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CHAPTERI

INTRODUCTION

Gastrulation is the first morphogenetic event occurring during animal
embryonic development. During gastrulation the three germ layers, ectoderm,
mesoderm and endoderm, form, the body axes are established, and the organ
rudiments are positioned along the body axes. These defining features of
gastrulation are achieved through a combination of patterning events and
morphogenetic movements that transform a radially symmetric blastula into a
polarized gastrula with defined anterior-posterior (AP), and dorsal-ventral (DV)
axes. AP axis lies along the animal-vegetal (AV) axis, which is specified during
oogenesis and marks the first polarity of the future embryo. In oocytes, the
transiently present Balbiani body (Bb) is the earliest indicator of the AV axis
(Figure 1A). The Bb forms adjacent to the nucleus as a collection of organelles
including mitochondria and endoplasmic reticulum membranes, proteins and
RNAs. It subsequently translocates to the vegetal pole, delivers its cargo and
disperses. The molecular mechanisms underlying AV axis formation and its
relationship to the Bb are largely unknown (Marlow 2010).

The mature zebrafish oocyte is radially symmetric about the animal-
vegetal axis, and no DV asymmetry is evident prior to fertilization. In amphibian
and zebrafish, the Canonical Wnt pathway plays a pivotal role in dorsal

specification (De Robertis 2006; De Robertis & Kuroda 2004; Schier & Talbot



2005). Dorsal determinants such as the transcript of Wnt8a, the ligand of the
canonical Wnt pathway, and RNAs encoding its transporting machinery such as
Syntabulin localize to the Bb and are transported during oogenesis to the vegetal
pole (Lu et al 2011; Nojima et al 2010). Subsequently, they move along the
microtubule array to the prospective dorsal side where they activate the
canonical Wnt pathway (Figure 1B) (Lu et al 2011; Nojima et al 2010). Activation
of the canonical Wnt pathway at the dorsal side of the embryo is demarcated by
B-catenin accumulation in nuclei of blastomeres close to the blastoderm-yolk
margin as early as the 128-cell stage and later in the nuclei of the yolk syncytial
layer after its formation at 500-1,000 cell stage (Figure 1C) (Lu et al 2011;
Schneider et al 1996). Upon initiation of zygotic transcription at the mid-blastula
transition (1000-cell stage; 3 hours post fertilization, hpf), B-catenin activates the
transcription of genes whose protein products antagonize the action of
ventralizing Bone Morphogenetic Protein (BMP) secreted factors or repress their
expression on the dorsal side (Gonzalez et al 2000; Goutel et al 2000; Langdon
& Mullins 2011; Little & Mullins 2006; Marlow 2010; Reim & Brand 2006; Schier &
Talbot 2005).

At late blastula stage, the progenitors of the three germ layers are
specified in the blastoderm along the AV axis, with ectodermal progenitors
located within the first several tiers from the animal pole, endodermal progenitors
in the marginal tier right above the yolk and mesodermal progenitors intermingled
with endodermal progenitors in the marginal tier and tiers next to the margin

(Figure 1D). Members of the Nodal family of TGFf signals play essential roles in



mesoendodermal induction and patterning (Schier & Talbot 2005). Both Nodal
ligands Cyclops (Cyc) and Squint (Sqt) are expressed in the first three tiers of
blastomeres at the margin and Sqt is also expressed in the yolk syncytial layer
(Erter et al 1998; Feldman et al 1998). Cyc acts locally while the morphogen Sqt
can travel efficiently to induce mesoendodermal cell fates at a distance from the
source and in a concentration dependent manner (Chen & Schier 2001; Muller et
al 2012). The extent of Nodal signaling is refined by the expression of their
feedback antagonists, including Leftyl & 2, to ensure proper induction of
progenitors giving rise to the future three germ layers (Chen & Schier 2002;
Feldman et al 2002; Muller et al 2012). Despite these significant inductive events
that specify embryonic axes and germ layers during blastula stages, the embryo
remains as a semi-sphere of morphologically indistinguishable blastomeres
sitting on top of the yolk.

During gastrulation, embryonic cells engage in concerted morphogenetic
movements to generate morphologically evident DV and AP body axes and to
place organ progenitors at specific DV and AP positions. Gastrulation
movements include epiboly, internalization, convergence and extension (Figure
1D-F) (Roszko et al 2009; Solnica-Krezel 2005; Yin et al 2009). In zebrafish,
epiboly starts at the late blastula stage (i.e. after 4 hpf). It is characterized by the
spreading of cells over the yolk, and movement of the yolk syncytial nuclei within
the yolk cell, from the animal pole towards the vegetal pole (Figure 1D and E).
Epiboly proceeds until the yolk cell is entirely engulfed by the embryonic cells. At

5.25 hpf, endodermal and then mesodermal progenitor cells at the blastoderm



margin begin to internalize via synchronized ingression of individual cells,creating
a ring-like structure around the equator of the embryos, known as the germ ring

(Figure 1D). Internalization marks the onset of the gastrula period. Cells that are

A B C
Stage | ooctye Activated eqgg 1000-Cell

D E F
Germ-ring 70% Epiboly Tailbud

Figure 1. Stages of zebrafish oogenesis and early embryogenesis. Animal
pole up. Lateral views in (B-F), dorsal right. Blue dots in (B) represent dorsal
determinant and green lines represent microtubule network. Orange dots in
(C) represent nuclear p-Catenin and grey dots represent yolk syncytial layer
nuclei. Purple arrows in (D) and (E) mark epiboly, magenta arrows in (D) mark
internalization, blue arrows in (E) and (F) mark convergence, and orange
arrows in (E) and (F) mark extension movements. N, nucleus; B, Balbiani
body; E, ectoderm; ME, mesoendoderm.



not internalized form the definitive ectoderm. Convergence movements are
characterized as the dorsal-ward movement of cells from lateral positions,
resulting in DV, or mediolateral (ML) narrowing of all germ layers (Figure 1E and
F). Convergence starts locally in the dorsal, thick portion of the germ ring known
as the embryonic shield, the zebrafish equivalent of the Spemann-Mangold
dorsal gastrula organizer. Subsequently, convergence spreads to lateral regions
and causes the embryo to narrow mediolaterally (Figure 1E and F) (Sepich &
Solnica-Krezel 2005). Cells in the ventral-most gastrula region do not engage in
convergence. Instead they undergo epibolic migration towards the vegetal pole,
where they contribute to tail morphogenesis (Myers et al 2002a). As cells show
bias towards dorsal or vegetal, depending on their AP location, during dorsal-
ward migration the converging cell population fans out anterio-posteriorly, which
contributes to the lengthening of the tissue (extension) (Figure 1D) (Sepich et al
2005). When cells approach the dorsal side of the embryo, they undergo
dramatic changes in behaviors and engage in polarized cell intercalations that
drive efficient convergence and extension movements to elongate the embryo
anterio-posteriorly (Figure 1F). The gastrula period ends when the embryonic
tissue covers the entire yolk, marking 100% epiboly. However, extensive C&E
movements persist into segmentation stages (Gonzalez et al 2000; Little &
Mullins 2006; Schier & Talbot 2005; Solnica-Krezel 2005; Westerfield 2000).

A remarkable feature of gastrulation is that cells are concurrently
undergoing complex morphogenetic movements as their fates are being

specified, which raises the question of how these seemingly distinct processes



are integrated within individual cells and coordinated throughout the whole
embryo. Interestingly, in the last decade the major morphogens that pattern the
embryo have been discovered to simultaneously instruct cell fate specification
and control cell movements during gastrulation (Branford & Yost 2002; Carmany-
Rampey & Schier 2001; Ciruna & Rossant 2001; Feldman et al 2002; Myers et al
2002b; von der Hardt et al 2007). It was recently discovered that BMP signaling
specifies cell fates in an anterior-to-posterior sequence. Cell fates in the anterior
region are specified at the onset of gastrulation, whereas those in more caudal
region are patterned at progressively later stages during gastrulation (Tucker et
al 2008). In parallel to instructing cell fates during gastrulation, the ventral to
dorsal BMP gradient regulates cell movements, limiting convergence and
extension movements to dorsolateral gastrula regions (Myers et al 2002a; von
der Hardt et al 2007).

Gastrulation is highly conserved across vertebrate species, including
humans. In human embryos, gastrulation occurs during the third and fourth
weeks of gestation. As is the case for zebrafish gastrulation, this evolutionarily
conserved morphogenetic process also produces the three germ layers,
establishes the body axes, AP, DV, and left-right, and specifies the cell fates of
various organs such as the brain and eye anlagen of the human embryo (Sadler
2010). During the gastrula period, embryos are highly sensitive to teratogenic
insults. For example, high doses of alcohol during this stage can kill cells in the
anterior midline of the germ disc, producing a deficiency of midline cells that

normally give rise to craniofacial structures resulting in holoprosencephaly



(Cohen & Shiota 2002). Children with viable forms of holoprosencephaly, have a
small forebrain, medially merged lateral ventricles, and eyes that are close
together. Mutations or functional disruption of genes with critical functions during
gastrulation could thus lead to similar devastating consequences to the
developing embryo. On the other hand, disruption of genes regulating posterior
mesoderm formation during gastrulation cause caudal dysgenesis (Sadler 2010).
Because caudal mesoderm contributes to the formation of the lower limbs,
urogenital system and lumbosacral vertebrae, affected individuals exhibit a
variable range of defects, including hypoplasia and fusion of the lower limbs,
vertebral abnormalities, renal agenesis, imperforate anus, and anomalies of the
genital organs. In addition, abnormal function of genes regulating establishment
of the left-right axis results in situs inversus, a condition in which the major
visceral organs are reversed from left to right as a mirror image of the normal
condition, or situs ambiguous, which is the randomization of the organs with
respect to their normal positions (Levin 2004). The abnormal persistence of
primitive streak in the sacrococcygeal region or abnormal migration of primordial
germ cells during gastrulation can also cause tumor growth in children (Rescorla
2012). Sacrococcygeal teratomas, which commonly contain tissues derived from
all three germ layers are the most common tumors diagnosed in newborns,
occurring with a frequency of one in 37,000 (Sadler 2010). As gastrulation is
critical for normal vertebrate embryonic development, including humans, studying
the conserved cell behaviors and signaling pathways regulating gastrulation shall

greatly aid our understanding about normal gastrulation process and developing



preventive and therapeutic innovations to treat gastrulation-related congenital

anomalies in humans.

Cell behaviors driving gastrulation movements and their underlying
molecular mechanisms

At the cellular level, epiboly is the result of intense radial intercalation of
cells positioned in deeper regions into more superficial layers, resulting in a
thinning and spreading of the embryonic tissue over the yolk (Figure 2A)
(Solnica-Krezel & Driever 1994; Warga & Kimmel 1990). The bias of intercalation
towards superficial layers has been attributed to the differential adhesion
properties between cell layers based on the studies of E-cadherin or Cadherin 1
(Cdh1) function during zebrafish gastrulation (Kane et al 1996; Kane et al 2005).
Kane et al. reported a gradual increase of cdh1 transcript levels progressing from
deep to superficial layers of zebrafish gastrula at the shield stage. They reasoned
that higher E-cadherin/Cdh1 levels were required to maintain cells in the exterior
layer after radial intercalation, since in half baked/E-cadherin/cdh1 mutant
embryos, the rate of radial intercalation was not changed, but cells were more
likely to fall back into deeper layers after intercalation (Kane et al 2005). By
contrast, Montero et al. argued that embryos, injected with E-cadherin/cdh1
antisense morpholino oligonucleotides (MO) to block E-cadherin/Cdh1 function,
had reduced radial intercalation at 65% epiboly (Montero et al 2005). Although
these two reports fail to reach a unified conclusion, they both suggest that an E-

cadherin/Cdh1 gradient could provide directionality for biased cell



rearrangement. Furthermore, the heterotrimeric G proteins, Gi213, have been
reported to regulate epiboly by binding to the intracellular domain of E-
cadherin/Cdh1 and inhibiting its activity in mediating adhesion (Lin et al 2008).
Another cadherin-repeat containing protein family, the Celsr (Cadherin EGF LAG
seven-pass G-type receptors, vertebrate homologues of Drosophila Flamingo
,Fmi) adhesion GPCRs have also been shown to contribute to epiboly (Carreira-
Barbosa et al 2009). Interestingly, although Celsr/Fmi proteins are better known
as core components of the planar cell polarity (PCP) pathway, these molecules
are thought to regulate epiboly independent of the PCP pathway. Instead, Celsrs
are predicted to function in epiboly as modulators of cellular adhesion via
homophilic interaction (Carreira-Barbosa et al 2009).

