Title page

Body axis formation in Xenopus laevis:
Positive and negative regulation of Canonical Wnt-mediated transcription

By

© Mark Kennedy

A thesis submitted to the
School of Graduate Studies
in partial fulfillment of the
requirements for the degree of
Doctorate of Philosophy

Division of Biomedical Science
Faculty ofMedicine
Memorial University of Newfoundland

St. John's

Newfoundland

- - - - -

Kennedy, 2010

ABSTRACT
Establishment of dorsoventral polarity in Xenopus embryos requires activation of

the canonical Wnt signal transduction pathway. Accumulated evidence has indicated that
the key effector of canonical Wnt signaling, the P-catenin transcriptional activator, is
localized in nuclei of dorsally fated cells of the early embryo and is required for dorsal
development. The importance of P-catenin as a key element in body axis formation
implies that factors which influence P-catenin expression and activity play important
roles during dorsal development. Our understanding, however, of the mechanism(s) that
govern P-catenin activity, for example, during embryonic development, is incomplete.
Therefore, there is a need to identify factors that both inhibit and promote its activity. To
this end, I have identified several novel proteins that interact with P-catenin to modulate
its transcriptional activity in Xenopus embryos.
I first determined that the X enopus Rel!NF-KB proteins, XRelA and XRel3 ,
function as inhibitors of P-catenin activity in embryos. Using gain-of-function assays, I
found that both XRelA and XRel3 perturbed dorsal development by repressing the
expression of multiple Xenopus nodal-related (Xnr) genes. Since dorsal development is a
canonical Wnt-dependent process and the timing and level of Xnr expression is regulated
by canonical Wnt signaling, I hypothesized that XRelA/XRel3 inhibits Canonical Wnt
activity in embryos to regulate axis formation. Co-expression of either XRelA or XRel3
efficiently antagonized ectopic P-catenin activity, as measured by their ability to prevent
supernumerary axis formation in embryos injected at the 2-cell stage with P-catenin and a
constitutively active P-catenin mutant. Furthermore, XRel3 directly interacted with
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~-catenin,

using in vitro co-immunoprecipitation assays. These results suggest a

mechanism whereby Xenopus Rel proteins negatively regulate Xnr expression by
inhibiting ~-catenin-dependent transcription thus controlling dorsal axis development.
In a second set of experiments, I explored the role of a component of the

~

catenin transcriptional activation complex called B-celllymphoma 9 (Bcl9), which is the
ortbologue to Legless (Lgs) of Drosophila and mammals. In Drosophila embryos,
Lgs/Bcl9 was identified as a bridging protein between the downstream component,
Pygopus, and

~-catenin.

be indispensable for

Furthermore, both Lgs/Bcl9 and Pygopus were demonstrated to

~-catenin-dependent

embryonic patterning in Drosophila. Unlike

Pygopus, however, the role of Lgs/Bcl9 in vertebrate development is unknown. I
determined that like its fly counterpart, Xenopus Bc19 (XBcl9) directly interacted in vitro,
via conserved peptide sequences with the co-activator proteins, Pygopus and

~-catenin.

Interestingly, XBcl9 preferentially accumulated in dorsal nuclei at a stage in development
later than that reported for ~-catenin and just prior to Wnt target gene activation. Gainof-function assays demonstrated that XBcl9 was dependent on Pygopus to ectopically
promote

~-catenin

target gene transcription, and that

~-catenin

was dependent on its

interaction with XBcl9 for dorsal axis formation. Additionally, loss-of-function assays
determined that XBcl9 was required for body axis formation during Xenopus
development. These results implied that the timing of XBc19 nuclear localization may
indicate an important step in dorsal cell fate determination.
The role ofXBcl9 in axis formation suggested that its regulation is important for
normal development. In my final set of experiments, I determined that XBc/9 is post-
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transcriptionally regulated in Xenopus embryos. The inhibition of XBcl9 translation is
dependent on a minimal29nt element in the 5'UTR, proximal to the putative start of
translation, and is well conserved in human Bcl9. The minimal repression element is
predicted to form a stable secondary structure, posing as a possible block to constitutive
translation. Due to the dependence of ~-catenin on XBcl9 for axis development in
Xenopus embryos, these results suggest a novel mechanism regulating

dependent transcription.
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1.1.1 Foreword
The field of developmental biology aims to describe the highly coordinated
morphological and molecular interactions that direct the progressive organization of a
multicellular adult organism from a single egg. In lieu of human embryonic research,
scientists exploit the use of animal models and in vitro cell culture methods to answer
questions such as, bow does an eye form? or the heart? or pancreas? The answers to these
questions are not only important for the basic study of embryonic development, but
understanding these processes provides insight into the etiology of congenital birth
defects and adult disease.
The establishment of the body plan is a fundamental problem of embryology. It is
dependent upon the foundation of a coordinate set of axes on which the embryo can be
regionalized into morphogenetic fields that derive the organ systems of the adult
organism. Many investigators have greatly contributed to the elucidation of the
mechanisms that govern the architectural design of the embryonic blueprint, and the
molecular engineering that develops the body plan into a mature organism. However,
although we know much about embryonic development our knowledge concerning the
genetic and molecular controls of embryogenesis is incomplete.
This thesis is an account of my studies aimed at understanding the precise
transcriptional control of gene expression regulated by the canonical Wnt molecular
signaling pathway, which directs the formation of the primary body axis. As such, the
body axis is the foundation upon which dorsal-ventral and anterior-posterior embryonic
pattern formation is imparted.
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1.1.2 Xenopus: the experimental model
1.1.2.1 The origins ofXenopus as an experimental model
As recently as the 1950's African clawed frogs ofthe genus Xenopus, were used
for pregnancy testing. The injection of urine from a pregnant woman, which contains
elevated levels of the hormone chorionic gonadotropin, induced the frogs to lay eggs
(Harjola and Toivonen 1949; Joel and Rabau 1949; Polack 1949). As a result,
reproductive biology labs began to exploit the ability to obtain frog eggs on demand. The
earliest experimental use ofthese frog eggs can be traced to the 1950's to the labs of
Boris Ivan Balinsky (Balinsky 1951), Pieter Nieuwkoop (Nieuwkoop 1955) and Michai1
Fischberg (Elsdale et al. 1958).
Several critical achievements by biologists have come from studies using
Xenopus, including the first report of animal cloning by the transfer of somatic nuclei into
enucleated eggs (Gurdon et al. 1958) and the identification of the 0-nu nucleolar
mutation important for the study of ribosomal genes (Elsdale et al. 1958;Elsdale et al.
1960). In the 1960s 's protocols for the purification of messenger RNA (Brown and Littna
1966) were developed, which led to the discovery that purified mRNA species, when
injected into Xenopus embryos, were efficiently translated (Gurdon et al. 1971 ). This
discovery allowed researchers to begin to study the expression and requirement of
specific genes and the proteins they encoded for embryonic development. As a result of
this early work, the practical use of X enopus as a model to study not only classical
embryology, but also cell and molecular biology led to its rise as one of the most popular
models of vertebrate development.
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1.1.2.2 Xenopus as a model system
During the last 50 years, frogs have become an important model organism for
developmental biologists interested in the morphological and molecular mechanisms that
govern embryonic development. The species Xenopus laevis, is an ideal experimental
model for studying vertebrate embryogenesis for multiple reasons: A native of South
Africa, X laevis are completely aquatic and very resistant to disease. Thus laboratory
colonies are relatively easy to maintain. With a diameter of ~ 1.2-1.3mm, Xenopus laevis
eggs are large (compared to ~O.lmm for mammalian oocytes) and very robust, making
them easily amenable to experimental manipulation. As well, large clutches of eggs can
be obtained

(~300-2000)

per ovulation, at any time of year, can be fertilized in vitro and

cultured in a simple saline solution. Lastly, and arguably most importantly, the oviparous
nature of frogs allow biologists to directly observe embryogenesis in its entirety. The
most noted disadvantages of Xenopus /aevis are its allotetraploid genome and a 1-2 year
generation time, making it less desirable for genetic studies.

1.1.3 Overview of Xenopus development

1.1.3.1. From egg to neurula

Embryonic development consists of a progressive series of many highly complex
overlapping cellular events that occur through space and time. The egg is a single,
spherical, haploid cell. The most conspicuous aspect of the Xenopus egg is its
pigmentation pattern; the 'animal' hemisphere is darkly pigmented whereas the 'vegetal'
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hemisphere is lightly pigmented. During ovulation, the extruding egg is coated with a
thick jelly coat required to capacitate sperm cells as they burrow through it. A single
sperm fuses to the egg in the animal hemisphere only, and donates the male pronucleus to
complete fertilization. Further sperm are prevented from entering by egg membraneassociated blocks to polyspermy. As a result, ploidy is restored and the zygote begins to
rapidly divide and proliferate, forming a multicellular embryo.
Early development is divided into 4 overlapping stages: cleavage, blastula,
gastrula and neurula stages. Organogenesis commences during neurulation and the
embryo begins to significantly increase in size. As my thesis is focused on transcriptional
regulation during cleavage-gastrula stages, I will limit this overview to these early
embryonic phases.
In Xenopus, the first 6 or so cell divisions (referred to as the cleavage stages)
results in a 'solid' ball of cells called the morula. The morula does not increase in size
with each round of mitosis. Instead, cells become increasingly smaller as the egg
cytoplasm is repeatedly partitioned into each new cell. Importantly, the egg cytoplasm is
not uniform and contains maternally deposited factors that direct early embryogenesis.
This aspect will be further explained, later in this chapter. When the morula reaches about
128 cells (7 cell divisions), it is known as a blastula. Blastula stage embryos have a fluid
filled cavity, called the blastocoel that is located in the animal hemisphere.
During blastula stages, cells produce/receive molecular information/signals that
specify cell fates, which are related to the cells' positions within the embryo. At this time,
all cells are categorized as members of one of the three primordial germ layers, from
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which all of the adult tissues and organs are derived. Superficially, the three germ layers,
ectoderm, mesoderm and endoderm, form in the animal, equatorial and vegetal regions,
respectively, in Xenopus blastulae.
Gastrulation begins about 9 hours post-fertilization. This phase of development is
characterized by the extensive cellular rearrangements that terminally defme the germ
layers and properly re-position them for further development. Briefly summarized, the
animal pole cells (ectoderm) spread vegetally to encapsulate the entire embryo. This
process is called epiboly. Concurrently the mesoderm and endoderm are internalized in
such a way that by the end of gastrulation the mesoderm lies between the ectoderm and
endoderm. Internalization of the mesendoderm displaces the blastocoel, forms the
archenteron (primitive gut) and elongates the embryo to establish anterior and posterior
(i.e. head to tail) polarity.

On the upper (back or dorsal) side of the embryo, the ectoderm evaginates as two
parallel neural folds all along the anteroposterior axis. The neural folds rise up and fuse
along the embryo midline to form the neural tube that eventually gives rise to the central
nervous system (CNS). The process of neurulation is, unsurprisingly, an extremely
intricate and complicated process. Head and CNS development of the frog has been
extensively reviewed elsewhere (Lake and Kao 2003a).
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1.1.3.2 The formation of embryonic organizer tissue and convergent extension in
Xenopus embryos

About 85 years ago, Hans Spemann and Hilde Mangold famously demonstrated
that a specific equatorial region of salamander embryos could induce or 'organize'
adjacent cells into specific developmental programs necessary for normal embryogenesis.
Astonishingly, when this 'organizer' tissue was transplanted to recipient embryos, it was
capable of inducing host cells that would normally differentiate into hematopoietic
progenitors to duplicate the embryonic body plan, resulting in the formation of conjoined
twins. Homologous inductive organizers have since been identified in all vertebrates
studied (Garda-Fernandez eta! 2007; Meinhardt 2006). For example, in amniotes it is
called the Node (mouse) or Hensen's Node (avians), respectively, or the Shield, in fish.
In Xenopus embryos, and likely all chordates, the heretofore named 'Spemann Organizer'
is mapped to a region of the mesoderm known to derive the notochord (future backbone).
The appearance of a darkly pigmented 'arc' just below the mesodermal region of
the embryo externally marks the onset of gastrulation. This 'arc' is produced by the
apical constriction, with concomitant basal expansion, of cells causing the sparse
pigments to be apically concentrated thus giving it the dark appearance and the bottleshape for which the cells are named (i. e. bottle cells) (Hardin and Keller 1988). The
formation of bottle cells creates an invagination in the embryo called the 'blastopore'
through which the mesoderm and endoderm migrate during gastrulation and which forms
the archenteron. The 'dorsal lip' is the patch of cells above the bottle cells and contains
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the Spemann organizer activity; it also forms the leading edge of the mesoderm as it
migrates inward.
Initially, the blastopore forms as a small arc on one side (i.e. dorsal side) of the
embryo. As gastrulation proceeds, the blastopore extends laterally and towards the
opposite side (i.e. ventral side) of the embryo until a complete circumferential
invagination/pore is formed (Keller and Danilchik 1988). As the mesendoderm migrates
inward, the blastopore closes (Keller and Danilchik 1988). This eventually becomes the
proctodeum.
The dorsal mesoderm involutes first and migrates the farthest. As the dorsal
mesoderm migrates inwards, a second process called convergent extension, occurs
concurrently. Convergent extension is the process whereby cells of the involuting sheet
of mesodermal cells intercalate (i.e. converge) along the embryo midline, causing the
layer of cells, which give rise to the notochord, to extend in the opposite direction,
creating an elongated embryo with an anteroposterior axis (Keller and Danilchik 1988;
Keller et al. 2008; Wallingford et al2002).
The Spemann organizer is not a mosaic region of the embryo but rather is formed
in response to maternal stimuli (De Robertis 2006). In particular, the Spemann
organizer/dorsal mesoderm is induced by the underlying dorsal endoderm denoted as the
Nieuwkoop center (Figure 1.1 ). Similar to the Spemann organizer, the Nieuwkoop center
is formed after fertilization. The molecular cues that define the Nieuwkoop center and
that induce Spemann organizer formation are described in detail in the section 1.1.3.3.
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1.1.3.3 Body Plan Formation
Formation of the primary body axis is the most important step in early embryonic
development and is necessary to form the bilateral embryonic body plan. The primary
body axis is established as a result of 2 early developmental events. The first event is
triggered by fertilization and imposes a molecular Dorsal-Ventral asymmetry in the
embryo. The second event is the specification of the 3 embryonic germ layers.
The embryonic axis is derived from dorsal mesoderm, the formation of which is
directed by maternal factors present at fertilization in Xenopus laevis embryos. These
maternal factors are members of the TGF-~ and canonical Wnt signaling pathways. The
intersection of these two pathways defines the Nieuwkoop centre in dorsal-vegetal cells,
which induces the formation of the Spemann Organizer in overlying dorsal-equatorial
cells (i.e. dorsal mesoderm) (Figure 1.1) (Nishita et al. 2000). The Spemann Organizer
then directs the formation and patterning of the dorsal-anterior body axis.

Xenopus embryos are triploblastic (i.e. composed of 3 primary germ layers:
ectoderm, mesoderm and endoderm). The mesodermal gern1layer is forn1ed from the
overlying ectoderm by inductive signals emanating from the endoderm at gastrulation
(Nieuwkoop 1973; Nakamura and Takasaki 1970). These germ layers are patterned along
the dorsal-ventral axis, established by fertilization. Fertilization of the embryo induces
the rotation of the dense, outer, cortical cytoplasm (i.e. the cortex). Cortical rotation
displaces maternal factors from the vegetal pole to a more equatorial position, opposite
the sperm entry site, that locally stimulate canonical Wnt signaling (Larabell et al. 1997;
Darras et al. 1997; Marikawa et al. 1997; Marikawa and Elinson 1999; Schneider et al.
1996).
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Figure 1.1 Establishment of the embryonic body plan.

An overview of the early embryonic processes that generate the embryonic axes and lead

to the specification of the embryonic body plan. Top row: The fertilizing sperm initiates
the rotation of the egg cortex and displacement of maternal determinants (shown in
purple) that induce nuclear accumulation of ~-catenin protein (shown in green) thus
specifying dorsal cell fate. Bottom row: The dorsal endodermal region of active canonical
Wnt signaling is known as the Nieuwkoop Centre (NC) and induces the formation of the
Spemann Organizer (SO) in the overlying dorsal marginal zone cells. Superimposition of
the dorsal-ventral axis upon the primary germ layers can be used to visualize the embryo
body plan and identify the embryonic primordia of organ systems.
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This molecular asymmetry establishes dorsal-ventral polarity in cleavage stage embryos.
In Xenopus laevis, the 3 embryonic germ layers are specified during late blastula

stages. However, the zygotic genome is largely transcriptionally silent during the first
4.5-5 hours (at - 23°C) of embryogenesis. Large scale zygotic transcription commences at
the mid-blastula transition stage (MBT) when the frog embryo is composed of -4000
cells. The active pre-MBT transcription of Xnr5 and Xnr6 are the only known exceptions
in Xenopus (Yang et al. 2000). Hence, maternal factors primarily regulate the
transcription of zygotic genes that mediate germ layer specification (Heasman 1997;
Heasman 2006). In mouse, Nodal, a TGF-P subfamily, was first identified as an essential
gene for the involution of ectodermal cells into the primitive streak where they form
mesoderm (Zhou et al. 1993). In Xenopus, Nodal-related proteins (Xnrs), form the
endogenous mesoderm inducing signal and is regulated by both VegT and f3-catenin
activity in endodermal (vegetal) cells (Agius et al. 2000; Hashimoto-Partyka et al. 2003;
Heasman 2006; Jones et al. 1995). However, the activity of ectodermally derived factors
such as Ectodermin (Dupont et al. 2005), Xdpcp (Cheong et al. 2009), Foxll e (Mir et al.
2007; Suri et al. 2005), XRe/3 (Kennedy et al. 2007) and maternal Bl-type SOX's (Zhang
et al. 2004a) inhibit mesoderm formation by multiple mechanisms that function to
negatively regulate Xnr signaling. Hence, the mesodermal domain is defined by the
action of endodermally and ectodermally derived factors, which activate or attenuate Xnr
signaling, respectively. However, the timing and intensity of the Xnr signal imparts
pattern to the mesoderm itself. Early/high levels of Xnr signaling require the cooperative
activity ofVegTNg1 and P-catenin and lower levels are induced by VegT/Vgl alone
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(Agius et al. 2000). In this way, dorsal mesodermal cell fate is established by an Xnr
morphogen gradient created by the asymmetric stimulation of canonical Wnt signaling on
a uniform VegT background.
I will next give a detailed explanation of the processes that e tablish dorsalventral polarity and regulate germ layer formation.

1.1.4 Dorsal-Ventral Polarization

1.1.4.1 ()vervievv

The Xenopus egg is a radially symmetric cell that has a darkly pigmented animal
hemisphere and a lightly pigmented, yolk laden vegetal hemisphere. The thin layer of
cytoplasm associated with the egg plasma membrane is called the egg cortex, which
surrounds the yolk-rich core. Fertilization initiates a process called cortical rotation, in
which the cytoplasmic yolky core is displaced relative to the cortex (Gerhart et al. 1984;
Vincent et al. 1987; Vincent et al. 1986). Cortical rotation is effected by the assembly of
a parallel array of polarized microtubules (Elinson and Rowning 1988), organized from
the sperm aster (Houliston and Elinson 1991; Ubbels et al. 1983), that extend into the
vegetal cortex, rotating it - 30°C in the direction opposite the sperm entry point (SEP)
(Vincent et al. 1986). The displacement of the vegetal pole cortex to a subequatorial
position establishes dorsal-ventral polarity (Figure 1.1).
Formation of the dorsoventral axis is dependent upon cortical rotation since
inhibition of cortical rotation causes embryos to develop devoid of any identifiable body
axis. They do not form dorsoanterior structures such as beads, eyes or cement glands and
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are said to be 'ventralized' (Vincent and Gerhart 1987). Cortical rotation can be inhibited
by destabilizing the parallel array of microtubules by ultra-violet (UV)-irradiation of the
vegetal pole or by the use of chemical agents such as nocodazole. As well, exposure of
frog embryos to cold temperatures or high pressure causes ventralized phenotypes
(Scharf and Gerhart 1983; Malacinski et al. 1978). Normal development in these embryos
can be rescued by oblique tilting which seems to use gravity to mimic the rotation (Scharf
and Gerhart 1980). Additionally, tilting the embryo orthogonal to the animal-vegetal axis
early during the first cell cycle ensures dorsalization of the side of the embryo facing up
and can rescue normal development of a ventralized embryo (Scharf and Gerhart 1980).
The period of sensitivity of embryos to any such treatments is limited to approximately
the first 30-40 minutes

(~30%)

of the first cell cycle, concomitant with the nom1al timing

of cortical rotation (Vincent et al. 1986).
These results led to the realization that maternal determinants capable of
dorsalizing cells were localized to the vegetal pole and were displaced to an equatorial
position by cortical rotation. This hypothesis was further supported by studies whereby
the transplantation of dorsal vegetal cells or injection of dorsal cytoplasm from 16-64 cell
stage embryos to the equatorial region of either UV-irradiated or to the ventral equatorial
region of normal recipient embryos rescued dorsal axis formation or induced axial
duplication, respectively (Fuji sue et al. 1993; Gimlich and Gerhart 1984; Gimlich 1986;
Kageura 1990; Yuge et al. 1990; Holowacz and Elinson 1993). Also, injection ofvegetal
pole cytoplasm from embryos prior, but not after cortical rotation could induce the
formation of a second dorsal axis (Fujisue et al. 1993). Since it was well known that the
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Spemann Organizer is formed from dorsal equatorial cells and contains the dorsal axis
promoting activity, it became clear that the process of cortical rotation was necessary to
form the Spemann Organizer itself.

1.1.4.3 Cortical Rotation regulates spatial activation of the Canonical Wnt pathway
The first indication of the identity of the molecular nature of the dorsal
determinants came from the landmark study by McMahon and Moon (1989). At this time
it had become apparent that the wingless (wg) pathway was important for patterning
processes during Drosophila development but its involvement during vertebrate
embryogenesis was unknown. To determine a role for wg signaling in vertebrate
embryogenesis they ectopically expressed int-I mRNA encoding a mouse orthologue of
the fly glycoprotein wingless (wg), in Xenopus embryos. As a result of this experiment,
they discovered that int-1 protein was capable of inducing the formation of a complete
supernumerary axis (i.e. conjoined twins) (McMahon and Moon 1989). This also
suggested for the first time that in X enopus, the wg/int-1 (i.e. Wnt) pathway could induce
an ectopic Spemann Organizer by utilizing endogenous mechanisms. These results were
further supported by the isolation of orthologous X enopus Wnt genes such as Wnt8 that
could induce the formation of a dorsal axis (Christian et al. 1991; Sokol et al. 1991 ).
However, neither the molecular components that transmit the Wnt signal, nor its target
gene(s), were known.
Subsequently, it was discovered that the cadherin binding protein, P-catenin, also
played a role in cell signaling and was essential for the formation of dorsal axial
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structures (Heasman et al. 1994; Funayama et al. 1995; McCrea et al. 1993). This was
demonstrated in three ways. First, McCrea et al. ( 1993) injected purified anti-p-catenin
Fab fragments, ventrally into Xenopus embryos resulting in conjoined embryos and could
also rescue axis formation in UV ventralized embryos. As will become clearer in Section
1.1.4.4, the Fab fragments presumably stabilized P-catenin protein, which was then able
to activate transcription oftarget genes independently of an extracellular signal such as
Wnt. Secondly, Heasman et al. (1994) depleted maternal stores of P-catenin mRNA and
protein by injecting antisense oligonucleotides into mature oocytes (i.e. unfertilized
eggs). These eggs were then fertilized by the host transfer technique and developed
without dorsal axial structures, indicating an essential requirement of P-catenin for axis
formation. Thirdly, the ventral overexpression of P-catenin mRNA in Xenopus embryos
induced the formation of a secondary axis with a full complement of dorsal, anterior
structures (Funayama et al. 1995).
Additional evidence implicating P-catenin as a key modulator of axis
development came from observations on its expression in embryos in which the axis was
altered. For instance, while P-catenin was found to be preferentially expressed in dorsal
mesendodermal nuclei (i.e. Nieuwkoop Centre and Spemann Organizer regions; see
Figure 1.1) ofblastula stage embryos (Schneider et al. 1996), UV irradiation of embryos
abolished this protein expression pattern. On the other hand, hyperdorsalization of
embryos, achieved by overexpressing Wnt8 mRNA or with lithium (Li+) ions, presented
exaggerated nuclear P-catenin accumulation throughout the entire embryo (Schneider et
al. 1996). This result was extended by the observation that P-catenin protein becomes
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enriched dorsally during the first few cell cycles and is detectable in dorsal nuclei by the
16-32 cell stage (Larabell et al. 1997). Taken together, these observations firmly
established ~-catenin as a key factor in dorsal axis fonnation and demonstrated that its
nuclear accumulation was dependent upon cortical rotation.
The search for molecular markers that were uniquely expressed in the Spemann
Organizer led to the discovery of the zygotic homeobox genes siamois (Lemaire et al.
1995), twin (Laurent et al. 1997) and goosecoid (eho et al. 1991) and the TGF -~
subfamily member, Xnr3 (Smith et al. 1995). The mRNA expression of all three of these
genes is restricted to the Spemann Organizer although Xnr3 is only found in the
superficial 'epithelial' layer (Smith et al. 1995). The ectopic expression of any of these
genes can induce axial duplications and/or rescue dorsal axis formation in UV-irradiated
embryos.
Determination of the expression of these zygotic molecular markers suggested
they could be regulated downstream of a maternal canonical Wnt pathway, itself
dependent on cortical rotation. Since it was well known that maternal dorsalizing
determinants were localized to the vegetal cortical cytoplasm (VeC) ofunfertilized eggs,
Darras et al. (1997) injected vee into the animal pole of embryos and discovered that
these determinants could locally induce the zygotic expression of the Spemann Organizer
genes, siamois and Xnr3. Furthermore, In UV-irradiated embryos, siamois and Xnr3 were
expressed at the vegetal pole (Darras et al. 1997; Marikawa et al. 1997; Marikawa and
Elinson 1999). These observations confirmed that vee contains cytoplasmic factors
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capable of activating Spemann Organizer gene expression and led to the notion that the
proper spatial expression of siamois and Xnr3 is dependent on cortical rotation.
Since Spemann Organizer genes are zygotically expressed, siamois and Xnr3
were suggested to be downstream of the dorsal nuclear accumulation of ~-catenin. These
results were further confirmed by the determination that injection of ~-catenin mRNA
into animal cap explants was sufficient to induce the expression of siamois, Xnr3 and
goosecoid and that their correct spatial expression was dependent on cortical rotation

(Medina et al. 1997). However, the regulation of goosecoid expression appeared more
complicated as the transcription of siamois and Xnr3 was still induced in UV -irradiated
embryos at almost control levels while goosecoid levels were barely detected (Medina et
al. 1997).
Thus, cortical rotation establishes the dorsal-ventral axis by redistributing
maternal factors that are required to initiate canonical Wnt signaling. All these maternal
factors function to stabilize

~-catenin

to activate Wnt target gene transcription. Before

proceeding, it is necessary to give a detailed biochemical description of the canonical
Wnt signaling pathway and its core components in order to understand the significance of
the regulated distribution of dorsalizing factors by cortical rotation.

