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ABSTRACT

Precisely arranged signaling events are required to establish the immense
complexity of the embryonic central nervous system. During gastrulation, as the
organizing mesendoderm endows neural identity on the overlying ectoderm, it
concurrently initiates differential specification along the anterior-posterior (AP) neuraxis
by antagonizing caudalizing signals. Upon completion of the embryonic germ layer
rearrangements of the late gastrulae, the prospective neural plate shows primitive AP
identity, which must be extensively rearranged and refined during neurula and tadpole
stages by organizing centers occurring in adjacent tissues (mesendoderm and non-neural
ectoderm) as well as within both the dorsoventral (roof plate and floorplate) and AP
(anterior neural ridge and isthmic organizer) plane of the neurectoderm. Signals along
both axes establish a grid-like network of gene expression providing the spatial cues for a
cell to adopt its precisely choreographed differentiation program. Perturbations to
components of this network result in severely abnormal phenotypes, thereby providing
information on their function. I have utilized this approach to determine the requirements
of both a Xenopus Rel/NF-xB protein (Xrel3) and two novel components of the
intracellular Wnt/B-Catenin signal transduction cascade (XPygo-2a/B) in morphogenesis
of brain and optic vesicles. Xrel3 specifies both fore-midbrain and ventral identity of the
nervous system by regulating otx2 and shh/glil gene expression, while both XPygo-2a
and XPygo-2f3 mediate a late phase of Wnt signaling required to establish retinal and

telencephalic domains of gene expression within the prospective forebrain.
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upon final positioning under the neural plate generates a gradient of posteriorizing Wnt/[3-
Catenin signals in the overlying neuroectoderm (Kiecker and Niehrs, 2001b). By late
gastrula the Wnt gradient specifies a rudimentary AP pattern within the neuraxis that
becomes refined, possibly through secondary cell-cell interactions, during neurula stages
(Kiecker and Niehrs, 2001b).

An absent or low level of Wnt signaling specifies the forebrain, while increasing
levels of Wnts are required to specify increasingly posterior character. According to this
model, the neural plate is innately fated to become anterior forebrain (telencephalon) and
must be transformed by Wnt signals to posterior forebrain (diencephalon), midbrain,
hindbrain and spinal cord. This process likely involves the interplay of multiple Wnt
ligands and their associated antagonists. For instance, paraxial mesoderm derived Wnt8
(Christian and Moon, 1993; Bang et al., 1999) and chordamesodermal Wnt3a (McGrew et
al., 1997), both exhibit long range signaling (Kiecker and Niehrs, 2001b) and so may
diffuse from these sources to generate a gradient within the gastrula neural plate. In
addition, several Wnts are expressed more widely within the dorsal gastrula ectoderm,
including Wnt3a (McGrew et al., 1997), Wnt7b (Chang and Hemmati-Brivanlou, 1998)
and Wnt8b (Cui et al., 1995), which can act as the posteriorizing signal.

Depletion of the numerous Wnt ligands potentially present in both the head
organizer and overlying neurectoderm requires antagonists of differing specificities. Dkk-
1, which is both necessary and sufficient for promoting prechordal plate development,
binds different Wnt ligands than Frzb-1 (Kazanskaya et al., 2000). This differential

affinity enables Dkk-1 to specify the anterior most endomesoderm, which subsequently
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al., 2001) to be dependent on Rel/NF-kB, implicating a key role for the latter in not only
specifying fore- midbrain but also the IsO.

Establishment of the abutting Xotx2/Xgbx2 expression domains and resultant
isthmic specification in Xenopus further requires the homeoprotein Xiro (Glavic et al.,
2002). Xiro maintains Xotx2 expression in the prospective midbrain by reciprocal
activation at the gastrula stage before additionally activating Xgbx2 expression at the late
gastrula/early neurula stage in the future hindbrain (Glavic et al., 2002). Xiro is also
necessary for XFGF8 induction at the isthmus and XFGF8 induced expression of Xen-2
in the Xotx2 expressing territory (Glavic et al., 2002). En-2 expression is required for
growth and polarization of the mesencephalon for proper retinotectal map formation and
is regulated by both FGF8 (Lee et al., 1997b; Liu and Joyner, 2001) and Wntl (Danielian
and McMahon, 1996) mediated by XPygo-2a in Xenopus (chapter 3; Lake and Kao,
2003). Like FGF8, En-2 but not Wntl has the ability to ectopically induce the IsO genetic
complement (Dickinson et al., 1994; Ristoratore et al., 1999). This activity is necessary
for a later maintenance phase whereby the reciprocal associations between En-2, FGF8§,
Pax2, and Wntl are required for their continued expression (Reifers et al., 1998; Liu et al.,
1999a; Shamim et al., 1999; Liu and Joyner, 2001).

Once established at the proper position, the IsO not only patterns both the
midbrain and anterior hindbrain, but also acts as a mitogenic source to control the size
and shape of the adjacent tissues through secretion of Wntl from the midbrain/otx2 side
and FGF8 from the hindbrain/gbx2 side (reviewed in Martinez, 2001). Therefore, the

complex interconnected genetic network required for the imitiation and maintenance of

page 1-35



Lake, 2003 Xenopus Head Development

the IsO induces the cellular diversity of mid- and antenor hindbrain for development and

outgrowth of higher order brain structures: the retinotectal map and cerebellum.

1.3.10 Formation of the Vertebrate Eye

One of the earliest regions specified from the anterior-most neurectoderm is the
eye field, which evaginates from the prospective forebrain during folding of the neural
plate to become the optic primordia and subsequently the optic vesicles (reviewed in Jean
et al., 1998; Lupo et al., 2000, Chow and Lang, 2001). A complex genetic network set up
during early induction of the neural plate establishes within its anterior-most region a
continuous crescent shaped area predestined to form the bilayered optic cup (retinal
pigmented epithelium and retina) laterally and the optic stalk (optic nerve) medially
(Figure 1.3; Eagleson et al.,, 1995). Coincident with this is the induction of the lens
placode by the optic vesicle from overlying ectoderm and its subsequent thickening and
invagination to form the lens vesicle (Figure 1.3C). Numerous genes in Xenopus, among
other species, were found to orchestrate this complex growth and morphogenetic process,
including: Xpax6, Xotx2, Xrx1, Xsix3 and Xoptx2/six6 (reviewed in Lupo et al., 2000).
pax6, a paired class homeobox gene, was proposed to be the master eye gene expressed at
late gastrula stages (Hirsch and Harris, 1997; Li et al., 1997) and capable of inducing
ectopic eyes in Xenopus (Chow et al., 1999; Kenyon et al., 2001). However, mice
deficient of pax6 only exhibited severe eye abnormalities, with the loss of the lens and the
formation of a malformed optic cup (Callaerts et al., 1997; Treisman, 1999). These

studies indicated more of a role in imparting competence to non-neural ectoderm to
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respond to optic vesicle signals in lens induction than a solitary role in initiating early eye
development. Therefore, additional genes had to be involved. Both Xsix3 and Xopitx2/six6
are expressed within the early eye field overlapping that of Xpax6, with Xsix3 expressed
earlier and both shown in numerous species to be required for and capable of ectopically
inducing eye formation (Kobayashi et al., 1998; Toy et al., 1998; Andreazzoli et al., 1999,
Loosli et al., 1999; Wallis et al., 1999, Zuber et al., 1999; Bemier et al., 2000). Xotx2 is
also expressed within the prospective neurectoderm, initiated at earlier gastrula stages
than Xpax6, and becomes expressed later in the developing retina (Acampora et al., 1995,
Blitz and Cho, 1995; Matsuo et al., 1995; Kablar et al., 1996; Perron et al., 1998;
Andreazzoli et al., 1999) with the capacity of inducing retinal fate (Kenyon et al., 2001).
Unlike Xotx2, Xrx] becomes expressed later in gastrulation in a region overlapping
Xpax6/Xsix3 (Casarosa et al., 1997; Mathers et al., 1997) and actively represses Xotx2
expression at early neurula stages to create almost completely mutually exclusive or
complimentary expression domains (Andreazzoli et al., 1999). Like XPax6 and XOtx2,
overexpression of XRx1 generates ectopic retinal tissue (Mathers et al., 1997,
Andreazzoli et al., 1999; Kenyon et al., 2001).

The combined expression of these markers at early neurula stages regionalizes the
neural plate into retina and diencephalic territories (region expressing Xrx/, Xpax6, Xsix3
but not Xbf/ and Xotx2) and the telencephalic territories (region expressing Xrx/, Xbf1,
and Xotx2) (Figure 1.3A; Lupo et al., 2000). Studies in Xenopus have further implicated a
role for Wnt signaling in early specification of the eye field through regulation of these
markers, with the Frizzled 3 receptor (XFz3) capable of ectopically inducing Xpax6, Xrx1

and Xotx2 expression and eye formation (Rasmussen et al., 2001). Alternatively,
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antagonism of XFz3 activity prevented eye formation (Rasmussen et al., 2001).
Consistently, shown in chapter 3, the knockdown of an intracellular mediator of Wnt
signaling, XPygo-2, generated eye-deficient phenotypes with the inhibition of Xpax6 and
Xrx] expression, but not Xotx2 (Lake and Kao, 2003b).

Following the regional specification of the prospective eye from adjacent
forebrain territories, subsequent events proceed to split this initially single field into two
bilateral fields to restrict retinal development to the optic cups (Figure 1.3B; Li et al.,
1997) coincident with proximal-distal patterning (McDonald et al., 1995;
Hammerschmidt et al., 1996). This phase involves the morphogen Shh, expressed in the
ventral midline of the neural tube, which regulates expression of paired-homeobox genes
of the pax, nkx, dbx and irx families to establish DV polarity (McMahon, 2000; Altmann
and Brivanlou, 2001, Semenov et al., 2001). Shh activates nkx2.1/ nkx2.2 and pax2
expression to promote ventral forebrain (diencephalon) and proximal eye (optic stalk)
identity while concomitantly antagonizing pax6 expression (retina, pigmented epithelium
and lens) (Barth and Wilson, 1995; Ekker et al., 1995; McDonald et al., 1995; Chiang et
al., 1996; Hammerschmidt et al., 1996; Zhang and Yang, 2001). As such, loss of Shh
function in humans (Belloni et al., 1996; Roessler et al., 1996; Roessler et al., 1997,
Nanni et al., 1999; Wallis and Muenke, 2000), mouse (Chiang et al., 1996; Hayhurst and
McConnell, 2003), chick (Zhang and Yang, 2001) and possibly Xenopus (chapter 2, Lake
et al.,, 2001) generates hypoteloric to cyclopic phenotypes characterized by the
progressive loss of proximal eye structures (optic stalk), extension and possible fusion of
retinas medially and the absence of ventral brain structures. Therefore, through regulation

of markers involved in ocular tissue specification and dorsal-ventral patterning, Shh plays
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a vital role in establishing the correct spatial position of eye and forebrain derivatives.
Furthermore, it has been proposed in chick and Xenopus that, like in the neural tube,
ventral Shh and dorsal BMP signals antagonistically regulate outgrowth and DV
specification of the eye (Crossley et al., 2001; Zhang and Yang, 2001; Ohkubo et al.,
2002; Sasagawa et al., 2002), with Shh expression potentially dependent on Rel/NF-xB
(chapter 2; Lake et al., 2001) and Shh function potentially dependent on FGF signaling

(Russell, 2003).
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pathway mutations or deregulation. Finally, in chapter 5, a model for embryonic
patterning of the central nervous system is proposed incorporating previous work with

that presented in this thesis.
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2.1 ABSTRACT

Several Rel/NF-kB genes have been identified in Xenopus. Only a few, however,
including Xrel2 (Tannahill and Slack, 1995) and Xre/3 (Yang et. al., 1998) have been
shown to possess spatially restricted expression patterns. Xrel/3 displays a particularly
interesting expression pattern in the developing embryo (Yang et. al., 1998). Xrel3
messages are present in cleavage and blastula equatorial cells, but accumulate after
gastrulation in notochord and prospective brain tissues. These observations suggested that
Xrel3 plays a role in pregastrula embryogenic events as well as in the development of the
brain. As a member of the large Rel/NF-kB family of DNA-binding transcriptional
regulators, Xr. } was predicted to activate and/or repress the expression of neural
patterning genes during morphogenesis of the neural tube. To address this potential
functic , a C-terminal truncated form of Xrel3, called Xrel3A58, was created which
dimerized with and prevented the ability of wild-type Xrel3 to bind DNA. When
overexpressed 1 embryos, Xrel3A58 prevented head formation, causing a loss of fore-
midbr: 1 struc -es and disorganized hindbrain tissue. Further, there was a fusion or loss
of retinal tissues and the loss of expression of important forebrain (Xotx) and midline (shh,
glil) neural p: erning genes, demonstrating their requirement for normal Rel/NF-kB
activity in the rospective brain. The dependency for these markers to generate proper
neural atterni  along both the anterior-posterior (Xotx2) and dorsal-ventral (shh, glil)
axes « monsti ed the in ortance of Rel/NF-xB signaling in establishing the correct 3-

dimensional a ingement of neuronal precursors within the brain.
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Xenopus rel3