At the beginning of the gastrula period, mesoendodermal precursors at the
blastoderm margin internalize and migrate beneath the surface ectodermal cells
towards the animal pole (Figure 1C) (Sepich et al 2005). The tight association
between internalization and induction of mesoendoderm is evident in embryos
lacking Nodal signaling in which this movement is blocked and mesoendodermal
cells are largely absent. Conversely, in embryos with elevated Nodal signaling,
internalization is prolonged and mesoendoderm is expanded (Carmany-Rampey
& Schier 2001; Feldman et al 2002; Feldman et al 2000). Synchronized
ingression from exterior to interior positions as individual cells is likely the
mechanism cells employ during internalization (Fig. 1.2 B) (Adams & Kimmel
2004; Carmany-Rampey & Schier 2001; Keller et al 2008; Montero et al 2005;

Schier & Talbot 2005). Signal transducer and activator of transcription 3 (Stat3)



plays an important role during gastrulation. Beside its non-cell autonomous role
in regulating C&E of the lateral mesoderm, Stat3 regulates the anterior migration
of gastrula organizer cells cell-autonomously by activating its downstream target
Livl. The activation of Liv1 is essential for the nuclear localization of the zinc-
finger protein Snail, an evolutionarily conserved negative regulator of E-cadherin
/cdh1 gene transcription and consequently of cell delamination and directed
migration (Barrallo-Gimeno & Nieto 2005; Yamashita et al 2002; Yamashita et al
2004). Snail1 can also be stabilized by Prostaglandin E(2) (PGE2) signal and
consequently negatively regulates E-cadherin/Cdh1 transcript abundance (Speirs
et al). PGE2 also regulates E-Cadherin/Cdh1 protein levels independent of Snail
by an unknown mechanism. Together, regulation of E-Cadherin/Cdh1 RNA and
protein enable the precise and rapid regulation of cell adhesion that is required
for the dynamic cell behaviors driving various gastrulation movements, including
internalization (Speirs et al).

While epiboly and the directed migration of internalized cells toward the
animal pole help to spread the cells along the AP axis, C&E serves as the main
mechanism to narrow the embryo from back to belly and lengthen it from head to
tail. Although precursors of all three germ layers participate in C&E, the specific
cell behaviors utilized by cells within each germ layer and in different regions of
the gastrula can vary (Concha & Adams 1998; Nair & Schilling 2008; Pezeron et
al 2008; Yin et al 2009). For mesoderm in particular, cells in distinct DV zones
adopt different behaviors to accomplish C&E (Jessen et al 2002; Myers et al

2002a; Solnica-Krezel 2006; Yin et al 2009). Cells in a 20-30° arc of the ventral
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Figure 2. Cell behaviors driving zebrafish gastrulation movements. (A)
Polarized radial intercalation from interior (i) layers to exterior (e) layers driving
epiboly movement. (B) Ingression of cells at the marginal layers resulting in
internalization of mesoendoderm, whereas ectoderm cells do not undergo
internalization, but engage in epiboly. Red, endodermal cells; yellow,
mesodermal cells; and blue, ectodermal cells. Orange arrow represents the
trajectory of internalized cells and blue arrow depicts epibolic movements. (C)
Slow dorsal-directed migration. (D) Fast dorsal-directed migration. (E)
Mediolateral intercalation. (F) Anterior-posterior-directed radial intercalation.

(G) Anterior-directed migration.
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margin constitute the no convergence no extension zone. Upon internalization,
they initially spread over the yolk and later move toward the vegetal pole (Myers
et al 2002a). In the lateral mesoderm, dorsally directed cell migration is the main
behavior contributing to C&E. At midgastrulation or around 70% epiboly (7.7hpf),
these laterally localized cells start to migrate in a dorsal direction with either an
animal or vegetal bias according to their position along the AP axis. They often
change directions and thereby the net dorsal speed is very slow (Figure 2C). This
fanning out effect leads to modest net C&E movements (Sepich et al 2005). At
late gastrulation, the lateral mesodermal cells approaching the midline become
mediolaterally elongated and undergo dorsal migration along straight paths,
achieving a high net speed (Jessen et al 2002; Marlow et al 2002) and therefore
fast convergence (Figure 2D). In the medial presomitic mesoderm, adjacent to
the midline, cells become highly elongated, align parallel to the ML equator and
intercalate preferentially in this direction to lengthen the embryo anterio-
posteriorly (Figure 2E) (Jessen et al 2002; Marlow et al 2002; Schier & Talbot
2005; Solnica-Krezel 2006; Topczewski et al 2001). In addition, polarized radial
intercalation of cells preferentially separating anterior and posterior neighboring
cells in the paraxial mesoderm also contributes to lengthening of the embryo (Yin
et al 2008) (Figure 2F). In the axial mesoderm, the prechordal plate precursors
migrate directly toward the animal pole, contributing to anterior extension of the
axial tissue (Figure 2G) (Heisenberg et al 2000; Yamashita et al 2002; Yamashita
et al 2004). In contrast, cells from the trunk axial mesoderm are mediolaterally

elongated and aligned and undergo mediolateral intercalation, resulting in

12



modest convergence and rapid extension (Figure 2E) (Glickman et al 2003; Lin
et al 2005; Warga & Kimmel 1990).

C&E movements are highly coordinated along the embryonic axes. To
achieve such highly ordered large-scale directed cell movements, cells likely rely
on mechanisms, such as direct contacts with their neighbors and other
extracellular cues, as they move according to their coordinates with respect to
the DV and AP axes. Gradients formed by differential adhesion or secreted
extracellular cues have been widely used in biological processes to fulfill such
requirements and these mechanisms have also been proposed to instruct C&E
movements. (Rohde & Heisenberg 2007; Sepich et al 2005; Solnica-Krezel 2006;
Yin et al 2009). How differential adhesion might contribute to C&E is evident from
studies of BMP signaling during gastrulation. Specifically, BMP signaling was
proposed to regulate C&E movements by negatively regulating adhesion through
a mechanism independent from its role in fate specification (Myers et al 2002a;
von der Hardt et al 2007). Since BMP signaling forms an activity gradient that
declines from the ventral to dorsal gastrula regions, it was hypothesized that a
reciprocal increase in cell adhesion from ventral to dorsal regions mediates
convergence of lateral mesodermal cells. On the other hand, cells could be
attracted by a gradient formed by a secreted signal from the dorsal region of the
embryo. However, these potential mechanisms are not mutually exclusive. An
intriguing line of evidence supporting the existence of a molecule(s) secreted
from the dorsal midline comes from the identification of Stat3 as a C&E regulator.

Activation of Stat3 in the dorsal gastrula region has been hypothesized to
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activate transcription of a secreted factor(s), which non-cell autonomously
regulates convergence of lateral mesoderm cells (Miyagi et al 2004; Yamashita
et al 2002). However, so far, the hypothetical secreted factor(s) has not been
identified. Through forward genetic approaches and other functional analyses,
components of the Wnt/planar cell polarity (PCP) pathway have been uncovered
as regulators of C&E movements, rendering the Wnt/PCP pathway the best
studied pathway regulating C&E movements in all vertebrates from fish to
mammals (Gray et al 2011; Tada & Kai 2009; Yin et al 2009). The contribution of
this and other signaling pathways to C&E will be discussed in detail in the

following sections.

PCP signaling regulates C&E movements

The vertebrate Wnt/PCP pathway is the equivalent of the Drosophila PCP
pathway, which orients structures such as wing hairs and ommatidia in the plane
of epithelia (Adler et al 1997; Feiguin et al 2001; Krasnow & Adler 1994; Krasnow
et al 1995; Simons & Mlodzik 2008; Strutt 2001; Strutt et al 1997; Usui et al
1999). As suggested by its name, the PCP pathway mainly regulates polarized
features across the plane of tissues, which in epithelial tissues is perpendicular to
the apico-basal axis of the cells comprising the tissue. However, in vertebrates,
Wnt/PCP pathway dependent processes are not restricted to epithelial tissues
(Goodrich & Strutt 2011; Gray et al 2011). As an example, during gastrulation,
Wnt/PCP pathway regulates planar polarity of mesenchymal cell populations

(Gray et al 2011; Roszko et al 2009; Tada & Kai 2009).
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In zebrafish, the Wnt/PCP pathway is required for C&E gastrulation movements,
caudal migration of facial branchiomotor neurons (FBMNs) and polarized
distribution of the microtubule organizing center and cilia (Borovina et al ;
Roszko et al 2009; Sepich et al 2011; Tada & Kai 2009; Wada & Okamoto 2009).
The vertebrate Wnt/PCP pathway is composed of extracellular ligands, i.e. Wnts,
membrane and intracellular components (Figure 3) (Gray et al 2011; Roszko et al
2009; Tada & Kai 2009). A hallmark of genes controlling planar cell polarity is
that both loss and gain of their activity cause similar cell polarity defects and
impair processes such as C&E that depend on polarized cell behaviors (Bastock
et al 2003; Carreira-Barbosa et al 2009; Heisenberg et al 2000; Jessen et al
2002; Krasnow & Adler 1994; Krasnow et al 1995; Marlow et al 2002; Usui et al
1999). In the process of zebrafish C&E movements, Wnt5 and Wnt11 are the key
ligands as both gain- and loss-of-function (LOF and GOF) of these Wnts lead to
C&E defects. They likely function in a partially redundant fashion in regulating
zebrafish C&E movements (Heisenberg et al 2000; Kilian et al 2003). In
Drosophila the core PCP membrane components include the receptor Frizzled
(Fz), and four-pass transmembrane protein Van gogh (Vang) /Strabismus and
another seven-pass transmembrane protocadherin Flamingo (Fmi)/Starry Night.
The current view is that the activity of Fz receptor determines PCP pathway
activity, but the molecular mechanism of Fz activation in this process remains
unclear (Goodrich & Strutt 2011). Aggregation experiments in S2 cells as well as

cultured zebrafish embryonic cells suggest that Fmi can
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interact homophilically via its extracellular cadherin repeats (Carreira-Barbosa et
al 2009; Usui et al 1999). In addition, it has also been hypothesized to interact
with Fz and Vang to form asymmetric complexes on juxtaposed cell membranes
(Strutt et al 2011). The functions of these three proteins are conserved in
vertebrates, as multiple vertebrate homologues, Fz2 and Fz7, Trilobite/Vang
gogh-like 2 (Tri/Vangl2) and Celsr1a, 1b and 2 (Vertebrate homologues of Fmi)
have been shown to function during C&E (Carreira-Barbosa et al 2009;
Formstone & Mason 2005; Jessen et al 2002; Kilian et al 2003; Park & Moon
2002). Interestingly, vertebrate PCP signaling employs additional factors,
including membrane-associated proteins to modulate C&E. A role for the GPI-
anchored extracellular heparan sulfate proteoglycan Knypek/Glypican4
(Kny/Gpc4) in potentiating Wnt/PCP signaling has been identified in zebrafish
mutagenesis screens (Topczewski et al 2001). In addition, a receptor related to
tyrosine kinase (Ryk) has been proposed to function downstream of Wnt5b to
provide directionality to cells undergoing C&E (Lin et al). However, other studies
do not support an instructive role for Wnt/PCP signaling in directing dorsal
migration (reviewed in (Gray et al 2011)). In Xenopus, the cell-surface
transmembrane heparan sulfate proteoglycan xSyndecan-4 interacts functionally
and biochemically with Fz7 and Dishevelled (Dvl). It can recruit Dvl to the
membrane upon binding to Fibronectin (Munoz et al 2006).