1.1.4.4 The Canonical Wnt Signaling Pathway

There are multiple branches of the Wnt signaling pathway, all of which play
important roles in various cellular processes that are categorized as either canonical or
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non-canonical Wnt pathways. There is only one canonical but several non-canonical
pathways. Non-canonical pathways include the planar cell polarity (PCP) and Wnt/Ca

2
+

pathways. The PCP pathway regulates cytoskeletal rearrangements by mediating Rho and
Rae proteins, thus controlling cell shape and movement (Habas and Dawid 2005;
Huelsken and Behrens 2002). The Wnt/Ca 2+ pathway regulates Protein Kinase C (PKC)
and Camodulin-dependent kinase II (CamKlD that are also involved in cell adhesion and
cell movements (Kohn and Moon 2005).
Canonical Wnt signaling is required for cellular differentiation. The defining
characteristic of canonical Wnt signaling is non-membrane associated (i.e. soluble) Pcatenin protein (MacDonald et al. 2009; Mosimann et al. 2009). My thesis is focused on
the regulation of P-catenin activity, therefore non-canonical Wnt pathways will not be
discussed herein.
Canonical Wnt signaling is characterized by the stabilization of cytoplasmic Pcatenin and its subsequent transposition to target gene promoters. In the absence of
pathway stimulation, cytoplasmic P-catenin is bound in a large destruction complex that
targets it for proteolytic degradation by the 26S proteasome (MacDonald et al. 2009;
Aberle et al. 1997). The current model (Figure 1.2) depicts P-catenin bound by the
scaffolding protein, Ax in and the encoded protein of the tumor suppressor gene,
adenomatous polyposis coli (APC) (Kishida et al. 1998; Hart et al. 1998). The binding of
P-catenin by Axin and APC transforms P-catenin into a substrate for the 'dual-kinase
mechanism' regulated by Casein Kinase IaiE (CKla/c) and Glycogen Synthase Kinase 3P
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(GSK-3~)

(Liu et al. 2002), which hyperphosphorylates theN-terminus of ~-catenin.

CKia/c acts as a priming kinase that phosphorylates the Serine 45 residue of ~-catenin
(Amit et al. 2002; Sakanaka 2002). Subsequently, ~-catenin is phosphorylated by GSK3~

at Threonine 41, Serine 37 and Serine 33 (Orford et al. 1997; Yost et al. 1996). GSK-

3~

also phosphorylates Axin and APC which is suggested to strengthen their affinity for

~-catenin,

reinforcing their inhibitory function (Ikeda et al. 1998; Huang and He 2008).

Hyperphosphorylated ~-catenin is then ubiquitinated by the E3 Ubiquitin ligase,
SLimb/~-transducin

repeat containing protein (~- TrCP) (Jiang and Struhl I 998;

Marikawa and Elinson 1998), marking it for proteasoma1 degradation (Aberle et al.
1997).
Activation of the Wnt pathway by the binding of extracellular Wnt ligands to their
cognate receptors, results in the inhibition of the destruction complex thus stabilizing ~
catenin and leading to its translocation to nuclei and activation of target gene
transcription. Wnt ligands are glycoproteins that interact with the seven-pass, Frizzled
(Fz) family of membrane co-receptor proteins. The interaction ofWnt with Fz is
enhanced extracellularly by Heparan Sulfate Proteoglycans (HSPG's).
Pathway activation through Fz also requires the Low Density Lipoprotein 5/6 coreceptors (LRP 5/6). Ligand-stimulated pathway activation causes the phosphorylation of
PPPSPxS sequences in the cytoplasmic domain ofLRP5/6 by GSK-3~ and CK1a
(Ranganathan et al. 2004; Swiatek et al. 2006; Wu et al. 2009a). Phosphorylated
Dishevelled (Dsh) then recruits Axin to phosphorylated LRP5/6 at the plasma membrane
(Cliffe et al. 2003; Gonzalez-Sancho et al. 2004; Mao et al. 2001 ; Tolwinski et al. 2003);
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Figure 1.2 Schematic representation of the canonical Wnt pathway.

Left panel: In the absence of pathway stimulation, cytoplasmic P-catenin is sequestered
and chemically modified, marking it for proteasomal degradation and down-regulating
target gene expression. Right panel: Ligand-stimulation of the pathway stabilizes
cytoplasmic P-catenin by inhibiting the phosphorylating, ubiquitinating destruction
complex. This allows P-catenin to accumulate in the nucleus where it associates with a
number of co-transcriptional activators to induce the expression of target genes.
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As well, phosphorylated PPPSPxS sequesters GSK-3P at the membrane (Piao et al.
2008).
These observations imply that the sequestration of Axin and GSK-3P allows Pcatenin to evade the phosphorylation-ubiquitination cascade. Co-incidently,
phosphorylation of P-catenin by Casein Kinase II (CKII) on Threonine 393 decreases its
affmity for Axin (Dominguez et al. 2004; Dominguez et al. 2005; Song et al. 2003; Wu et
al. 2009b). In this way P-catenin is stabilized and can be recruited to the nucleus.
In the nucleus, P-catenin is assembled into a multipartite tran cription

activating complex. P-catenin binds the T-Cell Factor/Lymphoid Enhancing factor
(TCF/LEF) high mobility group (HMG) box family of DNA-binding proteins (Molenaar
et al. 1996), which are constitutively localized on Wnt target gene promoters. In the
absence of P-catenin, TCF/LEF proteins are directly repressed by Groucho/TLE (Brantjes
eta!. 2001; Roose et al. 1998) and Histone Deacetylase (HDAC) factors (Billin et al.
2000). Nuclear P-catenin displaces Groucho/TLE repressors by binding TCF/LEF and
activates transcription in a complex with other proteins that locally recruit the basal
transcriptional machinery (Fisher and Caudy 1998; Daniels and Weis 2005).
Activation of P-catenin-induced transcription requires the chromatin modifying
enzyme CREB Binding Protein (CBP)/p300 (Takemaru and Moon 2000). CBP/p300
acetylates Histones, thus promoting transcriptional activation through chromatin
remodeling (Ogryzko et al. 1996). Additionally, Legless/B-Cell Lymphoma 9 (Lgs/Bcl9)
directly interacts with theN-terminus of P-catenin and acts as a bridging protein to
Pygopus (Pygo) (Kramps et al. 2002; Thompson et al. 2002). Pygo associates with the
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'mediator complex' via its Med12 and Medl3 components which in turn recruits RNA
Polymerase (Pol) II to activate gene transcription (Carrera et al. 2008). Bcl9-Pygo dimers
may also regulate access to Wnt target gene promoters by interpreting the Histone
methylation code and/or cooperative acetylation ofHistones with CBP/p300 (Andrews et
al. 2009; Fiedler et al. 2008). Furthermore, the transcriptional potency of ~-catenin is
dependent upon the association ofParafibromin/Hyrax with the C-terminus of ~-catenin
(Mosimann et al. 2006). Interestingly, in Drosophila, Parafibromin/Hyrax also requires
Bcl9-Pygo for its transcriptional activity though not for its interaction with

~-catenin

(Mosimann et al. 2006).

1.1.4.5 Canonical Wnt signaling is regulated by cortical rotation
The canonical Wnt pathway consists of many intracellular components, not
limited to those core components described above that regulate target gene transcription.
Hence, how cortical rotation efficiently stimulates this biochemical cascade to direct
dorsal gene expression is of prime interest.

In addition to ~-catenin, several activating components of the canonical W nt
pathway are asymmetrically expressed by cortical rotation. These include GSK-3~
binding protein (GBP) (Weaver et al. 2003), Dishevelled (Dsh) (Miller et al. 1999) and
Wnt11 (Ku and Melton 1993). Conversely, cortical rotation leads to decreased dorsal
GSK-3~

levels (Dominguez and Green 2000). GBP was identified as a Dsh binding

protein that also interacted with GSK-3~ (Li et al. 1999). In this way, GBP-Dsh was
proposed to activate canonical Wnt signaling by depleting GSK-3~ in dorsally fated cells
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(Dominguez and Green 2000). GBP also interacts with kinesin light chain (KLC), a
component of the microtubule motor kinesin protein complex and is transported along the
microtubules during cortical rotation (Weaver et al. 2003). Interestingly, KLC
competitively interacted with the GSK-3P binding domain ofGBP (Weaver et al. 2003),
which suggests that the KLC-GBP interaction is transient and ends with cortical rotation
(Dominguez and Green 2000).
Dsh is associated with small vesicle-like organelles in the vegetal cortex and is
enriched dorsally by cortical rotation (Miller et al. 1999; Rowning et al. 1997). Wnt11
mRNA is expressed in the vegetal cortex ofunfertilized eggs and is also translocated to
the dorsal region by cortical rotation (Ku and Melton 1993; Kloc and Etkin 1995; Tao et
al. 2005). Recently, maternally expressed Wnt11 and Wnt5a were shown to dimerize and
co-function as the activating ligand for dorsal axis formation (Tao et al. 2005; Chaetal.
2008).
Cortical rotation has been suggested to be regulated by the localization of the
maternal transcript, trim36, to the germ plasm associated with the vegetal cortex
(Cuykendall and Houston 2009). Trim36 is a member of the tripartite motif-containing
protein fami ly, Trim (a.k.a. RBCC) (Meroni and Diez-Roux 2005) that contains anNterminal RING finger domain with ubiquitin ligase activity. Xenopus embryos devoid of
maternal trim36 were ventralized as a result of impaired microtubule polymerization
following fertilization (Cuykendall and Houston 2009). As a result, the re-positioning of
dorsal determinants that activate canonical Wnt signaling was inhibited.
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Previously, it was unclear whether dorsal activation of canonical Wnt signaling
occurred by extracellular signaling since many of the intracellular components capable of
activating the pathway were dorsally enriched by cortical rotation (Moon and Kimelman
1998). However, the landmark paper by Tao et al. (2005) clearly demonstrates that
Wntllligand-mediated activation of maternal canonical Wnt signaling regulates the
formation of the dorsal axis and required the extracellular Heparin sulfate proteoglycan
(HSPG), Exostosinl (X.EXTl), and the extracellular EGF-CFC family protein, FRLl
(Tao et al. 2005). However, it is unknown whether Wntll stimulation of the dorsal axis is
dependent on cortical rotation.
Thus, the burden of evidence indicates that cortical rotation regulates canonical
Wnt signaling on two levels. First it creates a dorsal gradient ofWnt ligand(s) that
stimulates the pathway. Second, the asymmetric expression of intracellular activating
components ensures transduction of the Wnt signal leading to stabilized P-catenin
protein. This explanation however is somewhat unsatisfying since the 'dogma of
molecular signaling' would insist that activation of the pathway should be sufficient to
direct all necessary intracellular interactions that lead to the stabilization of P-catenin
protein.
Why are intracellular pathway components, therefore, re-distributed by cortical
rotation? One possibility is that the dorsally enriched intracellular canonical Wnt pathway
components are not 'active' but are competent to instruction from a Wnt signal. It also
suggests that they are not sufficient for pathway activation. For example, it appears that
Dsh recruits Axin to the membrane upon pathway activation in Drosophila and
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Zebrafish. However, in Xenopus oocytes and during early cleavage stages, Wnt signaling
through LRP6 co-receptors negatively regulates Axin protein levels (Kofron et al. 2007).
As well, it has been suggested that Dsh has a nuclear function necessary for canonical
Wnt signaling in Xenopus and mammalian cells (Itoh et al. 2005). Hence it is possible
that Dsh is dorsally enriched but either regulates axin and/or accumulates in the nucleus
only in response to the maternal Wnt signal. Furthermore, dorsal enrichment ofGBP by
cortical rotation is necessary for down regulating GSK-3~ levels (Dominguez and Green
2000). Hence, GBP and Dsh may need to be functionally activated by a Wnt signal.
Thus, while the roles of many of the components of the canonical Wnt pathway
required for dorsal-ventral asymmetry have been described, there remain gaps in our
understanding of how cells that have been specified to become dorsal by this pathway are
instructed to terminally differentiate into the dorsal lineage.

1.1.5 Mesoderm formation

1.1.5.1 Materna/factors regulate zygotic expression of mesoderm inducing and
patterning factors

Equally important to the establishment of the dorsal-ventral body axis is the
formation ofthe three primary germ layers, which in Xenopus occurs in conjunction with,
but in a roughly orthogonal direction to the dorsoventral body axis. The mesodermal
germ layer gives rise to many cell types including those that form the head mesenchyme,
notochord, muscle, pronephros, and blood. Mesoderm forms at the embryo equator by
inductive signals produced in the endoderm. In the seminal experiments ofNakamura and
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Takasaki (1970) and Nieuwkoop (1973), it was demonstrated that vegetal pole explants
(endoderm) could convert animal pole explants (ectoderm) (i.e. Nieuwkoop
recombinants) into mesoderm. This result suggested that mesoderm-inducing signals
originate in the endoderm and instruct the overlying equatorial ectoderm to differentiate
into mesoderm.
The '3 Signal Model' was subsequently proposed to explain mesoderm induction
and patterning. Two inducing signals were proposed to originate in the endoderm and the
third from the Spemann Organizer region. J.M. Slack and colleagues put forth this model
with evidence demonstrating that dorsal endoderm induced dorsal mesoderm (signal I)
and ventral endoderm induced ventral mesoderm (signal2) (Dale and Slack 1987). The
combination of dorsal and ventral mesoderm induced ventral mesoderm to form
intermediate mesoderm (signal 3) without affecting the dorsal mesoderm graft (Dale et al.
1985). Hence, the combination of 3 inductive signals was sufficient to form and pattern
the mesodermal germ layer. Furthermore, the vegetal mesoderm inducing signals were
demonstrated to be maternally regulated since heterochronic Nieuwkoop recombinants
using 16-cell stage vegetal masses, could induce mesoderm formation in late
blastula/early gastrula animal caps (Jones and Woodland 1987).
Further evidence of the dorsalizing signal came from studies using Lt (Kao et al.
1986). Injection of Lt ions into the vegetal-most cells at the 32 cell stage embryo could
efficiently rescue axis formation in UV irradiated embryos suggesting it could mimic or
stimulate the endogenous dorsal mesoderm inducing factor(s) (Kao and Elinson 1989).
As well,

Lt could re-specify ventral mesoderm to form Spemann Organizer tissue
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(dorsal mesoderm) (Kao et al. 1986; Kao and Elinson 1988; Kao and Elinson 1989). The
Li+ phenomenon was later discovered to be a result of aberrant activation of the canonical

Wnt pathway by direct inhibition of GSK-3~ (Klein and Melton 1996).

1.1.5.2 VegT releases mesoderm inducing signals

Since the discovery of mesoderm induction, many zygotic factors have been
identified which can induce and/or pattern the mesoderm. Candidate inducers include
members of the TGF-~ (Xnr and Bone Morphogenetic Protein (BMP)), Fibroblastic
Growth Factor (FGF) and Wnt signaling families (Kimelman 2006). While it is clear that
members of these pathways are necessary for mesoderm maintenance and patterning, the
primary inducers are likely to be Xnr mediated signals (Agius et al. 2000), as elaborated
below.
Zygotic Xnr signaling is regulated by maternal VegT and

~-catenin

(Xanthos et

al. 2001; Zhang et al. 1998; Hashimoto-Partyka et al. 2003). VegT is aT-box
transcription factor localized to the vegetal cortex during oogenesis (Zhang and King
1996) and is the master regulator of endoderm formation required to regulate the zygotic
transcription of multiple

TGF-~

factors necessary for mesoderm induction (Kofron et al.

1999; Clements et al. 1999). Depletion of maternal stores of VegT from oocytes by
injecting VegT mRNA-specific antisense oligonucleotides, prevents endoderm forn1ation
as well as the release of mesoderm inducing factors, although interestingly, some
mesoderm does form near the vegetal pole in these VegT null embryos (Zhang et al.
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1998). These TGF-~-like mesoderm inducing factors include the nodal-related genes
Xnr 1, Xnr2 (Jones et al. 1995), Xnr4 (Joseph and Melton 1997), Xnr5, Xnr6 (Takahashi et

al. 2000), Vgl (Dale et al. 1993; Thomsen and Melton 1993), derriere (Sun et al. 1999)
and Activin (Asashima et al. 1990; Smith et al. 1990).
To dissect the involvement of the various classes of mesoderm inducing factors,
Agius et al. (2000) used a mutant form of Cerberus, Cerberus-short (Cer-S), that
specifically inhibits Xnrs without affecting Wnt, Activin B, derriere or Vgl (Piccolo et al.
1999). Cerberus is a Spemann Organizer secreted protein that promotes ectopic head,
liver and heart fom1ation in Xenopus embryos (Bouwmeester et al. 1996) that functions
as a local inhibitor ofWnt, Xnr and BMP ligands in the extracellular matrix (Piccolo et
al. 1999). Remarkably, the ectopic expression of Cer-S mRNA inhibited mesoderm
formation in embryos and blocked mesoderm induction in Nieuwkoop recombinants
(Agius et al. 2000). Because Cer-S does not interfere with Wnt, derriere, Vgl or Activiu,
this experiment demonstrated that Xnrs are likely the primary inducers of mesoderm
formation inXenopus.
The spatial distribution ofXnr proteins underscores their importance as signaling
molecules which direct mesoderm differentiation and patterning. Xnrs are expressed in
endodermal cells in a dorsal-ventral gradient. This gradient is created by the synergistic
activation ofXnr transcription by VegT and Vgl with P-catenin (Agius et al. 2000).
Both VegT and Vgl but not p-catenin activates Xnrl transcription in animal cap explants
but the co-expression of either VegT or Vgl with P-catenin, however, synergistically
induces even higher levels ofXnr1 messages (Agius et al. 2000). Interestingly, this result
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Figure 1.3 Mesoderm Induction and patterning.

A central theme of mesoderm formation is the spatiotemporal regulation of Xnr
expression and activity. A) Left Vegetally localized maternal VegT and Vgl are required
to activate the expression of all Xnrs, with the exception ofXnr3. Center: A dorsalventral gradient of ~-catenin is required to activate multiple signaling pathways as well as
to control the timing and dorsal amplification of Xnr expression. Right: Animally
localized maternal factor preserve ectoderm formation by limiting the domain of Xnr
expression and activity. B) A simplified view of the genetic network control of mesoderm
formation.
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was substantiated and extended by Hashimoto-Partyka et al. (2003) who demonstrated
that maternal, endogenous factors activate an Xnr reporter construct in the absence of
~-catenin.

However, the levels and timing of Xnr transcriptional activation in dorsal cells

was dependent on

~-catenin

(Hashimoto-Partyka et al. 2003). Importantly, BMPs and

FGFs are unlikely to function as endogenous mesoderm inducers since mesodern1
formation was not blocked by injection ofFollistatin mRNA (BMP antagonist) or bFGF
blocking antibodies (Slack 1991). However, both pathways do play important roles in
mesoderm formation.
BMPs, for example, are necessary for dorsal-ventral mesoderm patterning (De
Robertis and Kuroda 2004; DeRobertis 2009). Inhibition of various BMP growth factors
in several genetic animal models, leads to excessive dorsalization, indicating a
requirement in ventral cell fate. Complementary to this, the inhibition ofBMP
antagonists reduces dorsal mesoderm formation with concomitant ventral mesoderm
expansion. Several BMP antagonists are targets of the Wnt pathway, including Chordin
and Noggin. The protein products of both these genes are secreted from the Spemann
organizer and bind to BMPs in the extracellular space thus preventing them from
interacting with cognate membrane receptors (De Robertis 2009; Piccolo et al. 1996;
Zimmerman et al. 1996). As such, a ventral-dorsal gradient ofBMP signaling is
necessary for proper mesoderm patterning.
FGF signaling also has an indispensible role during mesoderm formation and
patterning. Originally, FGFs were identified as mesoderm inducers in Xenopus
(Kimelman et al. 1988; Kirnelrnan and Kirschner 1987; Paterno et al. 1989; Slack et al.
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1989). However, expression analysis of multiple FGFs determined they were expressed
in the animal hemisphere and that only basic (b)FGF, FGF9 and embryonic (e)FGF are
maternally expressed. As a result FGFs were effectively eliminated as potential maternal
endogenous mesoderm inducer(s) which were clearly determined to be of vegetal origin
(Jones and Woodland 1987; Nakamura and Takasaki 1970; Nieuwkoop 1973).
Subsequently, FGFs were proposed to act as competence factors necessary for
animal cells to respond to mesoderm induction stimuli (Slack et al. 1990; Gillespie et al.
1989; Isaacs 1997; Isaacs et al. 1994; Cornell et al. 1995). For example, although Lt can
dorsalize ventral mesoderm, it requires FGF signaling to induce muscle (dorsal
mesoderm derivative) in animal caps (Slack et al. 1988). Likewise, Activin induces
dorsal mesoderm formation in animal cap explants, however, the injection of a dominant
negative FGF receptor (XFD) antagonizes Activin induction suggesting Activin acts
upstream ofFGF signaling (Amaya et al. 1993· Cornell and Kimelman 1994; Kimelman
and Kirschner 1987).
FGF signaling activates the MAP kinase pathway and is essential for the
expression the pan-mesodermal marker, XBra (LaBonne et al. 1995; Isaacs et al. 1994)
and other early markers of mesoderm formation (Teplitsky et al. 2003; Paterno et al.
1997). The activation of Xbra expression initiates an autocatalytic feedback loop with
zygotic FGF4 that functions to maintain mesoderm gene expression during gastrulation
(Isaacs et al. 1994). More recently, determination of the FGF regulated transcriptome
revealed 73 genes either positively or negatively regulated by FGF (Branney et al. 2009).
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Lastly, FGF signaling was shown to be required for the activation ofVegT mesodermal
target genes (Fletcher and Harland 2008).
All in all, these findings suggested a revision of the original '3 Signal Hypothesis'
to a '2 Signal Hypothesis' , whereby the 2 endoderm emitted signals could be reduced to a
single, Xnr inducing stimulus that initiates FGF-sensitized mesoderm induction and
generates dorsal and ventral identity by an Xnr gradient patterned by maternal Wnt
signaling (Agius et al. 2000; Hashimoto-Partyka et al. 2003).

1.1.5.3 A role for maternal canonical Wnt signaling in mesoderm formation

Additional evidence suggests that maternal canonical Wnt signaling plays a role
in early mesoderm induction. First, P-catenin was found to regulate the patterns of
phosphorylation of key intracellular regulators of the 3 signaling pathways that regulate
mesoderm formation: MAPK (int-2/FGF3)), Smad1 (BMP) and Smad2
(Nodal/Activin/Vg1), thus suggesting it functioned upstream ofall3 pathways (Schohl
and Fagotto 2002). Secondly, analysis of the spatiotemporal expression pattern of
maternal P-catenin protein identified it as being localized to dor a! nuclei at or before
MBT, consistent with previous studies (Larabell et al. 1997; Schneider et al. 1996), but
also in a ring around the equator by late blastula (Schohl and Fagotto 2003; Figure 1.3).
This previously, unrecognized pattern of P-catenin protein expression was suggested to
be a result of maternally localized transcripts/protein separate from P-catenin protein
stabilized by cortical rotation. However, depletion of maternal P-catenin using antisense
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oligonucleotides (Heasman et al. 1994) or antisense morpholinos (Heasman et al. 2000)
prevented only dorsal mesoderm without affecting the expression of ventral or general
mesoderm markers (Heasman et al. 1994).
Schohl and Fagotto (2003) demonstrated that P-catenin regulated the expression
of FGF3 which in turn induced the phosphorylation ofMAPK, a necessary step in FGFmediated mesoderm formation (Christen and Slack 1999; LaBonne et al. 1995; LaBonne
and Whitman 1997; Whitman and Melton 1992). As well, P-catenin was required for the
expression of the mesodermal markers, Xbra, Goosecoid and Eomesodermin (Schohl and
Fagotto 2003). This observation suggests a role for canonical Wnt signaling upstream of
FGF -mediated mesoderm formation in addition to regulating the endodermal pattern of
Xnr expression, as described above.

1.1. 5.4 Restricting mesoderm formation to the marginal zone

Why does mesoderm only form at the marginal zone? The answer to this question
has at least 2 parts. Firstly, as described in sections 1.1.4.1 and 1.1.4.2, Xnr signals are
secreted mesoderm inducers. Hence their ability to diffuse through the extracellular space
likely dictates their range of activity. In fact Xnrs have been shown to have short range
function whereas Activin has been suggested to act over relatively large distances
(Hashimoto-Partyka et al. 2003; Jones et al. 1996).
Secondly it has recently been shown that several maternal factors are expressed in
the ectoderm capable of enforcing the mesectodermal boundary. Ectodermin was the first
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reported molecule capable of promoting ectoderm formation by directly inhibiting
mesoderm formation in the animal pole. Ectodermin is an E3 ubiquitin ligase that
specifically targets Smad4 thus abrogating Xnr signaling (Dupont et al. 2005).

Additionally,foxie1/Xema, a foxi subclass winged-helix transcription factor, inhibits
mesoderm formation and controls animal cell position in blastulae, though the precise
molecular mechanism is unclear (Mir et al. 2007; Suri et al. 2005). Xdpcp is a
phosphotyrosine binding protein that inhibits Activin/Nodal signaling by binding to Alk4,
a type I Activin!Nodal receptor, and inhibits the phosphorylation and nuclear
translocation of Smad2 (Cheong et al. 2009). As well, the maternal B 1-type SOXs (i.e.