Table 2.1. Rel/NF-xB family members

Protein NI:]nt]Z:l?;lt‘l]lie Gene Organisms Found
Class I:
p(SI:)]Fo_rK %11(;5 p110, KBP1, EBP-1 nfkb1 Human, Mouse
p50 or p97, p49 or
p32 or %1200 100, pS5 or p98, nfkb2, Xp100 H““)‘(g’o Mouse,
(NF-xB2) Lyt10, H2TF1, Xp100 P
Class II:
Human, Mouse,
Rel c-Rel rel Chicken
v-Rel ) vrel Reticuloendotheliosis
Virus Strain-T
RelA p65, XrelA rela, XrelA Human, Mouse,
Xenopus
RelB I-Rel, XrelB relb, XrelB Mouse, Xenopus
dorsal - dorsal Drosophila
dor: -related
immi ty factor
Dif, Cif cecropia dif Drosophila
munoresponsive
ctor
Xrel2 - Xrel2 Xenopus laevis
Xrel3 - Xrel3 Xenopus laevis

(as per Blank et al., 1'

; Siebenlist et al., 1994)
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essential roles in mesendoderm specification and neurectodermal patterning (reviewed in
Simeone et al., 2002). In Xenopus, otx2 is initially expressed in the head organizer region
of the mesendoderm where it confers head inducing activity by cooperatively regulating
cerberus expression (Yamamoto et al., 2003) and repressing posterior identity
(Andreazzoli et al., 1997) and posterior-type cell migratory behavior (Morgan et al.,
1999). Subsequently, as shown in numerous species, otx2 is expressed in the anterior-
most region of the newly formed neural plate, where it plays a role in specifying
prospective fore-midbrain and retinal tissues (Acampora et al., 1995; Matsuo et al., 1995,
Ang et al., 1996; Gammill and Sive, 2001; Kenyon et al., 2001; Martinez-Morales et al.,
2001; Martinez-Morales et al., 2003; Viczian et al., 2003). The rostral-most boundary of
otx2 expression also cooperates with intermediate levels of BMP signals at the
neurectodermal/ectodermal border to induce the cement gland (reviewed in Wardle and
Sive, 2003). Further, t caudal limit of otx2 expression, as determined by antagonistic
associations with the h dbra marker ghx2 during late gastrula and early neurula stages,
defines the spatial position of the isthmic organizer for patterning of the mid-hindbrain

(reviewed in chapter 1).

2.2.3 Shh/Gli Signaling Pathway

The Shh pathway in' lves the membrane bound proteins Patched (PTCH) and
Smoothened (SMO) as well as the zinc-finger transcription factors Gli/Cubitus interruptus
(reviewed in  tham 1d M /ahon, 2001; Koebernick and Pieler, 2002). Mutations in

this pathway have been in licated in sporadic basal cell carcinomas, gliomas and
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primitive neuroectodermal tumors of the central nervous system including
medulloblastomas (Wolter et al., 1997; Ming et al., 1998; Taipale and Beachy, 2001; Ruiz
1 Altaba et al., 2002b). Over-representation of Shh or mutations of human patched is
consistently associated with Nevoid Basal Cell Carcinoma Syndrome, one of the most
common forms of human cancer (Hahn et al., 1996; Fan et al., 1997). These gain-of-
function mutations have the common effect of increasing expression of the Shh
transcriptional effector Glil, predicted to be the primary oncogenic factor in both
epidermal and neural tumors (Dahmane et al., 1997; Dahmane et al., 2001).

Normally, Shh is involved in morphogenesis, growth and patterning of numerous
tissues, including the CNS, somatic and cardiac muscle and limbs (reviewed in Ingham
and McMahon, 2001). Within 1e nervous system, Shh is further required for proliferation
and survival of neuronal precursors, specification of ventral neurones and
oligodendrocytes, con )l of axonal growth and morphogenesis, as well as the growth and
patterning of the eye (reviev d in Chapter 1; Ingham and McMahon, 2001; Marti and
Bovolenta, 2002; Ruiz 1 Alta . et al., 2002a). As such, Shh is expressed within a number
of organizing centers the « 1bryo to cooperatively pattern the appropriate tissue fields
in conjunction with ac ition: secreted signaling factors such as FGFs and BMPs (Ye et
al., 1998; Carl and W brodt, 1999; Briscoe et al., 2000; Crossley et al., 2001, Martinez,

2001; Ohkubo et al., = )2).
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2.2.4 Xrel3 regulates otx2/shh/glil to pattern the frog brain

The normal post-gastrula expression pattern of Xrel3 as well as its ability to
activate the expression of otx2, shh and glil ectopically in non-neural ectoderm suggested
that it might also activate expression of these markers in the developing neurectoderm. To
test this hypothesis, I designed an Xrel3 deletion construct (Xrel3A58) which antagonized
wild-type Xrel3 DNA binding activity in vitro. The purpose for making this construct was
to create a molecular antagonist that would interfere with the normal developmental
function of endogenous Xrel3. Based on my predictions, Xrel3A58 would reduce in
embryos expression of the markers Xrel3 activated in tumours. Consistently, when
injected within the prospective nervous system, the inhibitory truncated protein depleted
otx2, shh and gli] messages and caused the associated head abnormalities analogous of
knockout mutants of each g« e seen in other species. Therefore, this chapter presents
evidence for a required role layed by Xenopus Rel/NF-kB proteins in patterning and

expansion of the central nervc s system.
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2.3 MATERIALS AND METHODS

2.3.1 Oocytes and Embryos

Wild-type embryos were obtained and injected as described previously (Kao and
Lockwood, 1996; Yang et al., 1998) and staged according to Nieuwkoop and Faber
(1994). Capped, synthetic RNA was derived from the Ribomax Kit (Promega) and as
described previously (Kreig and Melton, 1987). .mbryos were injected with up to 1 ng of
RNA on either side of the first cleavage plane of 2- or 4-cell stage embryos in either the
animal pole or marginal zone. To distinguish the dorsal marginal zone, embryos were
tilted within 40 minutes after fertilization, with sperm entry (ventral) sides facing towards
gravity as described (Kao and Lockwood, 1996). F« owing cleavage, embryos were
injected within the equatorial upward facing region to target dorsal derivatives, or rotated

180° for ventral derivatives.

2.3.2 Plasmids

The full length Xrel/3 coding sequence w prev usly cloned into pCS2+ (Yang et
al., 1998). For Xrel3RHD and Xrel3A58 constr :ts the sociated coding sequences were
PCR amplified (for cloning primers see Table 2.2) 1 m pCS2+Xrel3 and ligated into
either pCS2+ or pCS2+MT (gifts from Da : Tur r). For myc-tagged Xrel3, the
corresponding coding region was digested fro pCS2+Xrel3 and ligated in frame into

pCS2+MT.
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Table 2.2. RT-PCR and Cloning Primer Sequences

Primer Forward (5°-3°) Reverse (5’-3) N* Reference
orx2 CGGGATGGATTTGITGCA TTGAACCAG: CTGGACT 35 Pannese et
al., 1995
frzb-1 AGTAAGCCTACACATACAG GCAGACTCCTCTTCTGTCAT 25 Wang et
GTTGG ATACGG al.. 1997
goosecoid GAGCAAAGTGGAGGAGGCA CCCACATCGTGGCACTGCTG 25 —
G
liml ACTGACTTCTTCAGGAGATT GTTCCTCGCC 3TTGAGAGC 30 Glinka et
TGG al., 1997
blimpl AAGATTATGCAGAAAGGGA GAAAGGAGAAATACAGAGA 30 De Souza
GGG AGGGG etal,
1999
Dkk-1 ACAAGTACCAACCTCTGGAT ACAGGGACACAAATTCCGTT 30 Glinka et
G Ge al., 1998
derriere TGGCAGAGTTGTGGCTATCA CTATGGCTGC ATGGTTCCT 25 Sunetal,
T 1999
calponin- CACCAATGGACCATTCCACC GGTCGTAATGGCAATGTCGC 25 Morgan et
H3 c al., 1999
noggin GCTCTGATGGTCTTCTIGGG  CAGCATGAGCATTTGCACTC 25 —
hex TTCACCCTGCC1 CACCCAC TTICTGCTCGGCGCTCAAACA 30 De Souza
cc cc et al.
1999
cerberus GCTTGCAAAACCTTGCCCTT CTGATGGAACAGAGATCTTG 25 Heasman
et al,
2000
Xnr3 CGAGTGCAAGAAGGTGGAC  ATCTTCATGC GACACAGG 30  Agius et
A A al., 2000
Xrel3 GCTGAGCTGAGGATATGCC  GCCTCGAC  CTGCATCAC 25 -
G TT(C SAGGTC
H4 CGGGATAACAT AGGGTAT AT( ATGGC' TAACTGICT 23  Yang et
CACT TC( al.. 1998
Xrel3458  CGGAATTCCAT( CCGGTIT GCCTCGAC =~ CTGGGTGGT —
AAACG AAC AAATG
Xrel3RHD CGGAATTCCAT( CCGGTTT GCCTCGAGT CTGCATCAC .. —
AAACG TTC 3AGGTC

*Number of annealing/elongai

n cycles used
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2.3.3 Western Blot Analysis

RNA encoding myc-tagged Xrel3, Xrel3A58 and Xrel3RHD were injected at the
2-cell stage into animal pole cells. Embryos were subsequently macerated at stages 8, 10
and 13 in Triton Medium (10 mM Tris pH 7.5; 1% Triton-X 100; 10 mM EDTA; 0.002%
Na-azide, Methionine, 1 mM phenylmethylsulfonyl fluoride, 10 pg/ml aprotinin, 10
ug/ml leupeptin, and 50 pg/ml Nor-P-tosyl-L-lysine chloromethyl ketone). To reduce the
interfering effects of yolk protein, the samples were extracted in 1,1,2-
trichlorotrifluoroethane, acetone precipitated and resuspended in loading buffer (0.125 M
Tris-HCl, 2% SDS, 5% B-mercaptoethanol, 20% glycerol). Protein was then run on 7-
10% SDS-PAGE, transferred to nitrocellulose membranes (Hybond-ECL™; Amersham)
blotted with the anti-myc antibody (9E10 cell supernatant, purchased from DSHB, Iowa)
and visualized using the associated enhanced chemiluminescence. Quantity of protein

loaded was normalized using Biorad assay reagent.

2.3.4 RT-PCR Analysis

RNA was extracted from whole embryos (8-10 per injection group) using the
Nucleospin RNA II Kit (Clontech Laboratories, Inc.) and reverse transcribed using
MMLYV reverse transcriptase >romega). Primers used | the analysis are listed in Table
2.2. The cycling parameters ;ed included: 4 minute denaturation at 94°; 45-60 second
hybridization at 60° followed by equal duration f elo ation at 72° and denaturation at

94° (total number of cycles varied by primer, see T )le 2.2); lastly, a 45-60 second
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annealing at 60° was proceeded by a 7-10 minute elongation at 72° before completion.
All PCR products were electrophoresed on 1.5% agarose gels and photographed by a
Chemiimager. Equal levels of cDNA used within the RT-PCR reactions were achieved by

normalization to histone (H4) levels.

2.3.5 In Vitro Translation

Wild-type and truncated Xrel3 proteins were s thesized in vitro using the SP6
transcription/translation coupled rabbit reticulocyte lysate system (Promega). For protein
used in immunoprecipitation: 17 pCi of [*>S]-1 thionine (1200 Ci/mmol; Mandel) and
either 2 ng of pCS2+mtXrel3 alone or 1 pg ea  of pCS2+mtXrel/3 and pCS2+Xrel3 or
pCS2+mtXrel3 and pCS2+Xrel3A458 to a total of 2 g was added to the reticulocyte lysate
to a total volume of 50 ul and incubated at 30°C for 9 minutes. For EMSASs involving
cold xB competitive binding, 2 pg of pCS2+Xrel3RHD and pCS2+Xrel3458 were used
for translation as above. However, for EMS : invi 7ing competitive inhibition by
Xrel3A58 of Xrel3 DNA binding, 1 pg of pCS2+ Xr ' or pCS2+Xrel3458 was used
alone and 1 pg of pCS2+Xrel3 was used in con ination with either 0.5 pg, 1 ug or 2 ug
of pCS2+Xrel3458. These latter protein prod ts we examined by SDS-PAGE and
levels analyzed by spot densitometry (Chemilm 2r'™4 '; Alpha Innotech Corporation).
Xrel3 protein levels were found to be consistt t bet en individual and cotranslated

samples while Xrel3A58 levels were approxim :y 0.¢ 0.9x and 1.3x that of Xrel3 in
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Table 2.3. Rel/NF-xB enhancer sequences

kB Site Sequence Binding Specificity
Xrel3 XrelA
Consensus* GGGPNNppCC

xB-pd GCAG GGGAATTCCC CT YES YES
1/2 xB-pd GCAG GGGAA CT NO NO
MIRRBE GCTG CAGAAAGTAC YES NO
murRRBE GGAT . AGGAAAGTAC YES NO
HIV-xB GCTG GGGACTTTCC AG YES YES
MIHIV-xB GCTG GGGACTTGCC ? NO NO
Dorsal GTTTT GGGABAATCCA ( AG YES YES

Note: P=purine; p=pyrimidine
*Consensus sequences are in highlighted in bold
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Morrow et al., 2000; Hayman et al., 2001), in 8 mM p assium phosphate buffer (pH 8)
for 1 hour at room temperature. Cross-linked protein dimers were then incubated
overnight at 4°C with 20 pl mouse monoclonal anti-myc antibody 9E10 cell supernatant,
purchased from DSHB (Iowa), in 1 ml triton medium (10 mM Tris pH 7.5; 1% Triton-X
100; 10 mM EDTA; 0.002% Na-azide) with 20 mM me ionine and 5 pl of 0.2 M PMSF.
Antibody-antigen complexes were immunoprecipitated with Protein A-Sepharose beads
(Pharmacia) then washed 3x with triton medium/20 mM methionine then 2x with 150
mM NaCl. Immunoprecipitate was boiled for 4 minutes in 0.125 M Tris-HCI, 2% SDS,
5% pB-mercaptoethanol, 20% glycerol and run on S! -PAGE along with pre-stained

molecular weight standards (BioRad). All gels were visualized and recorded using a

Cyclone (Canberra-Packard) phosphorimager.
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Therefore, I concluded that Xrel3A58 can act in a dominant inhibitory fashion by

dimerizing with Xrel3 and preventing its ability to bind cognate DNA.