Upon binding to Wnt, Fz recruits Dvl, the intracellular signal transducer of
Wnt/PCP signaling, to the cell membrane. Dvl membrane translocation is thought

to be a prerequisite for the activation of PCP signaling (Wallingford et al 2000).
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Three functional domains have been defined in Dvl, the N-terminal DIX
(Dishevelled and Axin) domain, the middle PDZ (PSD95, Dishevelled and ZO-1)
domain and the C-terminal DEP (Dishevelled, Egl-10 and Pleckstrin) domain
(Gao & Chen). DIX is not required for PCP signaling, as a N-terminally truncated
Dvl, which lacks the DIX domain, can suppress the defects resulting from
disruption of Wnt11 function in both zebrafish and Xenopus (Heisenberg et al
2000; Tada & Smith 2000). In contrast, both PDZ and DEP domains are required
for PCP signaling (Pan et al 2004; Sokol 1996; Wallingford et al 2000). Besides
Dvl, Diego (Diversin and Inversin in vertebrates) and Prickle (Pk) are two
additional cytoplasmic core PCP components (Simons & Mlodzik 2008) and their
conserved function in vertebrates has been confirmed in a number of studies
(Carreira-Barbosa et al 2003; Moeller et al 2006; Simons et al 2005). Prickle
forms a complex with Vang, whereas Diego interacts with Fz and Fmi (Feiguin et
al 2001; Jenny et al 2003a). Interestingly, Diego, Vang and Prickle can all
interact with Dvl. Moreover, Prickle competes with Diego for Dvl binding, likely
promoting Dvl degradation (Carreira-Barbosa et al 2003; Jenny et al 2005).
Additional cytoplasmic proteins have also been reported to interact with Dvl.
Casein kinase alpha and | epsilon positively regulate planar cell polarity via Dvl
phosphorylation (Klein et al 2006). An essential function of Protein kinase C 9 for
Dvl membrane translocation and function in Wnt/PCP signaling has been
demonstrated during Xenopus convergent extension movements (Kinoshita et al
2003).

As the molecular hub of the Wnt/PCP pathway, Dvl mediates PCP
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signaling by activating multiple small GTPases, which cycle between their
inactive GDP-bound and active GTP-bound form to regulate diverse cellular
processes including cytoskeletal rearrangement, cell adhesion and transcription
(Hall & Nobes 2000; Kaibuchi et al 1999; Van Aelst & Symons 2002). Rho and its
downstream kinase Rok/Rock are well characterized downstream effectors of Dvl
in multiple model systems (Habas et al 2001; Marlow et al 2002; Nishimura et al
2012; Winter et al 2001; Zhu et al 2006). In zebrafish, interference with RhoA or
Rok/Rock functions lead to C&E defects and moderate overexpression of these
proteins is able to suppress the defects in slb/wnt11 or pipetail/wnt5 mutants
(Marlow et al 2002; Zhu et al 2006). In Xenopus and recently in mouse, Dvl
associated activator of morphogenesis 1 (Daam1), a Formin homology protein,
has been shown to mediate RhoA pathway activation downstream of Fz and Dvl
(Habas et al 2001; Nishimura et al 2012). Activated Rok can activate myosin light
chain (MLC) via phosphorylation and activated MLC has been implicated in the
contraction of various actin-based structures (Hartman et al 2011). Dvl can also
form a Wnt-induced complex with Rac, another regulator of the cytoskeleton, via
its DEP domain. Moreover, a truncated Dvl with only its DEP domain can activate
C-Jun kinase (JNK) through Rac (Habas et al 2003). Consistently, depletion or
inhibition of Rac as well as JNK perturbs Xenopus gastrulation (Habas et al
2003; Yamanaka et al 2002). JNK, once activated by Cdc42, has been reported
to promote expression of paraxial protocadherin (PAPC) (Schambony & Wedlich

2007). In another study, Cdc42 was shown to regulate cell adhesion during
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Xenopus gastrulation (Choi & Han 2002). In summary, the core PCP components
identified in Drosophila are conserved in vertebrates, where they regulate C&E
gastrulation movements along with additional vertebrate specific Wnt/PCP

pathway components.

Polarized distribution of PCP components

Asymmetric localization of subsets of PCP pathway components to
opposing cell membranes correlates with planar polarity of the tissues in both
Drosophila and in vertebrates. However, whether this is a cause or consequence
of cell polarization and the functional significance of these polarized localization
patterns remains unsettled. Adult fly wing is composed of two layers of
hexagonally shaped epithelial cells, which are positioned in parallel with two
vertices pointing in the proximal-distal direction. Wing hairs are assembled at the
distal-most cell vertex and grow distally, demarcating the planar asymmetry of
the epithelia (Figure 4A). Prior to this asymmetrical hair growth, Fz together with
Dsh (Dvl in vertebrates) and Diego localize to the distal, whereas
Vang/Strabismus and Prickle localize to the proximal membrane of cells in
(Figure 4B) (Goodrich & Strutt 2011; Gray et al 2011). Significantly, stereotyped
asymmetric localization of Pk and Dvl on the respective anterior and posterior
membranes has also been observed in neural keel and dorsal mesodermal cells
undergoing C&E in zebrafish (Ciruna et al 2006; Yin et al 2008) (Figure 4D), and
in the cells of the organs that generate the left-right asymmetry, ie. the

gastrocoel roof plate in Xenopus and the node in mouse (Antic et al 2010).
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Figure 4. Polarized distribution of PCP components in Drosophila and
zebrafish. (A) A portion of Drosophila wing epithelia with wing hair pointing
toward the distal tip of the wing. P, proximal; D, distal. (B) The enlarged view
of boxed area in (A). Orange colored hemispheres represent the distal PCP
supramolecular complex and blue colored hemispheres represent the proximal
PCP supramolecular complex. (C) The enlarged view of boxed area in (B).
Fmi in light brown, Fz in brown, Stbm in Blue, Dsh in green, Dgo in purple and
Pk in light purple. Red arrows indicate recruitment and black blunted arrows
indicate exclusion. (D) A portion of the dorsal mesoderm of zebrafish gastrula.
Pk dots in light purple are preferentially localized anterior edges and Dvl
patches in green in the posterior edges of the cells. (E) Wnt11 induces the
accumulation of Fzd7 and Dvl complexes (together in magenta) into
membrane patches in later blastula stage zebrafish embryos.
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Asymmetric localization of PCP components in polarized Drosophila
epithelia and protein interaction studies supports a model whereby PCP
components interact in asymmetric membrane complexes spanning the
juxtaposed cells to generate planar polarization (Goodrich & Strutt 2011; McNeill
2010). Intriguingly, core PCP components have been observed to localize to
discrete domains (puncta) on or close to the membrane in flies and zebrafish
(Ciruna et al 2006; Strutt & Strutt 2008; Yin et al 2008). In Drosophila pupal wing
epithelia, these puncta are regarded as stable asymmetric junctional complexes,
thought to possibly protect PCP components from rapid endocytic trafficking and
degradation. Together with directional trafficking of PCP components along
apically localized microtubules (Shimada et al 2006), the stable junctional
complexes are thought to mediate establishment of planar cellular asymmetry
(Strutt & Strutt 2008). In addition, a recent study in the fly wing revealed that
membrane and cytoplasmic core PCP components play different roles in the
formation of these membrane puncta. Whereas the transmembrane core
proteins, Fz, Fmi and Vang, are required to localize core proteins to junctions,
the cytoplasmic core proteins are essential for clustering localized proteins into
prominent membrane puncta (Figure 4C) (Strutt et al 2011). In zebrafish, Witzel
et al adapted an “animal cap assay” originally developed in Xenopus to visualize
PCP pathway components in a simple cellular context that does not manifest
inherent planar polarization (Green 1999; Park & Moon 2002). Witzel and
colleagues injected fusion constructs encoding Wnt11, Fz7 and Dvl into one-cell—

stage embryos and analyzed the localization of the proteins in animal-pole
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blastoderm cells at late blastula stages (30% epiboly; 4.5 hpf) (Witzel et al 2006).
They found that in the absence of Wnt11, Fz7-YFP localizes uniformly at the
plasma membrane and to cytoplasmic aggregates or “puncta”, while in the
presence of low amounts of Wnt11, Fz-YFP accumulates as patches on the
plasma membrane. Utilizing a transplantation approach, they went on to show
that the ability of Wnt11 to induce Fz accumulation involves both cell
autonomous and non-cell autonomous activities. Even more intriguing was the
location of Dvl in this context, as Dvl translocation to the membrane is essential
for PCP pathway activation. When coexpressed with Fz7, Dvl-YFP localized
uniformly to the plasma membrane. However, when DvI-CFP was coexpressed
with Fz7-YFP and Wnt11, it colocalized with Fz7-YFP at the resulting membrane
accumulations (Figure 4E) (Witzel et al 2006). These studies support the notion
that the formation of PCP component membrane puncta might reflect the
activation of this pathway. Furthermore, Xenopus Vangl2 and Drosophila Prickle
have been observed in patch-like subdomains on the membrane when co-
expressed in frog animal cap (Jenny et al 2003a). These observations elicit
questions regarding how membrane puncta are assembled and whether they
play a significant role during C&E movements and other PCP dependent

processes in vertebrates.

PCP signaling and polarized cytoskeletal organization
One of the major outcomes of PCP signaling is the polarized

rearrangement of cytoskeletal structures. In Drosophila, Fz localized on the distal
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membrane of the wing epithelial cells directs the accumulation of actin at the
distal cell vertex where microtubules are also densely distributed. Actin filaments
and microtubules then elongate distally to form the trichome (wing hair) (Eaton et
al 1996; Strutt 2001). In vertebrates, Celsr1 has recently been reported to
concentrate in the medial hinge point of the chick neural plate, a region densely
populated with adherens junctions along the mediolateral axes of the neural
plate. At these adherens junctions, Celsr1 cooperates with Dvl, DAAM1, and the
PDZ-RhoGEF to upregulate Rho kinase activity, causing actomyosin-dependent
contraction in a planar-polarized manner. This planar-polarized contraction
promotes simultaneous apical constriction and midline convergence of
neuroepithelial cells (Nishimura et al 2012). In the case of C&E movements,
posteriorly or laterally biased orientation of microtubule organizing centers has
been reported at late gastrulation and depends on PCP signaling components,
including Kny/Gpc4 and Dvl (Sepich et al 2011). In contrast, polarized distribution
of the actin cytoskeleton has not been reported. One major obstacle to study
actin cytoskeleton in cells undergoing C&E is that in contrast to the relatively
stationary wing or neural epithelial cells, these mesenchymal cells are highly
motile and often change neighbors. Therefore the changes of actin cytoskeleton
are likely highly dynamic and difficult to track. Tools that allow simultaneous
recording of the dynamic changes of cytoskeleton and cell position in live
embryos will aid our understanding of this process. Kim et al. investigated the

contribution of F-actin dynamics to convergent extension movements by using
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Actin binding domain of Meosin tagged GFP as a reporter for F-actin localization
live cells. Their study revealed that punctuated actin contractions within
converging and extending mesoderm and uncovered a permissive role for non-
canonical Wnt-signaling, myosin contractility and F-actin polymerization in
regulating these dynamics (Kim & Davidson 2011). Indirectly, cell shape and
orientation of the cell body, and protrusive activities have been used as readouts
of changes of membrane properties and/or cytoskeleton of mesodermal cells
undergoing C&E. During gastrulation, mesoendodermal cells migrate using a
combination of different types of protrusions, e.g. membrane blebbing,
lamellipodia and filopodia (Diz-Munoz et al 2010; Montero et al 2003; Ulrich et al
2003; Weiser et al 2007). Notably, the directionality and protrusive activities
highly correlate with the bulk cell movements underlying C&E. Before initiation of
C&E, the lateral mesodermal cells exhibit round and nonpolarized morphology
and extend both short bleb-like and longer lamelliform protrusions in a random
fashion as they meander in all directions (Sepich et al 2005). By mid- to late
gastrulation, cells become more polarized and migrate in a highly dorsally biased
manner (Myers et al 2002b; Yin et al 2009). Once they approach dorsal midline,
they shut down protrusive activity, such as the bleb-like protrusions mediated by
the Rho/ROCK/Myosin Il pathway and become more adherent to each other at
stages when mediolateral intercalation is taking place (Weiser et al 2007).