SOX1, SOX2 and SOX3) (Zhang et al. 2004a) and XRel3 (Kennedy et al. 2007) were also
demonstrated to inhibit mesoderm formation though negative regulation of nodal
signaling (Kennedy et al. 2007; Zhang et al. 2004a) The Bl-type SOXs were shown to
repress nodal expression by inhibiting VegT and P-catenin (Zhang et al. 2004a) but the
mechanism by which XRe13 , a Dorsal!Rel/NF-K.B orthologue, attenuates Xnr signaling is
unclear.

1.1.5.5 Dorsal/Rel/NF- K13 regulates mesoderm formation

Dorsal/Rel!NF-KB factors regulate transcription during immune and inflammatory
responses and are important regulators of cell survival and differentiation during
embryogenesis. In Drosophila melanogaster, the RelJNF-KB orthologue, Dorsal (Dl),
establishes dorsal-ventral polarity in the egg during fly oogenesis. Dl accumulates

1- 37

Kennedy, 2010

specifically in ventral nuclei creating a ventral-dorsal gradient. Mutant flies that lack Dl
have an increased number of cells committed to dorsal lineages. Rel!NF -KB is also
important for notochord (a mesoderm derivative) formation in the ascidian, Ciona

intestinalis (Kawai et al. 2005). Genetic studies of all the Rel!NF-KB factors have been
analyzed either individually or in various combinations in mice. However, the defects are
most commonly associated with impaired lymphoid cell development (NF-KIJJ-1-, NF-

K132_1_, Re/A-1-, c-Ref1-, and Re/B_1_) (Gerondakis eta!. 2006). Others have epidermal
defects (Re/A _1_ and Re/A_1_/c-Ref1-ITNF1-) (Gugasyan et al. 2004; Zhang et al. 2004b) or
craniofacial defects (NF-K1JJ_1_/NF-KBT1-) (Franzoso eta!. 1997; Iotsova eta!. 1997). Of
particular interest, NF-KB-1-/RelA-I- and RelA-1-/c-Rer1- double knockout mice die at
embryonic stage (E) 13 due to defective hematopoietic systems, a ventral mesoderm
derivative (Gerondakis et al. 2006).
In Xenopus laevis, 4 Rel/NF -KB factors have been identified: XRe/A (Kao and
Hopwood 1991), XRe/2 (Tannahill and Wardle 1995), XRe/B and NF-KBJ (Suzuki eta!.
1995; Suzuki et a!. 1998) and XRe/3 (Yang et al. 1998). XRelA, XRel2 and XRel3 have
all been implicated in mesoderm and axis formation of the Xenopus embryo (Beck et al.
1998; Tannahill and Wardle 1995; Kao and Lockwood 1996; Kennedy et al. 2007).
Ectopic expression of XRelA mRNA inhibited endogenous axis formation and prevented
axial duplications when co-injected with a dominant negative

GSK-3~

(Kao and

Lockwood 1996). Furthermore, XRelA mRNA injected into animal cells could inhibit
bFGF and Activin induced mesoderm formation in animal cap explant assays (Beck et al.
1998), while injection of synthetic XRel2 mRNA into Xenopus embryos disrupted axis
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formation and inhibited the expression of the mesodermal markers Goosecoid, XBra,

Wnt8, and Snail (Tannahill and Wardle 1995). XRelA and XRel3 have been implicated
in mesoderm formation through feedback regulatory circuits of Twist and Slug (Zhang et
al. 2006; Zhang and Klyrnkowsky 2009). More recently, it has been demonstrated that
XRel3 is important in establishing the mesoderm-ectoderm boundary by suppressing Xnr
signaling in animal cells (Kennedy et al. 2007).

1.1.5.6 Overview of the Rel/NF-KB signaling cascade

The Rei/NF-KB signaling pathway is an important regulator of embryonic
development and disease. Founding members of this biochemical cascade were shown to
encode proteins that bind to sequence specific elements of immunoglobulin promoters in
lymphoid cells (Staudt et al. 1986; Singh eta!. 1986; Sen and Baltimore 1986b). Since
this discovery, intense research on the Rei/NF-KB pathway has shown it to regulate the
transcription of more than 200 genes (Pereira and Oakley 2008) and more than 750
natural and synthetic inhibitors have been identified (Gilmore 2006).
There are 5 Rel/NF-KB proteins that share structural homology with the avian
retroviral oncogene Reticuloendotheliosis (v-Rel). Rel!NF-KB proteins are intracellular
proteins that share a conserved N-terminal region termed the Rel homology domain
(RHD). The RHD mediates the ability ofRel/NF-KB proteins to dimerize, to localize to
nuclei, and to bind target DNA sequences. The C-terminal region contains a
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transactivation domain in RelA (p65), RelB and c-Rel, though not in NF-KB 1 (p50) and
NF-KB2 (p52) (Gilmore 2006; Pereira and Oakley 2008; Perkins 2007).
Many cytokines and growth factors activate Rel/NF-KB to mediate a variety of
physiological processes such as inflammation, cell growth and cell survival, such as
Interleukin-1 (IL-l), Tumor necrosis factor-a (TNF-a) (Krasnow et al. 1991; Osborn et
al. 1989; Israel et al. 1989) and bacterial lipopolysaccharide (LPS) (Sen and Baltimore
1986a). In the absence of pathway stimulation, Rei/NF-KB dimers are cytoplasmically
sequestered by Inhibitor K B proteins (IKB) by masking the nuclear localization sequence
(NLS) (Figure 1.4A) found within the RHD (Beget al. 1992; Haskill et al. 1991) .
Pathway stimulation results in the phosphorylation of two IKB N-terminal serine
residues that target it for ubiquitination and proteasomal degradation, thus resulting in
the release of Rel!NF -KB factors. IKB is phosphorylated by a complex of 3 IKB kinases
(IKK)s: IKK-a,

IKK-~

and NEMO (IKK-y) (Figure 1.4B) (DiDonato et al. 1997; Zandi et

al. 1997; Mercurio et al. 1997). Rel!NF-KB dimers then translocate to target gene
promoters in the nucleus, and in association with co-activators or co-repressors, regulate
gene expression.

1.1.6 The embryonic body axis
I .1.6. 1 At the nexus of dorsal-ventral polarity and mesoderm formation

The earliest events that pattern the embryo are still incompletely understood.
Formation of the primary body axis is, however, dependent on elaborate spatiotemporal
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Figure 1.4 Overview of the Rel/NF-KB sign a ling cascade.

A) In the absence of pathway activation, Rel/NF -KB dimers are inactivated by
sequestration in the cytoplasm. B) Ligand (e.g. TNF-a, IL-l or LPS) stimulated
activation initiates a series ofkinases that induce the release ofRel/NF-KB proteins to
manage gene expression.
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regulation of gene expression that establishes dorsal-ventral asymmetry and formation of
the mesoderm germ layer.
The goal of my thesis was to study how the regulation of transcription during
embryonic development controls cell fate thus regionalizing the embryo into an
organized body plan. I have focused on two signal transduction pathways, the Rel/NF-kB
signaling pathway, which regulates gene expression required for formation of mesoderm,
and the canonical Wnt pathway, which is required to activate expression of many genes
required for genes that determine dorsal body structures.
There are 3 main objectives to my thesis.

1.1.6.2 Objective 1: Mechanism ofXRe/3/XRe!A mediatedXnrsigna/ing

The morphogenetic field of mesoderm formation is limited, in part, by negative
regulators expressed in the animal half of the embryo. In chapter 2, I describe
experiments that address the molecular mechanism by which XRel3 and to a lesser extent
XRelA, regulate mesoderm formation. This project began with the observation that the
ectopic expression of XRel3 or XRelA mRN A into the marginal region of Xenopus
embryos caused abnormal axial development. In conjunction with former lab members, I
analyzed the expression of mesoderm inducers and markers in embryos over-expressing
XRel3. Using this approach I determined that XRel3 was an inhibitor of endogenous
mesoderm inducers (Xnrs). I hypothesized that XRel3 carried out this function by
regulating the canonical Wnt signaling pathway, a known activator ofXnr expression.
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My results demonstrate that in gain-of-function assays, XRelA and XRel3 can attenuate
P-catenin activity, likely through a direct interaction between XRel3 and P-catenin
proteins. These results suggest that XRel3 and/or XRelA may function to negatively
regulate canonical Wnt target gene expression during early development.

1.1.6.3 Objective 2: Identification of an orthologous fJ-catenin regulating protein in
Xenopus

Dorsal mesoderm formation requires activation of the canonical Wnt pathway.
However, because activation of the pathway appears to be labile from fertilization until
the mid-blastula, it is not clear what are the determining factors that commit Wnt
activated cells to the dorsal lineage. I hypothesized that although Wnt signaling is
required to specify the dorsal cells of the blastula stage embryo, the mobilization and
recruitment of components downstream of the signal transduction event are essential for
determination of the dorsal phenotype. To this end, I isolated XBc/9, a Xenopus
orthologue to Lgs/Bc19. Lgs/Bc19 was identified as a core component of the canonical
Wnt transcriptional complex and its recruitment to the transcription complex is thought,
along with its binding partner, Pygopus, to represent a determinative step in Wnt signal
transduction. My experiments in Chapter 3 address the hypothesis that recruitment of
Lgs/xBcl9 represents a determinative step in dorsal differentiation. I characterized the
developmental expression of XBcl9 and its conserved biochemical interactions. I further
asked ifXBcl9 was required for body axis formation and used gain- and loss-of-function
experiments to address this question. My results demonstrate that XBcl9's interaction
with P-catenin and Pygopus is conserved in Xenopus embryos. I also determined that
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XBcl9 accumulates in dorsal cell nuclei after MBT, corresponding to the activation of
Wnt target gene expression. Furthermore, gain-of-function assays suggested that XBcl9
requires Pygopus to ectopically stimulate dorsal gene expression and loss-of-function
experiments determined that maternal XBcl9 is required for dorsal axis formation. Hence
XBcl9 is a necessary component of the canonical Wnt signal transduction pathway,
dependent upon Pygopus, and acts as a determinative factor of dorsal cell fate.

1. 1. 6.4 Objective 3: Analy sis of the post-transcriptional regulation ofXBc/9

The establishment ofXBcl9 as a determinative component in dorsal
differentiation suggests that its regulation is important for the formation of the embryonic
body plan. The expression analysis ofXBcl9 mRNA and protein derived from Objective
2 suggested that XBcl9 mRNA was post-transcriptionally regulated. To this end, in
Chapter 4, I report the identification ofXBcl9 regulation at the level of translation. I
mapped a minimal repression element to the 5' UTR ofXBcl9 mRNA that inhibited
translation in embryos and human cells. Furthermore, I determined that this repression
element was relatively well conserved in the 5 'UTR of several orthologous Bcl9
sequences and is predicted to form a stable secondary structure. These results suggest that
the 5'UTR ofXBcl9 mRNA may regulate its translation in embryos, thus conferring a
novel mechanism governing XBcl9-dependent transcription during embryogenesis.
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Molecular crosstalk between Rel/NF-KB and P-catenin
proteins regulates dorsal mesoderm formation
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2.1 Introduction

Establishment of the dorsal-ventral axis is an essential step for primary body axis
formation. In fly embryos, a nuclear-cytoplasmic gradient of the Rel/NF-KB orthologue,
Dorsal (Dl), in ventral cells establishes the dorsal-ventral axis and specifies the
presumptive mesoderm (Moussian and Roth 2005). In vertebrates, the canonical Wnt
pathway establishes dorsal-ventral polarity and regulates dorsal mesoderm formation in
early development (Croce and McClay 2006; Heasman 2006; Marikawa 2006).
Interestingly, components of the Drosophila spatzle/Toll pathway that positively
regulate Dl protein expression, have dorsalizing activity when expressed in vertebrate
(frog) embryos suggesting that Dl can function via evolutionarily conserved
mechanism(s) (Armstrong et al. 1998). On the contrary, during Xenopus embryogenesis,
the orthologous Dl proteins XRelA, XRel2 and XRel3 negatively regulate mesoderm
induction and inhibit formation of the dorsoanterior axis (Becket al. 1998; Kao and
Lockwood 1996; Kennedy et al. 2007; Tannahill and Wardle 1995). These results suggest
that Dorsal and Rel/NF-KB genes are paralogous homo logs that have evolved divergent
functions between frogs and flies.
Rel/NF-KB proteins are pleiotropic transcription factors that are involved in
myriad processes such as cellular differentiation, cell survival, immune and inflammatory
responses and possibly memory fom1ation (Papa et al. 2006; Pereira and Oakley 2008;
Perkins 2007). There are five Rel/NF-KB transcription factors: NF-KB1 (p50), NF-KB2
(p52), RelA (p65), RelB and c-Rel (Pereira and Oakley 2008; Perkins 2007). Rel/NF-kB
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proteins are DNA-binding proteins that function as hetero- or homo-dimers and may
activate or repress transcriptional targets in a cell context dependent manner.
In the absence ofRel/NF-KB pathway stimulation, Rel/NF-KB dimers are

inactivated and sequestered in the cytoplasm by inhibitor-KB (IKB) proteins. In addition
to ligands which interact with Toll-like receptors (TLR), the Rel/NF-KB pathway can be
activated by stimuli such as cytokines or bacterial lipopolysaccharide (LPS). Pathway
stimulation induces the phosphorylation ofiKB by IKB kinases (IKK), thus releasing
Rel/NF-KB dimers which then translocate to nuclei to regulate transcription (Perkins
2007).
In Xenopus, activation of the maternal canonical Wnt pathway regulates Xnr

signaling, which is required for dorsal mesoderm formation in the marginal zone (Wylie
et al. 1996; Agius et al. 2000; Hashimoto-Partyka et al. 2003). Maternal canonical Wnt
signaling also regulates ventrolateral mesoderm forn1ation by activating FGF3 expression
with subsequent activation ofMAPK, and concomitant Smadl and Smad2
phosphorylation (Schohl and Fagotto 2002; Schohl and Fagotto 2003). Thus, elucidating
the mechanisms that regulate the canonical Wnt pathway is paramount to understanding
how it regulates biological processes such as dorsal axis formation.
One mechanism that regulates the canonical Wnt pathway is molecular crosstalk
with the Rel/NF-KB signaling pathway. However, typical ofRel/NF-KB transcription
factors, Rel/NF-KB proteins can both co-activate and repress transcription of canonical
Wnt target genes in various human cancer cell lines, making interpretation of results
sometimes difficult (Cho et al. 2008). More recently, an interdependency ofRel/NF-KB
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and canonical Wnt signaling pathways for induction of hair follicle primordia has been
reported (Zhang et al. 2009).
Ectopic expression of XRelA, XRel2 or XRe13 mRNA in Xenopus embryos
negatively affects axis formation, a canonical Wnt dependent event (Becket al. 1998;
Kao and Lockwood 1996; Tannahill and Wardle 1995). Therefore, I hypothesized that
Rel/NF-KB signaling negatively regulates canonical Wnt dependent transcription in early
Xenopus development.
In this chapter I confirmed that ectopic expression ofXRelA or XRel3 mRNA in

dorsal marginal zones prevented formation of the endogenous body axis and suppressed
axial duplication when co-expressed with wildtype XP-catenin or P-catenins37A mRNA. I
re-examined the effect of ectopic XRel3 mRNA on P-catenin regulated gene expression,
which suggested that XRel3 may enforce the boundary of mesoderm formation by
inhibiting post-MBT Xnr transcription (Kennedy et al. 2007). Lastly, I determined that
XRel3 but not XRelA directly interacted with P-catenin, in vitro, suggesting a possible
mechanism by which Rel/NF-KB signaling negatively regulates canonical Wnt dependent
target gene transcription in Xenopus embryos.
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2.2 Materials and Methods

2.2.1 Embryo collection and manipulation

Wild type embryos were obtained from female Xenopus laevis using standard
techniques as described (Kao and Lockwood 1996; Lake et al. 2001). Fertilized eggs
were injected in 50% Normal Amphibian Medium (NAM) supplemented with 2-4%
Ficoll and cultured in 5% NAM. Embryos were staged according to Nieuwkoop and
Faber (1994). Embryos were fixed and stored in MEMFA (lOOmM MOPS, 0.1mM
MgS04, 2mM EGTA, 3.7% Formaldehyde) at room temperature. Embryos were
photographed for phenotype analysis using a Leica MZ FLIII microdissection microscope
fitted with 'Cool Snap' camera and software.

2.2.2 Plasmids and RNA synthesis

pCS2+/XRelA was constructed by PCR amplification of the XRelA coding region
using the p64T/XRelA plasmid (Kao and Hopwood 1991) as template, restriction
digested and inserted into pCS2+ EcoRl and Xhoi restriction sites. XRelA primer
sequences: forward primer 5 '-CGGATTTCTTGAACATGGATGGATTC-3'; reverse
primer 5'-GCCTCGAGCATGCTTAGTCTTATTGC-3' (restriction sites included in the
primers are underlined). pCS2+/XRe13 was previously described (Lake et al. 2001).
pGEX4T-3/XRel3 was constructed by subcloning the XRel3 coding region from
pCS2+/XRel3 into the pGEX4T-3 BamHI!Noti restriction sites. pCS2+/~-catenins 3 7 A was
previously described (Popadiuk et al. 2006).

pCS2+/X~-catenin

2-5

and pGEX4T- l!X~-

Kennedy, 2010

catenin were constructed as described in chapter 3 (Kennedy et al. 2009). pCS2+ and
pCS2+/~-galactosidase,

pCS2+/Axin and the pSia-Luciferase reporter vector were kind

gifts from Dr. Dave Turner, Dr. Peter Klein and Dr. Segei Sokol, respectively.
In vitro transcription of all mRNAs used in this chapter, except ~-catenins 37 A

mRNA, was carried out using the SP6 mMessage mMachine RNA syntheis kit, as per
manufacturer's protocol (Ambion). ~-catenins 37 A mRNA was transcribed using Sp6
Ribomax kit (Promega).

2.2.3 GST-Pullown Assay

GST pulldowns were perforn1ed as per manufacturers protocol (Stratagene). GSTfusion protein was expressed in BL 21 RP competent cells, extracted and purified using
Glutathione Sepharose 4B beads (GE Healthcare). Approximately 1 )..lg of total GST
fusion protein was used in each pulldown reaction. Approximately 1)..ll ofXRelA, 2)..ll of
XRel3 and 0.5)..ll of Axin in vitro translated, radiolabelled

eS-[Met] (Perkin Elmer))
5

proteins, made in cell-free rabbit reticulocyte lysate (Promega) as per manufacturer's
protocol, were used per GST-pulldown. Proteins were resolved using 10% acrylaminde
SDS-PAGE gels. Gels were subsequently stained in Coomassie for 1hour and destained
overnight (74%H 20, 6% Glacial Acetic Acid, 20% Methanol) at room temperature.
Interacting radiolabelled protein was detected by exposure to film (X-OMAT LS, Kodak)
overnight at room temperature.
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2.2.4 /]-galactosidase and Luciferase Assays

All embryos used for luciferase assays were co-injected with 50pg each of pSiaLuciferase plasmid and

~-galactosidase (~-gal)

mRNA in addition to XRelA/3 and X~

cateninl~-catenins37A mRNA for each experiment. ~-gal assays were performed as per

manufacturer's protocol (Clontech). Total protein was extracted from 3 pools of 5
embryos from 3 independent batches of embryos. Approximately 10 ).11 of whole embryo
protein extracts were incubated in 200).11 of Z-buffer (60mM Na2HP04•7H20, 40mM
NaH2P04•H20, lOmM KCl, lmM MgS04•7H20 , pH 7.0) with 4g/L ONPG (2Nitrophenyl

~-D-galactopyranoside)

(SIGMA) and

~-Mercaptoethanol

(0.27%) at 37°C

until yellow color develops. Reactions were then stopped by the addition of an equal
volume of 1M Tris (pH 11) and colour intensity was measured using a BioRad 3550
microplate reader.
Luciferase assays were performed as per manufacturer's protocol. Approximately
10).11 of total protein extracts were used per luciferase reaction. Samples were read in
Monolight 2010 Luminometer.

2.2.5 RNA Isolation and Real-Time PCR

Total RNA was extracted from 10-12 embryos using the Nucleospin II RNA
Extraction Kit (Clontech). Reverse transcription of ~ 1).lg of total RNA to eDNA was
performed using MMLV-RT (Invitrogen) as per manufacturer's protocol. eDNA was
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then diluted 1:10 and 2 Ill was used per quantitative Real-Time PCR (qPCR) reaction.
Marker expression was analyzed by SYBR Green (Applied Biosystems) incorporation
detected using the ABI Prism 7000 Detection System (Applied Biosystems). Results
were analyzed using the comparative Ct method (i.e. T~~c1) (Livak and Schmittgen 2001;
Schmittgen and Livak 2008a). Total eDNA was normalized to Histone H4 levels.
Reverse transcription reactions did not give any/specific products. Dissociation curves

(i. e. melting curves) confirmed a single PCR amplicon in all reactions. All qPCR primer
sequences are listed Table 2.1.
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2.3 Results

2.3.1 Ectopic XRelA or XRe/3 expression disrupts axis formation

In Drosophila, the dorsoventral axis is defined by the nuclear accumulation of the

transcription factor ' Dorsal' in ventrally-fated cells (Roth et al. 1989; Roth 2003; Hong et
al. 2008). Dorsal is closely related to Rel/NF-KB proteins in vertebrates (Armstrong et al.
I 998; Prothmann et al. 2006). In Xenopus, Re!A and Re/3 transcripts are expressed in

the animal hemisphere including the dorsal marginal zone of cleavage stage embryos
(Kao and Hopwood 1991; Yang et al. 1998). Therefore, I was interested in determining
whether Rel/NF-KB proteins, specifically XRelA and XRel3 were functionally conserved
during Xenopus development.
Previously, XRelA was shown to negatively regulate dorsal patterning due to its
ability to attenuate Activin and FGF-stimulated convergent extension movements in
animal cap explants (Becket al. 1998). It could also inhibit dorsoanterior development or
ectopic body axes induced by ventral co-injection of synthetic mRNA encoding dominant
negative

GSK3~

(R85) (Kao and Lockwood 1996). R85 is a kinase-dead

GSK3~

mutant

(K85R residue substitution) incapable of phosphorylating ~-catenin. Overexpression of
R85 activates canonical Wnt signaling, presumably by interfering with endogenous
GSK3~

function (Dominguez et al. 1995).
While ectopic expression ofXRel3 mRNA into animal or vegetal pole cells

induced epidermal tumor formation in tadpoles, overexpression of the synthetic wildtype
or DNA-binding deficient XRel3~58 variant (i.e. dominant negative XRel3) into the
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prospective mesoderm region, or marginal zone, impaired dorsal-anterior development
(Yang et al. 1998; Lake et al. 2001; Kennedy et al. 2007). To confirm these results I
injected 250pg of either synthetic XRelA or XRel3 mRNA into the presumptive dorsal
marginal zone of 2-cell stage embryos. The dorsal side of embryos was identified
primarily based on pigmentation, size differences in dorsal and ventral cells and the
sperm entry point (SEP). Ectopic expression ofXRelA (n= 15) or XRel3 (n= 15) mRNA
in the dorsal marginal zone severely perturbed body axis development with no
identifiable dorsoanterior structures (Figure 2.1 and Table 2.2). For comparison,
injection of 500pg of Axin mRNA, encoding a known inhibitor of dorsal axis formation
(Ikeda et al. 1998; Itoh et al. 1998), into the dorsal marginal zone impaired normal axis
development (Figure 2.1 D). These embryos displayed similar phenotypes caused by
ectopic XRelA and XR.e/3 expression.

These results are consistent with previous reports

(Kao and Lockwood 1996; Kennedy et al. 2007). Since the body axis is derived from the
mesodermal germ layer, these results suggest a role for XRelA and XRel3 in inhibiting
dorsal mesoderm formation.

2.3.2 XRe/3 inhibits mesoderm formation

Ectopic expression of XRel3 in animal cells caused the formation of embryonic
tumors with elevated levels of anterior neural patterning genes such as Gli, Shh, and Otx
(Lake et al. 2001; Yang et al. 1998), thus suggesting a role in promoting ectodermal cell
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Figure 2.1 Ectopic expression of XRelA or XRe13 mRNA inhibits axis formation.

A) Uninjected control embryos. B) Embryos injected with 250pg XRel3 mRNA or C)
with 250pg XRelA mRNA into the equatorial region. D) Injection of 500pg Axin mRNA
into the dorsal equatorial region. Injected embryos failed to develop the elongated dorsal
axis and heads. Scale bar is 1mm.
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fate. Based on the injection site-specific ability of XRel3 to either promote ectodermal
cell lineages (animal pole) or to inhibit mesodermal cell lineages (marginal zone) I
hypothesized that endogenous XRel3 may be necessary for formation of the ectoderm
and/or restriction of the mesoderm boundary during germ layer specification.
In collaboration with other Jab members we addressed this question in two ways.
First, I injected increasing dosages of synthetic XRel3 mRNA into both cells at the
animal-vegetal pigment boundary (marginal zone) of2 cell stage embryos. I then assayed
the effect of elevated XRe/3 levels on mesoderm-specific gene expression in stage 10
embryos using qPCR. To confirm that synthetic XRel3 mRNA was not degraded upon
injection, I initially assayed the overall levels of XRel3 messages in injected
embryos compared with uninjected controls. Figure 2.2A shows a representative
experiment where injection of 250pg of XRel3 mRNA increased total XRe/3 messages
by -3.4 fold, 500pg by -4 fold and IOOOpg by 10.2 fold relative to uninjected control
levels.
Next I assayed the response of 6 mesoderm-specific markers to XRe/3
overexpression. All 6 markers were reduced in a dose dependent manner. At the highest
dosage (lOOOpg) of XRe/3 mRNA the pan-mesodermal marker Xbra, and the
mesendodermal marker mix2 were reduced by -80% and - 75%, respectively. The ventral
mesodermal markers vent] , vent2 and derriere, were each reduced by - 60% and the
dorsal mesodermal goosecoid (gsd) was reduced by - 55% (Figure 2.2B). These results
clearly show that XRel3 can suppress mesoderm-specific gene expression in the marginal
zone of Xenopus embryos.
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Table 2.1 Primers used for qPCR analysis.
Primer Name

Sequence (5'-

3')

Histone (H4)

U-CGGGATAACATTCAGGGTATCACT
0-ATCCATGGCGGTAACTGTCTT

Xrel3

U-CAAGAGAGACGTGAACCAATTCC
0-GGCGCTGCTGTTGGTGCTGTGC
U-GGATCGTTATCACCTCTG
0-GTGTAGTCTGTAGCAGCA

X bra
Xnr1
Xnr2
Xnr5
Xnr6
mix2
Goosecoid

U-GTAGGAGAGTGGACATGATTGTGG
0-TTAACTGCACCCACATTCCTCTACAATC
U-CGCCATTGCCTCCCTTATGC
0-CAGATTCTTGCAGGACGGG
U-CCAGAACAGCATCATAAGAAGCGG
0-GGCTTGAAGTTCTCATCCAGTGG
U-CCACACCAAAGACCGTCACGAG
0-CCAACATGACTCTCTCCGCAAC
U-TGCAAGCCATCATTATTCTAGC
D-AGGAACCTCTGCCTCGAGACAT
U-GTGCTGATTCCACCAGTGCCTCACC
D-CAACTGTCAGAGTCCAGGTCAG

Reference
Lake et al. 2001
New
New
New
New
New
New
New
New

Derriere

U-CATCTCCACTTACCTTCCAGG
D-CCTTGATCTCGATATGAGCGGAC

New

Vent1

U-GCTTGGTTCCTCCTCCCGTC
0-CATGGTGGTGGAGTGGCTGG

New

Vent2

U-CCATCCCTGCCTTCCTGGAAC
D-CCTGTGTAGCAATCCATTGTCTCC

New
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Figure 2.2 Ectopically expressed XRel3 mRNA inhibits mesodermal marker
expression.