2.4.3 Xrel3 Is Required For Head Formation

Based on previous biochemical evidence, I wanted to determine what
developmental phenotypes, if any, would result from overexpression of a protein that
could interfere with endogenous, wild-type Xrel3. Embryos were therefore microinjected
with mRNA encoding Xrel3A58 and examined for their development. Translation of 0.25
ng of mitXrel3RHD, mtXrel3A58 and mtXrel3 RNA in embryos was assayed by western
blot an: /sis (Figure 2.6). Each of the corresponding proteins was expressed up to early
neurula stages.

Injection of Xrel3458 mRNA into the animal pole of embryos at the two-cell
stage ci sed them to develop anterior neural plate abnormalities arising at the late neurula
stage. 1 ese defects manifested into head malformations at the tadpole stage (Figure
2.7B). e abnormal phenotypes (Table 2.4) ranged from normal (grade I) to reduced
eyes (grade II), anopthalmy or synopthlamy and microcephaly (no eyes or fused eyes and
small head, grades III and 1V) to acephaly (no heads, grade V). While these defects could
be partially rescued by co-injection of up to 0.25 ng of wild-type Xre/3 RNA, the rate of
recovery of normal structures was relatively low: only 57% of the embryos injected with
0.5 ng Xrel3A58 had head defects and there was only a 30% rescue of the normal

phenot ¢ by the highest concentration of Xre/3 RNA (Table 2.5, Figure 2.8).
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Table 2.4. Characteristic Xrel3AS8 Defects (Figure 2.7)

Type 1 Normal phenotype

Type I1 Eyes and cement gland reduced in size

Type 111 Anopthalmy (no eyes), significantly reduced cement glands and
microencephaly (small head)

Type IV Synopthlamy (fused eyes or cyclopia)

Type V Acephaly (no heads)
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Table 2.5. Distribution of phenotypes (Table 2.4) caused by Xrel3AS8 overexpressio

Picograms of Number (percentage) of Embryos
Injected mRNA
Xrel3 Xrel3 N I II Il and IV \% Total
AS8 (normal) (Cyclopia) (acephaly)

0 0 10 426(94) 20(4) 2(1) 1(1) 452
250 0 4 69(67) 28(27) 3(3) 3(3) 103
500 0 6 77(44) 70(40) 16(10) 11(6) 174
1000 0 4 29(25) ©  40(35) 23(20) 23(20) 115
500 50 3 61(55) 41(37) 6(5) 3(3) 111
500 150 3 60(61) 35(35) 3(3) 1(1) 99
500 250 3 68(69) 30(30) 0(0) 1(1) 99
500* 0 4 4(6) 21(36) 21(36) 12(21) 58
500* 0 4 31(58) 13(25) 7(13) 2(4) 53
500* 250* 3 28(65) 9(21) 4(9) 2(5) 43

N=Nur :rof Experim¢ ts
*Dorsa 1jection Site
¥Ventr: njection Site
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The apparent over-representation of the hindbrain, with coincident anterior
depletion, suggests the expansion of the former at the expense of the latter, indicating that
the anterior most neural tissue within these embryos failed to develop into neure

elements rostral to the hindbrain.

2.4.4 Xrel3 Patterns the Brain

To more finely analyze the effect of Xrel3A58 on development, mRNA expressio
of a variety of neural specific molecular markers was determined using whole mount .
situ hybridization. For instance, the expression of the general pan-neural marker nrp:
(Figure 2.10A) was reduced and disorganized in the anterior most neural plate at mi
neurula stages igure 2.10B) resulting in a rostral shift of caudal structures. This findi
confirms initial istological analysis as observed at the tadpole stage (Figure 2.9J K).

The rostral neural transformation and ventral midline (cyclopia) defects resulti
from overexpression of dominant inhibitory Xrel3A58 were similar to those observed
mice following knockout of Otx2 or Shh function (Acampora et al., 1995; Matsuo et :
1995; Ang et al, 1996; Chiang et al., 1996). Since both of these markers wi
upregulated in Xrel3 induced tumours (Lake et al., 2001), their expression was al
analyzed in X« 'A58-injected embryos (Figure 2.10).

At the id-neurula stage, Xotx2 is expressed primarily within the midbrain :
anterior neural ridge (Figure 2.10C; Eagleson and Dempewolf, 2002). However,
Xrel3AS58-expressing embryos, there is a loss of its expression in both these terntor

(Figure 2.10C Since the cement gland is derived from the ANR region, it is
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surprising that Xrel3A58 embryos have deficiencies in this glandular tissue at later stages
(Figure 2.7B).

Expression of shh within the ventral midline along the entire length of the neural
plate is required to establish ventral identity (Figure 2.10E; Marti et al., 1995b; Ekker et
al., 1995; Lee et al.,, 1997a). However, this expression was significantly reduced in
Xrel3A58 embryos, with anterior expression being more significantly affected than
posterior expression (Figure 2.10F). While the loss of anterior expression is consistent
with the head abnormalities observed (Figure 2.7B), the reduced posterior expression did
not translate into visible posterior neural or axial abnormalities (Figure 2.7B, Figure 2.9F).
Therefore, the reduction of shh expression posteriorly was not significant enough to cause
permanent patterning defects, perhaps due to recovered expression at later stages.
However, it is possible that slight defects exist that are not apparently obvious at the
stages in which 1 examined the embryos. The absence of any posterior abnormalities
could be definitively proven using assays that identify specific ventral neuronal subtypes.

Like shh, glil 1s normally expressed ventrally along the length of the neural tube
(Figure 2.10G). Its role is to mediate the Shh response (Lee et al., 1997a) and in
Xrel3A58-injected embryos (Figure 2.10H) its expression was significantly reduced,
especially within the brain.

Therefore, overexpression studies (Lake et al., 2001) in conjunction with these
observed dominant inhibitory effects demonstrate the dependency of otx2, shh and glil

expression on Xenopus Rel/NF-«kB activity.

page 2-35












Lake, 2003 Xenopus rel3

some of which are also expressed within the anterior endoderm (Figure 1.2). However,
the head organizing Wnt antagonist Frzb-1 (Leyns et al., 1997; Wang et al., 1997a) was
reduced at the RNA level by Xrel3A58 (Figure 2.11), indicating that this contributed to
the anterior defective phenotype. However, because of its highly localized expression, it
is unlikely that reduction in frzb-/ expression generated the global reduction of shh and
glil found in Xrel3A58-injected embryos. Therefore, these results further verify that shh
and glil are downstream targets of Xrel3.

The expression of otx2 was reduced in Xre/3A58-injected gastrula (Figure 2.11),
indicating a possible reduction of expression in the mesendoderm prior to the observed
later reduction in neurectoderm (Figure 2.10D). It is unlikely, however, that Xrel3A58
generated deficiencies of otx2 in the mesendoderm since its downstream targets within
this tissue, cerberus (Yamamoto et al., 2003) and calponin H3 (Morgan et al., 1999),
were unaffected (Figure 2.11). Therefore, Xrel3 mediated activation of otx2 may be
specific to ectodermal derivatives coincident with the earliest onset of otx2 expression
within the prospective brain. This conclusion is predicted based on several observations,
including the severe disruption of o#x2 expression by Xrel3A58 in the anterior
neurectoderm (Figure 2.10) with associated head abnormalities, as well as the absence of
any significant effect on mesendodermal derivatives or direct gene targets within this
tissue. Further examination of the spatial distribution of ofx2 messages at the gastrula
stage is required for definitive conclusions on the tissue-specificity of Xrel3A58 actions in

this regard.
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My results suggest that Xrel3A58 generated head abnormalities specifically by
targeting the expression of neurectodermal patterning genes (Xotx2, glil, shh) and certain
underlying inducing genes (shh, frzb-1). These latter markers were found to be reduced in
the absence of any global or non-specific disruption of early organizer specification.
Increased accuracy in the analysis of gene expression levels could be obtained by using
more quantitative RT-PCR techniques (e.g. measurement of incorporated radiolabeled
nucleotides). However, urespective of this, these experiments demonstrate that Xrel3
establishes spatial identity within the anterior nervous system by regulating the

expression of key patterning genes within both the neurectoderm and mesendoderm.
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2.5 DISCUSSION

2.5.1 Rel/NF-xB in Neural Patterning

Emerging evidence has implicated complex roles for vertebrate NF-xB proteins in
regulating neural development, survival and dysfunction in neurodegenerative disorders
such as Alzheimer’s and Parkinson’s disease (reviewed in Denk et al., 2000). However,
the knockout of individual family members has provided limited information for the
definitive role these proteins play in embryonic CNS development (reviewed in Attar et
al., 1997; Gerondakis et al., 1999), due perhaps to functional redundancy between the
numerous Rel/NF-kB proteins. The results of this study demonstrate a requirement for
Xenopus Rel/NF-xB protein activity in patterning the anterior-most neural tissue by
regulated expression of markers that not only specify spatial identity, but also
consequently generate secondary organizing centers that further refine the pre-established
AP and DV neuraxes.

Previous expression studies (Yang et al.,, 1 '8) in conjunction with the present
functional study allowed me to develop a spatiote poral model for the invol ment of
Xrel3 in early embryonic deve pment. Xrel/3 is expressed within the pregastrula marginal
zone, placing it in the correct )cation for possible initiation of frzb-/ expression in the
head organizer and otx2 expression in the anterior ;1 urectoderm (Figures 2.10 d 2.11).
The incomplete knockdown of these markers, »>wever, may be reflected in the
inefficiency of Xrel3A58 to target maternally der :d Xrel3. Matemal Xre/3 1essages
(Yang et al., 1998) are likely translated and asso« ited into dimeric comple: s before

exogenous Xrel3A58 RNA is introduced. Theref 3, the pre-gastrula requirement for

page 2-40






























Lake, 2003 Xenopus rel3

hybrid assays, or by mass spectrometric analysis of immunoprecipitated complexes.
Therefore, further analyses could definitively identify the target of Xrel3A58 and, as such,
the required Rel/NF-xB complex that patterns the embryonic brain.

Another more direct way to identify the normal endogenous role of Xrel3 alone
could be achieved through morpholino knockdown studies as employed in chapter 3
against XPygo-2 (Lake and Kao, 2003b). This would allow specific targeted depletion of
Xrel3 protein to validate the results obtained by Xrel3A58 and identify individual

contributions to the patterning of the embryonic nervous system.

2.5.3 Regulation of Neural Patterning by Xrel3-mediated Expression of shh and otx2

The graded ventromedial brain defects in Xrel/3A458-injected Xenopus embryos are
reminiscent of those exhibited by shh mutations in mouse (Chiang et al., 1996; Hayhurst
and McConnell, 2003) and holoprosencephaly in humans (Belloni et al., 1996; Roessler et
al., 1996; Roessler et al.,, 1997; Nanni et al., 1999; Wallis and Muenke, 2000). Shh
depleted chick mutants also exhibited an overall reduction in head size similar to that
observed in Xrel3A58-injected Xenopus embryos, due largely to the death of migratory
craniofacial neural crest cells (Ahlgren and Bronner-Fraser, 1999; Britto et al., 2002).
This experimental result might imply that Xrel3 in frogs plays a role in neural crest
development. In fact, the neural crest marker rwist was upregulated by ectopic Xrel3
expression (Lake et al., 2001) predicting that its reduction would be found in Xrel/3458-

injected embryos.
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The ventral hindbrain of Xrel3A58 embryos was also expanded, with an enlarged
brain vesicle creating a gap visible from the dorsal anterior view of the head (Figure 2.9E,
H). This observation is consistent with the recently identified role of Shh in expansion of
dorsal neuroepithelium, with Shh depletion resulting in abnormal folding and overall
collapse of the brain vesicles due to reduced proliferation dorsally and increased cell
death (Dahmane and Ruiz I Altaba, 1999, Dahmane et al., 2001; Britto et al., 2002;
Ishibashi and McMahon, 2002; Lai et al., 2003).