More detailed studies have been carried out to analyze the protrusive

activities of prechordal plate cells, which migrate anteriorly during gastrulation.
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Several signaling pathways, including PDGF/PI3K and Wnt/PCP signaling, have
been suggested to control protrusion formation and migration of prechordal plate
cells (Montero et al 2003; Ulrich et al 2003). More recently, Diz-Munoz et al have
used the combined expression of membrane-anchored red fluorescent protein
(RFP) and Lifeact-green fluorescent protein (GFP) to monitor the protrusions of
prechordal plate cells. Three types of cellular protrusions were found, including
blebs, which are spherical protrusions initially devoid of actin, lamellipodia, which
are sheet-like protrusions containing actin throughout their extent, and long, thin
actin-containing filopodia. They further elucidated that reducing membrane-to-
cortex attachment increases the proportion of blebs and reduces the net
movement speed and directionality of these cells (Diz-Munoz et al 2010). The
use of such reagents to characterize cellular protrusions of cells in other gastrula
regions during C&E in WT as well as PCP mutant embryos should provide
meaningful insights into the molecular mechanisms by which PCP signaling

regulates C&E movements and underlying polarized cell behaviors.

PCP signaling regulates neuronal migration
Another well-characterized PCP-regulated process in zebrafish is the
tangential migration of facial branchiomotor neurons (FBMNS) in the hindbrain. In
mammals and zebrafish, FBMNs are born in rhombomere 4 (r4) and then migrate
tangentially and caudally through r5 into r6, where they form the facial motor
nuclei (Figure 5) (Chandrasekhar 2004; Chandrasekhar et al 1997; Gilland &

Baker 2005; Song 2007; Wada & Okamoto 2009). In contrast, FBMNs in chick
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Figure 5. FBMN migration in the hindbrain of zebrafish embryo. Dorsal views
of zebrafish hindbrain at three time points. FBMNs are labeled in green. r,
rhombomere, OV, otic vesicle.

embryos do not migrate caudally but remain in r4 (Chandrasekhar 2004; Gilland
& Baker 2005; Song 2007; Wada & Okamoto 2009). Interestingly, when a chick
r4 is homotopically transplanted in mouse r4, the chick FBMNs migrate caudally
into mouse r5 and r6 and conversely, mouse FBMNs fail to migrate when
transplanted into the chick hindbrain, suggesting the FBMNs move according to
environmental cue from the surrounding neuroepithelia (Studer 2001).

Tri/Vangl2 was the first PCP pathway component identified to regulate

caudal migration of FBMNs in zebrafish (Bingham et al 2002; Jessen et al 2002).
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Subsequently, it was shown that Pk1a, the binding partner of Tri/VVangl2 is also
required for FBMN migration (Carreira-Barbosa et al 2003). In 2000, Okamoto’s
group published a transgenic zebrafish line that expresses GFP in the cranial
motor neurons under the control of islet-1 promoter. They used this line to
perform a mutagenesis screen for genes regulating FBMN migration (Higashijima
et al 2000). In this screen, Off-limits (Olt)/Fz3a, Off-road (Ord)/Celsr2 and
Landlocked (LIK)/Scribble 1(scrb1) were identified as essential regulators of
FBMN migration, strongly arguing that FBMN migration is a PCP regulated event
(Wada et al 2005; Wada et al 2006). However, several PCP components,
including Wnt ligands, Kny and possibly Dvl are not required for FBMN migration,
suggesting the pathway regulating FBMN migration deviates from a typical PCP
pathway, like the one regulating gastrulation (Bingham et al 2002;
Chandrasekhar 2004; Chandrasekhar et al 1997; Jessen et al 2002; Topczewski
et al 2001; Wada & Okamoto 2009).

PCP signaling likely acts both in the FMBNs and in their surrounding
neuroepithelium to regulate FBMN migration, as transplanting WT FBMNSs into
PCP mutant embryos or vice versa revealed cell autonomous and non-cell
autonomous requirement for PCP components (Jessen et al 2002; Wada et al
2005; Wada et al 2006). Interestingly, neuroepithelia also possess polarized
features along the AP axis. Pk has been demonstrated to localize preferentially
to the anterior membrane of neural keel cells and this asymmetric localization is
lost in maternal-zygotic (MZ2) tri/vangl2 and MZslb/wnt11; MZpipetail/wnt5; wnt4-

morphant embryos (Ciruna et al 2006). In addition, Tri/Vangl2 and Llk/scrb1 have
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been shown to control the posterior tilting of primary motile cilia lining the
neurocoel and the asymmetric localization of cilia to the posterior apical
membrane of neuroepithelial cells (Borovina et al ; Walsh et al 2011). Thus, it is
hypothesized that the anterior-posterior polarity of neuroepithelia may provide a
positional cue(s) for FBMN migration (Wada & Okamoto 2009; Walsh et al 2011).
On the other hand, PCP signaling plays an important role in maintaining the
integrity of the neuroepithelium. Cohesion between neuroepithelial cells is
postulated to block FBMNs from sending processes towards the ventricle prior to
their radial migration to the dorsomedial part of the hindbrain (Wada et al 2006).
Indeed, a recent report demonstrated that reducing neuroepithelial cohesion by
interfering with Cadherin 2 (Cdh2) activity causes FBMNs positioned at the basal
side of the neuroepithelium to move apically towards the neural tube midline,
instead of tangentially towards r6/7 (Stockinger et al 2011). On the other hand,
how PCP components act cell-autonomously in FBMNs is less clear. The study
of Pk1b indicates that it acts at least partially independent of the core PCP
signaling, as contrary to its function in the cytosol in PCP signaling, its nuclear
localization is required during FBMN migration (Mapp et al 2011; Rohrschneider
et al 2007).

Despite sharing several common molecular components, the mechanisms
by which PCP pathway regulates FBMN migration and C&E movements could be
rather divergent, as mutants for Wnt5, Wnt11 and Kyn/Gpc4 do not exhibit FBMN
migration defects and overexpression of a dominant-negative version of Dvl
(Xdd1) causes strong C&E defects without affecting FBMN migration
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(Chandrasekhar 2004; Jessen et al 2002).

Cell adhesion and C&E movements

Although cells in different mediolateral zones of zebrafish embryos exhibit
different cell behaviors during C&E, the common feature of these cell behaviors
is their dorsal-ward bias. Analogous to the adhesion gradient increasing from
interior to exterior to drive outward radial intercalation during epiboly, a ventral-to-
dorsal gradient of increasing adhesion could drive the movement of cells toward
dorsal. It was first reported in Xenopus that Bmp4 overexpression blocks Activin-
induced convergent extension of animal cap explants, while inhibition of BMP4
signaling by overexpressing a dominant negative form of its receptor can
instigate convergent extension of ventral marginal zone explants (Graff et al
1994; Jones et al 1992). As described earlier in this Introduction, the effect of
BMP signaling on C&E was studied in dorsalized zebrafish embryos with
deficient BMP signaling or ventralized embryos characterized by increased and
dorsally expanded BMP signaling (Myers et al 2002a; von der Hardt et al 2007).
Morphometric and individual cell analyses indicate that low Bmp activity in dorsal
regions allows C&E by promoting mediolateral elongation and alignment and
dorsally biased intercalation while moderate BMP levels in lateral regions are
compatible with dorsal-directed migration. Interestingly, dorsal migration of lateral
cells is impaired in both dorsalized and ventralized embryos (Myers et al 2002a).
This suggests that a BMP gradient across the DV axis is required to provide a

directional cue or driving force for dorsal-directed migration. Further work done
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by von der Hardt et al. demonstrated that the Bmp gradient determines the
direction of lateral mesodermal cell migration during dorsal convergence in
zebrafish gastrulae by negatively regulating Ca®*/Cadherin-dependent cell-cell
adhesiveness to form an adhesion gradient (von der Hardt et al 2007). However,
despite the fact that E-cadherin/Cdh1 is also required for C&E (Babb & Marrs
2004; Montero et al 2005; Shimizu et al 2005), it is not an obvious candidate for
regulation by BMP signaling, as neither its transcript nor protein forms a
detectable dorsoventral gradient. The same is true for N-cadherin (Cdh2) as well
as Protocadherin C (Papc), which in Xenopus is required for C&E movements
(Chen & Gumbiner 2006; von der Hardt et al 2007) However, recent work has
revealed that Gi213 can regulate E-cadherin/Cdh1 activity without affecting its
protein level or localization during epiboly, and Wnt11 and Fz7 can modulate C-
cadherin mediated adhesion by promoting its clustering during convergent
extension in Xenopus (Kraft et al 2012; Lin et al 2008). Analogously, instead of
regulating a concentration gradient of an adhesion molecule, the BMP pathway
can possibly work by establishing an activity gradient of these formerly-
investigated adhesion molecules or other adhesion molecule(s). However, the
mechanism via which BMP regulates C&E movements is not limited to its effects
on cell adhesion. It has been demonstrated that high BMP activity inhibits
expression of Wnt11 and Wnt5a encoding genes during zebrafish gastrulation.
This negative regulation of essential PCP ligands by BMP affords another
mechanism via which ventral to dorsal BMP gradient limits C&E behaviors to the

dorsolateral regions of zebrafish gastrula (Myers et al 2002a).
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Notably, other cadherin repeat-containing molecules, Celsr proteins, have
also been found to regulate C&E movements and their relationship with respect
to the BMP gradient has yet to be determined (Carreira-Barbosa et al 2009;
Chen & Gumbiner 2006; Kim et al 1998). Although it is evident that Celsrs likely
function by modulating cellular adhesion via homophilic interaction to regulate
epiboly, it is unclear whether this aspect of Celsr function is required during C&E
(Carreira-Barbosa et al 2009).

In addition to cadherin repeat-containing molecules, Xenopus Syndecan-4
(Syn4), a cell-surface transmembrane heparan sulphate proteoglycan was also
discovered to regulate C&E by cooperating with the extracellular matrix protein,
Fibronectin (Munoz et al 2006). Interestingly, a similar interaction is essential for
focal adhesion formation in cell culture (Couchman et al 2001) and triggers
recruitment of Dvl to cell membranes in Xenopus animal cap explants (Munoz et
al 2006). In addition, xSyn4 was shown to interact with Fz7 in co-
immunoprecipitation experiments, further supporting its role as a new component
of the PCP pathway. It is very intriguing how Syn4 acts in this pathway. Since
Syn4 is a key component of focal adhesions, it could recruit Dvl to focal adhesion
sites and because Dvl is able to cluster other PCP components, the Syn4-
mediated Dvl recruitment could lead to formation of stable PCP complexes in
focal adhesion sites. Alternatively, Syn4 could work as a co-receptor for Fz7 and
facilitate Dvl recruitment by Fz7. It is noteworthy that Fibronectin fibrils are
assembled along outer interfaces surrounding the mesoderm and such polarized

deposition is necessary for the subsequent mediolateral polarization of dorsal
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mesodermal cells. Furthermore, polarized Fibronectin distribution depends on
the Wnt/PCP pathway (Goto et al 2005). Therefore, Syn4 could function as a
downstream effector of the Wnt/PCP pathway to regulate polarized deposition of

Fibronectin fibrils.