A ) qPCR detection of increasing amounts of XRel3 transcripts in XRel3 mRNA injected
embryos. B-C) qPCR analysis of mesodermal markers (B) and inducers (C) assayed at
stage 10 indicating reduced mesoderm formation by attenuated induction. Relative fold
change was calculated using the 2-MCt method using H4 as the reference gene and
uninjected embryos as normal expression. All experiments were performed three times.
A representative experiment is shown in this figure.
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Signals emanating from the endoderm have been shown to induce the overlying
ectoderm to form mesoderm, thus establishing all three germ layers. These endogenous
signals are suggested to be members of the Nodal (Xnr in Xenopus) signaling pathway
(Agius et al. 2000; Jones et al. 1995). I asked, therefore, whether ectopic XRe/3
expression could inhibit Xnr expression. As above, increasing amounts of XRe/3 mRNA
were injected into the marginal zone of 2-celled embryos and cohorts of 10-12 embryos
were collected at stage 10. The relative levels of 4 Xnr family members were assayed
by real-time PCR. The expression of Xnr1, Xnr2, Xnr5, and Xnr6 were all reduced by the
overexpression of XRe/3 in a dose dependent manner (Figure. 2.2C). Injection of the
highest dosage of XRe/3 mRN A ( 1OOOpg) reduced Xnr 1 and Xnr2 by ~90% and ~80%
compared to uninjected control levels, respectively (Figure 2.2C). In comparison, Xnr5
and Xnr6 were reduced by ~20% and ~30%, respectively (Figure 2.2C). Secondly, other
findings from colleagues indicated that XRel3 specific antisense morpholinos which
inhibit zygotic XRel3 expression, also expands the domain of the pan-mesodermal
marker Xbra towards the animal pole and that co-injection of synthetic Xnr2 mRNA with
XRel3 rnRNA rescues normal development in a dose dependent manner (Kennedy et al.
2007). Taken together, these results suggested that XRel3 may limit the domain of
mesoderm formation through negative regulation ofXnr transcription.
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2.3.3 XRe/A and XRe/3 inhibit canonical Wnt signaling

In Xenopus, canonical Wnt signaling has been demonstrated to be important for
mesoderm formation (Schohl and Fagotto 2003; Heasman et al. 2000) and shown to
regulate the expression of Xnr I, Xnr2, Xnr5 and Xnr6 (Agius et al. 2000; HashimotoPartyka et al. 2003; Takahashi et al. 2000). As previously mentioned, injection ofXRelA
mRNA neutralized the induction of a second body axis in response to R85-stimulated
canonical Wnt signaling (Kao and Lockwood 1996). To determine if ectopic XRelA or
XRe/3 expression can inhibit ~-catenin induced transcription I co-injected 50pg, 1OOpg,
250pg or 500pg ofXRelA or XRel3 mRNA with 400pg ofX~-catenin mRNA and 50pg
of the pSia-Luciferase (pSia-Luc) reporter plasmid into the marginal zone at the 2 cell
stage; this dosage of X~-catenin mRNA was empirically determined as the optimal
dosage to induce formation of a supernumerary axis. pSia-Luc contains a portion of the
siamois promoter sequence that is specifically responsive to

~-catenin

induced

transcription, fused with the firefly Luciferase gene (Brannon et al. 1997; Fan et al.
1998). Substrate-specific Luciferase activity was measured to infer the degree to which

~

catenin stimulated the expression of the reporter. Luciferase activity was measured at
stage 10. Each experiment was performed 2-4 times on independent batches of embryos
and assayed in triplicate.
Injection of 400pg ~-catenin mRNA alone induced the levels of reporter
transcription between 52-120 fold above the level of endogenous activation (Figure 2.3AB). The co-injection of ~-catenin with XRelA or XRel3 mRNA reduced the level of
reporter transcription in a dose-dependent manner (Figure 2.3A-B). Injection of 50pg of
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Figure 2.3 XRelA and XRel3 inhibits P-catenin induced transcriptional activation.

A) Co-injection ofXRelA mRNA or B) XRel3 mRNA represses

~-caten in

induced

transcriptional activation of the pSia-Luc reporter construct in a dose-dependent manner.
C) Ectopically expressed XRelA or XRel3 inhibits endogenous activation of the pSia-Luc
reporter construct. D) XRelA and E) XRel3 inhibits transcriptional stimulation by a
constitutively active ~-catenin mutant (X~-catenins 37 A) . All transcription assays were
performed 2-4 times in triplicate.
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XRelA mRNA reduced pSia-Luc reporter transcription from - 120 fold to about - 30 fold
compared to endogenous activation (Figure 2.3A). At 500pg XRelA mRNA, reporter
activation was reduced to approximately the same levels determined when 50pg of pSiaLuc was injected alone (Figure 2.3A). Similarly, injection of250pg ofXRel3 mRNA
reduced the levels of reporter activation to endogenously activated levels (Figure 2.3B).
It should also be noted that since the pSia-Luc reporter was stimulated by endogenous

proteins, I co-injected 50pg of the reporter with 500pg ofXRelA mRNA or 2000pg
XRel3 mRNA without exogenous P-catenin. As expected, since the overexpression of
either XRelA or XRel3 mRNA prevents mesoderm formation (Figure 2.2B-C; Kennedy
et al. 2007), endogenous activation of the pSia-Luc reporter was also suppressed by 50%
or 95%, respectively (Figure 2.3C), suggesting that both ReliNF-KB proteins could
interact with endogenous proteins to regulate/attenuate transcription.
Based on the observation that injection ofXRelA mRNA could rescue normal
development in embryos co-injected with R85 mRNA (Kao and Lockwood 1996), I next
asked ifXRelA and/or XRel3 negatively regulates P-catenin at the level ofGSK3P or
downstream of P-catenin stabilization. GSK3 p phosphorylates serine residues 33 and 37
and Threonine 41 in theN-terminus of P-catenin, signaling the protein for ubiquitination
and subsequent proteosomal destruction (Orford et al. 1997; Yost et al. 1996). Alanine
substitution of either of these residues stabilizes P-catenin protein and aberrantly
stimulates Wnt target gene transcription. Overexpression ofthe constitutively 'active'
human P-catenins37 A mutant, isolated from the TOV-112D, ovarian epithelial cancer cell
line (Popadiuk et al. 2006), in ventral marginal cells induced the formation of a complete
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secondary axis in Xenopus embryos (Table 2.2) and stimulated transcription from the
pSia-Luc reporter plasmid (described above) ~20 fold above endogenously activated
levels (Figure 2.3D-E).
To determine ifXRelAJXRel3 could attenuate TCF-dependent transcription in the
presence of the constitutively active ~-catenin, I co-injected ~-catenins 37A mRNA and
50pg of pSia-Luc reporter plasmid with Ong, 0.5ng, 1ng, 2ng or 4ng of XRelA or XRel3
mRNA into the ventral marginal region of both cells at 2 cell stage. Both XRelA and
XRel3 inhibited pSia-Luc transcription induced by ~-catenins 37 A in a dose dependent
manner (Figure 2.3D-E). Interestingly XRe13 inhibited reporter activation more strongly
at all equivalent XRelA dosages. These results suggested that exogenously expressed
XRelA and XRe13 can inhibit ~-catenin mediated transcription independently of its
phosphorylation status.
Ventral expression of (wild type) ~-catenin WT or ~-catenins 37A mRNA injected
into the marginal zone of2-cell stage Xenopus embryos efficiently induced the formation
of a complete secondary axis in 62/78 (80%) and 29/33 (88%) embryos, respectively
(Table 2.2). Co-injection of lOOpg or 250pg of either XRelA or XRe13 mRNA

with~

cateninWT mRNA completely inhibited supernumerary axis formation (Figure 2.4D-E,
2.3.5D-E, Table 2.2) and caused axis deficient phenotypes in 21-36% of injected embryos
(Figure 2.4F, 2.5F and Table 2.2). Furthermore, co-injection of 500pg of XRelA or
XRel3 mRNA with 2000pg ~-catenins 37 A reduced the frequency of conjoined embryos
from 29/33(88%) induced by ~-catenins 3 7 A alone to 2/10(20%) and 3/12(25%),
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Figure 2.4 XRelA inhibits P-catenin induced axial duplication.

A) Uninjected control embryos. B) Ventral-marginal injection of synthetic

X~-catenin

mRNA causes twinning. C) Ectopic ventral-marginal expression ofXRelA mRNA does
not inhibit formation of the body axis. However at dosages of 250pg, embryos did exhibit
slight defects with blastopore closure, possibly due to reduced ventral mesoderm
formation. D-E) Co-injection of lOOpg ofXRelA mRNA with X~-catenin into ventralmarginal regions inhibited axial duplication. F) In a few co-injected embryos, XRelA
inhibited formation of ectopic and endogenous body axis formation, possibly due to offtarget injection. NB. Black arrow heads indicate twinned embryos with duplicated heads.
Scale bar is 1mm.
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Figure 2.5 Co-injection of XRel3 inhibits P-catenin induced axial duplication.

A) Uninjected control embryos. B) Ventral-marginal injection of synthetic X~-catenin
mRNA induces twinning. C) Ectopic ventral-marginal expression of XRel3 mRNA does
not inhibit formation of the body axis. However at dosages of 250pg, embryos did exhibit
slight defects with blastopore closure, possibly due to reduced ventral mesoderm
formation. D-E) Co-injection of as little as lOOpg ofXRel3 mRNA with

X~-catenin

into

ventral-marginal regions inhibited axial duplication. F) In some co-injected embryos,
XRel3 inhibited formation of ectopic and endogenous body axis formation, possibly due
to off-target injections. Black arrow heads indicate twinned embryos with duplicated
heads. Scale bar is lmm.
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Table 2.2. Phenotype analysis of ~-catenin co-injected with and without XReiA and
XRel3 mRNA
Injected mRNA's

Scored Phenotypes (%)

Xf3-catenin
(pg)

S37A
(pg)

XRel3
(pg)

XReiA
(pg)

0

0

0

0

400

0
0

0
250

0
0

0

100

0

400

0

250

0

0

0

400

0

0

400

0

0

Total
Number of
Embryos

Single
axis

Full2°
axis

Partlal2°
axis

Axis
Deficient

238 (99.5)
16 (20)

0 (OJ
62(80)

1 (0.5)
0 (0)

39

31 (79)

8 (21)

30 (75)

0 (OJ
0 (OJ

0(0)

40

0(0)

10(25)

0

39

25 (64)

0 (OJ

0(0)

14(36J

250

40

26 (65)

0 (0)

0(0)

14(35)

100

41

25 (61)

0 (0)

2(5)

14(34)

0

250

39

26 (67)

0 (0)

0(0)

13(33J

2000

0

0

33

4 (12)

29(88)

0(0)

0 (OJ

0

2000

500

0

10

8 (80J

2 (20)

0(0)

0 (OJ

0

2000

0

500

12

9 (75)

3 (25)

0(0)

0 (0)

0
400

239
78
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respectively (Table 2.2). These results confirm the ability ofRel/NF-KB to

modulate~

catenin activity observed with the artificial pSia-Luc reporter.

2.3.4 XRe/3 directly interacts with fJ-catenin, in vitro

Crosstalk between NF-KB and canonical Wnt signaling pathways has been
suggested from various studies in cancer cell lines. However, diverse observations have
been reported, ranging from NF-KB attenuating Wnt signaling in colon cancer cells (Cho
et al. 2005), to Wnt signaling inhibiting NF-KB signaling in colon and breast cancer cells
(Deng et al. 2002) to Wnt and NF-KB stimulating and regulating each other during
development of hair follicle primordia (Zhang et al. 2009). Exogenously expressed RelA
(p65) and NF-KBl (p50) both interact in a complex with endogenous

~-catenin

protein on

synthetic NF-KB-binding probes (Deng et al. 2002). Therefore, we tested the possibility
that XRelA and/or XRel3 protein may interact with

X~-catenin .

To determine whether XRelA and/or XRel3 interacted with
~-catenin

~-catenin,

I fused the

coding region with the glutathione s-transferase (GST) gene. Bacterially

expressed GST-X~-catenin fusion protein was purified and incubated with approximately
equal amounts of radio labelled, in vitro translated XRelA, XRel3 or Ax in protein. Ax in
was used as a known binding protein control in the GST-pulldown assay. Although
mammalian RelA has been shown to interact with

~-catenin

in vivo, the orthologous

Xenopus protein did not interact, in vitro (Figure 2.6A). However, GST -X~-catenin did
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Figure 2.6 Identification of the in vitro interaction between XRe13 and Xp-catenin.

A) GST-pulldown demonstrating that XRel3 but not XRelA interacts with

X~-catenin.

Axin was used as an in vitro binding control. B) XRel3 forms homodimers (XRel3XRel3) and heterodimers with XRelA, in vitro. Input lanes indicate the migratory
endpoint of in vitro translated (IVT) proteins on the denaturing gel. Lanes containing
GST protein indicate the level of background/non-specific binding of IVT proteins.
Bottom panel of coomassie stained gels show equal amounts of total GST-tagged proteins
were used for each pulldown. This experiment was performed 5 times.

2-29

A

1/20th INPUT

+

XReiA
XRel3
Xaxin
GST
GST-X~-catenin

-

+

- + ++

-

+

-

+

+
+ + +

+
+

+ +
....GST-X~-catenin

~ST

B

1/20th Input

XReiA
XRel3
GST
GST-XRel3

+

+

+
+

+
+

+
+

+
+
_.GST-XRel3

Kennedy, 2010

interact with XRel3 protein, in vitro (Figure 2.6A) suggesting a level of specificity for
Rel/NF-KB and

~-catenin

interactions in Xenopus embryos.

Rel/NF-KB proteins are known to function as homo- and hetero-dimers (Pereira
and Oakley 2008). Based on the observations that exogenous expression of either XRelA
or XRel3 mRNA alone can inhibit X~-catenin activity in embryos (Figure 2.4, 2.5 and
Table 2.2) but only XRel3 directly interacts with X~-catenin, immediately suggested that
XRelA+XRel3 heterodimers and/or XRel3 homodimers mediated the repressive effect on
Wnt target gene transcription. Therefore, I determined, in vitro, whether such
dimerization patterns were possible. Using GST-XRel3 fusion proteins, I detected the
formation of both GST-XRel3+XRel3 and GST-XRel3+XRelA protein dimers (Figure
2.6B). These results indicated the existence of a mechanism whereby endogenous X~
catenin transcriptional activity may be suppressed by XRelA-XRel3 and XRel3-XRel3
protein complexes.
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2.4 Discussion
2.4. 1 Opposing Re/INF-KB and Canonical Wnt signals regulate mesoderm formation
Rel/NF-KB and canonical Wnt signaling pathways have opposing roles in
Xenopus mesoderm development. Various Rel/NF-KB factors have been demonstrated to
antagonize FGF and TGF-~ mediated mesoderm development, whereas canonical Wnt
signaling directly activates transcription ofFGF and TGF-~ factors to promote mesoderm
induction and patterning. In this chapter I have extended previously published findings
(Kennedy et al. 2007) with evidence suggesting that the mechanism by which Rel/NF-KB
signaling inhibits mesoderm formation is possibly through direct inhibition of ~-catenin
mediated transcription (Figure 2.7).
Gain- and loss-of-function studies aimed at determining the role ofXRelA and
XRe13 in Xenopus development identified them as important regulators of mesoderm
formation (Kao and Lockwood 1998; Kennedy et al. 2007; Zhang et al. 2006; Zhang and
Klymkowsky 2009). However, the mode of action of Rel/NF -KB transcription factors is
unclear. Recently, investigators reported a feedback regulatory circuit through which
XRelA/XRel3 activates the expression of the mesoderm markers, twist and Snaill /2
(slug) resulting in the inhibition of Cerberus and the up-regulation of the Xnr target
Smad2 (Zhang et al. 2006; Zhang and Klymkowsky 2009). These findings were
inconsistent with my observations demonstrating the inhibition of mesoderm formation
by ectopic XRel3 rnRNA expression and expanded mesoderm formation in XRel3
depleted embryos (Kennedy et al. 2007). As well, several studies have confirmed that
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Figure 2.7 Xrel3 inhibits P-catenin to restrict Xnr expression during mesoderm
formation.

Left to Right: Maternal expression of VegT, fl-catenin and XRe/3. Maternal VegT is
required to activate zygotic Xnr expression, which function as the endogenous mesoderm
inducers. Maternal

~-catenin

activity regulates the timing and level of Xnr expression,

primarily in dorsally fated cells. XRel3 and possibly XRelA activity, preserves the
domain of ectoderm formation by inhibiting Xnr expression by antagonizing ~-catenindependent transcription. Dorsal is oriented to the right.
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ectopically expressed XRelA mRNA perturbs dorsal axis formation and suppresses the
expression ofXbra, Goosecoid, snail, twist, cardiac actin and XlhBoxJ (Kao and
Lockwood 1996; Kennedy et al. 2007; Tannahill and Wardle 1995). The discrepancy
between the two studies implying that XRelA/XRel3 activates mesoderm gene expression
versus the many previous studies to the contrary may be related to cell-specific effects. It
is possible that the studies demonstrating inhibition may be events occurring in the early
embryo, in cells that are multipotent and relatively undifferentiated, whereas the study in
which activation occurred may have been performed in cells from a later stage when
other factors affecting RelA/Rel3 may be active.
My evidence of a molecular mechanism through which XRel3 directly interacts
with xp-catenin is in support of a role for XRelA and XRel3 transcription factors as
inhibitors of early mesoderm formation. Furthermore, since Rel/NF-KB proteins function
as homo- and hetero-dimers our results suggest the formation ofXRel3-XRel3 and/or
XRel3-XRelA dimers may mediate P-catenin activity. The effect ofXRelA on P-catenindirected transcription suggests it is capable of associating with endogenous XRel3 or
other Rel/NF-KB proteins. This hypothesis is supported by the observation in mammalian
cells where RelA (p65) alone could not directly interact with P-catenin in GST-pulldown
assays, but required the addition of cell lysate to promote their association (Masui et al.
2002).
Both XRelA and XRel3 are maternal factors present at fertilization and capable of
regulating zygotic gene expression. Rel!NF-KB proteins are pleiotropic transcription
factors whose function is cell type and context dependent. For example, in Xenopus,
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ectopic expression ofXRel3 in animal pole or vegetal pole regions induces tumor
formation with concomitant epidermal and neural marker activation (Lake et al. 2001;
Yang et al. 1998). However, injection of synthetic XRelA or XRel3 mRNA into the
marginal zone disrupts mesoderm morphogenesis. In combination with previous results,
(Kennedy et al. 2007) my observations suggest that the domain of mesoderm formation
is, in part, defined by the opposing activity ofRel factors and Xnr family members.

In embryos, the highest proportion of XRelA and XRel3 transcripts were detected
in equatorial explants with lower amounts detected in animal and vegetal pole explants.
Since,

~-catenin

was reported to pattern cell autonomous Xnr expression, the local

enrichment ofRel proteins possibly attenuates

~-catenin-mediated

transcription to

regulate Xnr expression in the equatorial region. In turn, since Xnrs have been suggested
to act as short-range morpho gens, such a mechanism would limit the field of Xnr activity.
This is further supported by the observation that morpholino mediated repression of
XRel3 expression in the equatorial region expanded the domain of mesoderm formation
towards the animal pole (Kennedy et al. 2007). The new mesectodermal boundary was
then possibly defined only by the maximal range ofVegTNgl and

~-catenin

activated

Xnr transcription.
How XRel3/XRelA inhibits the functional activity of ~-catenin is unclear. One
possibility that was suggested in endometrial carcinoma cell lines was the ability of ReLA
to sequester CBP/p300, a co-factor required for

~-catenin-dependent

transcription

(Saegusa et al. 2007). In Drosophila embryos, Dl recruits Groucho, to repress
transcription (Dubnicoff et al. 1997; Ratnaparkhi et al. 2006). Hence, the possibility
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exists that in vertebrates Rel may also recruit Groucho/TLE homologs when bound to Pcatenin to repress transcription. Since P-catenin binds to TCF/LEF proteins with higher
affinity than does Groucho/TLE proteins, any cooperative mechanism of transcriptional
repression likely interferes with P-catenin's association with transcriptional co-activators.
A key experiment, to this end, would be to demonstrate the formation of a TCF/LEF-Pcatenin-Rel-Groucho/TLE complex on target gene promoters by chromatin
immunoprecipitation analysis and determine if transcriptional co-activators such as Bc19
and Pygopus are still present.
XRelA and XRel3 transcripts and protein are expressed primarily in the animal
hemisphere (Bearer 1994; Kao and Hopwood 1991; Yang et al. 1998). However, the
soluble fraction of P-catenin protein is enriched from animal pole to vegetal pole on the
dorsal side of the embryo (Larabell et al. 1997). Interestingly, ectopic expression of Pcatenin in animal cells can induce the formation of a secondary axis, albeit at a low
frequency compared to vegetal and marginal cells. However, the primary body axis does
not form from animal pole cells so it is likely that negative regulators, such as Rel/NF -KB
proteins, may also repress P-catenin activity in these regions thus creating a spatial
boundary that defines the dorsal mesoderm territory.
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3.1 Introduction

In the previous chapter, I demonstrated the role of the Rel/NF-KB family in

regulation of the Wnt pathway, which was necessary for formation of the primary body
axis. In this chapter, I will explore the role of a positive intracellular effector/regulator of
the Wnt pathway.

3.1.1 Canonical Wnt mediated dorsal axis formation in Xenopus

The unfertilized radially symmetric Xenopus egg consists of a pigmented animal
hemisphere and a yolk-laden vegetal hemisphere. The egg cortex is a thin outer layer of
egg cytoplasm associated with the plasma membrane. Breaking of radial symmetry is
precipitated by the fertilizing sperm, which causes the cortex to rotate with respect to the
inner egg cytoplasmic mantle (Vincent et al. 1986; Vincent et al. 1987). The rotational
shift displaces cortical components originally concentrated at the vegetal pole to a
location opposite the sperm entry site (Weaver and Kimelman 2004; Holowacz and
Elinson 1995; Rowning et al. 1997; Tao et al. 2005; Marikawa et al. 1997; Marikawa and
Elinson 1999). These components activate canonical W nt signaling in cells so that they
differentiate into dorsal, anterior structures to produce an elongated body axis (Rowning
et al. 1997; Tao et al. 2005; Marikawa et al. 1997; Marikawa and Elinson 1999). In the
absence of the rotation, or when the Wnt pathway is inhibited, the embryo fails to
develop a body plan (Vincent and Gerhart 1987).
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Canonical Wnt signaling activates an elaborate network of transducers that
stabilize soluble/cytoplasmic P-catenin, which then translocates to the nucleus. In the
nucleus, P-catenin is assembled into a transcriptional activation complex that promotes
expression of genes required for axis development (Cadigan 2008; Huang and He 2008).
The essential components of the transcriptional activation complex includes the adapter
protein Pygopus (Pygo) (Hoffmans et al. 2005; Kramps et al. 2002; Thompson et al.
2002; Belenkaya et al. 2002; Hoffmans and Basler 2004; Vincent and Gerhart 1987).
Pygo links the basal transcription machinery to P-catenin (Carrera et al. 2008), by its
association with legless (Lgs).
Structurally, Pygo is composed of anN-terminal NHD motif with transactivating
potential connected to a C-terminal plant homeodomain (PHD), also known as a
Leukemia associated protein (LAP) domain, by a proline-rich linker region (Kramps et al.
2002; Thompson et al. 2002). In flies, Lgs is a 1464 amino acid protein with no
commonly conserved structural motifs. However, the Lgs N-terminus does contain 3
stretches of ~30 amino acids, referred to as homology domains (HD), and are numbered
sequentially from HD1 to HD3 (Kramps et al. 2002). The HD1 interacts with the PHD of
Pygo and the HD2 with armadillo repeat 1 of fly P-catenin (Ann) (Hoffmans and Basler
2004; Kramps et al. 2002; Thompson et al. 2002; Sampietro et al. 2006; Townsley et al.
2004a). Both lgs and Pygo were considered to be essential for the fly wingless (wg/Wnt)
pathway because mutant alleles of both genes phenocopied wg and arm mutants (Kramps
et al. 2002; Thompson 2004). Furthermore, development of lgs mutants could not be
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rescued by constitutively active Arm protein indicating that it was critically dependent on
Lgs for activity (Kramps et al. 2002).
A variety of studies have demonstrated that Pygo is necessary for vertebrate
development. In Xenopus, antisense depletion of maternal Pygo resulted in inhibition of
body axis development similar to that caused by P-catenin depletion (Belenkaya et al.
2002; Heasman et al. 2000) while zygotic depletion ofPygo using antisense morpholinos
caused defects in head and eye development (Lake and Kao 2003b). Surprisingly,
restoration of expression of a variety of head-specific genes in these Pygo-deficient
embryos was achieved by expression ofPygo proteins that lacked the ability to
participate in Wnt-dependent transcription (Lake and Kao 2003b). In mouse, targeted
deletion of mpygo2 resulted in a variety of developmental defects, most of which were
related to canonical Wnt signaling, but also for non-Wnt function, such as lens
development (Jonckheere et al. 2008; Li et al. 2007; Song et al. 2007). These studies
suggested that Pygo has functions required for development in vertebrates that are
broader than those dependent on, or dedicated to canonical Wnt signaling.
Because of its apparent multifunctional roles, an important question that we ask
is: what regulates the participation in vertebrate development ofPygo in canonical Wnt
cellular functions? In this study, we have addressed this question by examining
legless/Bcl9, a Pygo binding protein, in Xenopus development. We report the
identification and biochemical characterization of the Xenopus orthologue ofBcl9
(XBc19), its embryonic expression patterns and its dorsalizing activity in early embryos.