Xrel3A58-injected embryos also developed anterior to posterior transformations
characteristic of otx2 homo- or heterozygote knockout mice (Acampora et al., 1995;
Matsuo et al., 1995; Ang et al., 1996). Xenopus defects additionally included loss of
cement gland tissue, which is dependent on Otx2 activity (Gammill and Sive, 2001). This
suggests that Xrel3 may be involved in cement gland formation by regulating Otx2
expression. Xrel3A58 embryos also exhibited a more severe phenotype having either
absent eyes or a deeply set single eye and the absence of the majority of head structures.
All of these phenotypic alterations were also observed following otx2 ablation in mice
(Matsuo et al., 1995; Hide et al., 2002), consistent with studies demonstrating that Otx2 is
expressed within the cephalic mesenchyme and neural crest cells and correspondingly
plays a critical role in craniofacial development (Kimura et al., 1997). Further, Otx2 is
initially expressed in the retinal field and was shown to be required for retinal
development (Acampora et al., 1995; Blitz and Cho, 1995; Matsuo et al., 1995; Kablar et

al., 1996; Perron et al., 1998; Andreazzoli et al., 1999; Kenyon et al., 2001).
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These observations are further consistent with the model by which the Otx2
transcriptional regulator and the Shh pathway exist, possibly in an interdependent fashion,
downstream of Rel/NF-xB in patterning the brain. Xrel3 both induces their expression
ectopically in non-neural ectoderm (Lake et al., 2001) and is required for their
endogenous expression in the developing nervous system (Figure 2.10). It is possible that
Xrel3 induces and maintains their expression initially and through association with other
regulatory mplecules, their expression domains become refined. Since ectopically
induced expression of these markers by Xrel3 only occurs at their normal time of
endogenous expression (Lake et al., 2001), the correct temporal and spatial patterns of
expression are further restricted by additional factors that regulate ectodermal competence
to respond to Xrel3. Therefore, I suggest that both restricted competence and downstream
regulatory networks enable broadly expressed Xrel3 to induce the more spatially

restricted expression of its downstream targets.

2.5.4 Congenital Birth Defects and Mitogenesis

While Rel/NF-kB has yet to be linked with defects associated with aberrant
encephalospinal development, this study demonstrates the important roles these proteins
play in regulating known embryologically relevant genes. One possibility for the failure
to form a link to congenital defects in mouse knockout studies may be the redundancy of
function and extensive dimerization exhibited by Rel/NF-«xB proteins. This may reflect an
evolutionary adaptation to counteract potentially disastrous single mutations which occur
in other systems, such as the frog. The ability to generate embryos exhibiting

Holoprosencephaly provides a novel system to study the potential molecular components
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of a disease found in 1/16000 live births and highly associated with prenatal mortality in
humans, being identified as the cause of 1/250 aborted conceptuses (Cohen, 1989;
Muenke et al., 1994).

The activation of shh and glil expression in Xrel3 induced tumors (Lake et al.,
2001) also indicates a possible mitogenic role for Rel/NF-kB by activating the Shh
pathway and subsequent enhanced Glil expression (Dahmane et al., 1997). Rel/NF-xB
pathway components, associated with normal epidermal development and differentiation,
become deregulated in skin pathologies involving proliferation that range from psoriasis
to carcinogenesis (Bell et al., 2003). Several studies have implicated Shh and its
downstream affecter Glil in basal cell carcinomas of the skin (Hahn et al., 1996; Fan et
al., 1997; Wolter et al., 1997; Taipale and Beachy, 2001; Ruiz 1 Altaba et al., 2002b) and
in non-neural ectodermal tumors in Xenopus embryos (Lake et al., 2001; Dahmane et al.,
1997). My studies provide a link between Rel/NF-kB and the Shh pathway, and therefore
implicate their potential interconnected role in skin malignancy. Furthermore, since
Rel/NF-kB activation is an intracellular response for skin cells to mutagenizing
environmental factors (e.g UV, Bell et al., 2003); it remains possible that epidermal
damage can progress into a malignant state through Rel/NF-kB induction of Shh/Glil
overexpression.

The Shh pathway is not only involved in cell proliferation of skin cell progenitors,
but also other types of epithelial stem cells including those of the developing nervous
system, from invertebrates (Shyamala and Bhat, 2002) to vertebrates (Hynes et al., 1997,
Jensen and Wallace, 1997, Parisi and Lin, 1998; Ahlgren and Bronner-Fraser, 1999; Fan
and Khavari, 1999; Matise and Joyner, 1999; Wallace, 1999; Weschler-Reya and Scott,
1999; Britto et al., 2000; Dahmane et al., 2001; Britto et al., 2002). Following an initial

requirement in patterning the dorsal-ventral axes of the brain, Shh becomes expressed in
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3.1 ABSTRACT

This chapter outlines the identification of two Xenopus mRNAs that encode
proteins homologous to a component of the Wnt/B-Catenin transcriptional machinery
known as Pygopus. The predicted proteins encoded by both mRNAs (XPygo-2a and
XPygo-2p) share the same structural properties with human Pygo-2, but with XPygo-2f
lacking 21 N-terminal residues. Xpygo-2a messages accumulate in the prospective
anterior neural plate after gastrulation and then are localized to the nervous system, rostral
to and including the hindbrain. Xpygo-28 mRNA is expressed in oocytes and early
embryos but declines in level before and during gastrulation. In late neurula, Xpygo-24
mRNA is restricted to the retinal field, including eye primordia and prospective forebrain.
A C-terminal truncated mutant of XPygo-2 containing the N-terminal Homology Domain
(NHD) caused both axis duplication when injected at the 2-cell stage and inhibition of
anterior neural development when injected in the prospective head, mimicking the
previously described effects of Wnt-signaling activators. Inhibition of XPygo-2a and
XPygo-2B8 by injection of gene-specific antisense morpholino oligonucleotides into
prospective anterior neurectoderm caused brain defects that were prevented by co-
injection of Xpygo-2 mRNA. Both XPygo-2a and XPygo-2p morpholinos reduced the
eye and forebrain markers Xrx/, Xpax6 and Xbf1, while the XPygo-2a morpholino also
eliminated expression of the mid-hindbrain marker En-2. The differential expression and
regulatory activities of XPygo-2a/p in rostral neural tissue indicate that they represent
essential components of a novel mechanism for Wnt signaling in regionalization of the

brain.
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3.2 INTRODUCTION

The Wnt proteins belong to a large family of secreted glycoproteins that denive
their name from the Drosophila morphogen Wingless (Wg, Cabrera et al., 1987,
Rijsewijk et al., 1987) and the mouse oncogene int-/ (known as wnt-1) (Nusse and
Varmus, 1982; van Ooyen and Nusse, 1984). Members of this multigene family
(currently about 19 in human and mouse, 16 in Xenopus) are involved in mynad
processes including limb development, CNS patterning, somitogenesis, lymphopoiesis
and establishment of the primary body axis (Cadigan and Nusse, 1997; Moon et al., 1997,
Gradl et al., 1999; Moon et al., 2002; van de Wetering et al., 2002; Lake and Kao, 2003a).
This critical role in growth and differentiation enables activating mutations within this
pathway to contribute to cancer (Huelsken et al., 2001; Taipale and Beachy, 2001).

Wnt control of cell fate involves multiple signaling pathways, the best
characterized of which is that of the canonical Wnt-1/Wg class, in which ligand-
dependent subcellular localization and stability of the transcriptional co-activator, (3-
Catenin, is regulated by an elaborate network of transducers (Martinez Arias et al., 1999;
Sharpe et al., 2001). Wnt ligands bind the frizzled family of receptors (Bhanot et al., 1996;
Yang-Snyder et al,, 1996; He et al., 1997) with concomitant binding of the LRP5/6
transmembrane proteins (Pinson et al., 2000; Tamai et al., 2000; Wehrli et al., 2000; Mao
et al, 2001). These ligand-receptor-coreceptor complexes activate intracellular
Dishevelled (Yanagawa et al., 1995) which inhibits a cytoplasmic B-Catenin destruction
complex (Noordermeer et al., 1994; Kishida et al., 1999; Lee et al., 1999; Peters et al.,

1999; Smalley et al., 1999; Itoh et al., 2000), composed of the scaffolding proteins Axin
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and Adenomatous Polyposis Coli (APC) and the serine/threonine kinase, Glycogen
Synthase Kinase-3f (GSK-3pB). The deregulation of cytoplasmic B-Catenin destruction
allows it to accumulate in the nucleus where it interacts with TCF/LEF transcription
factors (Behrens et al., 1996; Molenaar et al., 1996; van Noort and Clevers, 2002) to
activate Wnt responsive genes (Brannon et al., 1997; Brunner et al., 1997; McKendry et
al., 1997; Riese et al., 1997; van de Wetering et al., 1997). Conversely, the absence of
pathway stimulation results in cytosolic B-Catenin destruction, allowing TCF/LEF
interaction with co-repressors to inhibit Wnt target gene transcription (Cavallo et al., 1998;
Roose et al., 1998; Brannon et al., 1999).

Localization of -Catenin to dorsal nuclei of Xenopus cleavage stage embryos,
establishes the dorsal organizing centre required for body axis formation (Schneider et al.,
1996; Moon and Kimelman, 1998; Brown et al., 2000; Chan and Etkin, 2001). As such,
ventral activation by ectopically expressed activators of Wnt signaling generates body
axis duplications (McMahon and Moon, 1989; Moon, 1993; Cui et al., 1995; Dominguez
et al., 1995; Guger and Gumbiner, 1995; He et al., 1995; Pierce and Kimelman, 1995,
Sokol et al., 1995; Yang-Snyder et al., 1996; Vleminckx et al., 1997; Yost et al., 1998;
Liu et al., 1999b), providing a useful bioassay to identify novel pathway components and
to establish their place within the signaling hierarchy (reviewed in Moon and Kimelman,
1998; Gradl et al., 1999).

Following dorsal axis formation, a second phase of ligand-dependent Wnt
signaling occurs whereby Wnts promote ventral-type mesoderm while antagonizing

Spemann Organizer mesoderm (reviewed in Niehrs, 1999). Thus, extracellular Wnt
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ligand inactivation is required to differentiate head from trunk Organizer (Glinka et al.,
1997; Glinka et al., 1998; Piccolo et al., 1999). The non-homogeneous Organizer
establishes longitudinal and lateral domains of gene expression in the overlying neural
plate, which generate forebrain, midbrain, hindbrain and spinal cord (Gamse and Sive,
2001). Low levels of Wnt signaling in anterior neural plate, by exposure to Wnt
antagonists expressed at high levels in the prechordal- and anterior chordamesoderm,
specify the forebrain, while increasing levels of Wnts specify increasingly posterior
character (Kiecker and Niehrs, 2001).

While Wnt inhibition during gastrulation is required for early brain development,
recent evidence suggests that they are, interestingly, also required for a later phase of
.brain patterning (Patapoutian and Reichard, 2000; Kim et al., 2001; Gunhaga et al., 2003).
For instance, B-Catenin antisense morpholinos or Xgsk-3 RNA injected into prospective
neurectoderm caused eye and brain malformations (Itoh et al., 1995; Pierce and
Kimelman, 1996, Heasman et al., 2000). Wntl also has an established role in
specification and function of the isthmic organizer (reviewed in Lake and Kao 2003a;
Chapter 1) and as such the development of the midbrain and cerebellum (McMahon and
Bradley, 1990; Thomas and Capecchi, 1990). This is accomplished, in part, through
regulating the expression of En-1/En-2 in the MHB region (Hemmati-Brivanlou and
Harland, 1989; McMahon and Bradley, 1990; McMahon et al., 1992; McGrew et al.,
1999).

In addition, multiple components of the canonical Wnt pathway are expressed in

the forebrain including Xwnts - 2B, -34, -8B (Wolda and Moon, 1992; Wolda et al., 1993;
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Cui et al,, 1995; Landesman and Sokol, 1997), Xfzs -2, -3, -5, -7 (Shi et al., 1998;
Deardorft and Klein, 1999; Wheeler and Hoppler, 1999, Sumanas and Ekker, 2001) Xzcf -
3, lef-1, and Xtcf-4 (Molenaar et al., 1998, Konig et al., 2000). Also, the XFz3 receptor
promotes ectopic eye formation and its inhibition suppresses normal eye development
(Rasmussen et al.,, 2001). Wnt signaling is also required for eye development in
Drosophila, where it establishes the equatorial/polar axis of the retinal epithelium (Wehrli
and Tomlinson, 1998).

This chapter describes the identification of two components of the Xenopus Wnt
signaling pathway, XPygo-2a and XPygo-23, which are orthologues of human Pygopus-
2 (Kramps et al., 2002; Thompson et al., 2002). pygopus was first discovered in a screen
for suppressors of an eye phenotype in Drosophila as a segment polarity gene necessary
for transmission of the Wg signal (Kramps et al., 2002). Mutations within this gene
generated an additional legless phenotype, inspiring its name (a pygopus is a legless
lizard) (Kramps et al., 2002). Pygopus’ role in Wnt signaling is to associate in the nucleus
with B-Catenin/Armadillo, through the adaptor legless/BCL9, as a necessary step for
TCF/LEF-1 mediated transcription (Kramps et al., 2002; Parker et al., 2002; Thompson et
al., 2002; Townsley et al., 2003). XPygo-2 has been recently identified by Belenkaya et al.
(2002) as an important component of the dorsalizing Wnt signal in Xenopus axis
formation by maternal mRNA depletion. My work furthers these studies to report the
existence of two isoforms of Xpygo-2 that exhibit distinct embryonic expression patterns

and functions consistent with an additional role in anterior neural patterning. These
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results support my hypothesis that XPygo-2a and XPygo-23 cooperatively pattern the

frog brain as part of a late, post-gastrula, phase of Wnt signaling.
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3.3 MATERIALS AND METHODS

3.3.1 Library Screening

Screening of a Xenopus stage 10 lambda uniZap II ¢cDNA library (gift from
Michael King) was performed using randomly labeled PCR fragments (Prime-a-Gene®,
Promega) constituting the 964-1227 bp region of full length Xpygo-2a (Figure 3.1).
Hybridization of nitrocellulose membranes (Protran™, Schleicher and Schuell) was
carried out at 42°C in a formaldehyde (50%) based buffer. Membranes were washed
under low stringency (2X SSPE, 0.5% SDS at 45°C). Positive plaques were eluted and re-
screened twice under the above conditions. cDNA sequences from individual cross-
hybridizing clones were recovered in pBluescript using R408 helper phage (Stratagene).
The two 1solated clones, Xpygo-2a (NCBI Accession number AY141128) and Xpygo-24

(NCBI Accession number AY141129) were completely sequenced twice (Hospital for

Sick Children, Toronto).

