GGATCGTTATCACCTCTG

5'-GTGTAGTCTGTAGCAGCA

Table 1. List of primers used for RT-PCR.

2.5 Whole-mount in situ hybridization
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Antisense RNA probes were synthesized in vitro using Digoxigenin RNA Labeling
Mix (Roche, 11277073910). Albino embryos fixed with MEMFA were gradually
rehydrated, followed by Proteinase K (10 pg/ml) treatment. Subsequently, embryos

refixed with 4% paraformaldehyde were subject to prehybridization for 6 hours and




hybridization with RNA probe at 60°C overnight. After multiple washes to remove
excess probe, embryos were incubated with blocking reagent (Roche, 11096176001)
for 1 hour at room temperature, followed by incubation with anti-digoxygenin
antibody at 4°C overnight. Anti-digoxygenin Fab fragments (Roche, 11093274910)
coupled to alkaline phosphatase were used at 1:1000 dilution. Chromogenic
reactions were performed using NBT (Sigma, N6639) and BCIP (Sigma, B8503) (Suri

et al., 2005).

2.6 Western blot analysis

Collected animal cap explants or embryos were homogenized in Mitch's lysis buffer
(Hama et al, 2002). Cell lysates were subject to high-speed centrifuge and the
supernatant was transferred to a clean tube. The supernatant with added sample
buffer (Novex, NP0007) was boiled for 10 minutes. SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) was performed using 4-12% Bis-Tris gel (Novex,
NP0321). Proteins on the gel were transferred to the PVDF membrane (Millipore,
[PVH00010), which was then incubated with blocking buffer for 1 hour at room
temperature. Subsequently, the PVDF membrane was incubated with primary
antibody at 4°C overnight, followed by secondary antibody incubation for 1 hour at
room temperature. Pierce Western blotting Substrate (Thermo Fisher Scientific,
32106) was added to the PVDF membrane for chemiluminescence. Primary
antibodies against phospho-Smad1/5 (Cell Signaling Technology, 9516), Smad1l
(Cell Signaling Technology, 6944), and [B-tubulin (Sigma) were used at 1:500,

1:1,000, and 1:1,000 dilutions, respectively. Secondary antibodies (donkey anti-
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rabbit IgG, or donkey anti-mouse IgG) coupled to horseradish peroxidase (Jackson

ImmunoResearch, 711-036-152 or 715-036-151) were used at 1:10,000 dilution.

2.7 Co-immunoprecipitation

pitxI1-myc RNA was injected into early cleavage stages embryos. Injected embryos
were harvested at mid-neurula stages. Embryo lysates were incubated with either
anti-Smad1l antibodies (333 pg/ml) (Cell Signaling Technology, 6944) at 1:100
dilution or normal Rabbit IgG (1 mg/ml) (Cell Signaling Technology, 2729) at 1:300
dilution, followed by incubation with Dynabeads Protein G (Novex, 10003D). The
elution was subject to protein gel electrophoresis (see above). Antibodies against c-
Myc (Sigma, M5546) were used to probe the blot at 1:500 dilution. Secondary
antibodies (donkey anti-mouse IgG) coupled to horseradish peroxidase (Jackson

ImmunoResearch, 715-036-151) were used at 1:10,000 dilution.

2.8 RNA-sequencing

400 pg pitx1 RNA was injected into the animal pole of early cleavage stages embryos.
Animal cap explants were dissected from injected embryos and from untreated
control embryos at late blastula stages, and harvested at mid-neurula stages. RNA
extracted from these two explant pools was sequenced (Genewiz). The sequences of
each transcript were aligned to Xenopus laevis Genome version 7.1 and searched for
matchable existing sequence linked to a unique identification number (ID) in the

database. These IDs, with information including their calculated relative abundance,
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were arranged in Excel files. Since each ID corresponds to a specific gene in Xenbase,
the files created by Genewiz provide us with candidate genes that are positively or

negatively regulated by Pitx1.
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