In particular, our data indicate that XBcl9 protein accumulates initially in the dorsal side
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of the marginal zone of early blastula stage embryos and we provide evidence of a codependency of XBcl9 and XPygo2 on nuclear localization, which is required to promote
dorsal gene expression and axis formation. Furthermore, we provide evidence of the
requirement of maternal XBcl9 for body axis formation.
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3.2 Materials and Methods

3.2.1 In silico identification ofXBc/9

A Xenopus laevis I.M.A.G .E. clone, Accession Number BC070813, with
homology to mammalian Bc19 protein sequences was identified by in silico analysis
(http://blast.ncbi.nlm.nih.gov/Blast.cgi).

3.2.2 Plasmids and RNA synthesis

XBcl9 coding region eDNA was PCR amplified from stage I Xenopus eDNA,
and cloned into pCS2+ Clal and Xhoi restriction sites (forward primer: 5'CGATCGATATGCTGGAGCTGCAGGAGG-3'; reverse primer: 5'CGCTCGAGGCAGCTTAAAACATCATGTTCCCG-3'; Annealing temperature 60°C).
All XBcl9 primers were based on the BC070813 sequence (Restriction sites are
underlined).
pCS2+/EGFP and pCS2+/mRFP expression plasmids were constructed by PCR
amplification of coding regions (lacking stop codons) and inserted after restriction
digestion into BamHI/Ciai sites in pCS2+. pEGFP-C2 and pcDN A!mRFP (Addgene)
were used as templates for mRFP and EGFP DNA. EGFP and/or mRFP tagged constructs
were then made by PCR amplification ofXBcl9 or Xp-catenin coding regions from
embryonic eDNA and inserted after restriction digestion, downstream of the fluorescent
tags (Clal /Xhol restriction sites). The pCS2+/XTcf3 expression plasmid was constructed
by PCR amplification of XTcf3 coding region from embryonic eDNA and after
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restriction digestion, inserted into pCS2+ (Xhol/Xbal restrictions sites).
pCS2+/XPygo2a/~

was previously described (Lake and Kao 2003b).

pCS2+/XPygo2~

was used as template to PCR clone the XPygo2~ coding region into pCS3+MT
(EcoRI/Xhoi restriction sites) containing anN-terminal Myc tag. GST tagged
XBcl9(HD1-3), XPygo2~ and X~-catenin coding regions were also PCR cloned,
restriction digested and inserted into pGEX4T-l : XBcl9(HD1-3) and XPygo2~ using
EcoRI/Xhol sites and X~-catenin using BamHI!EcoRI sites. XBcl9H 4l?A,R418A and X~
catenin0164A or X~-catenin° 1 62A,DI 64A point mutations were made by Quick Change SiteDirected Mutagenesis (Stratagene). XBcl9H4l?A,R41 8A primers (5-CTTTCTCAAGAGCA
ACTGGAGGCCGCAGAACGCTCTTTGCAAACCCT-3 and the reverse compliment),
X~-catenin° 164A primers (5-CTGCTTAATGAC GAGGCCCAGGTTGTAGTTAAC-3

and the reverse compliment) and X~-catenin° 1 62 A,DI 64 A primers (5-CTGCTTAATGACG
AGGCCCAGGTTGTAGTTAAC-3 and the reverse compliment) were all PAGE purified
(IDT DNA). pCS2+MT-XAxin was a kind gift from Dr. Peter Klein and pYXAsc/mBcl9-2 was purchased from Open Biosystems.

In vitro transcription of all RNAs used in this paper was performed using Sp6
mMessage mMachine RNA synthesis kit, as per manufacturer' s protocol (Ambion).

3.2.3 Embryo collection and manipulation

Wild type embryos were obtained from female Xenopus laevis using standard
techniques as described (Kao and Lockwood 1996), maintained in 1/20 Normal

3-7

Kennedy, 2010

Amphibian Medium (NAM) and staged according to Nieuwkoop and Faber (1994).
Embryos were tilted and immobilized in wells of an agarose coated Petri dish in 4%
Ficoll in 112xNAM until completion of first cell division to establish the position of the
dorsal-ventral axis. Animal caps were excised from blastula stage embryos as described
(Kennedy et al. 2007), cultured for 1 hour in 50% NAM and fixed in MEMFA for 30' at
room temperature and dehydrated and stored in 100% Methanol at -20°C until needed.
Dorsoanterior development was semi-quantitatively measured using the DAI scale (Kao
and Elinson, 1988). Both the median and average DAI are reported to better represent the
central tendency since the average may not properly reflect the data if the distribution of
the data values are skewed.

3.2.4 Host-transfer
Maternal XBcl9 mRNA was depleted from stage VI oocytes as described (Mir
and Heasman 2008) using phosphothioated antisense oligonucleotides (IDT DNA).
XBcl9 antisense: 5' G*G*G*TCACGATACAGCAGTGCTC* A *T*C 3' (asterisk
indicates phosphothioate bonds). Stage VI oocytes were manually defolliculated and
maintained in oocyte culture medium (OCM) (Leibovitz medium (L-15) supplemented
with L-glutamine, Penicillin/Streptomycin and 0.4% bovine serum albumin (BSA), pH
7.6-7.8). Antisense injected oocytes were cultured for 2 days prior to progesteroneinduced maturation. Oocytes were stained with vital dyes (Neutral Red, Nile Blue B, and
Bismarck Brown) prior to transfer into the body cavity of a laying female to distinguish
them from host eggs.
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3.2.5 RNA Analysis: Northern Blotting and qPCR

Total RNA was extracted from staged embryos using the Nucleospin RNA II Kit
(Clontech Laboratories, Inc.) and analyzed by northern blotting essentially as described
(Kao and Hopwood 1991 ). Probes were generated by PCR amplification of a fragment of
Histone 4 (Lake and Kao 2003b) or XBc/9 coding region (485-1019bp). XBcl9 primers:
forward- 5' ATGCATTCCAGTAACCCCAAAGTG '3; reverse- 5' AGTAGAGAAGA
CATACACCACTT '3). PCR products were gel purified (Ultrafree-DA, Millipore Corp.)
and end-labeled (Prime-a-Gene, Promega) with 32P-y (Perkin-Elmer). Radiolabelled
probes were hybridized at 58-60°C and visualized by autoradiography.
qPCR analysis on total RNA extracted from stage 10 embryos injected with
XBcl9 and/or XPygo2p was performed as described (Kennedy et al. 2007). Isolation of
total RNA from oocytes and embryos from the host transfer experiment was performed as
described (Tao et al. 2005). First strand eDNA synthesis was performed using M-MLV
Reverse Transcriptase as per manufacturers protocol (Invitrogen). Synthetic eDNA was
diluted 1:10 and 2ul was used per qPCR reaction. Relative gene expression was analyzed
by SYBR Green (Applied Biosystems) incorporation detected using the ABI Prism 7000
Detection System (Applied Biosystems). Results were analyzed using the comparative
Ct method (i.e. 2-MCt) (Livak and Schmittgen 2001 ; Schmittgen and Livak 2008).
Relative levels were normalized to ornithine decarboxylase (ODC) levels. All qPCR
primer sequences are listed in Table 3.2.
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3.2.6 Co-immunoprecipitation and Western Blotting

Co-immunoprecipitation (Co-IP) was performed by injecting 40-50 embryos with

in vitro synthesized RNA at the 2-cell stage. Total protein was extracted by
homogenization in 1XTm (lOmM Tris (pH 7.5), 1% Triton-X 100, IO mM EDTA, 0.02%
NaN3) with protease inhibitors, and incubated on ice, 30min. Homogenate was then
passed through a 1cc syringe 8-10 times and centrifuged at ~ 14000 rpm at 4 °C, I 0
minutes to pellet cellular debris. Equal amount of total protein lysate (as determined by
Bradford Assay, BioRad) was used for each IP. Final volumes were equalized with
1XTm. Anti-GFP (Abeam) (dilution 1:250) was used for IP at 4°C rotating overnight.
Protein A beads (GE Healthcare) were pre-washed with IP buffer and 30ul of 50% bead
slurry was added to each IP for I hr at 4 °C, with rotation. Beads were washed 4 times
with 1xTm and twice with 1XPBS (pH 7.5). Co-IP'd proteins were analyzed by Western
blotting as described below. Antibodies used and dilutions: anti-Myc (dilution 1:2000)
(9EIO, Developmental Studies Hybridoma Bank), anti-GFP (dilution 1:3000) and antiRFP (1: 1000) (Abeam),

anti-~-tubulin

(dilution 1:3000) (Developmental Studies

Hybridoma Bank).
Bcl9 antiserum was generated by injection of GST fused human Bcl9 fragment
(amino acids 697- 1294) into New Zealand White rabbits. Cross-reacting antiserum was
affinity purified by passing whole antiserum 5 times over GST protein covalently linked
to Glutathione Sepharose 4B beads (GE Healthcare) packed into protein purification
columns (Econo-Column, BioRad) using a peristaltic pump (2232 Microperplex S, LKB
Bromma). Flow-through was then passed 5 times through a second column packed with
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beads covalently cross-linked to GST-XBcl9 using peristalsis. XBcl9 specific antibodies
were eluted from the beads using Glycine-HCl (pH 2.0). The pH was neutralized using
2M Tris, pH8. Buffer exchange using lXTBS (25mM Tris, pH 7.5; 150mM NaCI) was
then performed by successive dilution-concentration cycles using Amicon Ultra-15 tubes
(Millipore). Ten percent glycerol was added to final concentrated XBcl9 antibody
fraction. XBcl9 Membranes were probed using affinity purified XBcl9 antiserum
(dilution 1:750), P-tubulin antibody (Developmental Studies Hybridoma Bank,) (dilution
1:3000), P-catenin (monoclonal) antibody (Santa Cruz) (1: 1000 dilution) and GSK3P
(Cell Signal) (1 :500 dilution). HRP-conjugated secondary antibodies (Amersham) were
detected using the ECL-Plus and ECL (GE Healthcare) western detection systems,
respectively.

3.2. 7 GST Pulldowns

GST -pulldowns were performed as per manufacturer's protocol. GST -fusion
protein was expressed in BL 21 RP competent cells, extracted and purified using
Glutathione Sepharose 4B beads (GE Healthcare). Approximately 1 f.lg of total GST
fusion protein was used in each reaction. Approximately 2f.ll XPygo2a/p, 5f.ll xp-catenin,
3f.ll XTcf3, 1f.ll XAxin, and 1f.ll XBcl9 (wildtype) or XBcl9H 4 J?A,R41 8A in vitro translated,
radiolabelled proteins, made in cell-free rabbit reticulolysate (Promega) as per
manufacturer's protocol, were used per GST-pulldown. Gels were stained in Coomassie
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for 1hour at and destained overnight (74%H 20, 6% Glacial Acetic Acid, 20% Methanol)
at room temperature.

3.2.8 Immunofluorescent Staining and Imaging
Stored embryos/animal caps fixed in MEMFA/MeOH were re-hydrated in a
graded methanol series and blocked in PBT (lXPBS, 2mg/ml BSA, 0.2% TritonX-100)
for at least 1 hour at room temperature. Samples were then incubated in primary antibody
diluted in PBT overnight at 4°C; whole Bcl9 antiserum (and pre-immune serum controls)
was used at 1:350 dilution and anti Myc (Developmental Studies Hybridoma Bank) at
1:250 dilution. Embryos were washed 5x20' in PBT with agitation, and incubated 1.5-2
hours with fluorescently labeled secondary antibody diluted 1:250 in PBT at room
temperature (secondary antibodies: anti-Rabbit-FITC, BD Biosciences; anti-mouse-Cy5,
Cedarlane), followed by washing 5x20' in PBT. Nuclei were stained using DAPI (4' -6Diamidino-2-phenylindole, diluted to 200ng/ml). Stained embryos/animal caps were
mounted in 10% Glycerol/1XPBS and visualized using Confocal Laser Scanning
Microscopy (Olympus) and Fluoview software. Pre-immune controls were visualized
using the same PMT settings as well as the same thickness and number of optical sections
scanned. EGFP fluorescence was detected without antibody staining.
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3.3 Results
3.3.1 Identification ofXBc/9, the X enopus orthologue ofLgs/Bc/-9

A candidate Xenopus orthologue of lgs/Bc/9 with accession number BC070813
(Klein et al. 2002), was identified by 'Blast'ing (www.pubmed.com) known fly, mouse
and human Lgs/Bcl9 eDNA and protein sequences against all Genbank Xenopus laevis
sequences. BC070813 has 2 tandemly arranged opening reading frames (ORFs); a
2586bp N-terminal ORF and a 1893bp C-tem1inal ORF. Conceptual translation of theNterminal ORF predicted a protein with significant similarity (66%) to theN-terminal half
of fly, mouse and human Lgs/Bcl9. The second ORF predicted a protein containing
sequences that had significant similarity (78%) with vertebrate Bcl9 sequences only.
These two out-of-frame ORFs are separated by a single nucleotide, which may likely
have been introduced during cloning ofBC070813 , but this does not strictly rule out the
possibility of BC070813 representing an expressed pseudo allele of a Xenopus lgs/Bc/9
orthologue. I therefore PCR amplified a single eDNA clone, named XBCOI, with an
uninterrupted ORF spanning both BC070813 ORFs from eDNA of stage 1 (Nieuwkoop
and Faber) embryos that when translated in vitro, produced a single protein of
approximately 160-170 kD (Figure 3.2A).
The XBC01 eDNA (NCBI accession no. GQ891057) encoded a predicted 1473
amino acid protein similar to Lgs/Bcl9 (theoretical mass - 156kDa), with 65 amino acid
residues at theN-terminus not found in other Lgs/Bc19 sequences. The predicted protein
has the 6 domains conserved in the Bcl9 family (HDl to HD6) (Katoh and Katoh 2003).
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Figure 3.1 Identification of the Xenopus Bcl9 orthologue.

A) Alignment of the evolutionarily conserved homology domains (HD 1-3) of XBcl9 with
other selected Lgs/Bcl9 family members. Identical residues are shaded. B) Phylogram
based on the amino acid sequences of all known and predicted Bcl9 and Bc19-2 proteins
available from NCBI with accession numbers for each protein included in parentheses.
The percent identity of full length XBcl9 amino acid sequences with selected orthologous
Bcl9 proteins.
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HDl-3 are present in theN-terminal half(Figure 3.1A) and HD4-6 in the C-terrninal half
(data not shown). Phylogenetic analysis (ClustalW2) of the protein sequences of all
known and predicted Bcl9 and Bcl9-2 proteins suggests that XBCOl encodes either
XBcl9 or XBcl9-2 (Figure 3.1B). Based on protein sequence, however, XBC01 predicts a
protein more closely related to Bcl9 than Bcl9-2. It is -70-71% identical to murine and
human Bcl9 as compared to Bcl9-2, which has -35% identity with the predicted XBC01
protein but is only -23% identical to Drosophila Lgs (Figure 3.1 B), where only HD 1-3 is
conserved. Because it is most similar to the mammalian Bcl9 proteins, I have named the
gene encoding this predicted protein, XBcl9.

3.3.2 Biochemical characterization ofXBcl9

XBcl9 encodes a protein with biochemical characteristics indicative of its role as a
Lgs/Bcl9 orthologue. In Drosophila, Lgs/Bcl9 interacts directly with Pygo2 via the HD 1
domain and

~-catenin

via the HD2 domain to mediate transcriptional activation ofWnt

reporter constructs and target genes (Parker et al. 2008; Parker et al. 2002; Thompson et
al. 2002). Consistent with these previous observations, in vitro GST-Pulldown assays
demonstrated that XBcl9 interacts with X~-catenin and both isoforms ofXPygo2. The in
vitro

GST-XBcl9-X~-catenin

between GST-XBcl9 and

interaction was specific but weaker than the interaction

XPygo2aJ~

(Figure 3.2B).

Mutation of the aspartate residues at positions 162 or 164, within armadillo repeat
1 of ~-catenin to alanines was sufficient to reduce the transcriptional activity of ~-catenin
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Figure 3.2 Identification and biochemical characterization of XBcl9 protein by GST
pulldown analysis.
A) In vitro translated, radiolabelled proteins from BC070813, XBcl9 (HDl-3) (i.e. theNterminal ORF from BC070813) and full length embryonically derived XBcl9 cDNAs B)
XBcl9 (HDl-3) interacts with both isoforms ofXPygopus2 (XPygo2) and

X~-catenin.

C)

Residues 0162 and 0164 ofX~-catenin mediate its interaction with XBcl9, in vitro.
XAxin and XTcf3 were used as known binding protein controls to show specificity of the
point mutations. D) GST-pulldown demonstrating residues H417 and R418 of XBcl9
specifically disrupt its interaction with

X~-catenin

without affecting its ability to bind

XPygo2, in vitro. NB. Bottom panel ofCoomassie stained GST proteins shows equal
amounts of proteins were used for each pull down.
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(Hoffmans and Basler 2004). Subsequent analysis of the crystal structure of the HD2- Pcatenin-Tcf4 complex confirmed that Bcl9 interacts with the so-called ' acidic knob '
centered at D 162 and D 164 of P-catenin while residues H417 and R418 of Bcl9 were
important for its interaction with P-catenin (Sampietro et al. 2006). I therefore generated
two mutant forms of XP-catenin, one in which D 164 was altered to an alanine (XPcatenin0164A) and one in which both D 162 and D 164 were altered to a1anines (XPcatenin0162A,DI64A) (Figure 3.2C). Similarly, H417 and R418 ofthe HD2 ofXBcl9 were
both mutated (Figure 3.2D) to alanines to generate XBcl9H41 7A, R41 8A. These mutant
proteins were then used to determine if the indicated residues were important for
interaction of their respective proteins in Xenopus.
Mutation of the above mentioned residues in Xp-catenin significantly reduced but
did not completely eliminate its ability to interact with XBcl9, in vitro (Fig. 2C) as
compared to wild-type XP-catenin. Both, however, were able to interact with XAxin or
XTcf3 (Figure 3.2C). Likewise, XBcl9H417A,R 41 8A interacted strongly with GST-XPygo2P
but not with GST-XP-catenin (Figure 3.2D). These data indicated that the predicted
protein interactions ofXBcl9, and the critical residues associated with those interactions,
are conserved between X enopus and other species.

3.3.3 XfJ-catenin° 162A .DI 64A inefficiently rescues XfJ-catenin depleted embryos
The interaction between XP-catenin and XBcl9 is also required to promote axis
formation. The Dorsoanterior index (DAI) scale was used to quantitatively measure
dorsal axis formation. DAI = 5 represents normal phenotype; DAI > 5 is dorsalized; DAI

3-19

Kennedy, 2010

Table 3.1 XP-catenin° 162A,DI 64A inefficiently rescues body plan formation as
compared to wild type xp-catenin.
DAI

Sample

2

Uninjcctcd
XJkatMO
Xl}...::atMO
+200pg 0162A.DI64t\

XJ}·cat MO
t 400pg DI62A.DI64A
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< 5 is ventralized (Kao and Elinson 1988). As previously shown (Heasman et al. 2000),
antisense morpholinos complementary to Xp-catenin caused complete elimination of the
body axis when injected into 2-celled embryos resulting in an average DAI score of 0.83
(n=71) (Table 3.1). As expected, wildtype XP-catenin mRNA rescued axis development
in a dose-dependent manner raising the average DAI to 1.79 at 200pg and 2.82 at 400pg
(Figure 3.3D, F, H; Table 3.1). xp-catenin° 162A,DI 64 ArnRNA, however, was less effective
at rescuing axis development (Figure 3.3C, E; Table 3.1) raising the average DAI to 1.27
at 200pg and 1.12 at 400pg.
At 800 pg dosage, both the wild-type and mutant xp-catenin mRNAs rescued
development to an equivalent amount suggesting that XBcl9 can still weakly
. D62A'DI64A as m
. d"Icated m
. F"Igure 3 .2C wit
. h mutant XAp-catenm.
.
.
. h XAp-catenm
mteract
wit
Alternatively, these mutant Xp-catenin proteins may act in an alternate manner by
displacing endogenous wildtype XP-catenin from the plasma membrane similar to
"localization" mutants described previously in Xenopus (Miller and Moon 1997) and as
suggested for a Lgs binding defective armadillo (armsJO-DI 64 A) mutant of Drosophila
(Hoffmans and Basler 2004).

3.3.4 XBcl9 mRNA and Protein Expression

The embryonic expression of XBcf9 is consistent with a potential role for this
gene in axial patterning. Northern blot analysis of total RNA extracted from staged
embryos (Nieuwkoop and Faber, 1994) detected a single, - 5.4kb band at all stages
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Figure 3.3 Mutations of residues required for xp-catenin to interact with XBcl9
reduce its ability to rescue Xp-catenin-depleted embryos.

A) Uninjected control embryos. B) 15ng XP-catenin morpholino (MO) was injected into
the dorsal-vegetal region of2 cell stage embryos to inhibit dorsal axis formation.
Increasing amounts of either wild-type (WT) XP-catenin (Fig 3D, F, H) mRNA or X~catenin° 162 A· 0164 A mutant mRNA (Fig 3C, E, G) were co-injected with XP-catenin MO to
rescue morphant phenotypes.
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corresponding to the XBcl9 transcript. The highest levels ofXBcl9 mRNA were present
during cleavage and blastula stages (NF stages 1-8). By gastrulation (Stage 10) XBcl9
mRNA decreased to very low but detectable levels that persisted throughout embryonic
development (Figure 3.5A). These XBcl9 levels mirrored the temporal expression pattern
ofXPygo2~

(Lake and Kao 2003b). Western blotting using affinity purified polyclonal

rabbit antiserum (Figure 3.4) to detect XBc19 protein extracted from staged embryos
indicated that in early development, XBcl9 was expressed in a reciprocal pattern to that
of its mRNA. Protein expression was at low levels throughout cleavage and blastula
stages but plateaued at St.l 0 until early tail bud stages after which it became undetectable
(Figure 3.5B).

3.3.5 Subcellular XBc/9 expression and XBc/9/eve/s correlate with dorsal development

The marked increase in XBcl9 expression in embryos between St.8 and St.1 0 was
mainly attributed to accumulation of protein in their marginal zones observed at St.9
(Figure 3.5C). Since Bcl9 is a predominantly nuclear protein required for Wnt target gene
transcription (Krieghoff et al. 2006; Thompson et al. 2002; Thompson 2004; Townsley et
al. 2004a), and both known XBcl9 binding proteins, X~-catenin and XPygo2, are
required for dorsal axis formation (Heasman eta/., 2000; Belenkaya eta!. , 2002), we
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Figure 3.4 Generation and affinity purification of XBcl9 antiserum.

A) Immunoprecipitation (IP) ofradiolabelled, in vitro translated XBcl9 using hBcl9
antiserum demonstrated species cross-reactivity of antiserum. Lanes 1 and 2 are 5% input
volumes ofXBc19 and Myc-tagged (MT) XBcl9 proteins, respectively. Lane 3 is an IP of
MT -XBcl9 using anti-Myc as a positive IP control; Lane 4 is an IP of XBc19 using Myc
antibody as a negative antibody control. Lanes 5 and 6 are IP' s of XBcl9 using a 1:200
dilution hBcl9 antiserum generated from two different rabbits. Lane 5 suggests that
antiserum from this rabbit contained a significant fraction ofXBc19 cross-reacting
antibodies. The XBcl9 specific antiserum was affinity purified. B) XBcl9 protein was
specifically detected in in vitro translated protein lysates (TNT), whole Xenopus embryo
protein extract and human cell line (ES-2; clear cell ovarian carcinoma) total protein
extract by the affinity purified XBcl9 antiserum. Importantly, the antibody did not detect

in vitro translated mouse Bcl9-2 protein further confirming its high specificity for XBcl9.
See Figure 3.1B for XBcl9 percent similarity to other Bcl9 and Bcl9-2 orthologues.
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Figure 3.5 Analysis of the developmental expression of XBcl9 mRN A and protein.

A) Northern blot analysis for XBcl9 mRNA. The 28s and 18s ribosomal RNAs are
indicated. Total RNA was extracted from staged embryos (Nieuwkoop and Faber, 1994)
and normalized to Histone 4 (H4) levels. B) Western blot analysis ofXBcl9 protein from
total protein extracts of staged embryos (Nieuwkoop and Faber 1994). Total protein was
standardized using P-tubulin as the loading control. C) Schematic representation of
XBcl9 mRNA (blue) and protein (red) embryonic expression profiles. D) Western blot
analysis ofXBcl9 protein distribution along the animal-vegetal axis in St. 9 embryos.
Total protein levels were normalized to P-tubulin as a loading control.
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next determined whether or not the subcellular expression ofXBcl9 correlated with
embryonic polarity.
Embryos from stages 7, 8, 8.5 and 9.5 were fixed and bisected into dorsal and
ventral halves. Embryos were tilted orthogonally to the animal-vegetal axis within 30-40
minutes following fertilization until they completed the first cell division, to ensure the
position of the plane ofbilateral symmetry (Black and Gerhart 1985). Immediately after
tilting, the surface of the equatorial zone was marked with Nile Blue crystals so that the
presumptive dorsal region could be identified at later stages. Embryo halves were then
processed for immunofluorescence using XBcl9 antiserum and visualized by scanning
confocal microscopy (Figure 3.6A-C). At stage 7, the low XBcl9levels were detected
diffusely in both dorsal and ventral sections (Figure 3.6A). By stage 8.5, XBcl9 was
present at the periphery of both dorsal and ventral cells but in the nuclei of dorsal
marginal and vegetal cells only (Figure 3.6B(ii, iv, vi and viii)). Between stages 8-8.5,
24-30% of dorsal nuclei expressed XBcl9 compared to 2-5% of ventral nuclei (Figure
3.6D). This dorsal-ventral asymmetry in nuclear expression ofXBcl9 remained until late
stage 9 when XBcl9 was expressed at cell boundaries and in nuclei throughout the entire
embryo (Figure 3.6C(ii-iv and vi-viii)), coincident with the overall elevated levels of
XBcl9 protein (Figure 3.5C). This dorsal-ventral nuclear staining pattern suggests an
association of XBcl9 with dorsal cell fate during early development.
The activities ofWnt pathway components, X~-catenin, Dishevelled and GBP
positively correlate with dorsal tissue identity in normal embryos and those that have
been hyperdorsalized with deuterium oxide (D 20)
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Figure 3.6 XBcl9 subcellular localization and levels correlate with dorsal
development.