GPCR, G proteins and C&E movements

The key C&E regulator, Celsr, not only function as a core Wnt/PCP
pathway component and an adhesion protocadherin, but it also belongs to G
protein-coupled receptor (GPCR) family (Fredriksson & Schioth 2005). The
potential roles of GPCRs during C&E has been speculated and gradually
discovered during recent years (Sepich et al 2005; Solnica-Krezel 2006; Yin et al
2009). GPCRs constitute a diverse superfamily of seven-pass transmembrane
receptors. With their wide range of physiological roles, GPCRs represent the
most targeted gene family by modern medicinal drugs (Overington et al 2006).
Based on the sequence similarities between the transmembrane region, GPCRs
are grouped into five families, namely, glutamate, rhodopsin, adhesion, frizzled
and secretin according to the GRAFS classification system (Fredriksson et al
2003). GPCRs are activated by extracellular ligands ranging from light-sensitive
compounds, odors, pheromones, hormones, and neurotransmitters, which vary in
size from small molecules to peptides to large proteins. After activation, GPCRs
in turn catalyze GDP to GTP exchange on the G protein alpha-subunit (Ga) of
heterotrimeric G proteins within the cell. GTP binding leads to conformational

changes in Ga, allowing it to dissociate from Gfy subunits. The dissociation
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exposes binding sites for their downstream effectors consequently leading to the
activation of downstream signaling cascades. There are four types of
heterotrimeric Ga proteins, namely Gs, Gio, Ggi11 and Gi2/13. Each Ga activates or
inactivates its own downstream effectors, hence causing distinct cellular
responses (Oldham & Hamm 2008). In contrast to numerous reports about the
crucial roles of GPCRs and G proteins in many biological processes in adults, the
reports about their roles during development remain surprisingly limited.
Excitingly, in recent years, several studies have uncovered functions for GPCRs
and G proteins during C&E gastrulation movements, endoderm migration and
myelin formation (Cha et al 2006; Formstone & Mason 2005; Gray et al 2011; Kai
et al 2008; Lin et al 2005; Nair & Schilling 2008; Scott et al 2007; Solnica-Krezel
2006; Speirs et al ; Tada & Kai 2009; Zeng et al 2007), warranting further studies
of G-Protein mediated signaling pathways during C&E.

Earlier described studies of the function of Stat3 during dorsal
convergence movements of the lateral mesoderm cells suggested that it
regulates a secreted cue(s) to instruct cell behaviors. Phosphorylation and
activation of Stat3 is only evident in the dorsal mesoderm and transplantation
experiments revealed that Stat3 is required in the axial mesoderm to regulate
dorsal convergence of lateral mesoderm in a non-cell autonomous manner
(Yamashita et al 2002). During Drosophila eye morphogenesis, ommatidia seem
to sense a local gradient of a secreted signal controlled by the JAK/STAT3
pathway (Zeidler et al 1999). Analogously, a secreted signal downstream of Stat3

emanating from the axial mesoderm could serve as an attractive cue for lateral
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mesodermal cells. Evidence for the existence of such an attractive cue comes
from measurements of cell behaviors in the lateral mesoderm during C&E
movements. Sepich et al. showed these cells exhibit a directional preference,
directionally-regulated speed, and turn toward dorsal when off-course (Sepich et
al 2005). Using mathematical modeling, they posited that directional preference
is sufficient to account for mesoderm convergence and extension, and that a
minimum of two sources of guidance cues emanating from the dorsal midline
would be sufficient to orient cell paths (Sepich et al 2005). In chick embryos,
FGF4 produced in the forming notochord was proposed to serve as a
chemoattractant to guide convergence movements of internalized mesoderm
cells toward the midline (Yang et al 2002). However, a similar role of Fgfs for
C&E movements in zebrafish or other vertebrates has not been reported.
Alternatively, GPCRs and their ligands could fulfill such a requirement, as a
subset of GPCRs are known to regulate chemotaxis toward the gradients of their
cognate ligands in the social amoeba Dictyostelium discoideum and in the
mammalian immune system (Devreotes & Janetopoulos 2003). During
gastrulation, Sdf1a/Cxcl12a and its receptor Cxcr4b regulate primordial germ cell
(PGC) migration in a classic chemotaxis fashion. During gastrulation stages,
sdf1a transcript is expressed in a highly dynamic fashion along the migratory
path of PGCs. PGCs expressing Cxcr4b perceive Sdf1a/Cxcl12a and migrate
towards the highest level of Sdf1ta/Cxcl12a. In addition, another Sdf1a/Cxcl12a
receptor Cxcr7 is also required for proper PGC migration. However this receptor

is expressed in the somatic cells, which show enhanced internalization of Sdf1,
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suggesting Cxcr7 acts as a sink for Sdf1a/Cxcl12a and therefore promotes the
dynamic distribution of Sdf1a/Cxcl12a protein (Boldajipour et al 2008; Doitsidou
et al 2002). In contrast to the role of Cxcl12a in PGC migration, Cxcl12b along
with its receptor, Cxcr4a, restricts the migration of endodermal cells. Depletion of
gene product of either the liand or the receptor causes untethering of endodermal
cells from mesodermal cells and excessive anterior migration of endodermal
cells. By the end of gastrulation, these mismigrated cells fail to reach their
destination near the midline, leading to bilateral endodermal organs rather than a
single midline array of endodermal organs (Nair & Schilling 2008).

Besides Cxcl12s and their receptors, several other ligand-receptor pairs
have also been demonstrated to regulate cell movements during gastrulation.
Apelin and Sphingosin-1-phospate together with their respective receptors are
specifically involved in migration of cardiac precursors, which reside in the
anterior lateral plate mesoderm and converge toward dorsal to form bilateral
heart fields flanking the dorsal midline at late gastrulation (Keegan et al 2004).
During segmentation, the two heart fields converge towards the midline, where
they fuse to form a single heart tube (Auman & Yelon 2004; Moorman &
Christoffels 2003; Yelon et al 1999). Consistent with their role as ligand and
receptor in cardiac precursor migration, agtri1b is expressed in the anterior
lateral plate mesoderm and apelin transcripts are confined to the dorsal midline
during gastrulation. Heart field formation is impaired both when Agtrl1b or Apelin
function is disrupted, and when Apelin is globally overexpressed (Scott et al

2007; Zeng et al 2007). Whether Apelin expression in under the control of Stat3
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remains to be tested. Furthermore, as cardiac precursors stop before reaching
the midline, where Apelin concentration is assumed to be the highest, the
mechanism of their action might not be a simple chemotaxis. Alternatively,
additional counteracting factors might exist to prevent cardiac precursors from
moving into the field of cells that are the source of Apelin. In addition, evidence
suggests Edg5 and its ligand sphingosin-1-phospate regulate cardiac precursor
migration by generating an environment permissive for their migration
(Kupperman et al 2000). This same ligand/receptor pair also plays a role in the
migration of the prechordal plate cells (Kai et al 2008).

Unlike the aforementioned GPCRs, which appear to regulate C&E
movements of selective tissues, Prostaglandin 2 (PGE;) regulates global C&E
movements and epiboly through its EP4 receptor by promoting cell protrusive
activity and limiting cell adhesion by modulating E-cadherin/Cdh1 transcript and
protein (Cha et al 2006; Speirs et al). Notably, Fz receptors for both canonical
and non-canonical Wnt signaling, are seven-pass transmembrane proteins, and
have been proposed to couple to multiple G proteins in the context of canonical
Whnt signaling (Ahumada et al 2002; Liu et al 2001; Liu et al 1999a; Liu et al
1999b) and recently to act in the context of both PCP and canonical branches in
Drosophila (Katanaev et al 2005).

As the main signal transducers downstream of GPCRs, the Ga subunits of
heterotrimeric G proteins have been hypothesized to play a role during
gastrulation. In cell culture, the Ga12/13 G protein family has been implicated in

numerous cellular processes to regulate Rho-mediated cytoskeletal
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rearrangements, thereby affecting cell shape and migration (Aittaleb et al 2010).
Three zebrafish genes encoding G12 and G13 are ubiquitously expressed during
gastrulation and their function is required in all germ layers for epiboly,
convergence and extension. Their function as global gastrulation regulators is
carried out in part by inhibiting E-cadherin/Cdh1 activity and modulating Actin
cytoskeleton (Kane et al 2005; Lin et al 2008; Lin et al 2005). The other Ga
subfamily of particular relevance to C&E movements is Gi/o. Since Gi/o
mediates the chemotactic migration of immune cells downstream of chemokine
receptors (Devreotes & Janetopoulos 2003), it is reasonable to hypothesize that
a similar role of Gi/o might contribute to directed migration of mesoderm cells
during C&E movements. So far the evidence supporting this hypothesis is
limited. In Xenopus embryos treated with pertussis toxin, a Gi/o inhibitor,
mesodermal tissues fail to separate from ectodermal cells, thus causing
secondary defects of gastrulation. Epistasis analyses indicate Gi/o regulates this
process via a Wnt/PCP independent pathway downstream of Fz7 and upstream
of PKC (Winklbauer et al 2001). In a heterologous system, Gi/o has shown to be
activated by Apelin via Agtrl1tb (Scott et al 2007). However, whether it acts
downstream of Agtrl1b to impact cardiac precursor migration has not been

confirmed.

Findings and hypotheses resulting from this work
Gastrulation is the fundamental process during embryogenesis when the

germ layers and shape of the animal are generated. Although the major cell
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movements during gastrulation have been well characterized, the underlying
cellular and molecular mechanisms are only beginning to be understood.
Identifying new molecules involved in gastrulation and studying their interactions
with known gastrulation regulators will bring us closer to a full mechanistic
understanding of gastrulation.

In this study, | focused on the adhesion GPCR family, the most recently
described of the five GRAFS GPCR families (Bjarnadottir et al 2007; Fredriksson
et al 2003). By conducting BLAST searches of the zebrafish genome database
with the peptide sequences of human adhesion GPCRs and searching for GPS
domain-containing proteins encoded in the zebrafish genome, | found 30
annotated or partially annotated adhesion GPCRs in the sequenced zebrafish
genome. They represent members from all seven groups of adhesion GPCRs
found in humans. By RT-PCR, | determined that the transcripts of seven
adhesion GPCR genes are expressed during zebrafish gastrulation stages and
eight adhesion GPCR genes are maternally deposited.

Focusing on the Group IV adhesion GPCR subfamily members, | analyzed
their spatiotemporal expression profiles by in-situ hybridization and found that
four members of this family exhibit distinct and dynamic expression patterns
during the early stages of embryogenesis. In the subsequent functional analyses,
| uncovered distinct functions of Gpr124 and Gpr125 during early
embryogenesis.

Interfering with the function of Gpr124 resulted in defects in multiple

tissues in the caudal region of the embryo, including the notochord and
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vasculature. While we have yet to further pursue the mechanism of Gpr124
function, we focused on functional studies of Gpr125 during gastrulation and
FBMN migration to gain insights into the molecular mechanism of its action.
Consistent with a potential role during gastrulation, | showed gpr125 is expressed
maternally and zygotically at blastula and gastrula stages. Since gastrulation
movements are sensitive to both elevated and reduced levels of their regulators
(Jessen et al 2002; Lin et al 2005; Marlow et al 2002; Zeng et al 2007), we
investigated the potential roles of Gpr125 utilizing gain- and loss-of-function
approaches. Excess Gpr125 in WT embryos impaired C&E movements, resulting
in shortening of the AP axis and synophthalmia or cyclopia. On the cellular level,
Gpr125 overexpression impaired mediolateral cell elongation and alignment as
well as anterior Pk localization.

In LOF experiments, gpr125 interacted with PCP genes to promote PCP
mediated processes. Although injection of gpr125-specific MO (MO-gpr125) did
not affect WT embryos, it significantly exacerbated the defects of PCP
homozygous mutants, causing further reduction of the AP axis and more severe
cyclopia in llk/scrb1, tri/Vvangl2 and slb/wnt11 homozygotes. Moreover, MO-
gpr125, but not control morpholinos, led to significant shortening of the AP axis of
normally aphenotypic PCP heterozygotes, and injection of synthetic gpr725 RNA
lacking the MO-targeting sequence was able to partially rescue such defects. |
determined that these exacerbated defects arose from enhanced C&E defects by
examining tissue-specific markers and cell morphology in late gastrulae. In

addition, a subset of PCP genes (e.g. vangl2/tri and scrb1/llk) also regulate
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FBMN migration in zebrafish and mouse (Bingham et al 2002; Carreira-Barbosa
et al 2003; Chandrasekhar 2004; Jessen et al 2002; Wada et al 2005; Wada &
Okamoto 2009; Wada et al 2006). Interestingly, gpr125 also interacted with this
class of PCP genes to promote FBMN migration.

At the molecular level, when co-expressed with Gpr125, DvI-GFP was
recruited to cell membranes, where it became clustered in discrete subdomains
of cells in late blastulae. This was striking in light of previous reports that Fz7, a
PCP pathway receptor, recruits Dvl uniformly to the cell membrane at the
blastula stages, but only promotes Dvl accumulation in discrete membrane
subdomains when co-expressed with a PCP ligand, Wnt11 (Witzel et al 2006).