3.3.2 Oocytes and Embryos

Wild-type embryos were obtained and injected as described previously (Kao and
Lockwood, 1996; Yang et al., 1998) and staged according to Nieuwkoop and Faber
(1994). Oocytes were surgically dissected from the ovaries and manually defolliculated in
Ca2+/Mg2+ free OR (Opresko, 1991). Dorsal and ventral blastomeres were distinguished
based on pigmentation differences and asymmetric cleavage at the 4-cell stage. Both

blastomeres (ventral or dorsal; vegetal or animal) on either side of the first cleavage plane
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were injected at the 8-cell stage with either 9.2 nl or 4.6 nl to give 10 ng total of synthetic
capped mRNA per embryo or up to 40 ng total of either XPygo-2a or XPygo-2f3
morpholinos (with or without 1 ng each of Xpygo-2a and Xpygo-2p or 2 ng Xpygo-2[3
NHD RNA). Defects were analysed at tadpole stages (st. 33-35) with disruptions to eye
development assessed by abnormalities in quantity and morphology of the retina
pigmented epithelium-derived black pigmentation.

UV ventralized embryos were generated by exposure of de-jellied embryos
approximately 30 minutes post-fertilization to varying degrees of UV radiation (30-45
seconds) to generate extremely axis deficient embryos (Kao and Danilchik, 1991). For
axis rescue experiments, embryos were subsequently injected at the 1-2 cell stage with 10
ng of synthetic mRNA within the vegetal marginal zone.

For animal cap experiments, embryos were injected at the 2-cell stage with or
without noggin RNA (125 pg) and XPygo-2a MO (40 ng) or control MO (40 ng). For
rescue of marker expression, Xpygo-2a RNA (2 ng) was also injected. Animal caps were
dissected at stage 8 in normal amphibian medium (NAM; Slack, 1984) and cultured
overnight in half-strength NAM supplemented with BSA until stage 20-25. RNA was

then obtained as described below for RT-PCR analysis.

3.3.3 Plasmids

Xpygo-2a and Xpygo-2 expression constructs were made by PCR amplification
of coding sequences (see Table 3.1 for primer sequences) from full length cDNA and

ligation into pCS2+ or pCS2+NLS (gifts from Dave Turner) to generate pCS2+Xpygo-2a
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Table 3.1. Primer and Morpholino (MQO) sequences.

Primer Forward Sequence (5’ to 3’) Reverse Sequence (5’to 3’) N*

Xpygo-2af GAACAACCCGGTGCCCT GGAGGGATGTTGTTGAC 25
TTGG . TTCGG

Xpygo-2a CCCTCGAGGGTGTCCCTC AAGGCCTTGGAGATGAA 30
TTATTGCAC AGGAAACGC

Xpygo-2p GTCCAGTACTGACCACA CGGGGGAGGGATGTTGT 30
GGCGG TGA

Xrxl GAACACCTCAAGGGTCC CTGAAATGAGCCCAGGA 30
TC CGC

Xpax6 CCGGAACTCATGCAGAA CCGCTCGAGTTACTGTAA 30
CAGTCACAGCGGTG TCTTGGCCAGTACTG

Xsnail-1 GCACATCCGGAGCCACA CGTCGGAATGGGTCTGC 30
CG AG

Xchordin AACTGCCAGGACTGGAT GGCAGGATTTAGAGTTG 25
GGT CTTC

Morpholino Antisense Sequence (5’to 3’)

XPygo-2a AGCCATCAGACTCAGCT
GCTCGGG

XPygo-2P3 CCGCCTGTGGTCAGTACT
GGACGGT

Control CCTCTTACCTCAGTTACA
ATTTATA

*Number of annealing/elongation cycles
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and pCS2+Xpygo-2f. The Xpygo-2 PHD plasmid was created by cloning an EcoRI
(internal) /Xhol (vector) restriction fragment of pCS2+Xpygo-2«a into pCS2+NLS. The
Xpygo-2a NHD construct was generated by sub-cloning the N-terminal EcoRI fragment
of Xpygo-2a into pCS2+. pCS2+Xpygo-23 NHD was constructed by deleting a Smal
(internal)/Xhol (vector) restriction fragment from pCS2+Xpygo-28 . A pCS2+noggin

expression construct was generated by cloning a HindIII/EcoRI restriction fragment from

full-length cDNA (noggin pGEMS a3, gift of W. C. Smith) into the pCS2+ vector.

3.3.4 RNA Synthesis

Synthetic RNA was made using Notl linearized templates (for CS2+ plasmids)
and transcription with Sp6 RNA polymerase (Krieg and Melton, 1987). GSK-38 and R85
constructs (gifts from Isabel Dominguez) were linearized with Sacl and transcribed with
T7 polymerase (Krieg and Melton, 1987). Axis duplication activity using RNA encoding
the R85 construct of Glycogen Synthase Kinase-3f, which has a lysine to arginine
substitution at position 85, was previously described (Dominguez et al., 1995; Kao and
Lockwood, 1996). All synthetic mRNAs were found to translate efficiently in vitro using

a cell-free rabbit reticulocyte system (Promega).

3.3.5 RT-PCR Analysis
Embryos (n=8) or animal caps (n=15-20) injected with various Xpygo-2 constructs

or morpholinos were obtained at either stage 10 or stage 20 and RNA was extracted using
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the Nucleospin RNA II Kit (Clontech Laboratories, Inc.). Reverse transcribed RNA was
subsequently amplified as described (Lake et al., 2001), using oligonucleotide primers
previously reported for engrailed-2 (en-2; 30 cycles; Hemmati-Brivanlou et al., 1991),
Xbf1 (25 cycles; Bourguignon et al., 1998), Xotx-2 (25 cycles; Pannese et al., 1995), XAG
(25 cycles; Sive and Bradley, 1996), krox-20 (25 cycles; Hemmati-Brivanlou et al., 1994)
hoxB9 (30 cycles; Sharpe et al., 1987), H4 (23 cycles; Yang et al., 1998), siamois (30
cycles; Lemaire et al., 1995) and listed in Table 3.1.

For temporal expression analysis of Xpygo-2a/f3, RNA was prepared as described
for Northern analysis below. Spatial distribution of messages was determined through
dissection of stage 8, 9 or 10 embryos (n=24) into animal, vegetal and equatorial sections.
Stage 10 embryos (n=24) were also dissected into dorsal and ventral sections using the

blastopore lip for orientation. RNA was processed for RT-PCR as described above.

3.3.6 Northern Analysis

Total RNA from oocytes and embryos (n=16) was extracted using the Nucleospin
RNA 1II Kit (Clontech Laboratories, Inc.) and processed for Northern analysis as
described (Kao and Hopwood, 1991). Equal levels of RNA were run onto a formaldehyde
gel, transferred to GeneScreen™ hybridization membrane (DUPONT) and UV
crosslinked. A random primed (Prime-a-Gene®, Promega) PCR fragment (537-1173 bp)
of Xpygo-2« was hybridized at 65°C using ExpressHyb (Clontech Laboratories, Inc.) and
blots washed at high stringency (0.5X SSC and 0.5% SDS at 55°C). Blots were re-probed

(45-55°C) using Xenopus histone H4 (Gift from Kim Mowry).
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3.3.7 Whole Mount in situ Hybridization

Templates for probes were made by subcloning PCR-amplified sequences
common to both Xpygo-2a (nucleotides 964-1227 and 295-1309) and Xpygo-28
(nucleotides 749-1011 and 80-1094) into pBluescript (Stratagene). A Xpygo-2f specific
template was amplified from the 5' non-coding region of Xpygo-2f (nucleotides 1-87).
Templates were linearized with Xbal and transcribed with T7 polymerase. Albino
embryos were fixed in MEMFA (Harland, 1992) and hybridized with digoxigenin- and
fluorescein- linked sense and antisense probes and stained by NBT/BCIP as described
(Harland, 1991, modified by Sagerstrém et al., 1996). To reduce background staining due
to GC-rich content of Xpygo-2, hybridization was done at 65°C and all washes were at
65-68°C. Embryos were dehydrated in ethanol and cleared in Murray's solution (1:2

benzyl alcohol and benzyl benzoate).

3.3.8 Whole Mount Immunohistochemistry

Embryos were fixed in MEMFA, washed in maleic acid buffer (MAB; pH 7.5),
incubated in 0.1 M K,Cr,07 in 5% acetic acid for 30°, followed by three 5° washes in
MAB and bleached in 5% H;0,/MAB under white light. After rinsing in MAB, embryos
were blocked for 60’ in 2% blocking reagent/MAB (Roche) and incubated overnight at
4°C 1n the appropriate primary antibody diluted as follows: 1:1000 for 12-101 (developed
by J. Brockes) and 1:500 for 4D9 (Patel et al., 1989, developed by C. Goodman) both

from Developmental Studies Hybridoma Bank, U. of lowa, and 1:5 for 2G9 (gift of E. A.
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Jones). Embryos were washed for five hours in MAB and incubated at 4°C overnight in a
1:1000 dilution of alkaline phosphatase conjugated goat anti-mouse IgG in MAB (Cedar
Lane Laboratories Ltd.). Embryos were washed in MAB for 24 hrs with multiple buffer
changes then twice for 5 min in alkaline phosphatase buffer (AP: 0.1 M Tris HCL ph 9.5,
0.1 M NaCl. 50 mM MgCL,). Staining was performed in AP buffer containing NBT and
BCIP and stopped in MEMFA. Embryos were then destained in methanol for

approximately 12 hrs before being cleared in Murray's solution.

3.3.9 Antisense Morpholinos

Antisense morpholino oligonucleotides (MO, Genetools, LLC) were designed to
complement the 5° noncoding regions.of Xpygo-2a and Xpygo-2f (Table 3.1). For
visualization within the embryos, the XPygo-2a MO was linked to fluorescein (green
fluorescence) and XPygo-2f3 MO to lissamine (red fluorescence). The control MO (Table
3.1), linked with fluorescein (green fluorescence), was a random sequence (designed by
Genetools, LLC) of equal length to the anti-Pygo MO’s, used to ensure specificity of
XPygo-2 MO interactions. Translation inhibition efficiency as well as target specificity
were tested in vitro using the transcription/translation coupled cell-free system (Promega)
using as templates full-length Xpygo-2a and Xpygo-23 cDNA sequences (in pBluescript)
or an equivalent quantity of synthetic mRNA lacking complimentary sequences to the

morpholinos, as used in rescue experiments.
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3.4 RESULTS

3.4.1 Isolation of the Xenopus Orthologues of Human pygopus-2

An assay for sequences differentially regulated by Xrel3 (Lake et al., 2001)
provided PCR fragments with homology to human (h)pygo-2, which were used to screen
a Xenopus stage 10 cDNA library to obtain the corresponding full-length orthologues.
Two clones were isolated, Xpygo-2a and Xpygo-2f, both of which shared coding
sequences, but with variable untranslated regions (Figure 3.1). In addition, Xpygo-2«a had
an extra 63 bp of 5' coding sequence when compared to Xpygo-24 . In a comparison of
the predicted translation products with the Pygopus proteins encoded by the human
genome, both exhibited the highest overall sequence identity (68%) with hPygo-2 as
compared with hPygo-1 (36%) (Figure 3.2). Therefore, these Xenopus proteins most
likely represent true orthologues of hPygo-2 and not hPygo-1.

All Pygopus proteins share two common domains, a 50 amino acid stretch within
the N-terminus referred to as the N-terminal homology domain (NHD) or N box and the
C-terminal plant homeodomain (PHD) (Kramps et al., 2002; Thompson et al., 2002). The
PHD is a zinc finger-like domain with a Cys4-His-Cys3 consensus present within certain
chromatin remodeling-type transcriptional regulators (Aasland et al., 1995). Both the
NHD and PHD domains are present within XPygo-2a and -2f3 (Figure 3.2), as well as the
conserved N-terminal putative nuclear localization sequence in all Pygopus proteins
(Figure 3.2; Kramps et al., 2002; Thompson et al., 2002). The Apygo-2 gene (1q23.1) is

organized into three exons capable of generating alternative splice variants that resemble
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the two Xpygo-2a/f3 clones. Because of the high sequence identity between Xpygo-2a and
-2 coding regions, it is possible that, like Apygo-2, the Xenopus cDNAs represent two

different splice variants of the same Xpygo-2 gene.