A) Stage 7, B) 8.5 and C) 9.5 embryos bisected into dorsal and ventral halves.
Endogenous XBcl9 protein (green) was detected by immunofluorescence using
polyclonal antiserum. A(ii, iv), B(ii, iv) and C(ii, vi)) Pre-immune serum negative
controls for XBcl9 staining. C (iii, iv, vii and viii) Magnified view of nuclei expressing
XBcl9. DAPI staining specifically identifies nuclei. D) Quantitative representation of the
fraction of nuclei expressing XBcl9 in 8-12 dorsal (blue) and ventral (red) embryo halves.
E) XBc19,

X~-catenin

and XGSK3~ levels in D20 dorsalized or UV ventralized whole

embryos. Total protein was standardized to

~-tubulin

levels. (DAI = dorsoanterior index.

n = sample size). (A,B and C(i-ii and v-vi) scale bar = 150).lm; C(iii-iv and vii-viii) scale
bar = 200).lm)

3- 30

A

Pre-Immune

anti-XBcl9

Pre-Immune

anti-XBcl9

B

Pre-Immune

anti-XBcl9

ns

....In
0
c

c

anti-XBcl9

DAPI

ns
~
0

c

D

·~ ~

E

~"

Ave DAI
(n= )

5.01 6.72 6.40
(67) (47) (45)

4.95 1.72 0.91
(83) (75) (1 09)

XBcl9

fJ'U

~~

'-c.o
C> c

X~-catenin

cC> ·::l

"'...

..

.....

!:).

... ...

'"'101

XGSK-3~

~-tubulin
Treatment Time (min):

0

4

020

2

0

2

uv

Kennedy, 2010

(Scharf et al. 1989; Miller et al. 1999; Rowning et al. 1997; Weaver et al. 2003).
Correspondingly, UV-irradiated, ventralized embryos lack dorsal-ventral polarity in the
expression of these dorsal markers and levels of GSK3~, a Wnt pathway inhibitor,
negatively correlates with dorsal identity (Dominguez and Green 2000). Based on the
observation that XBcl9 is preferentially expressed in dorsal nuclei, I determined ifXBcl9
levels correlated with dorsalization of the Xenopus embryo. Embryos were treated with

DzO to hyperdorsalize them, and UV -irradiated to ventralize them. Cohorts of 10
embryos were taken from each treatment for western blot analysis and the remaining ones
were left to develop until late tail bud stages for DAI scoring. In D2 0 treated embryos
XBcl9 and X~-catenin levels increased with DAI but surprisingly, no difference was
detected in total

GSK3~

levels in embryos with average DAI ~6 .4-6.7 (Figure 3.6E). The

lack of detectable reduction in total

GSK3~

levels compared to previous findings may be

explained by the higher degree of hyperdorsalization (DAI ?.7) reported by Dominguez
and Green (2000). In UV ventralized embryos, there was no consistently detectable
change in either XBcl9 or X~-catenin levels, nor in GSK3~ levels, as expected
(Dominguez and Green 2000). These results confirm that XBcl9 protein levels positively
correlate with dorsal but not ventral cell fate.

3.3.6 Ectopic expression ofXBc/9 with XPygo induces secondary axis

Consistent with studies in Drosophila embryos in which Lgs and Pygo are
required together in a complex to activate transcription from Wnt target genes (Kramps et
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al. 2002; Parker et al. 2002; Thompson et al. 2002), only when XBcl9 and Xpygo2 are
ectopically co-expressed, can they promote axis formation in Xenopus. Embryos injected
ventrally, either vegetally or marginally, with either XBcl9 or XPygo2 synthetic mRNA
developed normally (Figure 3.7C-D). The lack of any marked phenotype by
overexpression ofXPygo2 is consistent with previous findings (Lake and Kao 2003b).
However, co-injection ofXBcl9 andXPygo2 mRNAs into the ventral-vegetal region of2
cell stage embryos frequently caused axis duplication (52/86, 60%) (Figure 3.7E, G).
qPCR analysis of marker genes confirmed the upregulation of many Wnt/dorsal
target genes such as siamois (- 3-3.5 fold increase), chordin (- 2.5-3 fold increase) and
goosecoid (-2.5-3 fold increase) as well as a modest reduction in the ventral marker
Bmp4 (- 0.4 fold decrease) (Figure 3.7H). In addition, co-expression ofXBcl9 and

XPygo2p induced or expanded the amount of dorsal endoderm in 14 out of 86 (16%)
embryos (Figure 3.7F, G) as suggested by the large increase in the canonical Wnt targets
Xnr5 (-6.5 fold increase) and Xnr6 (- 9 fold increase) (Figure 3.7H). No change was

detected in other endodermal markers such as Xnr I, Xnr2 and Endodermin (Data not
shown) although a modest increase (- 0.5 fold) inXsoxl7a and (- 0.75 fold) mix2 was
detected (Figure 3.7H). These results indicate that both XBcl9 and Xpygo2 cooperatively
promote dorsal gene expression.
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Table 3.2 qPCR primers used to analyze marker gene expression.

qPCRprimen
gooscoid

Origin
New

chordin

Belenkaya et a/.,2002

sox! 7a

Xanthos et a/.. 200 I

BMP4

New

mix2

New

Xnr5

New

Xnr6

New

siamois

Heasman et al.. 2000

ODC

Heasman eta/., 2000

Sequence
U: 5-GTGCTGATTCCACCAGTGCCTCACC-3
D: 5-GCCTCCTCTTCCTCCTGCAG-3
U: 5-AACTGCCAGGACTGGATGGT-3
D: 5-GGCAGGAmAGAGTTGCTTC
5-88AAGAT¥fTT8~CAAGTEG-3
: 5- TGAAG CT AGACA A
U: 5-GTCAAGACATCATGATTCCTGG-3
D: 5-AGCTCATTGCTCTGAGGCGA
U: 5-TGCAAGCCATCATTATTCTAGC-3
D: 5-AGGAACCTCTGCCTCGAGACAT-3
U: 5-CCAGAACAGCATCATAAGAAGCGG-3
D: 5-GGCTTGAAGTTCTCATCCAGTGG-3
U: 5-CCACACCAAAGACCGTCACGAG-3
D: 5-CCAACATGACTCTCTCCGCAAC-3
U: 5-CTGTCCTACAAGAGACTCTG-3
D: 5-TGTTGACTGCAGACTGTTGA-3
U: 5-GCCATTGTGAAGACTCTCTCCATTC-3
D: 5-TTCGGGTGATTCCTTGCCAC-3

g:

3-34

Kennedy, 2010

Figure 3. 7 Dorsalization of Xenopus embryos by co-overexpression of XBcl9 and
XPygo2p.

A) Uninjected control embryos. B) EGFP mRNA (lng) injected control. C) EGFP-XBcl9
mRNA (4ng) injected embryos. D) XPygo2P mRNA (2ng) injected embryos. E&F) Coinjection ofEGFP-XBcl9 (4ng) and XPygo2P (2ng) (white arrows indicate duplicated
axes; black arrow indicates large endodermal mass). G) Frequency of embryos exhibiting
axis duplication (blue bars) or enlarged endoderm (purple bars). Sample size is bracketed
above bars indicating number of scored embryos. H) qPCR analysis of dorsal, ventral and
endodermal markers in stage 10 embryos that were uninjected (i), injected with EGFP
mRNA (ii), EGFP-XBcl9 mRNA (iii), XPygo2p mRNA (iv), or EGFP-XBcl9 plus
XPygo2P mRNA(v). Relative fold change (Y -axis) as compared to the uninjected
controls was calculated using the 2-MCt method (Livak and Schmittgen 2001; Schmittgen
and Livak 2008). All experiments were performed 3 times. A representative experiment
is presented in (H).
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3.3. 7 XPygo2 is required for XBcl9 nuclear expression and enhances XfJ-catenin binding

The formation of a secondary axis by the co-injection of XBcl9 and XPygo2
suggested that these two proteins interact with each other, in vivo. Furthermore, in 293T
cells, Lgs/Bcl9 was shown to be a nuclear protein only when co-expressed with Pygo
despite the presence of a putative nuclear localization sequence (KRR.K: XBcl9 amino
acids 542-545) (Townsley et al. 2004a). Consistent with this previous observation, when
expressed alone in stage 9 animal pole explants, EGFP-XBc19 accumulated in randomly
dispersed aggregates throughout the animal cap cells but was never detected in nuclei
(Figure 3.8A, top row). However, when co-injected with MT-XPygo2, EGFP-XBcl9 was
localized in nuclei (Figure 3.8A, bottom row) indicating that XBcl9 nuclear localization
is dependent on the presence of Pygo.
Our above results indicating that XBcl9 activity is augmented by Xpygo2 in
embryos was substantiated by in embryo protein interaction assays. Combinations of
RNAs encoding EGFP-XBcl9, MT-XPygo2~ and

mRFP-X~-catenin

were injected into 2

cell stage embryos which were allowed to develop until stage 9 when total protein was
harvested from 40-50 whole embryos for co-immunoprecipitation experiments. As
demonstrated, in vitro (Figure 3.2B), XBcl9 interacted very strongly with XPygo2~ but
weakly with

X~-catenin

in vivo (Figure 3.8B). When co-expressed with

interacted much more strongly with

X~-catenin

XPygo2~,

(Fig. 7B), indicating that XPygo2~

enhances or facilitates their interaction in embryos.
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Figure 3.8 XPygo2Jllocalizes XBcl9 to nuclei and enhances its interaction with
Xfl-catenin.

A) Enhanced green fluorescent protein tagged (EGFP) XBcl9 (2ng) was injected alone or
in combination with MT-XPygo2~ (lng) into animal caps. Animal caps were explanted at
stage 8 and cultured until stage9. XBcl9localization was detected by EGFP fluorescence
(green); Myc tagged

(MT)-XPygo2~

was detected by immunostaining for the Myc tag

(Cy5; red) and visualized by confocal microscopy. Nuclei were identified by
counterstaining with DAPI. B) Co-immunoprecipitation of monomeric red fluorescent
protein (mRFP) tagged X~-catenin and/or MT-XPygo2~ with EGFP or EGFP-XBcl9.
Equal amounts of input protein per co-IP was confirmed by Western blot oftotal protein
extracts and further standardized by ~-tubulin as a loading control.

3-38

A

Detection
EGFP

DAPI

Cy5 a-mycAb

0)
(.)

<X:

z

~

E
"'0
Q.)

~

(.)

Q.)
·~

c

en

><
a..
LL
I

(.!)

w

+ca..

O)N

-(.) C')
0

en>.

><a..
'><
a...
LL u

(.!)>.

wE

B

Injected RNA
EGFP
EGFP-XBCL9
Myc-XPygo2 ~

mRFP-X ~-catenin

+ - + + + +
+ - - + +
+ - + - +

18:
EGFP
mRFP
Myc
EGFP
EGFP
mRFP
Myc
EGFP
~-tubulin

IP:EGFP

•

-

INPUT

Kennedy, 2010

3.3.8 Maternal XBc/9 is required for axis formation

The Wnt signaling pathway is essential for formation of the dorsal body axis
during Xenopus development. Therefore, we next determined if maternally expressed
XBc19 was required for axis formation. For this analysis, we depleted maternal
XBc19 transcripts using a phosphothioated antisense oligonucleotide (oligo) from oocytes
harvested from three female wildtype frogs, which were subsequently matured in vitro
and processed for embryonic development using the host-transfer technique (Mir and
Heasman 2008). XBcl9 mRNA was reduced by approximately 70% and XBcl9 protein
was reduced to nearly undetectable levels, when as much as 4ng of the antisense oligo
was injected into fully grown oocytes as compared to uninjected, control oocytes (Figure
3.9A, B).
When fertilized using the host-transfer technique, XBcl9 depleted oocytes
developed severe axis abnormalities. Injection of lng and 2ng of the antisense oligo
resulted in ventralization defects in 3/26 (12%) and 6/38 (16%) embryos, respectively,
when scored at tailbud stages (Figure 3.9C). At 4ng, ventralization defects were present
in 16/31 (52%) embryos (Figure 3.9C). The control cohort all developed normally (0/43,
0%) (Figure 3.9C). qPCR analysis ofWntldorsal molecular markers revealed significant
reductions in the levels of siamois, Xnr3, Chordin, and Goosecoid at stage 9 and stagelO,
in XBc19 depleted embryos (Figure 3.9D). There were no observable changes in the
levels of the ventral markers, Bmp4 andXWnt8, or the endoderrnal marker, Xsoxl7a
(Figure 3.9D).
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Figure 3.9 XBcl9 is required for dorsal axis formation.

A) qPCR analysis ofXBcl9 mRNA levels in lng, 2ng and 4ng antisense oligo injected,
progesterone-matured stage VI oocytes relative to uninjected (UI) controls. B) Western
blot analysis of XBcl9 protein levels corresponding to (A). Protein levels were
standardized using

~-tubulin

as a loading control. C) Phenotype analysis of embryos with

reduced XBcl9 mRNA and protein levels from host-transfer. Phenotypes were scored at
stage 24. Embryos appear as different colours due to vital staining during the hosttransfer protocol. D) qPCR analysis of molecular markers at stage 9 and stage 10 in
XBcl9 depleted (XBcW) embryos. qPCR analysis was performed on 2 independent
batches of embryos. Results shown in (D) were consistent in both batches of embryos.
The XBcW embryos illustrated were injected with 4ng antisense oligos.

3-41

A

c

1.2

u

XBcl9

1

!::!.
"cr:o

.

.::.

.,u

...0

">

~

Qj

a:

Uninjected 1ng AS

2ng AS

4ng AS

~

(j

·§:

·S'
:::f'

B

1ng AS 2ng AS

4ng AS

XBc19

~-tubulin

D
12

1.2

.

Siamois

~....

"'~
"u.,

.
...

...
0

ii

".,"'

OS

0.4

D_

02

a:

XBc/0"

._.

Unln}eeted

...0

~

..
iii

unm~

XBc/0"

Smget

!:!.

1!.
c
2
u

08

.,

0.6
0.4

.._,

Unlnjec:ted

XBclt"

,.,.,.._,

XBclt"

Smg.1o

.,u

0.6

i

0

..

~

14

r:

."'
i

"u

12

0.8

:s! 0.6
0

...

04

..;

;

a:

:I
0.6

0.4

>

=;

02

0

~

02

Q4

a:

XBclt"

<
....

."'
".,
....
u

a:

XWntB

.....0.8

.

0~

~
a:

0.2

Q8

0

...

0

'"~

~

.--

12

~

!:!.

$~10

0

~

a:

u-

02

XB<Jt"

~

Chordin

0

04

..... ..

u...,_

~

..~

0.6

a:

Bmp4

0

...
•

08

14

12

"'ii
"u:s!

.
"
....

~....

!:!.

Q8

>

.

.'"

12 ~

Xnr3

~

04

02

Xsox17u

0.2

Goosecoid

I

Kennedy, 2010

To confirm specificity of the XBcl9 antisense oligo mediated ventralization, we
injected manually, defolliculated oocytes with 2ng of XBcl9-specific antisense oligo and
cultured for 48hrs at l8°C to rescue normal development; restoration of XBcl9 would not
rescue non-specific/off-target effects. While 4ng of oligo caused a greater frequency of
ventralization, we used 2ng to limit the total amount of exogenous nucleic acids being
introduced into the oocytes. Thus, before progesterone-induced in vitro maturation,
XBcW oocytes were injected with either 500pg ofXBcl9 mRNA alone or co-injected

with 250pg ofXPygo2 mRNA since injection of both mRNAs were necessary for ectopic
axis formation (as shown in Figure 3.7E, F). Uninjected control embryos developed
normally in 64/69 (93%) cases. Ventralization defects were observed in 20/87 (23%)
embryos derived from oocytes injected with 2ng XBcl9 antisense oligos. Injection of
XBcl9 rescuing mRNA alone into XBcl9- oocytes was sufficient to restore normal axis
formation in 31/37 (84%) and cause dorsal-anteriorization in 5/37 (14%) embryos (Figure
3.10). Co-injection ofXBcl9 and XPygo2 rescuing mRNAs into XBcl9- oocytes, caused
excessive dorsal-anteriorization in 43/43 (100%) (Figure 3.10) These results indicate that
maternal XBcl9 is required for normal axis development.
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Figure 3.10 XBcl9 mRNA restores development to axial defective, XBcl9- embryos.

A) Embryos depleted of maternal XBcl9 mRNA by injection of2ng ofXBcl9 antisense
oligonucleotides (as Bcl9) were co-injected with 500 pg XBcl9 mRNA (as Bcl9+Bcl9
RNA) or additionally, with 250pg XPygo2 mRNA (+Pygo2 RNA). Data shown are for
embryos generated from three females (1-3). Oocytes from female 3 were injected with
antisense oligos and co-injected with XBcl9 and Xpygo2 mRNA. B) Examples of
maternal XBcl9-depleted embryos (upper right panel) co-injected with XBc19 (lower left
panel) and XBcl9 plus XPygo2 (lower right panel) mRNA. Green arrow heads indicate
ventralized embryos lacking either complete axis or dorsal-anterior head structures.
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3.4 Discussion
3. 4.1 XBc/9 is required for body axis formation

Specification of the dorsal body axis during Xenopus development depends on
tightly regulated temporal and spatial activation of the Wnt signaling pathway. Since
many of the intracellular components of the Wnt pathway are present maternally
(Heasman 2006), normal development occurs only when these molecules are properly
distributed in the developing embryo. Hence, polarization of the embryo into dorsal and
ventral regions is initiated by the cortical rotation that results in the stabilization and
nuclear accumulation of ~-catenin in dorsally fated cells (Larabell et al. 1997; Schneider
et al. 1996). These events occur very early in embryogenesis and appear to 'prime' cells
to express dorsal target genes several hours later. Hence, the identification ofWnt
pathway components that can mediate the

~-catenin-Tcf transcription

complex is a

necessary step towards understanding the dynamics of the complex and how it operates
during embryonic development.
Since lgs/Bc/9 has been described as a core component ofWnt signaling during

Drosophila embryogenesis as well as important for transcription of synthetic Wnt
reporter constructs in mammalian cell lines (Stadeli and Basler 2005; Townsley et al.
2004b; Kramps et al. 2002; Parker et al. 2002; Thompson et al. 2002), we hypothesized
that Bcl9 is a necessary transcriptional regulating protein required for Wnt mediated
processes during Xenopus development. Our results suggested that in Xenopus
development, neither Bcl9, nor Pygo are dispensable for Wnt-mediated function. Both
proteins strongly interact with each other and both are required to localize to nuclei,
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activate dorsal gene targets and promote axis formation. Thus, we propose that while
Pygo and possibly Bcl9 may have non-Wnt associated functions, it is their ability to form
a complex that defines their function in canonical Wnt-dependent axis formation events.
Temporal gene expression patterns are often indicative of when a gene is required
during embryogenesis. Our results confirming XBcl9 as a component that interacts with
~-catenin

and Pygo in Xenopus and the relatively high mRNA levels present maternally,

suggested an early requirement for Wnt-mediated dorsal axis formation. However, the
highest levels ofXBcl9 protein were not detected until gastrulation, when mRNA levels
were lowest, suggesting the existence of post-transcriptional regulation of XBc/9
expression in embryos.

3.4.2 Nuclear localization ofXBc/9/XPygo is a determinative step in dorsal gene
activation

Nuclear accumulation of maternal

~-catenin

by the 16-32 cell stage (Lara bell et

al. 1997) specifies competency in those cells and is required to specifically activate genes
that define the dorsal axis. However, many dorsal target genes such as Xnr3 (Smith et al.
1995), and siamois (Lemaire et al. 1995) are not expressed until late stage 8 and early
stage 9, several hours later than nuclear accumulation of ~-catenin, suggesting that there
are additional requirements for transcriptional activation. Based on our observation that
XBcl9 is detected in dorsal nuclei immediately prior to the detection of dorsal markers,
and that

~-catenin

requires Bcl9-Pygo for transcriptional activation, we propose that a
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Figure 3.11 Schematic representation of canonical Wnt signaling dependency on
XBcl9-XPygo for spatio-temporal regulated dorsal gene expression.
A) Radially symmetric Xenopus embryo. Dorsal determinants (i.e. maternal Wntll) are
associated with vegetal cortex. B) Cortical rotation results in the asymmetric expression
ofWntll (blue) that C) locally stabilizes

~-catenin

(red) by 8-16 cell stage. D) XBc19

(green) localizes to dorsal nuclei at stage 8-8.5, concomitant with the timing of dorsal
gene activation. (D, Dorsal; V, Ventral)
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determinative step of dorsal cell fate is dependent on the timing of XBc19 nuclear entry
thus completing the link between ~-catenin and Pygo2 and the basal transcriptional
machinery (Figure 3.11 ). Interestingly, the detection of pre-MBT

~-catenin

directed

transcription of Xnr5 and Xnr6 has been reported (Yang et al. 2002). These results are not
inconsistent with my findings. It is possible that XBc19 is expressed at levels sufficient to
stimulate low levels of transcription but undetectable in nuclei by immunofluorescent
staining. Furthermore, the large scale activation of dorsal target genes that com itt cells to
the dorsal lineage may be dependent on the timing ofXBcl9 nuclear entry whereas the
induction of low levels of Xnr5 and Xnr6 specifY dorsal cell fate.
Recently, a novel transactivation region between HD4 and HD5 of Bcl9 was
identified. This region augmented

~-catenin

stimulated transcription from DNA reporter

constructs specifically in lymphoid (B and T) cell lines and was largely independent of
Pygo2 (Sustrnann et al. 2008). We did not find any evidence of such intrinsic activity of
XBcl9 since overexpression ofXBcl9 did not alter axis development. It is possible,
however, that this Pygo-independent function simply isn't required during early
embryogenesis, but may be important for later development.
The dual requirement of XBcl9-XPygo for canonical Wnt signaling in Xenopus
may provide new insight into ~-catenin-mediated transcription in mammalian
development. Studies in Drosophila have clearly identified a co-dependency for Lgs/Bcl9
and Pygo proteins for Wnt signaling (Kramps et al. 2002; Thompson et al. 2002). In
addition to completing the link between Pygo and

~-catenin-LEF/TCF

bound to target

promoters, analysis of the crystal structure of the HD 1 domain of Bcl9 and the PHD
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region ofPygo demonstrated that the HDl enhanced the affinity ofPygo 's PHD for
methylated histones implicating its role in chromatin remodeling (Fiedler et al. 2008).
Bcl9-Pygo complexes may function, therefore, at multiple levels to regulate the
transcription ofWnt target genes. PygoT1- null mice die very early and display mild
congenital defects (e.g. microopthalmia and exencephaly) compared to mice with defects
in other canonical Wnt pathway components (Song et al. 2007), these observations might
suggest that Pygo has an evolutionarily diminished Wnt pathway function in mice. It is
possible however, that Bcl9 and Pygo are broadly co-dependent for canonical Wnt
function in vertebrates. Bcl9_1_/Pygo2_1_ developmental models might therefore need to be
exploited to distinguish the canonical-Wnt and non-Wnt pathway requirements for Pygo
in mouse development.
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Post-transcriptional regulation of XBcl9 mRNA: A novel
mechanism regulating dorsal axis formation
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4.1 Introduction

In the previous chapter, I described experiments that revealed the importance of
the Lgs/Bcl9 protein in early axis formation. My experiments demonstrated that
translation ofXBcl9 occurred not necessarily concomitant with transcription. In this
chapter I have identified a novel mechanism, post-transcriptionally regulating XBcl9 that
may be important during early embryogenesis.

4. I. I . I Translational regulation during early embryonic development

Early embryonic development is directed by maternal mRNA and proteins
because the egg and zygote are transcriptionally inert. Embryonic genome activation
(EGA) occurs after different lengths of time in different organisms. For example, in
Xenopus, the time point when activation of zygotic transcription occurs (known as mid-

blastula transition, or MBT in this genus and in Drosophila) is several hours postfertilization when the embryo reaches about 4000 cells (Newport and Kirschner 1982a;
Newport and Kirschner 1982b). In mice and humans, EGA occurs by the end ofthe 2-cell
stage and 4-cell stage, respectively, which can take several days (Telford et al. 1990).
Therefore early development must be governed by post-transcriptional and posttranslational mechanisms that regulate cell fate prior to EGA.
Of particular interest in this chapter are post-transcriptional mechanisms mediated
by protein-RNA interactions that police mRNA translation. A comprehensive treatise of
the subject has been published elsewhere (Colegrove-Otero et al., 2005) but I will review
the aspects relevant to my thesis. Translation can be divided into 3 phases: initiation,
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elongation and termination. Although modes of translational regulation can be applied at
any level, all known mechanisms regulate the initiation phase. Such mechanisms include
internal ribosome entry site (IRES)-mediated translation, micro RNA (miRNA) and
RNA-protein interactions which can repress and/or activate translation by controlling the
formation of the so-called 'closed-loop' confom1ation necessary for efficient ribosome
loading and/or which regulate transcript polyadenylation status (Bettegowda and Smith
2007; Colegrove-Otero et al. 2005).