Through structure-function analyses, | identified the domains of Gpr125
required to modulate Dvl localization. Gpr125 lacking the entire intracellular
domain (ICD) did not promote DvI-GFP translocation, nor could affect C&E
movements when overexpressed, suggesting that the intracellular domain is
essential for Dvl recruitment and its function during gastrulation. Moreover,
deletion of the PDZ-biding motif (PDZBM) resulted in less efficient Dvl
recruitment, smaller Dvl clusters on the membrane and lower activity in affecting
C&E movements upon overexpression. Corroborating the localization studies, in
biochemical experiments GST-Gpr125ICD could pull down DvI-GFP, strongly
arguing for a direct interaction, while the APDZBM form pulled down less Dvl-
GFP. Thus, the PDZB motif likely mediates Dvl binding with contributions from

additional motifs.
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In an independent line of investigation, | found that a Gpr125 fluorescent
fusion protein was uniformly distributed along the membrane when expressed
alone in zebrafish blastulae. However, in striking contrast, Gpr125 colocalized
with DvI-GFP in membrane subdomains when the proteins were coexpressed.
Similarly, Dvl also clustered Kny/Gpc4 into membrane subdomains. These
observations resonate with a recent report in Drosophila, proposing essential
roles for Dvl in the formation of PCP supramolecular complexes (Strutt et al
2011). In addition, Gpr125 and Dvl were able to recruit Fzd7 and Kny/Gpc4 but
not Tri/VVangl2 into membrane subdomains.

Based on these observations, we propose Gpr125 acts as a novel
Wnt/PCP signaling component in zebrafish. We hypothesize that Gpr125
facilitates formation of asymmetric PCP supramolecular complexes, which are
thought to mediate PCP signaling between neighboring cells (Jenny et al 2003b;
Strutt et al 2011; Witzel et al 2006). Our discovery of a function for Gpr125 in
C&E during gastrulation, a processes where all known PCP components act, and
later during FBMN migration, where only a subset of PCP genes are required,
opens up exciting avenues for further studies of Gpr125 function, in particular
towards understanding how Gpr125 and Wnt/PCP signaling operate to regulate

cell and tissue polarity in these unique developmental contexts.
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CHAPTERII

SURVEY FOR ADHESION GPCRS DURING EARLY ZEBRAFISH
DEVELOPMENT
Introduction
Structural basis of adhesion GPCRs

Adhesion GPCRs are natural chimeras of adhesion molecules and generic
GPCRs (Figure 6A). Some adhesion GPCRs were formally known as LN-TM7 or
EGF- TM7 receptors. Since they have comparatively higher sequence similarity
to the secretin-receptor family (B1), these receptors were classified as the B2
GPCR family (Harmar 2001). In 2002, Fredriksson et al. proposed a new GPCR
classification system, GRAFS, based on the phylogenetic analysis of the entire
repertoire of the seven transmembrane (TM7) regions of human GPCRs. In
GRAFS, 33 human GPCRs were for the first time grouped into a distinct family
and named as adhesion GPCRs (Fredriksson et al 2003).

Based on sequence similarity within the TM7 region, adhesion GPCRs
can be further divided into seven groups and the receptors within the same group
also share similar extracellular domains (Figure 6B). Group | adhesion GPCRs
share Thrombospondin repeats, Group lll share EGF repeats, Group IV share
leucine-rich regions and Group V share cadherin repeats (Yona et al 2008).
Another unique feature of adhesion GPCRs is the presence of a GPCR
proteolysis site (GPS), which is conserved in all but one human adhesion GPCRs

and five human polycystic kidney disease (PKD) proteins (Arac et al 2012;
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Bjarnadottir et al 2007; Fredriksson et al 2002; Ponting et al 1999; Yona et al
2008). The GPS motif is always localized at the end of the long extracellular
region immediately before the first transmembrane helix of the GPCR subunit
(Figure 6A). GPS mediated cleavage has been reported for the CD97 antigen
receptor (CD97), the EGF-TM7-latrophilin-related receptor (ETL), the EGF-like
module containing receptor 2 (EMR2), EMR4, the calcium independent receptor
of a-latrotoxin 1 (CIRL1) and GPR56 (Bjarnadottir et al 2007; Ke et al 2008;
Krasnoperov et al 2002; Kwakkenbos et al 2002; Stacey et al 2002). The
proteolytic reaction occurs in the endoplasmic reticulum via a self-catalyzed cis-
proteolysis mechanism often between a conserved aliphatic residue (usually a
leucine) and a threonine, serine or cysteine residue (Krasnoperov et al 2002; Lin
et al 2004). A recent study of GPCR protein structures indicates that the GPS
motif is not an autonomously folded unit but rather part of a much larger
evolutionally conserved GPCR-autoproteolysis inducing (GAIN) domain required
and sufficient for autoproteolysis (Arac et al 2012). After cleavage, the two parts
form a heterodimer via a non-covalent interaction involving an extensive network
of conserved interstrand hydrogen bonds and primarily hydrophobic side-chain
interactions (Arac et al 2012; Lin et al 2004). It was shown that cleavage is
essential for surface expression of CIRL1 and GPR56 (Ke et al 2008;
Krasnoperov et al 2002). However, a recent study of Lat-1/Latrophilin function in
C. elegans suggests that activity of this receptor does not require cleavage but

relies on the presence of the GPS motif (Promel et al 2012).
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Adhesion GPCRs and development

The majority of adhesion GPCR genes have been discovered recently;
thus, little is known about their functions in adult organisms and especially during
development. Exceptions include the Group V Celsr proteins, which are well-
known regulators of developmental processes. As discussed previously, the
Drosophila homology of Celsr, named Flamingo, was first discovered to regulate
planar cell polarity in Drosophila. As a conserved component of the PCP pathway
in vertebrates, Celsr proteins have been reported to regulate FBMN migration in
zebrafish (Wada et al 2006) and a recent study indicated that Celsr1a, 1b and
Celsr2 function redundantly during zebrafish gastrulation (Carreira-Barbosa et al
2009). In mammals, homozygous celsr1 mutant mouse embryos fail to initiate
neural tube closure and have severe defects in planar cell polarity mediated
orientation of hair cells within the organ of corti (Curtin et al 2003). A gene-
silencing study with small hairpin RNAs in postnatal day 4 rat cortical slices
revealed that Celsr2 and Celsr3 regulate neurite growth in opposing manners.
Whereas Celsr2 enhances, Celsr3 suppresses neurite growth (Shima et al 2007).
Another group reported that Celsr3 is required for axonal tract formation, as
Celsr3 mutant brain lacks anterior commissure and internal capsule, shows a
reduction of fibers in the cortical intermediate zone and abnormal small radial
fascicles in the upper cortical tier (Tissir et al 2005).

In the last decades, genetic studies have provided substantial evidence
regarding the pivotal roles of additional adhesion GPCRs in various

developmental processes. Mutations associated with human congenital
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diseases have been mapped to adhesion GPCRs and deletion of adhesion
GPCRs lead to developmental defects in animal models. Mutations in human
GPR56 cause a brain cortical malformation called bilateral frontoparietal
polymicrogyria, and knockout of Gpr56 in mice results in a similar cobblestone
like cortical malformation (Li et al 2008; Piao et al 2004). Mutations disrupting the
very large G protein-coupled receptor (VLGR1) have been linked to Usher’s
syndrome, a genetic disorder characterized by blindness, deafness, and
audiogenic seizures in mice (McGee et al 2006; Sun et al 2012; Weston et al
2004). In addition, knockout mouse models have uncovered an essential role of
GPR124 in CNS-specific angiogenesis while GPR64/HE4 is required for male
fertility (Davies et al 2004; Kuhnert et al). Moreover, zebrafish mutagenesis
studies have revealed an essential role for Gpr126 in Schwann cells myelination
(Monk et al 2009), and the murine Gpr126 homolog was subsequently shown to
have a conserved function in myelination (Monk et al 2011). Expression analyses
have revealed diverse expression patterns among many additional adhesion
GPCRs during development (Homma et al 2008; Moriguchi et al 2004),
warranting further investigation of the function of this class of proteins during
development. In addition to the mounting evidence indicating important functions
of adhesion GPCRs during normal development, aberrant expression of several
adhesion GPCRs has been reported in various human cancers (reviewed in (Lin
2012). In this context, GPCRs are thought to be involved in tumorigenesis by

affecting tumor cell growth, migration, or tumor angiogenesis.
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Adhesion GPCRs and transmembrane signaling

GPCRs are thought to interact with their extracellular ligands and initiate
intracellular signal transduction by coupling to and activating heterotrimeric G
proteins. However, most adhesion GPCRs currently are classified as orphan
receptors, meaning their ligands have not yet been identified (Gupte et al 2012;
Paavola & Hall 2012; Tang et al 2012). Therefore, substantial ongoing efforts
are directed towards deorphanizing these receptors and identifying their
prospective downstream heterotrimeric G proteins. Progress towards this end
has been made for CD97, Celsr and Gpr56 adhesion GPCRs. CD97 was shown
to bind the SCR repeat of CD55 via its first two EGF-like domains, and
chondroitin sulphate via its fourth EGF-like domain (Hamann et al 1996; Lin et al
2001; Stacey et al 2003). Homophilic interactions have been documented for the
Celsr adhesion GPCRs (Carreira-Barbosa et al 2009; Shima et al 2007; Usui et
al 1999). Recently, Latrophilin 1 (LPH1) has been reported to form a high-affinity
transsynaptic receptor pair with Lasso/teneurin-2. The C-terminal fragment of
Lasso interacts with LPH1 and induces Ca®* signals in presynaptic boutons of
hippocampal neurons and in neuroblastoma cells expressing LPH1 (Silva et al
2011). Moreover, Collagen type Il alpha-1 (Col3a1) has been identified as the
ligand of GPR56 through an in vitro biotinylation/proteomics approach. Similar to
the phenotypes seen in Gpr56 null mutant mice, Col3a1 null mutant mice show a
cobblestone-like cortical malformation associated with migration of mutant
neurons through the pial basement membrane. Functional studies suggest that

the interaction between Collagen Il and GPR56 is required to inhibit neural
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migration. Four mutations in Col3a1 that completely abolish the ligand binding
ability of GPR56 have been associated with human disease (Luo et al 2011; Luo
et al 2012).

Though knowledge of adhesion GPCR ligands is limited, even less is
known about the ability of adhesion GPCRs to couple to G proteins. Based on in
vitro studies, GPR56 couples to the Gayz13 family of G proteins to activate the
RhoA pathway upon ligand binding (Iguchi et al 2008; Luo et al 2011). The ability
of CAMP to rescue the myelination defects of gpr126 mutants suggests that Gas
might function downstream of Gpr126 (Monk et al 2009). The homophilic
interaction of Celsr2 and Celsr3 is able to elevate intracellular calcium
concentration. Although the kinetics are slower than those of typical GPCRs, it
remains possible that the calcium increase is due to the activation of G proteins
by Celsr2 and Celsr3 (Shima et al 2007). While adhesion GPCR coupling to G
proteins remains a possibility, it is also possible that adhesion GPCRs might
mediate transmembrane signal transduction by interacting with other intracellular
proteins. Notably, several adhesion GPCR proteins, namely, GPR124, GPR125,
the brain-specific angiogenesis-inhibitory receptor (BAI) 1-3, Gpr133, VLGR1,
possess a C-terminal PDZBM which mediates interaction with various PDZ
domain containing proteins (Bjarnadottir et al 2007). For instance, BAI1 has been
shown to interact with BAI1-associated protein 1(BAP1), a novel member of the
membrane-associated guanylate kinase homologue family via its PDZ motif, and
similarly, GPR124 and GPR125 can interact with the human homologue of the

Drosophila disc large tumor suppressor, a PDZ domain containing protein
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(Shiratsuchi et al 1998; Yamamoto et al 2004). Moreover, the PDZBM of VLGR1
is responsible for its interaction with Usher proteins to form ankle-link complexes
in inner ear hair cells (Ebermann et al 2010; Michalski et al 2007; Reiners et al
2005; Sun et al 2012; van Wijk et al 2006).