3.4.2 Xenopus pygopus-2 lIsoforms are Differentially Expressed During Early
Development

Whether the two Xpygo-2 mRNA isoforms represent true spliced alternatives or
whether they are denived from separate alloalleles, their differential patterns of expression
suggest that they have distinct roles in development. To determine the temporal pattern of
Xpygo-2 message accumulation during early Xenopus embryogenesis, semi-quantitative
RT-PCR was performed on total RNA extracted from staged oocytes and embryos
(Fig e 3.3A and B) using oligonucleotide primers that were specific to either Xpygo-2a
or Xpygo-2 3 transcripts. Xpygo-2 a-specific primers amplified sequences in oocytes but at
reduced levels after fertilization and in all stages of pregastrula and gastrula development.
The levels increased steadily during neurulation (stage 12) and in subsequent stages
(Figure 3.3A). Unlike Xpygo-2ea, specific amplification of Xpygo-2/ sequences indicated
that »ygo-2f transcripts were only present at high levels maternally in both oocytes and
cleavage stage mbryos, ut rapidly diminished at late blastula stages just prior to
gastrulation an remained at low levels thereafter (Figure 3.3A). Parallel results were
obtained using a probe which hybridized to both transcripts resolved by Northern analysis
(Fig e 3.3B). Thus Xpygo-2« and -2 exhibit distinctly different temporal patterns of

mR1! \ expression in development.
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To determine the spatial location of Xpygo-2 messages during pre-gastrula stages,
embryos were dissected into animal, vegetal and equatorial sections at stages 8, 9 and 10
or ventral and dorsal sections at stage 10. Primers specific for Xpygo-2a or Xpygo-2p
demonstrated ubiquitous expression for both, but with low levels of Xpygo-2« for all
stages examined and a high level of Xpygo-2f in early blastulae that globally declined

prior to gastrulation (Figure 3.3C).

3.43 X; 70-2a and Xpygo-2 mRNAs have Distinct Patterns of Expression in the
Developing Brain and Eyes
Whole mount in situ hybridization was used to determine the spatial distribution
of Xpyg 2 messages. Transcript accumulation in embryos was detected by staining of
hybridized probes. Staining for both Xpygo-2«a and —28 was observed at early open neural
plate stages predominantly within the anterior neurectoderm (Figure 3.4A) and by late
neurula ages within the anterior-most neural tube fated to form the brain (Figure 3.4C).
This tre | for anterior-most message accumulation was observed through to tailbud
(Figure 3 .4E) and tadpole (Figure 3.4G) stages, with messages becoming restricted to the
fore-, m - and hindbrain, as well as the optic cup.
in situ probe specific to the 5' untranslated region of Xpygo-2f was used to
determu if this isoform was differentially expressed. Staining for Xpygo-2/ transcripts
was evi throughout the embryos at the late blastula stage (Figure 3.4I) but became
localize to a band of anterior neural tissue encompassing the prospective retinal field

(Figure 3.4K), which gives rise to eyes and forebrain (Eagleson and Harris, 1990;
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Eagleson et al., 1995; Li et al., 1997). Structures arising from this region continued to
stain for Xpygo-2f in subsequent tailbud (Figure 3.4L) and tadpole (Figure 3.4N)
embryos, predominantly restricted to the eyes. These results demonstrate that both Xpygo-
2a and Xpygo-2p are expressed in the brain, but the domain of Xpygo-24 is restricted

more anteriorly to the forebrain, eyes and possibly midbrain.

3.4.4 The XPygo-2 NHD Can Mediate the Dorsalizing Wnt Signal

Activation of the canonical Wnt pathway ventrally in early embryos using many
different components of the signal transduction cascade induces an ectopic secondary axis
(Moon and Kimelman, 1998). Conversely, its antagonism dorsally through dépletion of B-
Catenin or expression of dominant negative TCF, inhibits dorso-anterior structures
leading to a ventralized fate (Molenaar et al., 1996; Wylie et al., 1996; Heasman et al.,
2000). On the other hand, ectopic activation of the Wnt pathway within dorsal vegetal
cells results in the loss of signals required for inducing anterior neural plate derivatives,
since formation of the head organizer is dependent on the antagonism of Wnt signaling
(Christian and Moon, 1993; Fredieu et al., 1997; Glinka et al., 1997, Glinka et al., 1998;
Piccolo et al., 1999).

To determine the function of XPygo-2 in dorsal-ventral axis formation, RNA
encoding wild-t e and mutant versions of XPygo-2a/p (Figure 3.5A) was injected into
different regions of early cleavage stage embryos (Figure 3.5B). Unfortunately, neither

overexpression of XPygo-2a nor XPygo-2f3 had any affect on Xenopus development.
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This is not unexpected as Pygopus is believed to act within a complex with B-Catenin,
and as such, its activation of Wnt target gene expression would be limited by nuclear 3-
Catenin levels (Kramps et al., 2002; Thompson et al., 2002). Therefore, the effect of
overexpressing the N- and C-terminal functional domains was examined, since they may
interfere with or modify the normal function of endogenous XPygo-2 or may have
activity on their own. As such two mutant variants were generated to encode either the N-
terminal half of XPygo-2a containing the NHD domain or the C-terminal half containing
the PHD domain (Figure 3.5A). To ensure that the PHD domain could gain access to the
nucleus was cloned within the expression vector (pCS2+NLS) downstream and within
frame of a strong nuclear localization signal (NLS).

target the prospective dorsal organizing center, I injected mRNA into dorsal
vegetal astomeres at the 8-cell stage (Figure 3.5B). Injection of 10 ng of Xpygo-2«c
PHD RNA, like that encoding wild-type protein, had no effect on axial patterning in
Xenopus mbryos (Figure 3.6; Table 3.2). However, dorsal vegetal injection of Xpygo-2«
NHD F A resulted in progressive loss of dorsal anterior-most structures (Figure 3.6;
Table 3 ). The phenotypes ranged from slightly disrupted and ventrally displaced eyes
(Type I to fusion of eyes ventrally (cyclopia, Type III), microencephaly (Type IV) and
loss of Il head structures (anencephaly, Type V). These defects resembled those
associat with ventral midline abnormalities resultant from disruption or loss of head
organiz ; prechordal mesendoderm (Li et al., 1997) and are consistent with those
observe following misexpression of XWnt-8 or exposure to lithium ions (Fredieu et al.,

1997). © crefore, the XPygo-2ae NHD mutant appears to activate Wnt signaling.
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Table 3.2. Distribution of phenotypes caused by XPygo-2a/f activator mutants and

Morpholino knockout

Number (percentage) of Phenotypes (Fig. 3.6)

Treatment Injection
Site I I1 111 IV \% >
(Fig.3.5)
Uninjected 276(98.9)  1(0.4) 0 1(04) 1(04) 279
Xpygo-2a NHD' DV 30(41.7) 25(34.7) 6(8.3) 5(69) 6(83) 72
Xpygo-2a NHD" 'A% 74(94.9)  4(5.1) 0 0 0 78
Xpygo-2 PHD' DV 77(95.1)  4(4.9) 0 0 0 81
Xpygo-2a’ DV 78(95.1)  4(4.9) 0 0 0 82
Normal Eye Defects (Fig. 3.8) >
Uninjected 276(98.9) 3(1.1) 279
Xpygo-2a NHD® DA 20(18.5) 88(81.5) 108
Xpygo-23 NHD" DA 18(20.9) 68(79.1) 86
Xpygo-2a NHD' VA 63(95.5) 3(4.5) 66
Xpygo-2 PHD" DA 67(100) 0 67
Xpygo-2a DA 55(96.5) 2(3.5) 57
Eye Defects (Fig. 3.11)
Normal Bilateral ~ Unilateral Total >
Uninjected 111(99.1) 1(0.9) 0 1(0.9) 112
Control Mo ™" DA 57(90.5) 0 6(9.5) 6(9.5) 63
aMo™ DA 2(3.7) 21(38.9)  31(57.4) 52(96.3) 54
BMo DA 6(10.9) 31(56.4) 18(32.7)  49(89.1) 55
a/BMo” DA 1(1.4) 37(51.4)  34(472) 71(98.6) 72
a/BPMo + DA 26(53.1) 4(8.2) 19(38.8) 23(46.9) 49
a/BMo +NI ¥ DA 1(2.9) 14(41.2)  19(55.9) 33(97.1) 34
“Injected a total 10 ng per embryo.

““Injected a total of 40 ng per embryo.

?Injected a total
Xpygo-2 NHD).
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Overexpression of XPygo-2a NHD within the ventral vegetal region did not affect
normal axial development, but did induce partial secondary axes in approximately 15%
(12/78) of the embryos injected (Figure 3.7B), coincident with a slight increase in
expression of the dorsal markers siamois (Lemaire et al., 1995) and chordin (Sasai et al.,
1994) on the ventral side (Figure 3.7E). Also, injection of Xpygo-2a NHD RNA rescued
the form: on of partial axes in UV irradiated embryos, with an increase in the proportion
of embryos containing head structures (DAI 3-4) from 1/70 (Xpygo-2 PHD injected;
Figure 3.7C) to 17/65 (Xpygo-2 a NHD injected; Figure 3.7D), coincident with an average
DAI (dc¢ soanterior index, Kao and Elinson, 1988) shift from 0.66 to 1.46, respectively.
These . ervations were consistent with maternal XPygo-2 depletion studies using
antisense phosphorothioate oligonucleotides (Belenkaya et al., 2002), suggesting that the
NHD h  weak Wnt-activation properties. Increasing or decreasing the size of the NHD

domain iiled to increase the truncation mutant’s potency (data not shown).

3.45T XPygo-2 NHD Can Mediate the Anterior Neural-Suppressing Wnt Signal

1t signaling plays a wvital role in establishing the proper AP character of the
neuraxis Yy its ability to posteriorize neurectoderm (reviewed in Niehrs, 1999). As such,
extrace lar Wnt ligands must be antagonized for specification of the anterior most
neural te fated to form forebrain and eyes (Glinka et al., 1997; Glinka et al., 1998;
Piccolo t al., 1999). Ectopic activation of Wnt signaling within prospective anterior

neurec ermal cells generates anterior malformations, ranging from mild disruption to
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complete loss of forebrain and eyes (Yamaguchi and Shinagawa, 1989; Christian and
Moon, 1993; Fredieu et al., 1997; Darken and Wilson, 2001).

The axis-promoting activity of the NHD, when overexpressed in early ventral
vegetal cells, suggested that the XPygo-2a NHD might mimic the effects of Wnt pathway
activators when expressed within the anterior neural plate. To target these cells, Xpygo-
2a NHD RNA was injected into dorsal animal cells at the 8-cell stage (Figure 3.5B). The
majority of injected embryos (81.5%) had defects in one or both eyes ranging from
ventral defects to reduced or almost complete loss of pigmented epithelium (Table 3.2,
Figure 3.8). While Xpygo-2a PHD and wild-type Xpygo-2a RNA had no effect on
normal development (Table 3.2, Figure 3.8), Xpygo-2a NHD RNA caused similar defects
to those caused by expression of the GSK-33 dominant mutant Wnt activator, R85
(Dominguez et al., 1995), both through phenotypic alterations of the head and eyes
(Figure 3.8A) and the brain (Figure 3.9) as shown by immunostaining with the pan-neural
antibody 2G9 (Jones and Woodland, 1989).

Both the Xpygo-2a NHD RNA-injected and R85 RNA-injected embryos showed
disrupted forebrain tissues (Figure 3.9E, F, I, J, arrows). In contrast, embryos injected
with gsk-3 RNA (Wnt pathway inhibitor), while exhibiting similar eye defects (Figure
3.9A), showed relatively normal, if not expanded, staining of the anterior-most neural
tissue, with more significant disorganization of the diencephalon-midbrain region (Figure
3.9M, N, arrow). All embryos showed normal staining of skeletal muscle with the 12/101

antibody (Figure 3.9C, G, K, O), demonstrating the specificity of the defects to anterior

page 3-29








































































i
[ , Il . | Spinal Cord
Forebrain Mid-Hindbrain

Xpygo-2c B -Cat Xpygo-2o D Xpygo-1?
Xrx-1 En-2 Krox-20
Xpax-6 HoxB9

e ’g

En-2







Lake, 2003 Xenopus Pygopus

These observations, therefore, indicate that XPygo-2 proteins regulate the expression of a
subset of retinal and forebrain patterning genes and that 3-Catenin regulates some genes
independently of XPygo-2.

Unlike Xpygo-2f, Xpygo-2a messages are not restricted to the eye field,
extend posteriorly to encompass the entire brain. This places it within the proper spa
location to mediate the posteriorizing role of Wnt/B-Catenin within the mid-hindbrain
induction of en-2 and krox-20 expression (Hemmati-Brivanlou and Harland, 19
McMahon and Bradley, 1990; Bradley et al., 1993; McGrew et al., 1999; Kiecker ¢
Niehrs, 2001). Partial regulatory effects of XPygo-23 on En-2, however, imply that
expression domain extends into midbrain territories to cooperate with XPygo-2a
expression of this marker. While the -2a morpholino disrupted neural tissues extending
far posteriorly as the hindbrain (Figure 3.9), only en-2 but not krox-20 expression
eliminated. Since krox-20 expression-has been shown to be dependent on Wnt signal
(Kiecker and Niehrs, 2001), these results suggest that additional Xenopus Pyg:
proteins may be involved to mediate its expression. Therefore, a gradient of Wn
Catenin signaling is not the only mechanism involved in anteroposterior neuraz
patterning. Differential spatial distributions of the XPygo transcriptional mediators 1
also alter the cellular competency to the same activated Wnt/pB-Catenin pathway.

Precedence for differential spatio-temporal requirements of XPygo comes fi
evidence that both the pre-1 3T axial specification and post-MBT mesodermal
ectodermal patterning involves the same canonical pathway with activation of

Catenin/XTCF-3 (Fredieu et al., 1997; McGrew et al, 1999; Heasman et al,, 2
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Darken and Wilson, 2001). As such, there is a stage-specific change in cellular
competence that occurs within the nucleus, at the level of the target gene promoter and
possibly the XTCF-3 protein (Darken and Wilson, 2001; Hamilton et al., 2001).