4.1.1.2 Overview of translation: The Initiation Phase

During the initiation phase of translation, the immature, 43S ribosomal subunit is
recruited to the 5' untranslated region (UTR) ofmRNAs. The preinitiation 43S complex
is composed of the 40S ribosomal subunit, the initiator methionyl tRNA and the
eukaryotic initiation factor 2 (eiF2) (Algire and Lorsch 2006; Colegrove-Otero et al.
2005; Pestova et al. 2001). The scanning 43S complex is recruited to AUG start codons
by eiF5 which triggers hydrolysis of GTP associated with eiF2 (Huang et al. 1997;
Majumdar and Maitra 2005) and the release of factors associated with the 40S subunit
(Colegrove-Otero et al. 2005; Algire and Lorsch 2006; Mitchell and Lorsch 2008). The
initiation phase then concludes when the 60S and 40s subunits unite and the elongation
phase begins.
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4.1.1.3 The "closed-loop model" of translation
The "closed-loop model" promotes translation and explains the translational
synergism of the 7-methylguanosine (m 7G) cap and the poly-A tail (Jacobson 1996;
Kahvejian et al. 2001 ; Wells et al. 1998). Stimulation of translation, for example by
growth factors, is dictated by a complex network of m 7 G cap and 3 'UTR binding proteins
that mediate the formation ofthe 'pseudocircular' conformation (Figure 4.1A).
The eiF4F complex binds directly to the m 7G cap and recruits the 43S
preinitiation complex to mRNA molecules. The eiF4F assembly is composed of the
eiF4E cap-binding protein (Edery et al. 1983; Tahara et al. 1981), the eiF4G scaffold
(Browning et al. 1987; Pyronnet et al. 1999) and Poly(A) binding protein (P ABP)
(Imataka et al. 1998; Tarun, Jr. and Sachs 1996) and the eiF4A DEAD-box RNA helicase
(Ray et al. 1985). eiF4E anchors the eiF4F complex to the m7G cap; eiF4G interacts with
eiF3 which directly recruits the 43S preinitiation complex and simultaneously binds to
PABP; eiF4A unwinds or dissolves secondary structure in the 5'UTR ofmRNA species
(Colegrove-Otero et al. 2005).
Cytoplasmic Poly (A) element binding protein (CPEB) binds to sequence-specific
elements (i.e. CPEs) in the 3 'UTR to regulate the length ofPoly(A) tails (Hake and
Richter 1994; Stebbins-Boaz et al. 1996). PABPs simultaneously bind to elongated
Poly(A) tails and to eiF4G thus inducing the so-called "closed-loop" conformation which
facilitates translation (Wakiyarna et al. 2000; Imataka et al. 1998; Tarun, Jr. and Sachs
1996; Wells et al. 1998). As such, the regulation of the interactions necessary for the
circularization of mRNA molecules is a common strategy of translational control.
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Figure 4.1 Regulation of translation by RNA-protein interactions.

A) 'Closed' Loop model oftranslational activation. The association ofPABP proteins
with the poly(A) tail and with the eiF-4G of the 5'cap binding complex causes a
pseudocircularization of the mRNA, synergistically enhancing translation initiation
efficiency. B) The interaction ofMaskin/Cup with sequence specific, RNA binding
proteins disrupts proper pseudocircularization by interfering with combinatorial
association of 5 'cap binding proteins, effectively inhibiting translation initiation.
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Several eiF4E binding proteins (4E-BPs) have been described which interfere
with the interaction between eiF4E and eiF4G and subsequently inhibit translation. For
example, the Cup/Maskin (invertebrate/vertebrate) proteins function as inhibitory 4E-BPs
(Figure 4.1B). In Drosophila, Cup binds to Bruno and Smaug proteins (analogous to
CPEB) bound to BRE and SRE response elements in the 3 'UTR, respectively, to prevent
the translation of genes such as oskar (Wilhelm et al. 2003; Dahanukar et al. 1999; l(jmHa et al. 1995). In Xenopus and mammals, Maskin binds to CPEB loaded onto the CPE
to regulate translation of ey e/in Bl, wee-1, and c-mos in Xenopus (Stebbins-Boaz et al.
1996; Charlesworth et al. 2000; Groisman et al. 2000), tissue type plasminogen activator
(tPA) in rats (Shin et al. 2004), and c-mos and eye/in Bl in mice (Gebauer and Richter
1996; Tay et al. 2000).

4.1.1.4JRES and miRNA modes of translational regulation
Most eukaryotic RNAs are translated by a cap-dependent mechanism whereby the
40S ribosomal subunit is recruited to the m 7G cap on the 5' tip ofmRNA by proteins
such as eiF4E, and eiF4G. IRES sites were discovered as sequences in the 5' untranslated
regions (5'UTR) of the picornavirus RNA genome that mediated cap-independent
translation (Jang et al. 1990; Jang et al. 1988; Pelletier et al. 1988; Pelletier and
Sonenberg 1988). Since this discovery, several cellular mRNAs have been described to
be post-transcriptionally regulated by IRES sites. Examples include the human insulin
receptor (Spriggs et al. 2009), the c-, L-and N- myc protooncogenes (Jopling and Willis
2001; Jopling et al. 2004; Stone ley et al. 1998) and p53 (Ray et al. 2006).
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miRNAs are short, RNA molecules about 21-23 nucleotides in length, transcribed
from intragenic regions which are not translated but which function as a form of RNA
interference (RNAi) (Lee et al. 2004; Lee et al. 1993; Bushati and Cohen 2007). The
most recognized mode of action of miRNAs is through destabilizing target mRNAs by
inducing their degradation via RNA-induced silencing complex (RISC) activity (Lee et
al. 2004; Bushati and Cohen 2007). More recently, various classes of miRNAs, such as

let-7 and miR-2, have been shown to repress translation without affecting mRNA
stability in a mammalian cell-free system and Drosophila embryos respectively
(Wakiyama et al. 2007; Thermann and Hentze 2007). Let-7 was shown to induce
deadenylation of target mRNA, whereas miR-2 inhibited loading the 40S ribosomal
subunit on to mRNA.

4.1.1.5 RNA-Protein interactions regulate the "closed-loop model" of translation
The most well-studied post-transcriptional mechanisms are mediated by RNAprotein interactions and have been shown to have critical requirements during
invertebrate and vertebrate development (Bettegowda and Smith 2007; Colegrove-Otero
eta!. 2005; Vasudevan et al. 2006). In Drosophila, maternal effect genes induce the
transcription of maternal mRNA encoding RNA-binding proteins such as bicoid,

hunchback, nanos and caudal, which become localized in the egg. The activity of these
genes create protein gradients which regulate the zygotic transcription of Gap genes,
Pair-rule genes, segment polarity and homeotic genes which generate the anteriorposterior body axis (Gilbert 2003). In X enopus oocytes, RNA-protein interactions

4-8

Kennedy, 2010

regulate meiotic maturation in the oocyte by regulating polyadenylation/deadenylation of
maternally expressed mRNAs, thus controlling protein levels. Furthermore, in
mammalian cells, iron metabolism, for example, is governed by RNA-protein interactions
that regulate the translation of ferritin mRNA in response to cellular iron levels
(Pantopoulos 2004; Wallander et al. 2006).
The maternal fly bicoid and hunchback transcripts establish the anterior region of
the embryo, whereas nanos and caudal establish the posterior region. Bicoid mRNA is
localized to the presumptive anterior-most region and nanos mRNA is localized in the
presumptive posterior-most region of Drosophila eggs. Hunchback and caudal
transcripts are distributed throughout the egg. Prior to MBT/EGA, Bicoid protein binds to
the m 7G cap protein, eiF4E, and the 3'UTR of caudal mRNA, independently ofCPEB,
Bruno or Smaug proteins, thus disrupting the association of eiF4E with eiF4G and
repressing its translation anteriorly (Niessing et al. 2002). Similarly, nanos protein binds
to the 3'UTR ofhunchback mRNA through the RNA-binding protein, Pumilia. NanosPumilia direct the deadenylation of hunchback mRNA thus repressing its translation in
the posterior region (Irish et al. 1989; Wharton and Struhl 1991; Wreden et al. 1997). In
this way, caudal protein is translated posteriorly and hunchback protein is expressed
anteriorly, marking an early step in body plan formation in Drosophila.

4.1.1.6 Translational control regulates meiotic maturation

The best-studied example ofpolyadenylation-mediated translation control in
vertebrates is of cyclinB1 and c-mos transcripts, which are sequentially required for
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meiotic maturation during oogenesis. Mature oocytes are arrested at metaphase II (Mil)
until fertilization. However, fully-grown oocytes are first arrested in prophase I (PI). PI
meiotic arrest is mediated by high levels of cyclic-Adenosine monophosphate (cAMP)
produced by follicle cells of the ovary, which activate protein kinase A (PKA) in the
oocyte. PKA maintains the meiotic arrest through suppression of the maturation
promoting factor (MPF), itself composed of cyclinB 1 and cdc2. cAMP levels are reduced
in response to the gonadotropin, luteinizing hormone, which further induces the release of
steroid hormones (e.g. Progesterone), which culminate in reduced PKA activity and
subsequently stimulating MPF. MPF causes the resumption of meiosis, marked by
germinal vesicle breakdown (GVBD), and increased c-mos protein levels which activates
the Map Kinase Kinase (MEK) pathway, necessary to maintain Mil arrest (Dekel 2005).
In Progesterone-induced rat and Xenopus oocytes, c-mos transcripts are
polyadenylated by a CPE-CPEB dependent mechanism (Sheets et a!. 1994; de Moor and
Richter 1997; Sheets et al. 1995; Lazaret al. 2004; Josefsberg et al. 2003; Lazaret al.
2002). However, in rat oocytes activation ofMPF promotes c-mos translation (Lazaret
al. 2004; Josefsberg et al. 2003; Lazaret al. 2002), whereas in Xenopus oocytes activation
of c-mos translation promotes MPF activity (Sheets et al. 1994; de Moor and Richter
1997; Sheets et al. 1995).

Cyclin Bl mRNA is polyadenylated by a CPEB and Pumilio dependent pathway
(Nakahata eta!. 2003; Groisman et al. 2002; Barkoff eta!. 2000). Coincidently, cyclinB1 ,
a component ofMPF, is translated prior to c-mos in rat oocytes to promote cell cycle
progression (Dekel 2005; Josefsberg et al. 2003; Lazaret a!. 2002; Lazaret al. 2004), but
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in Xenopus oocytes, c-mos stimulates cyclinB1 polyadenylation during meiotic
maturation (de Moor and Richter 1997; Howard et al. 1999). Together, these results
suggest that either the sequential activity ofMPF and c-mos proteins differ amongst
vertebrates, though both are required, or that potentially, an autocatalytic feedback loop
sustains MPF and c-mos activity during meiotic maturation.

4.1.1.6 Chapter overview
In this chapter, I build on the observation in chapter 3 (Figure 3.5A-B) that XBcl9

mRNA and proteins were expressed in a non-reciprocal fashion, which suggested the
possibility of post-transcriptional control of XBc19 transcripts during embryogenesis. I
have determined that translation ofXBcl9 mRNA is regulated by its 5'UTR. These
results suggest a novel level of regulation governing vertebrate embryonic axis formation,
by limiting the translation of a key component using a previously unidentified
mechanism.

4-11

Kennedy, 2010

4.2 Materials and Methods
4.2.1 Embryo collection and manipulation
Wild type embryos were obtained from female Xenopus laevis using standard
techniques as described (Lake et al. 2001; Kao and Lockwood 1996). Fertilized eggs
were injected in 50% Normal Amphibian Medium (NAM) supplemented with 2-4%
Ficoll and cultured in 5% NAM. Embryos were staged according to Nieuwkoop and
Faber (1994). Embryos were photographed for phenotype analysis using a Leica MZ
FLIII microdissection microscope fitted with 'Cool Snap' camera and software.

4.2.2 In silica analysis ofBc/9 5 'UTR sequences

Alignment of the 5'UTR sequences was performed online using the ClustalW2
internet based software (http://www.ebi.ac.uk/Tools/clustalw2/index.html). The 5'UTR
sequences were derived from eDNA encoding XBcl9 (Accession no. GQ891 057), hBc19
(Accession no NM_004326), hBcl9-L (Accession no. NM_ 182557), mBcl9 (Accession
no. NM_029933) and dLgs (Accession no. 143665).
Secondary structure predictions were made using OligoTecb
(http://www.oligosetc.com/) and RNAFold web server (http://rna.tbi.univie.ac.at/) free
online software.
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4.2.3 Plasmid construction and RNA synthesis
pCS2+/XBc19 5'UTR and pCS2+/XBc195'UTR-X~-catenin were constructed by
PCR amplification ofthe 290nt, 5'UTR sequence from stage 1, embryonic eDNA,
restriction digested and ligated into the BamHI/Clal sites of pCS2+ and pCS2+/X~
catenin (described in Chapter 3, section 3.2.2) expression vectors, respectively.
pCS2+/EGFP-X~-catenin

and pCS2+/XBc19 5'UTR-EGFP were generated by PCR

amplification of the EGFP coding region (lacking a stop codon), using pEGFP-C2
(Addgene) as template. The EGFP amplicon was then restriction digested and inserted
into the BamHI/Clal sites ofpCS2+/X~-catenin (described in Chapter 3, section 3.2.2) or
Clai/EcoRI sites ofpCS2+/XBc19 5'UTR. pCS2+/EGFP is described in Chapter 3,
section 3.2.2. pCS2+/XBcl965 'UTR was constructed by PCR amplification of the 3'UTR,
restriction digestion and ligation into the Xhoi/Xbal sites of pCS2+/XBc19coding
(described in Chapter 3, section 3.2.2). pCS2+/XBc19F.L. and pCS2+/XBcl96 3 'UTR were
made by PCR amplification of the 290nt 5'UTR sequence with theN-terminal EcoRI
fragment ofXBc19 eDNA. This fragment as well as pCS2+/XBc19coding and
pCS2+/XBcl965 'UTR were restriction digested with Clai/EcoRI. The 5'UTR+XBc19
EcoRI fragment was then inserted to pCS2+/XBcl9coding and pCS2+/XBcl9 6 5 'UTR to
generate pCS2+/XBcl96 3 'UTR and pCS2+/XBcl9F.L.' respectively. Serial deletions ofthe
XBcl9 5'UTR sequence ofpCS2+/XBc1963 ' UTR expression plasmid were generated by
PCR amplification of selected XBcl9 5'UTR regions with the XBcl9 EcoRI fragment
described above. These 5 'UTR serial deletion fragments were then inserted into the
Clai/EcoRI sites ofpCS2+/XBcl96 3 'UTR. pCS2+/Luciferase and pCS2+/XBcl9 5'UTR-
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Luciferase constructs were generated by PCR amplification of the Luciferase coding
eDNA using the pGL3 vector (Promega) as template. The Luciferase eDNA was then
restriction digested and inserted into the Clai/EcoRI sites ofpCS2+ and pCS2+/XBcl9
5'UTR. All primers used for the construction ofplasmids in this chapter are listed in
Table 4.1.
In vitro transcription of all mRNAs used in this chapter were synthesized using
the SP6 mMessage mMachine RNA synthesis kit, as per manufacturer's protocol
(Ambion).

4.2.4 RNA-EMSA/Gel Retardation Assay
RNA probe was labeled by incorporation of UTP-[ a- 32P] (Perkin Elmer) during in
vitro transcription as per manufacturer's protocol using the Sp6 mMessage mMachine
RNA synthesis kit (Ambion). Cold (competitor) RNA was in vitro transcribed in the
absence ofUTP-[a-32 P]. The entire 290nt 5'UTR was used as template to generate the
RNA probe.
Approximately 101-!g of total protein (as describe below, 4.2.6) were incubated
with -20,000 cpm ofradiolabelled probes in binding buffer (5mM Tris pH 7.5, 15mM
KCl, 0.25mM DTT, 5mM MgCI 2 , 101-!g torula RNA, 10% glycerol) with 40 units of
RNAseOut (Invitrogen), in a final volume of20!-!l, at 30°C for 30 minutes. Protein-bound
RNA complexes were resolved on a 5% Native PAGE in 0.5x Tris-borate EDTA (TBE)
buffer for 1.5hrs at 1OOvolts.
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4.2.5 {3-Galactosidase and Luciferase Assays

All embryos used for luciferase assays were co-injected with 50pg each of
5'UTR-Luciferase plasmid and

~-galactosidase (~-gal)

mRNA for each experiment.

~

Gal assays were performed as per manufacturer's protocol (Clontech). Approximately
1OJ..ll of total protein extracted from cohorts of 5 embryos were incubated in 200J..ll of Zbuffer (60mM Na2HP04•7H20, 40mM NaH2P04• 20, lOmM KCl, lmM MgS04• 7H20,
pH 7.0) with 4g/L ONPG (2-Nitrophenyl

~-D-galactopyranoside)

(SIGMA)

and~

Mercaptoethanol (0.27%) at 37°C until yellow color developed. Reactions were then
stopped by the addition of equal volume of 1M Tris (pH 11) and colour intensity was
measured using a BioRad 3550 microplate reader. Luciferase assays were performed as
per manufacturer's protocol. Ten microliters of total protein extracts were used per
luciferase reaction. Samples were read in a Mono light 2010 Luminometer.

4.2. 6 RNA Analysis and Western Blotting

Total RNA was extracted from cohorts of 10-12 embryos using the Nucleospin II
RNA Extraction Kit (Clontech). For RT-PCR analysis,

~ 1J..lg

oftotal RNA was reverse

transcribed to eDNA using either lOOng ofRandom hexamers or an 18mer oligo dT
primer (IDTDNA) and MMLV-RT (Invitrogen) as per manufacturer' s protocol. eDNA
was diluted 1:10 and 2 J..ll was used per PCR reaction. XBcl9 was PCR amplified for 28
cycles from Random primed eDNA and 29 cycles from Oligo dT primed eDNA. XBcl9
primers: forward primer: 5'-GAGGCGCTACCGGTAATT-3'; reverse primer: 5'-
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GGGTCACGATACAGCAGTGCTCATC-3'. Levels were normalized to the
housekeeping gene Ornithine Decarboxylase (ODC). ODC was PCR amplified for 23
cycles. ODC primers: forward 5'-GCCATTGTGAAGACTCTCTCCATTC-3'; reverse
5'-TTCGGGTGATTCCTTGCCAC-3' (Heasman et al. 2000).
Approximately 5J...lg of total RNA, extracted as described above, was used for
northern blots essentially as described (Kao and Hopwood 1991). The H4 probe was
generated by PCR amplification of a fragment ofHistone 4 (Lake and Kao 2003b) from
embryonic eDNA. Probes specific to 5'UTR-XP-catenin and EGFP-Xp-catenin were also
generated by PCR using plasmid DNA as template. 5'UTR-XP-catenin probe: Forward
primer: 5'-GGGAGTCTAAAGCTGCCG-3'; EGFP-Xp-catenin probe: Forward primer:
5'-GCGCGATCACATGGTCCTGC-3'. Both probes used an internal XP-catenin reverse
primer: 5'-TGGTCCTCGTCATTAAGC-3'. PCR products were gel purified (UltrafreeDA, Millipore Corp.) and used for random labeling (Prime-a-Gene, Promega) with ATP[a-32P] (Perkin-Elmer). Radiolabelled probes were hybridized at 58-60°C and visualized
by autoradiography.
Whole embryo protein was extracted by homogenization in lXTm (1 OmM Tris
(pH 7.5), 1% Triton-X 100, 10 mM EDTA, 0.02% NaN 3) with protease inhibitors, and
incubated on ice, 30min. Total protein was extracted from 293T cells in 1XTm with
protease inhibitors (as above). Homogenate was then passed through a lee syringe 8-10
times and centrifuged at ~14,000 rpm at 4°C, 10 minutes to pellet cellular debris. Soluble
protein extract/supernatant was transferred to sterile tubes. Protein samples were resolved
by denaturing SDS-PAGE and transferred to nitrocellulose membrane (Amersham).
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Membranes were then probed with affinity purified XBcl9 antibody (section 3.2.6 and
Figure 3.4) (1:750 dilution), EGFP antibody (1:3000 dilution) (Abeam) or P-tubulin
antibody (1 :3000 dilution) (Developmental Studies Hybridoma Bank). HRP-conjugated
secondary antibodies (Amersham) were detected using the ECL-Plus (XBcl9) and ECL
(EGFP and P-tubulin) (GE Healthcare) western detection systems.

4.2. 7 Cell Culture
Human embryonic kidney (293T) cells (American Type Culture Collection,
ATCC) were cultured at 37°C, 5% C02 in Dulbecco's modified Eagle's medium
(DMEM) (Sigma) supplemented with 10% fetal bovine serum (FBS) (Invitrogen).
Approximately 2x10 5 cells were seeded per well in 12-well plates, 24hrs prior to
transfection. Approximately 0.4Jlg of plasmid DNA was transfected using Lipofectamine
and Plus reagent as per manufacturer's protocol (Invitrogen). Cells were then cultured for
24hrs before protein extraction as describe above (section 4.2.6).
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4.3 Results
4. 3.1.1 Identification ofa novel mechanism regulating XBc/9 protein expression

In chapter 3 (Figure 3.5A-B), I demonstrated that XBcl9 mRNA and protein are

expressed in a non-reciprocal fashion; the levels ofXBcl9 mRNA began to decrease to
relatively low levels as the amount of detectable protein increased during late blastula
stages or just prior to the onset of gastrulation. Furthermore, I demonstrated that XBcl9
mRNA was ubiquitously distributed in the early embryo at this time but that XBcl9
protein preferentially accumulates in dorsal nuclei (Figure 3.6). In other experiments, I
attempted to overexpress XBcl9 protein in early embryos, but injection of RNA
synthesized from full length XBcl9 eDNA either failed to be translated or was
inefficiently translated when injected into embryos. Based on these observations I
hypothesized that XBcl9 mRNA may be post-transcriptionally regulated.
Many RNAs are post-transcriptionally regulated by mechanisms involving the
3'UTR. One such mechanism is through the selective addition/removal ofthe poly(A)
tract on the 3' end of messenger RNAs. I first tested, therefore, whether poly(A) XBcl9
mRNA was asymmetrically localized in embryos compared to total XBcl9 mRNA
(Figure 3.5C). I extracted total RNA from dissected embryos at stage 6 when the total
XBc19 mRNA expression is relatively high, (Figure 3.5A) and at stage 8.5 when the total
XBcl9 mRNA levels decline (Figure 3.5A). XBcl9 eDNA was generated by reverse
transcription using either random hexamers or oligo dT primers which selects for poly(A)
mRNA. The distribution of total and poly(A) XBcl9 mRNA inferred from RT-PCR

4--18

Kennedy, 2010

Figure 4.2 XBcl9 mRNA is ubiquitously expressed in Xenopus embryos.

A) Relative distribution of total XBcl9 transcripts in embryo halves by RT -PCR analysis
of eDNA generated using random hexamer primers. B) Relative distribution of Poly( A)
XBcl9 mRNA in embryo halves by RT -PCR analysis of eDNA generated using Oligo dT
primers. XBcl9 mRNA levels are normalized to ornithine decarboxylase (ODC) levels.
An = animal; V g = vegetal; D = dorsal; V

=

ventral.
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revealed approximately equal levels in dorsal and ventral cells as well as in animal and
vegetal cells (Figure 4.2). The lack of localized poly(A) XBcl9 mRNA expression
suggested that endogenous XBcl9 protein levels are likely regulated by nucleotide (nt)
sequences in the untranslated regions of XBcl9 mRNA. Interestingly, a comparison of
the poly(A) XBcl9 transcript levels to that of total XBcl9 mRNA levels, indicated that
only a fraction of maternal XBcl9 messages are polyadenylated. Thus, the level of
poly(A) XBcl9 mRNA may also play a role in limiting XBcl9 protein levels. However,
this experiment was only performed once and needs to be repeated.
To determine if sequences from the non-coding regions ofXBcl9 mRNA were
regulating translation, I next generated XBcl9 expression constructs that lacked either the
290nt 5 'UTR, the 672nt 3 'UTR or both. Molar equivalents of synthetic mRNA, based on
2ng ofXBcl9 coding mRNA, transcribed from the XBcl9 deletion constructs (Figure
4.3A) were injected into both cells near the animal pole at the 2 cell stage. Embryos were
cultured until stage - 8.5 when endogenous XBcl9 protein levels are relatively low
(Figure 3.5B). Total protein from ten (10) homogenized embryos was extracted and
XBcl9 protein levels in these pooled samples were analyzed by western blot. Compared
to uninjected, endogenous control levels, overexpressed XBcl9 protein was only detected
in embryos injected with XBcl9 mRNA that lacked the 5'UTR sequence (i.e. XBcl9coding
and XBcl965 'UTR) (Figure 4.3B).
The mechanism regulating the observed pattern of endogenous XBcl9 protein
levels in early development is not known (Figure 3.5B and Figure 3.6A-D). Given that
the 5 'UTR appears to influence translation, I asked if the repression of exogenous XBcl9
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Table 4.1 Polymerase chain reaction and cloning primers

Plasmid Name
pCS2+/ XBcl9 5'UTR
pCS2+/EGFP-Xp-catenin
pCS2+/XBcl9 5'UTR-Xp-catenin
pCS2+/XBci9F.L.
pCS2+/XBci965'UTR
pCS2+/XBcl9a3'UTR
pCS2+/XBclg5'UTR(94-290)
pCS2+/XBclg5'UTR (191-290)
pCS2+/XBclg5'UTR(232-290)
pCS2+/XBci95'UTR(262-290)
pCS2+/XBcl9 5'UTR-EGFP
pCS2+/Luciferase
pCS2+/XBcl9 5'UTR-Luciferase

Primer Sequences (5~3' )
F:GCGGATCCGGGAGTCTAAAGCTGCCG
R: GCATCGATTCTTCGGACATGTGCCTC
F: CGGGATCCATGGTGAGCAAGGGCGAG
R: GCAJCGATCTTGTACAGCTCGTCCATGC
F: GCGGATCCGGGAGTCTAAAGCTGCCG
R: GCATCGAJTGTTCGGACATGTGCCTC
F: GCATCGATGGGAGTCTAAAGCTGCCGTG
R: GCGMTTCTGGGGGTTCATGC
F:CGCTCGAGGCTGCTACGAACGGACA
R: GCTCTAGACTGTATGAGGTCATAG
F: GCATCGAGGCTGCTACGAACGGACA
R: GCGAAJTCTGGGGGTTCATGC
F: GCAJCGAJCGGAGAGTACGAGCGCCC
R: GCGAAJTCTGGGGGTTCATGC
F: GCATCGATCTAGACAAGATGAGCACTGC
R: GCGAATTCTGGGGGTTCATGC
F:CGATCGATCCTGTGTGCCTTGGCGAT
R: GCGAAJTCTGGGGGTTCATGC
F:GCATCGATCTCTGCAGCGAGAGGCAC
R: GCGAAJICTGGGGGTTCATGC
F: GCATCGATATGGTGAGCAAGGGCGAG
R: GCGAATTCCTTGTACAGCTCGTCCATGC
F:GCATCGAJATGGAAGACGCCAAAAAC
R:GCGAAJICTTACACGGCGATCTTTCC
F: GCATCGATATGGAAGACGCCAAAAAC
R: GCGAAJICTTACACGGCGATCTTTCC
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Figure 4.3 S'UTR represses translation of XBcl9.