To gain insights into the potential functions of adhesion GPCRs during
vertebrate development, | characterized the expression of adhesion GPCRs
during zebrafish embryogenesis. | found 30 annotated or partially annotated
adhesion GPCRs in the sequenced zebrafish genome. They represent members
from all seven groups of adhesion GPCRs found in humans. By RT-PCR, |
determined that the transcripts of seven adhesion GPCR genes are expressed
during zebrafish gastrulation stages and eight adhesion GPCR genes are
maternally deposited. In addition, study of Gpr125 fusion protein revealed no
evidence of GPS-mediated cleavage. Furthermore, interfering with the function of
Gpr124 resulted in defects in multiple tissues in the caudal region of zebrafish
embryos, including the notochord and vasculature. These studies add more
information on the post-translation processing of adhesion GPCRs and facilitate

our understanding of their functions during vertebrate development.

Results

30 annotated or partially annotated adhesion GPCR genes are
present in the zebrafish genome

A previous study reported 22 adhesion GPCR genes in the zebrafish

genome (Fredriksson & Schioth 2005). However, this study did not provide
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adequate EST sequences to verify the annotated coding sequence for each
adhesion GPCR gene. In addition, the whole annotation process of the zebrafish
genome was incomplete when this study was carried out (Fredriksson & Schioth
2005). Hence, it is likely that a considerable portion of genes were missed in this
initial study. Therefore, | applied bioinformatics methods to search for and to
verify the adhesion GPCRs encoded in the zebrafish genome. By conducting
BLAST searches of the zebrafish genomic databases with the peptide sequences
of human adhesion GPCRs and searching for GPS motif-containing proteins
encoded in the zebrafish genome, | found 30 annotated or partially annotated
adhesion GPCRs in the sequenced zebrafish genome (Table 1). The GPCRs
included representatives of all seven groups of adhesion GPCRs found in
humans. Based on sequence alignment, each of the 30 receptors is likely the
homologue of a unique human adhesion GPCR.

The accuracy of the annotation was verified by comparing them to
available zebrafish ESTs and full-length sequences of cDNAs cloned from
various tissues. The extent of EST coverage varies widely from one adhesion
GPCR to another. For instance, in Group lll, annotated coding sequences of cirl
genes are well covered by ESTs, while those of emr genes are poorly covered by
ESTs. This difference likely reflects the expression levels of difference adhesion

GPCRs in the sampled tissues at the stages when the ESTs were cloned.
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Table 1. Bioinformatics data of zebrafish adhesion GPCRs.

Number |Gene ID Gene Name Genome Location Identities to human proteins
*1 ENSDARG00000061121 LOC560631 Chromosome 1: 19.61m 72% to lec1(latrophilin2)
39% to polycystic kidney disease

2 ENSDARG00000030417 LOC557415 Chromosome 1: 50.79m protein

3 ENSDARG00000069356 LOC569242 Chromosome 2: 3.74m 74% to LEC2

4 ENSDARG00000041399 LOC100004737 Chromosome 2: 33.85m 37% to EMR3

5 ENSDARG00000026313 -novel- Chromosome 3: 7.19m 33% to CD97

6 ENSDARG00000018436 LOC562531 Chromosome 3: 44.96m 69% to LEC1

7 ENSDARG00000041404 -novel- Chromosome 3: 51.86m 30% to EMR1.

8 ENSDARG00000029391 celsria Chromosome 4: 24.02m CELSR1

9 ENSDARG00000069185 celsria Chromosome 4: 24.16m CELSR1

10 ENSDARG00000021137 gpro8 Chromosome 5: 47.61m GPR98 (VLGR)

11 ENSDARG00000027222 wu:fc49b10 Chromosome 7: 34.91m 33% to GPR56

12 ENSDARG00000055825 celsr3 Chromosome 8: 24.54m CELSR3

13 ENSDARG00000040194 LOC100005340 Chromosome 8: 30.99m 38% to GPR116
2gc:103546

*14 ENSDARG00000053344 IMAGE:7241100 Chromosome 8: 40.60m 74% to GPR133

*15 ENSDARG00000013653 2gc:63629 IMAGE:5603872|Chromosome 11: 7.08m 50% to ELT1

16 ENSDARG00000033029 -novel- Chromosome 12: 42.61m channel protein

17 ENSDARG00000071427 -novel- Chromosome 14: 43.33m 96% to zebrafish Gpri14

18 ENSDARG00000058809 LOC564860 Chromosome 17: 5.46m 33% to GPR113

19 ENSDARG00000025667 si:ch211-149a22.1 Chromosome 19: 35.73m 60% to BAI2

*20 ENSDARG00000054137 gpri26 Chromosome 20: 29.79m 50% to GPR126

*21 ENSDARG00000056168 -novel- Chromosome 20: 31.53m 35% to GPR116.

*22 ENSDARG00000006278 si:dkey-30j22.2 Chromosome 20: 31.69m group 7.

23 ENSDARG00000025036 si:dkey-30j22.4 Chromosome 20: 31.71m group 7.

24 ENSDARG00000070063 -novel- Chromosome 20: 31.74m group7.

25 ENSDARG00000042802 si:dkey-30j22.5 Chromosome 20: 31.76m group7.

26 ENSDARG00000041413 si:ch211-119b12.8 Chromosome 20: 46.68m GPR97?

27 ENSDARG00000056062 -novel- Chromosome 21: 19.01m No description

28 ENSDARG00000019726 celsr2 Chromosome 22: 248 similar to EMR2

*29 ENSDARG00000071088 -novel- Chromosome 22: 28.94m 34% to GPR128

*30 ENSDARG00000071085 si:ch73-162i18.2 Chromosome 22: 28.96m 41% to GPR128

31 ENSDARG00000058259 celsrib Chromosome 25: 10.52m CELSR1

ENSDARG00000034234(PTM

LOC560847 (NCBI)

32 2qc:158634 Scaffold Zv7_NA1113: 22.98k |prothymosin-alpha gene
33 ENSDARG00000062746 -novel- Scaffold Zv7_NA58: 60.00k 39% to GPR116

34 ENSDARG00000052853

85 ENSDARG00000060911

36 ENSDARG00000069006(groucho 1)

37 ENSDARG00000009866

38 LOC560700 (NCBI) predicted zebrafish gpri24 |chromosome="23"

39 LOC100003592 (NCBI) predicted zebrafish gpri25 |chromosome 17

40 predicted gpr123
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Seven zebrafish adhesion GPCRs are expressed during gastrulation

The tissue-specific expression of adhesion GPCR genes has been
examined systematically in adult mice and rats (Haitina et al 2008). However, the
expression profiles of most adhesion GPCRs during embryogenesis have not
been reported. To characterize the expression of adhesion GPCR genes during
zebrafish embryogenesis, | made cDNA libraries from 16-cell, 70%~90%-epiboly,
3-somite and 1 dpf embryos. These libraries were used to analyze gene
expression during the cleavage, the gastrula, the segmentation and the
pharyngula periods of zebrafish embryogenesis (Kimmel et al 1995a). Gene-
specific primers were designed based on the annotated sequences to detect the
expression of 12 adhesion GPCRs, selected from Group |, Group Il, Group IlI,
Group IV and Group VII. The transcripts of seven of the 12 adhesion GPCR
genes examined were detected in gastrula stage embryos. At least one member
from each of the aforementioned five groups was expressed during zebrafish
gastrulation. In addition, nine of the 12 genes were expressed in 24 hpf embryos
and the transcripts of eight adhesion GPCR genes were maternally deposited

(Figure 7 and Table 2).
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GROUP 1.9 89 11 24 hpf

I bai2

cirl1

I11 cirl2

cirl3

gpri123
gpr123|

v gpri124

gpr125

gpri113

o) =D GEme S
gpri116

VII hit21
hit23

hit24

actin

' -
.
] >

Figure 7. Examining adhesion GPCR gene expression with RT-PCR. Most
PCRs yielded products of predicted sizes, except for the ones marked by
stars. Blue stars mark products with predicted sizes and red stars mark
products of unexpected sizes.
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Table 2. Temporal expression profiles of candidate adhesion GPCRs. @
indicates the expression is detected via RT-PCR; O indicates a minimum
amount of expression is detected via RT-PCR; O indicates the expression is
not detected via RT-PCR.

gt:ng: 16- cell Zg:)t/;olgf% 3- somite 1 dpf
bai2 [ [ [ [
gpr126 [ o [ [
cirl1 O O o o
cirl2 [ L [ o
cirl3 o O o o
gpri124 L [ [ o
gpr125 L L L o
gpr116 [ [ [ [
hit21 o [ [ [
hit23 O O O O
hit24 O O O O

As all four members of the Group IV subfamily were expressed during the
first day of development and their expression within this time seemed to be
dynamic and distinct, we performed additional RT-PCR analyses on Group IV
members with higher temporal resolution during the first five days of
developments. Indeed, these analyses revealed that prior to 2 dpf, the temporal

expression of these four genes was distinctly regulated (Figure 8). gpr125

55



transcripts were maternally provided and remained present throughout the first
five days of development. While maternal transcripts for both gpr123 and gpr124
were detected, their expression levels were low during gastrulation and
increased significantly at 24 and 14 hpf respectively. gpr123like expression was

barely detectable until 18 to 24 hpf.

GROUP 1 4 8 10 14 18 24 48 72 96 120 hpf

gpr123

gpr123|

v gpri124

gpri125

actin

Figure 8. RT-PCR analysis of Group IV adhesion GPCR gene expression
during the first 5 days of zebrafish development.



Group IV adhesion GPCRs exhibit distinct spatiotemporal expression
patterns

Subsequently, | analyzed the temporal and spatial expression patterns of
the Group IV adhesion GPCRs using whole-mount in situ hybridization.
Consistent with the RT-PCR results, gpr123 gpr123like and gpr124 had very
lowexpression by the end of gastrulation (Figure 9, 10 and 11). In contrast,
gpr125 was expressed ubiquitously at a high level from the maternal through

gastrulation to early segmentation stages (Figure 12).

16hpf

Figure 9. Whole-mount in situ hybridization analysis of gpr123 expression.
Lateral views, animal pole up, dorsal right in (C-F).
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9hpf 11hpf

16hpf

Figure 10. Whole-mount in situ hybridization analysis of gpr123like
expression. Lateral views, animal pole up, dorsal right in (C-F).
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1.25hpf

Figure 11. Whole-mount in situ hybridization analysis of gpr124 expression.
Lateral views, animal pole up in (A and B). Animal pole view in (C). Lateral
views, anterior left, dorsal up in (D, F, G-I). Dorsal view, anterior left in (E).
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1.25h

4h

48 h

Figure 12. Whole-mount in situ hybridization analysis of gpr125 expression.

Lateral views, animal pole up in (A and B). Lateral views, anterior up, dorsal
left in (C-G). Dorsal views, anterior left in (H and J). Lateral views, anterior left,

dorsal up in (I, Kand L).



At 24 hpf, gpr124 expression was enriched in the head and tail region
(Figure 11D). Co-localization between gpr124 and sox9a, a chondrogenic factor
expressed in pharyngeal arches (Chiang et al 2001; Yan et al 2002; Yan et al
2005), suggested that gpr124 was expressed in the pharyngeal arch primordial
(Figure 11E), and at later stages, the pharyngeal arches were positive for gpr124
(Figure 11F-l). The specific expression of gpr124 in the pharyngeal arches
warrants future investigation of its potential function in chondrogenesis of the
pharyngeal arches.

On the other hand, gpr125 transcripts showed a different localization at
later stages (Figure 12). Specifically, at 25 hpf, gpr125 expression became
enriched in the rostral region, including the hindbrain at the level of the otic
vesicles, where tangential migration of FBMN occurs (Figure 12H and J) (Wada
et al 2005; Wada & Okamoto 2009). By 48 hpf, gpr125 expression was more
prominent in the midbrain-hindbrain boundary, the pharyngeal arches and the

pectoral fin buds (Figure 12K and L).