Work presented in this chapter demonstrates that differentially localized XPygo
proteins may provide a novel mechanism by which cells acquire different spatial or
temporal competencies to the same intracellular Wnt signaling cascade during
development. 1 postulate that the response a cell makes to canonical Wnt stimuli,
including target genes activated, depends on the type of Pygopus protein present within
the B-Catenin/TCF complex. While both XPygo-2a and XPygo-2f3 morpholinos reduce
the same forebrain and retinal markers, they did diverge in their ability to regulate
posterior markers. However, I cannot rule out the possibility that this could be due simply
to their differential expression patterns rather than unique transcriptional activatic
abilities. It is possible that XPygo-ZB may further uniquely regulate markers not analyze
or may simply act through its restricted expression pattern to enhance a general XPygo-
signal within certain tissues. This latter model would allow different marker expressic

patterns based upon the local c¢ centration of XPygo-2 proteins.

3.5.3 Model for Xpygo-Deper ent Patterning of the Central Nervous System

The ability of XPygo-2 knockdown to eliminate both mid-hindbrain (en-2) a
forebrain (e.g. Xbfl, XrxI, Xr :6) gene expression, leads to the proposal of a poten:
role for wild-type XPygo-2 in mediating a Wnt-dependent genetic network control!

fore-midbrain patterning. This ; consistent with recent studies in chick showing a cha
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in competence of the neural plate to Wnt signals, from an early phase necessitating the
absence of Wnts for specification of the forebrain to a later phase requiring Wnts in order
to establish dorsoventral identity within the telencephalon (Gunhaga et al., 2003).
Therefore, XPygo-dependent transcription may pattern the central nervous system b
establishing not only different spatial (Figure 3.15), but also different tempor
competencies to Wnt signals.

Within the prospective forebrain during gastrula stages, Wnt antagonists from the
prechordal endomesoderm generate a Wnt free zone preventing nuclear accumulation ¢
B-Catenin (reviewed in Chapter 1; Lake and Kao, 2003a). Increasing Wnt activity alor
the AP neuraxis during this period specifies progressively more posterior identity. Th
absence of Xpygo-2 expression indicates that this occurs through associations of B-
Catenin with an alternative XPygo protein, potentially an hPygo-1 orthologue (Figure
3.15).

At the end of gastrulation (stage ~12), XPygo-2 becomes expressed as a necessa
step in establishing telencephalic and retinal genetic networks. Therefore, I propose th
XPygo-2a renders the anterior neural plate competent to express Xrx1, Xpax6 and Xbf1
response to Wnt signals from adjacent non-neural ectoderm (Figure 3.15). Maintenan
of these expression domains may further require XPygo-23 expressed at later neun
stages. More posteriorly, XPygo-2a (and XPygo-2p) will also enable expression of En
in response to Wntl signals from the IsO for specification of midbrain identity (Figu
3.15; Hemmati-Brivanlou and Harland, 1989, McMahon and Bradley, 1990; Danieli

and McMahon, 1996; McGrew et al., 1999).
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disruption of hindbrain structure may have been, in part, a secondary consequence of
disrupting Wnt dependent [sO specification or function, loss of which generates hindbrain
abnormalities (McMahon and Bradley, 1990; Thomas and Capecchi, 1990).

According to my model, the type of Pygo protein available at a promoter
determines the cell’s competency to respond to Wnt/B-Catenin signals. In addition, the
type of promoter regulated is ultimately dependent on the type of NHD-specific
downstream effector (Y or Z) involved. Extensive experimental analyses must be
undertaken to test this hypothesis, including the cloning and functional analysis of
XPygo-1, identification of the Y, Z proteins/complexes and the empirical demonstratic

of Wnt-induced forebrain marker expression.
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4.1 ABSTRACT

Pygopus proteins represent newly discovered components of the Wnt/B-Caten
signaling cascade, with putative functions in bridging B-Catenin transcription:
complexes to chromatin remodeling machinery for transcription from target promoters.
My studies presented in chapter 3 demonstrated the different spatial requirements
XPygo proteins during embryonic development of the frog. In this chapter, human tissue
were screened to determine if this differential expression pattern is conserved and
verify a primarily neural requirement for Pygo-2 orthologues. Consistent with
expression studies in Xenopus, hpygo-2 encoded messages and proteins were found
accumulate within brain structures previously shown to involve Wnt signaling duri

development, maintenance or oncogenesis.
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4.2 INTRODUCTION

Wnt/B-Catenin signaling is intrinsically associated with cell fate decisions in
regulating growth and differentiation events, with a prominent role in the expansion of
predefined cells (reviewed in Clevers, 2002). As such, pathway constituent mutations
have been linked to a number of human cancers derived from colorectal, breast, ovaria
and neuroectodermal tissues (reviewed in Polakis, 2000; Brown, 2001; Taipale a
Beachy, 2001; Lustig and Behrens, 2003).

Stereotypical Wnt signaling ultimately relies on the intracellular shuffling of 3-
Catenin between the cytosol and nucleus. This is regulated by Wnt ligand-recept
interactions that balance 3-Catenin’s association with either a cytoplasmic destructi
complex or nuclear transcriptional regulators of the TCF/LEF-1 family (reviewed
Lustig and Behrens, 2003; Chapter 3). In the absence of extracellular stimulation of W
receptors or Frizzleds, 3-Catenin remains bound and phosphorylated by the Axin-APC-
GSK-33-CK1 containing mult rotein complex, triggering ubiquitination by B-TrCP
proteosomal degradation. Binding of the Wnt glycoproteins to both Frizzled receptors
LRP 5/6 co-receptors enables cytosolic Dishevelled to release (-Catenin from
antagonistic protein interactions. With renewed stability, B-Catenin migrates to
nucleus and associates with HMG-box containing TCF proteins, while displacing
repressors that actively prevented target gene expression in Wnt inactive cells.
mentioned in chapter 3, 3-Catenin/TCF nuclear complexes activate transcription thro

an association, mediated by the adaptor Legless/BCL9, with Pygopus proteins.

page 4-3



Lake, 2003 hPygo-2

Whnt signaling plays a pivotal role in the establishment and organization of the
embryonic central nervous system, with roles in proliferation of neural precursors
(Dickinson et al., 1994; Ikeya et al., 1997; Megason and McMahon, 2002), establishment
of defined cell adhesion molecule expression domains (Shimamura et al., 1994),
synaptogenesis (reviewed in Salinas, 2003) and possible suppression of apoptosis (Zhang
et al, 2001; Zhang et al, 1998). As such, transduction cascade dysfunctions are
associated with developmental anomalies including schizophrenia (Beasley et al., 2002;
Kozlovsky et al., 2002) and neurodegenerative disorders such as Alzheimer’s disease
(Zhang et al., 1998). In addition, activating B-Catenin mutations are associated wi
oncogenic dysfunctions putatively due to aberrant activation of normal cell expansi
programs. For instance, such mutations are associated with pituitary adenomas (Semba
al., 2001; Howng et al., 2002), potentially by upregulating Pitx2 (Kioussi et al., 2002) an
neural crest-derived melanomas (Rubinfeld et al.,, 1997), by upregulati
Microphthalmia-associated Transcription Factor (MITF, Widlund et al., 2002).

The most comprehensive characterization of early embryonic Wnt function com
from studies in the frog, where Wnt signaling establishes the neural organizing tiss
segregates it into head and trunk inducing divisions, pre-specifies neurectoderm throu
BMP antagonism and defines both the AP and DV neuraxes through graded intracellu
signaling (reviewed in Lake and Kao, 2003a). These processes appear to be conserve
some extent in mammals (Yamaguchi, 2001), with Wnt8c overexpression genera
posterior axis duplications and fore-, midbrain deletions in transgenic mouse embr

(Popperl et al., 1997).
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Whnts additionally have a conserved requirement in late patterning events in the
mammalian nervous system to establish dorsal posterior neural identity along the spinal
cord (Muroyama et al., 2002). As in Xenopus (chapter 3) and chick (Gunhaga et al., 2003),
this late patterning also appears to encompass the brain, including the forebrain. wnts3a, -
5a and -2b are expressed within the embryonic cerebral cortex at the boundary between
the hippocampus and choroid plexus known as the cortical hem (Grove et al., 1998), and
wnt8B in human and mouse embryos is expressed within the developing hippocampus,
the dorsal thalamus and the mammillary and retromammillary regions of the posterior
hypothalamus (Lako et al., 1998). The importance of Wnt signaling in development of
these forebrain tissues requires fine spatial regulation of intracellular activity of the
pathway, as indicated by the existence of gradients of Wnt receptors and Wnt antagonists
within the developing mouse telencephalon (Augustine et al., 2001; Kim et al., 2001).

The fundamental role for Wnt signaling in CNS development ultimately is derived
from mutant phenotypes. Disruption of Wntl in mouse generates deletions of the
midbrain and cerebellum (McMahon and Bradley, 1990; Thomas and Capecchi, 1990).
Wnt3a mutant mice exhibit hippocampal deletions (Lee et al., 2000), due to reduction in
proliferation of hippocampal cell precursors normally directed through B-Catenin/TCF
dependent transcription (Galceran et al., 2000). Both wnt/ and wnt3a are expressed along
the dorsal midline of the neural tube with redundant functions demonstrated in double
mutant mice which exhibit, compared with single mutants, a further reduction of the
posterior diencephalon, anterior hindbrain, spinal ganglia and neural crest derivatives

(Ikeya et al., 1997). wnts -7a, -7b and -3a are expressed in the hindbrain in a region of the
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developing postnatal cerebellum (Salinas et al., 1994; Lucas and Salinas, 1997). Here
they play a role in axonal remodeling and synaptic differentiation, as demonstrated for
Wnt7a (Hall et al.,, 2000), as well as maintaining subsequent cerebellar viability an
integrity through the Frizzled-4 receptor (Wang et al., 2001).

This chapter outlines the novel expression analysis of hPygo-2 in normal adu
human tissues through both dot blot and Western blot analysis. 1 propose that Pygo-2
proteins mediate a number of the above mentioned Wnt functions in the brai
Consistently, Apygo-2 encoded messages and protein accumulated within regions where
Wnt signaling is implicated in precursor proliferation, patterning, synaptogenesis a
maintenance, including the hippocampus, pituitary and cerebellum. These results confi
a conserved requirement for Pygo-2 proteins in the anterior nervous system from the ea

embryo to the adult.
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Primary antibodies used for immunoblotting included: hPygo-2 rabbit polyclonal
(created and characterized by P. Andrews, unpublished observations), B-Catenin goat

polyclonal (Santa Cruz), anti-phospho-GSK-3a/3 (Cell Signaling Technology).
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4.4 RESULTS

4.4.1 hpygo-2 mRNA is Expressed in Multiple Tissues With Highest Levels in t

Human Brain

The normal expression of Apygo-2 was analyzed in multiple human tissues (Figure
4.1) using probes against non-coding sequences. Messages were expressed in most of t
tissues tested, with a low level of background non-specific binding as indicated by t
human and prokaryotic DNA controls. This non-specificity likely results from sh
repeat sequences present within the probes used, as well as the high GC content of t
genetic sequence. However, semi-quantitative comparison (Table 4.1) showed high
levels in brain tissues, reproductive tissues (prostate) and glandular tissues (adrenal gla
and thyroid gland).

The spatial distribution of messages in brain tissues paralleled what I found
Xenopus laevis embryos (Lake and Kao, 2003b), with higher expression levels in br:
structures and lower levels in the spinal cord. This observation indicates a continu
function of Pygo-2 proteins in the brain following their earlier role in development a
specification (Lake and Kao, 2003b). hpygo-2 messages were detected within t
telencephalon at high levels in the parietal and temporal lobes of the cerebral cortex, t
paracentral gyrus, corpus callosum, caudate nucleus and the putamen. However, me:
levels were detected in frontal and occipital lobes, as well as the hippocampus and |
levels of messages accumulated in the amygdala. Message distribution within
diencephalon was low in the thalamus but high in the pituitary gland. Apygo-2 transcn

were also detected at moderate levels in the mesencephalon (midbrain) in the substan
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Table 4.1. hpygo-2 mRNA Levels By Dot Blot Analysis

Central Nervous System

Reproductive System

Colon, Transverse

Human Cot-1 DNA

Colon, Descending

Human DNA 100ng

Whole Brain ++ Placenta ++
Cerebral Cortex ++ Uterus +
Frontal Lobe ++ Prostate ++-
Parietal Lobe +++  Testis ++
Occipital Lobe ++ Ovary +
Temporal Lobe =+ Glandular Tissue
Paracentral Gyrus of Cerebral Cortex +++  Liver ++
Pituitary Gland ++++ Pancreas +
Pons ++ Adrenal Gland ++
Cerebellum, Left +++  Thyroid Gland ++
Cerebellum, Right ++++  Salivary Gland +
Corpus Callosum +++  Mammary Gland +
Amygdala + Cell Lines
Caudate Nucleus +++  Leukemia HL-60 +
Hippocampus ++ HeLa S3 +
Medulla Oblongata ++  Leukemia, K-562 +
Putamen +++  Leukemia, MOLT-4 +
Substantia Nigra ++ Burkitt's Lymphoma, Raji +
Accumbens Nucleus + Burkitt's Lymphoma, Daudi +
Thalamus + Colorectal Adenocarcinoma, SW4 +
Spinal Cord ++ Lung Carcinoma, A549 +
Cardiac Tissues Immune System
Heart + Spleen +
Aorta + Thymus +
Atrnium, Left + Peripheral Blood Leukocyte +
Atrium, Right + Lymph Node +
Ventricle, Left + Bone Marrow +
Ventricle, Right + Other
Interventricular Septum + Kidney +
Apex of Heart + Skeletal Muscle +
Esophagus + Trachea +
Gastro-Intestinal System Lung +

Stomach + Bladder +
Duodenum + Controls
Jejunum + Yeast Total RNA
Ileum ++ Yeast tRNA
Ilocecum ++ E. coli IRNA -
Appendix ++ E. coli DNA +
Colon, Ascending + Poly r(A)

+

+

+

Rectum

Human DNA 500 ng
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showed little to no detection of either phosphorylated GSK-3 isoform (Figure 4.2).
Outside of the brain, however, co-expression of B-Catenin and hPygo-2 was not reflected
in the phosphorylation state of GSK, since neither was expressed within the mammary
gland and only B-Catenin was expressed in the heart. These tissues demonstrate the
diversity of the pathway, with activity in the mammary gland possibly reflecting non-
canonical signal transduction and activity in the heart likely reflecting the utilization of

additional hPygo proteins (hPygo-1) by B-Catenin to mediate the canonical Wnt signal.
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4.5 DISCUSSION

The diversity of Wnt pathway constituents in promoting cellular events from
growth and differentiation to adhesion increases the need to identify isolated components
suitable as therapeutic targets for individual cellular programs, such as proliferation. This
demand was potentially met with the recent discovery of the Pygopus family of proteins
(Kramps et al., 2002; Thompson et al., 2002; Lake and Kao, 2003b), currently
representing the lowest identified point in the pathway. Indeed, my current expression
studies indicate that hPygo-2 activity is not ubiquitous and may be required for only a
limited set of tissue-specific processes, consistent with orthologous isoforms in Xenopus
laevis (chapter 3; Lake and Kao, 2003b).