A) Schematic representation ofXBcl9 constructs generated by deleting various noncoding sequences from the XBcl9 eDNA. B) Western blot analysis of total XBcl9 protein
levels in stage 8.5 and C) stage 10.5 embryos injected with

~2ng

of synthetic mRNA

transcribed by the XBcl9 constructs illustrated in A). Total protein levels were
normalized using ~-tubulin as a loading control.
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mRNA was temporally regulated in embryos that mirrored the dynamics of endogenous
XBcl9 protein accumulation (Figure 3.5B). Total protein was extracted from ten stage
10.5 embryos injected with mRNA transcribed from each XBc19 deletion construct as
described in Figure 4.3A. XBcl9 protein levels in embryos injected with XBcl9coding or
XBcl9t.S'UTR mRNA continued to accumulate to extremely high levels (Figure 4.3C).
Interestingly, at this stage, embryos injected with either XBcl9F L. or XBc19t.3 'UTR mRNA
were detected at elevated levels relative to uninjected control levels (Figure 4.3C). These
results suggest the existence of a novel repression domain solely dependent on the 5' UTR
ofXBcl9 mRNA that is temporally regulated in embryos by the same mechanism that
regulates endogenous XBcl9.
To determine if the translational repression ofXBcl9 mRNA mediated by the
5' UTR sequence is functionally conserved I transfected human embryonic kidney
(HEK293T) cells with each of the XBcl9 eDNA expression plasmids described in figure
4.3A. After 24 hrs, total protein was harvested from transfected cells and the levels of
XBcl9 were analyzed. Total Bcl9 protein levels in cells transfected with either XBcl9F.L.
or XBcl9t.3 'UTR eDNA were nearly unchanged (Figure 4.4). Transfection ofXBcl9t.S'UTR
or XBcl9coding eDNA significantly increased the total Bcl9 protein levels (Figure 4.4),
thus demonstrating functional conservation of the 5 'UTR of XBcl9.
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Figure 4.4 The 5'UTR represses XBcl9 translation in 293T cells.

Western blot analysis of total Bcl9 protein levels in 293T cells transfected with the XBcl9
DNA constructs cartooned in Figure 4.3A. Overexpression of XBc19 was only detected in
cells transfected with expression constructs that lacked the 5 'UTR. Total protein levels
were normalized using

~-tubulin

as a loading control. EV = empty vector.
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4.3.1.2 XBcl9 5 'UTR minimal repression domain
To identify the repression element(s) within the 5'UTR, I systematically deleted
5 'UTR sequences from the XBcl9F.L. expression construct described above (Figure 4.3A).
Figure 4.5A is the entire 290nt XBcl9 5'UTR sequence. I then injected 2ng ofmRNA
transcribed, in vitro, using templates made from each deletion construct shown in figure
4.5A, into Xenopus embryos at the 2 cell stage. The levels of XBcl9 protein in whole
protein lysate obtained from ten stage 8.5 embryos were analyzed by western blot. No
increase in protein levels were detected in embryos injected with XBcl95'UTR or XBcl9<94290)

mRNA (Figure 4.5B). Very small increases in XBcl9 protein levels were detected in

embryos injected with the mRNA made from serial deletion constructs:
XBcl95'UTR (191-290), XBcl95'UTR (232-290) or XBcl95'UTR (262-290). However, deletion of the 29
nucleotides proximal to the putative start of translation, relieved translational repression
and XBcl9 protein was detected at levels similar to those obtained in embryos injected
with XBcl9coding mRNA (Figure 4.5B). Thus, nucleotides 262-290 of the 5'UTR of
XBcl9 mRNA contain the minimal repression domain.
The repression ofthe 5'UTR ofXBcl9 is conserved in Xenopus (Figure 4.4) and
human cell lines (Figure 4.5), respectively. Mapping of the minimal repression domain
(Figure 4.5) raised the question as to whether there was any evolutionary conservation in
nucleotide sequence of the 5'UTR ofXBcl9 with other Bcl9 orthologues. Using
ClustalW2 internet based software, I aligned the XBcl9 5'UTR 29nt minimal repression
sequence with the 5'UTR of the human (h) and mouse (m) Bcl9, and Drosophila (d)
Legless (Lgs)
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Figure 4.5 Mapping the 5'UTR minimal repression element.

A) Complete 290 nucleotide sequence ofthe XBcl9 5'UTR. N-terminal deletions were
made at each residue indicated in red. Start codon is highlighted green. B) Western blot
analysis of total XBcl9 protein levels in embryos injected with synthetic XBcl9 rnRNA
with each serial 5'UTR deletion indicated in A). Total protein levels were normalized to
P-tubulin levels.
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eDNA sequences, as well as the closely related human (h) Bcl9-L sequence.
This in silica analysis identified significant similarity between the 29nt repression
element and a region in each 5'UTR sequence. The 29nt repression domain was most
highly conserved with human Bc19 5'UTR where 22/29 (76%) nucleotides were perfectly
conserved in a nearly contiguous stretch of sequence (Figure 4.6A) as compared to 17/29
(59%), 14/29 (48%) and 13/29 (45%) with hBc19-L, mBcl9 5'UTR and dLgs RNA
sequences, respectively (Table 4.2). These results suggest the possibility that the 29nt
repression domain or some part of it may be evolutionarily conserved.
Since I had mapped the repression domain to the 29nt proximal to the putative
translational start codon, I next determined if this sequence is predicted to form any
stable secondary structure(s). I analyzed the 29nt repression domain using two different
online software programs, OligoTech (http://www.oligosetc.com/) and RNAfold web
server (http://rna.tbi.univie.ac.at/). Both programs predicted the formation of a stable
stem-loop structure in the XBcl9 5'UTR from 29nt- 15nt (Figure 4.6B). The free energy
associated with the stem-loop ranged from -2.2 (OligoTech) to -3.8 (RNAfold web
server) joules suggesting that the stem-loop structure readily forms and requires an input
of energy to resolve the secondary structure. Furthermore, OligoTech predicted the stemloop to have a melting temperature (T m) of 56°C, well above the ambient body and
water/culture medium temperature of Xenopus eggs (-18-24°C).
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Table 4.2 Comparison of select Bcl9 5'UTR nucleotide sequences.

% sequence identity
XBcl9
XBcl9

hBcl9

hBcl9-2

mBcl9

dl s

76%

59%
37%

48%
59%
55%

45%

76%

hBcl9
hBcl9-2

59%

37%

mBcl9
dlgs

48%
37%

59%
37%
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Figure 4.6 In silico analysis of Bcl9 S'UTR sequences.

A) ClustalW2 sequence alignment of the minimal XBcl9 5'UTR repression element with
other Bcl9 5 'UTR sequences. Nucleotides conserved between Xenopus and human Bcl9
5'UTR sequences are highlighted in red. Residues conserved in all species analyzed are
indicated by an asterisk. B) Prediction of secondary structure in the minimal XBcl9
5'UTR sequence. Base-pairing of complementary sequence producing the secondary
structure is outlined by the box. The color bar indicates the predicted entropy associated
with each ribonucleotide; the higher the entropy the greater the free energy produced
upon folding.
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4.3.1.3lntrinsic repression activity ofthe 5'UTR sequence of XBcf9

Based on the observation that the 5'UTR of XBcf9 mRNA could effectively
prevent the translation ofXBcl9 protein, I next determined if the repression activity of
the 5 'UTR was intrinsic or if it required additional nucleotide sequence present in the
XBcl9 coding region. I created a chimeric expression construct by fusing the 5'UTR
eDNA sequence ofXBcl9 to theN-terminus of the P-catenin coding region eDNA. To
prevent confusion of referring to the 5' UTR ofXBcl9 when fused with other genes, I
will heretofore call it BUTR. Ectopic expression of P-catenin mRNA in the ventral
marginal region of 2-4 cell stage Xenopus embryos induces a complete secondary axis
(Funayama et al. 1995; Lavery and Hoppler 2008). Therefore, I hypothesized that if the
BUTR suppressive activity is intrinsic to the nucleotide sequence itself, then it should be
capable of reducing or inhibiting the translation of any mRNA (e.g. P-catenin) to which it
is fused. I exploited the secondary axis induction bioassay by injecting P-catenin mRNA
or chimeric BUTR-P-catenin mRNA into the ventral marginal zone of Xenopus embryos
at the 2 cell stage. The frequency of induction of partial and complete secondary
embryonic axes by P-catenin mRNA increased with increasing dose (Figure 4. 7Aii-iv and
B). At 1OOpg, 200pg and 400pg of P-catenin mRNA, the observed frequency of
induction of complete/partial secondary axes was 20%/9%, 45%/21% and 61% / 18%,
respectively (Figure 4.7B). Supernumerary axis formation (i.e. secondary axis formation
was significantly reduced when 100pg (0%/0%), 200pg (4%/4%) and 400pg 39%/14%)
ofBUTR-P-catenin mRNA was injected (Figure 4.7B). These results suggested that the
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Figure 4.7 Chimeric BUTR-Jl-catenin has reduced twinning activity.

A (i)) Uninjected control embryos. A (ii-iv)) Ventral over-expression of increasing
amounts of ~-catenin or (v-vii)

BUTR-~-catenin

mRNA. B) Graphical representation of

the observed frequency of axial duplication from A. The total number of analyzed
embryos from 2 experiments is indicated in brackets. Complete secondary axis defined
by having a full complement of dorsoanterior stmctures; partial axis duplication refers to
embryos with two body axes but lacked head structures on one. Red arrow heads point to
the anterior ends of duplicated body axes.
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repressive activity ofthe 5'UTR ofXBcl9 is intrinsic to the BUTR sequence. The
observation of moderate frequency of twinned embryos observed in batches of embryos
injected with BUTR-~-catenin mRNA is probably a result of injecting an overwhelming
amount of message or more simply, a result of 'leaky' translation of our reporter
construct.
I developed two additional BUTR reporter constructs for quantitative analysis of
regulated XBcl9 mRNA translation. The first reporter contains BUTR cloned into theNterminus of the Enhanced Green Fluorescent Protein (EGFP) gene, called BUTR-EGFP.
To verify the ability of the 5'UTR to suppress translation from EGFP mRNA, I injected
200pg of either EGFP mRNA or synthetic chimeric mRNA transcribed from the BUTREGFP reporter construct into the animal pole at the 2 cell stage. Total protein was
harvested from 10 embryos at stages 6.5, 8, 10.5 and 19, to monitor EGFP protein
accumulation. In embryos injected with EGFP mRNA, EGFP protein was detected at
very high levels that continued to accumulate throughout development (Figure 4.8A). In
contrast, the amount ofEGFP protein detected at the same stages in embryos injected
with BUTR-EGFP mRNA was much lower. It should also be noted that there appeared to
be a spike in detected XBcl9 protein levels at stage 10.5 in BUTR-EGFP mRNA injected
embryos, corroborating our observation in figure 3.5B, possibly reflecting the elevated
levels of endogenous protein detected at stage 10.
For the second reporter, I subcloned the XBcl9 5'UTR adjacent to theN-terminus
of the firefly Luciferase gene in a pCS2+ expression plasmid, thus creating a BUTR-

4-38

Kennedy, 2010

Figure 4.8 Testing additional BUTR reporter constructs.

A) Levels ofEGFP protein at several stages of development from embryos injected with
either EGFP or BUTR-EGFP mRNA. Total protein levels were normalized to

~-tubulin

as a loading control. B) Luciferase assay using total stage 8 protein from 3 independent
batches of embryos performed in triplicate to infer the relative levels of protein
translation from BUTR-Luciferase or Luciferase mRNA co-injected into 2-cell embryos
with p-gal mRNA. Error bars represent the standard error of 3 combined experiments.
Luciferase assay was normalized by

~-gal

assay. AP, animal pole; VP, vegetal pole.
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Luciferase reporter construct. To verify the ability of the BUTR sequence to suppress
translation of the Luciferase gene, I injected 50pg ofBUTR-Luciferase mRNA
into embryos at either the animal pole or vegetal pole. P-galactosidase mRNA (50pg) was
co-injected in each embryo to control for mRNA delivery. Luciferase assays performed
on total protein harvested from stage - 8.5 embryos demonstrated the suppression of
translation ofBUTR-Luciferase mRNA to - 25% that ofLuciferase in animal cells and
- 20% in vegetal cells, as inferred from reduced levels of Luciferase activity (Figure
4.8B). These results verify both the BUTR-EGFP and BUTR-Luciferase as viable
reporter constructs that can be used to further study the mechanism of translational
repression by the 5'UTR ofXBcl9 mRNA.

4.3.1.4 Mode ofXBc/9 5 'UTR regulation

Mechanisms ofmRNA translational regulation are generally imposed by protein
interactions that either block translation or destabilize transcripts, micro RNA (miRNA)
down-regulation ofmRNA levels or the stimulation of translation due by internal
ribosomal entry sites (IRES) in untranslated sequences (Abaza and Gebauer 2008;
Bettegowda and Smith 2007; Colegrove-Otero et al. 2005; Piccioni et al. 2005; van der
Velden and Thomas 1999; Vasudevan et al. 2006). Because the BUTR represses
translation of XBcl9 and chimeric reporter mRNAs, it is unlikely to be governed by
IRES-mediated mechanisms. Therefore, to determine ifXBcl9 translation was regulated
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by mRNA stability, I asked if the BUTR affected the stability of exogenous chimeric
mRNAs.
Since I found that translational repression is dependent on the nucleotide
sequence of BUTR, it is possible that the BUTR destabilizes the mRNA and I would
therefore observe a faster rate of turnover of messages containing the BUTR. To test this
hypothesis, I injected either 250pg ofBUTR-X~-catenin mRNA or EGFP-X~-catenin
mRNA into embryos at the 2 cell stage. Total RNA was collected at stages 6, 8.5 and
11.5 and the expression of exogenous mRNAs was analyzed by Northern blotting.
Exogenous mRNAs were specifically detected using probes that significantly overlapped
the BUTR or EGFP sequence with the X~-catenin coding region. Figure 4.9 illustrates
that both the

BUTR-X~-catenin

and

EGFP-X~-catenin

mRNA levels were similar at

various post-injection time points. Hence it is unlikely that the BUTR represses
translation by accelerating the rate of mRNA turnover.

4.3.1.5 XBc/9 5 'UTR mRNA binding proteins
Protein translation is regulated by RNA-binding proteins which interact with the
3'UTR as well as with the methylated 5' cap structure and 5'UTR. My above results have
effectively eliminated the likelihood of other known modes of post-transcriptional
regulation, such as IRES or mRNA stability. Hence I investigated whether any expressed
embryonic protein(s) could interact with the BUTR mRNA as evidence for protein
mediated activity.
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Figure 4.9 XBcl9 S'UTR does not affect mRNA stability.
Northern blot analysis for XBcl9

5'UTR-~-catenin

(Top panel) and

EGFP-~-catenin

mRNA (Bottom panel). Total RNA levels were normalized by blotting for Histone 4
(H4). Both exogenous mRNAs had similar rates of turnover. Experiment was performed
twice.
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32

BUTR mRNA radiolabelled with UTP-[a- P] was used to probe for interacting proteins
from Xenopus whole embryo protein extracts. Radio labelled RNA probes were incubated
with stage 6 and stage 10 whole protein extracts. The BUTR mRNA probe formed
protein-RNA complexes with endogenous proteins, as shown in figure 4.10. Proteins that
bound to the RNA probe were competed off with non-radiolabelled BUTR mRNA,
confirming the specificity ofthe protein-mRNA interaction. Interestingly, stage 10
protein-RNA complexes were more easily competed than those detected from stage 6
protein extracts possibly suggesting differential protein binding at these stages.
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Figure 4.10 Identification of BUTR RNA-protein interactions.

RNA-electrophoretic mobility shift assay (RNA-EMSA) using the entire BUTR mRNA,
with incorporated a-P 32 -UTP, as a probe. NB. The relatively small shift was due to the
massive size of the probe (290nt). The lack of competed probe detected at similar
distances as the free probe is presumably due to RNAse-mediated degradation.
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4.4 Discussion
4.4.1.1 XBcl9 mRNA is post-transcriptionally regulated

Early embryogenesis occurs in the relative absence of transcription of the zygotic
genome. As such, developmental processes, such as body axis formation, are governed
largely by maternally inherited proteins and messenger RNAs that are posttranscriptionally regulated, which in turn mediate zygotic gene expression at the
MBT/EGA. In chapter 3, I demonstrated that XBcl9 is a maternal factor required for
body axis formation and suggested, based on its non-reciprocal mRNA and protein
temporal expression pattern, that XBcl9 may be post-transcriptionally regulated in the
oocyte and/or embryo. In this chapter, I have determined that XBcl9 mRNA is indeed
regulated at the level of translation and have identified a novel, conserved element in the
5 'UTR that forms a stable secondary structure capable of repressing translation.

4.4.1.2 XBcl9 translation repressed by 5 'UTR secondary structure.

XBcl9 translation is not repressed by destabilizing the XBcl9 mRNA since the
transcript is very stable during early development when protein levels are low. If the
5'UTR destabilized the message, then it seems likely that both mRNA and proteins levels
would have been expressed in similarly low levels. As well, chimeric BUTR-X~-catenin
transcripts were equally as stable as chimeric EGFP-X~-catenin mRNA ectopically
expressed in Xenopus embryos. Furthermore, because miRNAs typically regulate
transcript levels to control protein expression, they cannot be strictly ruled out as
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contributing to a possible mechanism ofXBcl9 post-transcriptional regulation. Very few
examples of miRNAs that inhibit translation without affecting transcript stability,
however, have been reported and are highly controversial (Kozak 2008). Together, these
results effectively eliminate transcript instability as a possible mechanism of translational
repression of XBcl9.
I reasoned that IRES-mediated translation is not a likely scenario as it normally
results in the activation of cap-independent translation. Since I observed translational
repression only in BUTR-containing constructs and not in others, all of which were
synthesized with a 5' methylated cap, translational regulation ofXBcl9 occurs in 5'
capped messages but dictated by transcript sequence.
In silica analysis of the minimal repression domain identified a reasonably well-

conserved sequence element that was predicted to form a stable secondary structure under
ambient conditions. I have, therefore, proposed that XBcl9 translation is uniquely
regulated by sequence elements in the BUTR that likely form stable secondary structures
interfering with the ability of ribosomes to be recruited to XBcl9 transcripts.
Furthermore, the ability to detect protein(s) binding to the BUTR suggests the attractive
hypothesis that dissolution of secondary structure may by enzymatically mediated to
activate XBcl9 translation. Additional mutational analysis may be necessary to more
precisely refme the minimal repression element and to identify potential sequencespecific RNA-binding proteins.
Interestingly, a recent study identified a mechanism whereby secondary structure
in the 5'UTR ofjunD, which encodes a member of the AP-I transcription factor family,
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facilitates cap-dependent translation (Hartman et al. 2006; Tettweiler and Lasko 2006). In
this report, investigators identified RNA Helicase A (RHA), a DEAD-box RNA binding
protein previously demonstrated to function as an enhancer of translation of several viral
RNAs (Butsch et al. 1999; Roberts and Boris-Lawrie 2003; Hull and Boris-Lawrie 2002),
as possibly facilitating pseudocircularization mRNA (Hartman et al. 2006). In the
absence ofRHA, mRNAs were suggested to be inefficiently translated or degraded
(Hartman et al. 2006; Tettweiler and Lasko 2006).
Studies of iron homeostasis have revealed unique 5'UTR sequences, called iron
responsive elements (IRE), that fold into stable secondary structures fom1ing ' docking
sites' for RNA-binding proteins which repress translation (Pantopoulos 2004; Wallander
et al. 2006; Leipuviene and Theil 2007). IREs have been described in at least ten genes,
such asH-ferritin, L-ferritin (Aziz and Munro 1987; Leibold and Munro 1988; Hentze et
al. 1987) and m-aconitase (Gray et al. 1996). Two IRE binding proteins, IRP 1 and IRP2,
have been to shown to bind with high affinity to IREs when cellular iron levels are low,
thus blocking translation of IRE-containing mRNAs. When iron levels increase, IRPI for
example, forms a [4Fe-4S] iron cluster that reduces IRPI-RNA binding affinity,
effectively relieving translational repression (Pantopoulos 2004; Wallander et al. 2006).
Hence, XBcl9 translation may be similarly regulated to that of eitherjunD or IREcontaining mRNAs. That is to say that an XBcl9 5'UTR RNA-binding protein may be
required to overcome the secondary structure effects to initiate translation. Alternatively,
a unique secondary structure in the XBcl9 5'UTR sequence may recruit maternally
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expressed repressor proteins that limit/inhibit translation in cleavage stage embryos, but
is de-repressed subsequent to MBT.
Many proto-oncogenes with relatively long 5'UTR sequences are able to form
secondary structures that likely reduce translation efficiency (Kozak 1986; Kozak 1987;
Kozak 1989). c-Myc, cyclinA2 and Histones are examples of genes whose transcripts are
translationally regulated by secondary structures (Fraser et al. 1996; Strugnell and
Browder 1997; Fu et al. 1991). The translation of human c-myc and Xenopus cyclinA2
5 'UTR reporter constructs were reported to be efficiently repressed in Xenopus embryos
due to the formation of stem-loops in the 5 'UTR sequence (Fraser et al. 1996; Strugnell
and Browder 1997). However, it is not clear how the problem of secondary structure is
overcome. Intriguingly, Histone mRNAs form a stem loop in the 3 'UTR which is bound
by stem-loop binding proteins (SLBPs) that mediate pre-mRNA processing into a mature
translatable message (Sanchez and Marzluff2002; Dominski and Marzluff2007). Hence
it is possible that similar SLBPs exist that can mediate the translation of c-myc, cyclinA2
and XBcl9 mRNAs, for example, in response to physiological cues when needed during
development.

4.4.1.3 Potential novel mechanism regulating Bcl9 in oncogenesis

Deregulation of canonical Wnt signaling has been implicated in several types of
cancer such as breast cancer, leukemia and colon cancer (MacDonald et al. 2009).
Aberrant activation of canonical Wnt signaling has often been shown to be a mutagenic

4-51

Kennedy, 2010

effect of inhibiting pathway components that destabilize

~-catenin

protein, such as APC

(Munemitsu et al. 1995; Rubinfeld et al. 1993), or those that directly render

~-catenin

insensitive to phosphorylation and subsequent degradation (Palacios and Gamallo 1998).
Recently, Bcl9 has been shown to be over expressed in colon cancer (Mani et al.
2009) and breast and ovarian cancer (Kennedy and Kao, unpublished observations). As a
result, Bcl9 has been classified as an oncogene due to its requirement for

~-catenin

dependent transcription in human multiple myeloma and colon carcinoma (Mani et al.
2009). Based on my observations that a minimal29nt region of the 5'UTR is conserved
in both human and Xenopus Bcl9 sequences and that the XBcl9 5 'UTR is repressed in
human cells, the elevated levels of Bcl9 in cancer cells may be a result of the loss of
translation control. As such the regulation of Bcl9 translation by cis- or trans-elements in
the 5'UTR may indicate a novel means of tumor suppression.
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5.1.1 Revised model of body axis formation

The body axis is derived primarily from specification and patterning of the dorsal
mesoderm, a morphogenetic field of the embryo generated by overlapping dorsal-ventral
asymmetry unto the specified mesoderm germ layer. As outlined in Chapter 1, maternal
determinants required for the specification of the dorsal body parts are associated with
the vegetal pole cortex which are displaced following fertilization to a more equatorial
position as a result of cortical rotation (Darras et al. 1997; Marikawa et al. 1997). These
maternal factors are activating components of the canonical Wnt signaling cascade. In
this way, the maternal canonical Wnt pathway establishes the dorsal endodermal
Nieuwkoop centre that in turn induces the formation of the Spemann organizer in the
overlying mesoderm to generate the embryonic body plan (Figure 1.1).
My research, presented and discussed herein, focused on the regulation ofWnt/Pcatenin mediated transcription to further elucidate the mechanism that controls the
fom1ation of the body axis. Overall, my results suggest that XRel3 and/or XRelA
suppress canonical Wnt signaling by transcriptional inactivation of P-catenin at the
mesectodermal boundary, whereas P-catenin is dependent on XBcl9 for target gene
expression in dorsally fated cells (Figure 5.1 C). Furthermore, I determined that XBcl9
mRNA is post-transcriptionally regulated in Xenopus embryos.
Taken together, these results can be used to formulate a model whereby
XRei3/XRelA in the animal hemisphere limits the territory in which P-catenin can
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Figure 5.1 Spatiotemporal regulation of P-catenin mediated transcription defines
the body axis morphogenetic domain.
A) The binding ofXRel3 to
XBcl9 with

~-catenin

~-catenin

abrogates transcription. B) The association of

creates a bridge between Pygo and the basal transcriptional

machinery (Mediator complex and RNA polymerase). C) Left:

~-catenin

transcription is

repressed in regions of the embryo by XRel factors and stimulated by XBcl9-Pygo duets
in others. In this way, the opposing regulation of ~-catenin transcription specifies the
morphogenetic field that derives the body axis/notochord (Right). NB: Right side is
dorsal.
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mediate Xnr expression, thus restricting the domain of mesoderm induction, at least
dorsally. However, in dorsal mesendodermal cells XBcl9 is required for P-catenin
mediated transcription to promote dorsal mesoderm (body axis) formation. Interestingly,
the translational regulation ofXBcl9 mRNA in embryos may form a novel rate-limiting
mechanism during Wnt!p-catenin pathway activation. Taken together, these findings
suggest that XRel3/XRelA and XBcl9 proteins function as antagonistic and/or
complementary regulators of P-catenin activity to control the space and time during
which the body axis is established.

5.1.2 Canonical Wnt signaling: Why should we care?

It is well established that canonical Wnt signaling plays essential roles in

embryogenesis and cellular homeostasis in all animals, including mammals. Hence,
aberrant canonical Wnt signaling can cause/contribute to congenital birth defects and
diseases, such as cancer. Thus, the elucidation of the molecular mechanistic control of Pcatenin activity is the key to deciphering the physiological requirements and parameters
of canonical Wnt signaling. As such, the determination of core components as well as
cell-type/context dependent regulators of P-catenin activity is essential to defining and
describing normal canonical Wnt-mediated biological processes as well as the etiology of
many birth defects and cancers. The discovery of such basic scientific knowledge would
greatly further our understanding of how the parts of the human body are formed and
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maintained, as well as provide biological targets for clinical medicine when these basic
biological process are misregulated.
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