Both messenger RNA and protein levels of Apygo-2 are differentially expressed in
adult human tissues, with a high level localized to fore-, mid- and hindbrain structures,
reproductive tissues (prostate) and glandular tissues (adrenal and thyroid). Interestingly,
tissues expressing hpygo-2 at relatively higher levels were also associated with
malignancies involving activi ng Wnt pathway mutations, including the cerebellum
(Dahmen et al., 2001; Howng et al., 2002; Baeza et al., 2003), pituitary (Semba et al.,
2001; Howng et al., 2002), th: >d (Garcia-Rostan et al., 2001; Ishigaki et al., 2002) and
prostate (Chesire et al., 2000; ( esire et al., 2002; Sharma et al., 2002; Yang et al., 2002a;
de la Taille et al., 2003). Wnt signaling has further been implicated in the embryonic
development of these same structures, including regions of the cortex such as the
hippocampus (Galceran et al., 2000; Lee et al., 2000) and major axonal tracts such as
thalamocortical, corticothalan : and nigrostriatal tracts, the anterior commissure and

corpus callosum (Wang et : , 2002). Wnt signaling is also involved in cerebellar
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(McMahon and Bradley, 1990; Thomas and Capecchi, 1990; Hall et al., 2000; Brault et
al., 2001; Wang et al., 2001), pituitary (Douglas et al., 2001; Kioussi et al., 2002), adrenal
gland (Eberhart and Argani, 2001; Heikkila et al., 2002; Gummow et al., 2003) and
prostate (Truica et al., 2000; ( :sire et al., 2002) development. Low levels of hpygo-2
mRNA were also observed in kidney, placenta and thymus; tissues developmentally
dependent on Wnt signaling (Eberhart and Argani, 2001, Staal and Clevers, 2003),
implying possible involvement in their embryonic patterning or later maintenance.
Therefore, while correlative, my observations indicate that hPygo-2 may be
involved in Wnt/B-Catenin ass« iated normal and/or abnormal molecular processes of the
brain (including cortex, cerebe 1im and pituitary), prostate, thyroid and adrenal gland. In
addition, these findings may id tify tissues expressing hPygo-2 that may have a potential
susceptibility to activating W: mutations for oncogenesis through B-Catenin/hPygo-2.
Alternatively, tissues known t have susceptibility to oncogenic canonical Wnt signals
that do not express hPygo-2 may require hPygo-1. However, this requires further
investigation, including charac rization of both normal and abnormal hPygo-1/hPygo-2
expression. In addition, any d :lopmental significance of either hPygo protein requires

extensive analysis of embryonic expression patterns.
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5.1 MULTIPLE SIGNALS PATTERN THE CNS

Throughout embryogenesis, multifaceted developmental programs that regulate
growth and differentiation of histogenically distinct structures tend to utilize common
molecular components. Among these are the Rel/NF-xB, Shh, BMP, FGF and Wnt
signaling cascades, each having potent effects on cellular behavior in multiple contexts to
regulate the expansion and organization of cellular precursors. As reviewed in chapter 1,
these growth factors are exten rely involved throughout neurectodermal morphogenesis
to establish both the DV and AP neuraxes.

The accumulated evidence from both my studies and from other laboratories
indicate that specification of the numerous neuronal constituents of the CNS requires the
generation of a grid-like expression pattern of genetic factors. The induction of this
pattern is coordinated by mult le signaling centers that specify the primary subdivisions
of the brain. This provides the -amework for the extensive expansion and morphogenesis
required to convert a sheet of  urectoderm into the complex 3-dimensional brain vesicles.

Basic medial-lateral identity has its earliest basis in neural plate formation during
gastrulation. Ectodermal cells overlying the organizer and expressing Xfd-/2’ undergo
extensive medial-lateral conv ence extension which bisects the field of more anteriorly
positioned cells (Keller et al., 992; Fetka et al., 2000). As such, based on proximity to
the organizer within the pro. ective neural field prior to gastrulation, more proximal
(posterior) cells (notoplate) w | populate the floorplate, and progressively more distant
(anterior) cells will compose concentrically arranged ventral (basal) and dorsal (alar)

fated rings by open neural | te stages. Differential expression of markers along these
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longitudinal domains generate the medial-lateral or ventral-dorsal divisions of the CNS.
Such longitudinal identity is derived from signals emanating first from mesendoderm
(anti-BMPs, Nodals, Shh) and the adjacent non-neural ectoderm (Wnts, BMPs) at open
neural plate stages.

Later, following neurulation, the mesendoderm (Nodals, Shh, anti-BMPs) in
conjunction with both a dorsal signaling centre or roof plate (BMPs, Wnts) and ventral
signaling centre or floorplate (Shh, Nodals) in the neural tube continue to define and
refine the DV pattern of neuronal precursors (reviewed in chapter 1; Lake and Kao,
2003a). The non-homogeneous nature of the organizer also endows differential anterior-
posterior character onto the neuraxis, enabling transversely bisecting organizers to form at
the juxtaposition of distinctly specified domains. As such the ANR (which expresses
FGF8) at the anterior-most limit of the neurectoderm and the IsO (FGF8, Wntl) at the
mid-hindbrain junction (the boundary of Otx2/Gbx2 expression) form and pattern
adjacent forebrain and mid-hindbrain tissues, respectively (reviewed in chapter 1; Lake
and Kao, 2003a).

The means by which these signaling centers are established and by which they
direct the growth and differentiation of the brain to generate its immensely complex
structure remains poorly understood. This thesis provides insight into the processes by
which key neural patterning genes are choreographed during embryonic brain
development (summarized in Figure 5.1). Xenopus Rel/NF-kB is necessary for the
expression of otx2 within the anterior neurectoderm as a prerequisite of retinal and fore-

midbrain specification and positioning of the IsO (reviewed in chapter 1; Lake and Kao,
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derivatives (cerebral cortex and basal ganglia), a process that occurs at later stages than
eye vesicle evagination (Figure 1.3).

While antagonism of Wnt signaling is a necessary step in telencephalon
specification during ne al plate stages (Kiecker and Niehrs, 2001b; Nordstrom et al.,
2002; Houart et al., 2 2), chapter 3 demonstrates that components of this pathway,
XPygo-2a. and XPygo-2f3, are required for the expression of Xenopus bfl. These
components must therefore promote both proliferation at high concentrations of bf1
expression and neuroge esis at low concentrations (Bourguignon et al., 1998) for growth
and differentiation of e telencephalic and optic vesicles. Wnts also play roles in
mitogenesis and dors. specification of the telencephalon later in development in part
through direct activati , in conjunction with BMPs, of emx2 expression (Thelil et al.,
2002).

To account for is apparent contradictory role of Wnts in forebrain patterning,
recent studies in chick have proposed a switch in competence after the early Wnt-
independent phase of  cification of prospective telencephali to a phase requiring Wnt
signals to block ventr: 1d induce dorsal identity (Gunhaga et al., 2003). Consistent with
this scenario, several ts become expressed within the forebrain of mice (Patapoutian
and Reichard, 2000; K 1 et al., 2001; Coyle-Rink et al., 2002), chicks (Hollyday et al.,
1995) and frogs (Woldz nd Moon, 1992; Wolda et al., 1993; Cui et al., 1995; Landesman
and Sokol, 1997).

It has been prc  ed (Gunhaga et al., 2003) that prospective telencephalic cells at

the open neural pl: stage are intrinsically ventral in identity by exposure to
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mesendodermal signals such as provided by Shh (Gunhaga et al., 2000). However, at
neural fold stages the lateral and prospective dorsal cells are exposed to Wnt (Wnt1 and
Wnt4) and BMP signals from adjacent non-neural ectoderm, while medial or prospective
ventral telencephalic cells are exposed to ANR derived FGF8. Wnt blocks the potential
ventral telencephalic fate and through induction of markers such as Pax6, specifies dors:
telencephalic cells. Following neural tube closure, Wnt8b becomes expressed in the
dorsal telencephalic cells and FGF8 expands into the dorsal midline for coordinated roles
with Wnt and BMP signals in regulating dorsal telencephalic and midline fate (Gunhag
et al., 2003).

Results in Xenopus (chapter 3), showing the loss of both Xpax6 and Xbf7 in t
neural tube following d: letion of XPygo-2 suggest that the process described above ma
be conserved in frog forebrain morphogenesis. These results also further strengthen the
existence of a biphasic requirement for Wnt signaling in specification of this tissue, wi
the later phase occurt g at the end of gastrulation (stage ~12) dependent on the
expression of XPygo-2a/B isoforms. The early phase of Wnt-induced caudalization lik¢
reflects a role in reg1 ting retinoic acid dependent neural posteriorization throu,
CYP26 restriction ante rly (Kudoh et al., 2002). Therefore, expression of XPygo-2
the anterior neurectode: 1 can be considered the molecular switch in cellular competen

to Wnt signals that enal s the transition between these two phases.
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5.2.2. Forebrain Patterning by a Conserved Mechanism Involved in the Developing
Limb

To understand the extensive molecular processes involved in outgrowth of
telencephalic and optic primordia in mouse and chick, recent studies have drawn
comparisons between genetic networks involved in the morphogenesis of the limb and
prosencephalon (Crossley et al., 2001; Ohkubo et al., 2002). FGF8 is initially expressed
within the ANR which overlaps the rostral prosencephalon fated to form the rostromedial
telencephalon and later becomes expressed in the optic vesicles (Crossley et al., 1996;
Shanmugalingam et al., 2000; Xu et al., 2000; Crossley et al., 2001), likely due to an
influx of migrating ANR cells into this region as shown in Xenopus (Eagleson et al.,
1995). These expression domains become juxtaposed with that of Shh and BMP in the
ventral and dorsal domains, respectively, of the telencephalon and optic stalk (Crossley et
al., 2001; Ohkubo et al., 2002).

This tripartite signaling center resembles that in the limb bud, with FGF
expression in the apical ectodermal ridge (AER), BMP expression in the mesenchyme
and Shh in the zone of polarizing activity (ZPA), regulating the pattern and expansion of
a population of mesenchymal cells known as the progress zone (reviewed in Capdevila
and Izpisua Belmonte, 2001; Niswander, 2002; Wolpert, 2002; Panman and Zeller, 2003).
The activity of this center requires interdependent regulation of each signaling molecule’s
expression. This involves negative regulation between Shh and BMP in addition to
maintainance of Fgf8 expression by Shh and repression by BMP (Buckland et al., 1998;

Pizette and Niswander, 1999; Zuniga et al., 1999; Sun et al., 2000; Krauss et al., 2001).
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These interdynamics are also found in the telencephalon (Golden et al., 1999; Anderson
et al., 2002; Ohkubo et al., 2002).

Consistent with a conservation of mitogenic and morphogenetic activities between
the limb and forebrain, Wnt signals were found to be required at multiple levels of limb
development including a role in dorsoventral patterning (Kawakami et al., 2000;
Kawakami et al., 2001; Chen and Johnson, 2002; Church and Francis-West, 2002;
Barrow et al., 2003; Soshnikova et al., 2003) reminiscent of that found in the
prosencephalon (Theil et al.,, 2002; Gunhaga et al., 2003; Lake and Kao, 2003Db).
Similarly, Rel/NF-kB, when antagonized, causes aberrant development and reduced Shh
expression in the limb (Bushdid et al., 1998; Kanegae et al., 1998) and, as I have shown,
in the brain (Chapter 2). Therefore, the results presented in my thesis imply the
conservation of Rel/NF-«xB regulated expression of Shh between these two developmental
paradigms. They further support the hypothesis that coordinated behavior of numerous
signaling pathways generates distinct structures based on the temporal and spatial

differences of their combined activities.
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