Gpr124 and Gpr125 share high similarities in protein domain
composition
To further characterize gpr124 and gpr125, | cloned the full-length coding
regions of these two genes. Gpr124 and Gpr125 share a high degree of identity
in protein sequence between their extracellular and transmembrane regions and
remarkably their extracellular regions are composed of almost identical functional

domains and motives (Figure 13). Therefore, Gpr124 and Gpr125 might act
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zGprl2s MSVLCVLLLAFVLPLRGSSSAGSTECKTYDERSRSAGKSSPSGATLDRKVVCSNMEFRQV 60

zGprl24
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zGprl25s PSPDTFPNRTVSLILSNNKIQELLNGSFVqLS LERLDIKNNIITHIEPGAFY SLKR 120
zGprl24 MLKNGSFAGLSSLEKLDLRNNLISTIMPGAFLS LRK 39
K kkkk Rkkkkkgkkgzkhkzkg K FRkk Kk phgg
LLR LLR
zGprl25 LDLSKNLIGCLHVDVFK LVKLNLSENKFSSLSQGIFDSLGSLKILEFDSPYLLCDC 180
zGprl24 LDLSSNRIGCLTPEMF LTKLNISGNIFSSLDPNVFMELHSLKLVNFHSEFLSCDC 99
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Figure 13. Protein sequence alignment between Gpr125 and Gpr124. LRR,
leucine-rich repeat; 1G_like, immunoglobulin_like; HRM, hormone receptor
domain; GPS, GPCR proteolytic site; 7TM_2, seven-pass transmembrane
type 2; PDZB, PDZ domain binding motif.
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redundantly in tissues where they both are expressed at the same time.
However, their intracellular regions are largely different except for the last 12
amino acids, which include a PDZBM (Figure 13). In addition, the distinct
spatiotemporal expression patterns of gpr124 and gpr125 could allow them to
contribute uniquely to development. In support of this notion, Gpr125 knock-in
null mice are morphologically normal and fertile, whereas deletion of Gpr124
results in embryonic lethality from CNS-specific angiogenesis arrest in forebrain
and neural tube in mice (Kuhnert et al ; Seandel et al 2007). Compound
Gpr125;Gpr124 mutants have not been reported.

To assess whether GPS motif mediated cleavage occurs in Gpr125, we
made a construct encoding Gpr125 with a C-terminal Cherry fusion protein and
expressed it in zebrafish embryos. Embryonic tissues were collected for SDS-
PAGE gel electrophoresis and western blot analysis with anti-Cherry antibody to
determine the size of the Cherry fusion peptide. As shown in Figure 14, the
Gpr125-Cherry fusion protein exists as an uncleaved full-length peptide.
Previously, it has been reported that the (-2)H(-1)L(+1)T/S cleavage consensus
sequence is not present in human GPR124 and GPR125 (Promel et al 2012).
Further review of the sequences of the zebrafish gpr124 and gpr125 homologues
revealed the absence of the consensus cleavage sequence within their GPS
motif. Therefore, the endogenous Gpri124 and Gpr125 proteins likely exist in their
uncleaved forms. Lack of GPS cleavage activity has also been shown for several
adhesion GPCRs, including CELSR/Fmi, and LAT-1/Latrophilin (Promel et al
2012; Usui et al 1999). Moreover, the GPS motif mediated cleavage per se has
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been shown experimentally to be dispensable for the surface expression and
function of LAT-1/Latrophilin (Promel et al 2012). Therefore, it is possible that

GPS-mediated cleavage is not required for Gpr125 trafficking or activity.

260 <—
130

52

42

" e e = Anti-g-Tub

Figure 14. Western blotting analysis of Gpr125-Cherry fusion protein at 9 hpf.
Red arrow marks a band matching the size of full-length Gpr125-Cherry fusion
protein (174kD) present only in the sample from gpr125-cherry RNA injected
embryos.
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Gpr124 may contribute to multiple developmental processes

To assess if gpr124 and gpr125 are essential for early development, we
designed antisense morpholino oligonucleotides (MO) to disrupt their function.
Here, | describe the phenotypes of gpr124 morphants (MO injected embryos).
Studies of gpr125 function will be presented in Chapter lll.

As gpr124 maternal transcripts are present at a low level, | decided to
design MO to disrupt splicing of zygotic gpr124 transcripts. The MO was
designed to block the acceptor site of exon 6 and therefore was predicted to
cause deletion of exon 6. Successful blocking of splicing will generate an
immediate premature stop codon. To test the effectiveness of the MO, a pair of
primers flanking exon 5 and 10 was designed. As shown in Figure 15, preventing
splicing of exon 6 resulted in a smaller PCR product. When examined at 24 hpf,
MO-gpr124 specifically blocked gpr124 transcript splicing in a dose-dependent
manner, achieving nearly 100% reduction of the normal transcript at 5ng and
above 70% interference at 3ng.

Interestingly, gpr124 morphants exhibited several defects related to
chondrogenesis. At 24 hpf, gpr124 morphants showed dysmorphogenesis of the
posterior trunk region. Assessment of notochord integrity by collogen 9a (col9a)
in situ hybridization, revealed a disruption of the continuous staining in the
notochord. Abnormal accumulation of cells expressing col9a was accompanied
by the lack of staining in the adjacent region in the notochord. Occasionally, cells

expressing col9a were spotted in ectopic positions outside of the notochord
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(Figure 16E and F; 67%, n=21). At later stages, gpr124 morphants exhibited
abnormal jaw morphology and those injected with higher doses of MO-gpr124
had more severe phenotypes (Figure 16H and I). Both the defects in the posterior
trunk region and the jaw defects are consistent with the expression of gpr124 in

the posterior body and the pharyngeal arches.

Normaltranscript | gs | g | E7 | ES8 | 2 | Ew0 |

Transcriptlacking6 | ¥ | E7 | E$8 | ©E9 | EI0 |

Figure 15. The effectiveness of gpr124 splicing MO in 24 hpf embryos. Blue
lines indicate primer-annealing locations. Red arrow marks PCR product from
normal transcript (892bp) and green arrow marks PCR product from transcript
lacking exon 6 (678bp).
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| Uninjected | | MO-gpr124 injected

Figure 16. Phenotypes of gpr124 morphants. (A-C) Lateral views of uninjected
(A) and 3ng MO-gpr124 injected embryos (B) at 1dpf. Anterior left, dorsal up.
(C) is the enlarged view of the posterior region of an embryo similar to that in
(B). (D-F) Lateral views of uninjected (D) and 3ng MO-gpr124 injected
embryos (E) after collage 9a in situ hybridization at 1dpf. Anterior left, dorsal
up. (F) is the enlarged view of the posterior region of an embryo similar to that
in (E). (G-1) Lateral views of uninjected (G), 3ng (H) and 4ng MO-gpr124
injected embryos (1) at 7dpf. Anterior left, dorsal up.
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Discussion

In summary, owing to their unique structure, adhesion GPCRs have been
proposed to have vital dual roles in cellular adhesion and signaling (Yona et al
2008). This notion is corroborated by the involvement of several GPCRs in
distinct developmental diseases. In this study, | have found 30 zebrafish
adhesion GPCR homologues, each corresponding to a unique human adhesion
GPCR. Utilizing an RT-PCR approach, | have identified seven adhesion GPCR
expressed during gastrulation. Four of the seven adhesion GPCRs expressed
during gastrulation belong to the Group IV subfamily. RT-PCR revealed dynamic
temporal expression profiles of these four genes during the first five days of
development. Each exhibited unique spatial expression patterns in the first three
days of development.

Through in silico protein structure analyses based on the full-length coding
sequences of the genes cloned in this study, | confirmed that, like their human
counterparts, zebrafish Gpr124 and Gpr125 share high sequence identity and
possess the same protein domains and motives in their extracellular domains.
Analysis of a Gpr125-Cherry fusion protein revealed that the protein was present
predominantly as an uncleaved form, providing experimental evidence to support
the previously reported lack of a cleavage consensus sequence in the Gpr125
GPS motif (Promel et al 2012).

Loss-of-function experiments using gpr124 MO revealed morphogenetic
defects, which are specific to the tissues where gpr124 is expressed. Based on

our experimental data presented in this and the following chapters, we propose
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that Group IV adhesion GPCRs play important roles during early zebrafish

embryogenesis.

Experimental procedures
Computer-based identification of zebrafish adhesion GPCR genes

Ensembl search tool, BLASTP (http://www.ensembl.org/Multi/blastview),
was used to search for potential zebrafish homologues of human adhesion
GPCRs. For a given human peptide sequence, BLASTP was used to generate a
list of zebrafish protein hits. Meanwhile, GPS domain (accession number,
IPR0O00203) searches generated a list of zebrafish GPS motif-containing
proteins. For all GPS motif-containing proteins and BLASTP hits sharing 30% or
greater identity with human adhesion GPCRs, their domain compositions were
examined. If the protein had a predicted TM7 domain and extracellular domains
similar to those of a human adhesion GPCR, it was recorded as a potential
zebrafish adhesion GPCR. The accuracy of the annotated coding sequences
corresponding to these genes was evaluated by examining their expressed
sequence tag (EST) coverage and when available their cDNA clones.

RT-PCR

Total RNA was extracted with TRIzoL LS reagent (Invitrogen) from 16-cell,
70%~90%-epiboly, 3-somite and 1 dpf wild-type (WT) embryos. cDNA was
produced with the SuperScript Ill first-strand synthesis system (Invitrogen).

Specific primers for each candidate adhesion GPCR were designed to amplify
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Table 3. Nucleotide sequences of primers and antisense
oligonucleotides used in chapter II.

morpholino

Primer name
pB-actin

Sequences
5'- ATGGATGAGGAAATCGCTGCCCTGGTC -3’
5'- CCTGATGTCTGGGTCGTCCAACAATGG -3’

bai2-q 5’- GTTACGGCACGCCAAGTTAT -3’

5'- CTGGAGATCACCCCACACTT -3’
cirl1-q 5- CCTTTGTGGCTACTGCTTTC -3

5'- CGGATCATCTTGTGAAGAGT -3
cirl2-q 5’- CTATTACGCATCAGGCTACC -3’

5'- GAGTCGGGTTTCATAGACAT -3
cirl3-q 5’- TCTCACAGGATATGGAGTGC -3

5'- GAATGGCTGTATGGTGAAAC -3
gpr124-q 5’- CCTGTCAAACGTCCATGTTG -3’

5'- GGAGGTGATGCCAGCTAGAG -3
gpr125-q 5’- GGAAACTCCAGCATCCTCAG -3’

5'- ACACGGTGGTGAAGTTGTCA -3’
gpr123-q 5’- GGGAATCGTGCTGCATTACT -3’

5- GCCGTAGTTGTCGATGTTGA -3’
gpr123-like-q 5- ATGCTGCTCTGCCTGCTAAT -3

5'- GCCAACCACTTGACAGATCA -3’
gpr56-q 5- ATCGAATGTGCTGGATGACA -3’

5'- CAAAATCGAGGAAACCCAGA -3’
gpr126-q 5- TCCTCAAGTTTTGCATCGTG -3

5'- GCCGTTACGTCCACAGATTT -3’
gpr116-q 5’- CAAACCTACATCCGACACCA -3

5'- AGGCCTCAGATTGCTTTTCA -3’
gpr113-q 5’- AAAGGACGTAGCCAAGAGCA -3

5- CTCTCCAACGCAGTTTGTCA -3
No.21-q 5-TTTGTCGTTGTCCGATGTGT -3

5- GCAGTTTTCCTCGTAATGCC -3
No.23-q 5- GCCTGTTTGTTCATGTGGTG -3’

5'- TGACACTGGAGACCTGGGTT -3
No.24-q 5- GGTGGCACTATTTGGGGTTA -3

5- TCCTCATGATGCTGTGCTGT -3
emri1-q 5'- AGTCCTGGAGTGAATAATGTGG -3’

5’- ACACAGATGAAGAGCAACACAG -3’
emr2-q 5'- AGTCCTGGAGTGAATAATGTGG -3’

5’- CTGGGAGAGGTTCTTTACACAG -3’
emr3-q 5’- AGTCCTGGAGTCAATAATGTGG -3

5'- GGAGCTGATCTGTGATAGGTTC -3’
cirl2-probe 5’- CGGACAAATCCAGGACTTCA -3

5’- TCAAAATGCAGCATCGTCCA -3’
No.21-probe 5’- TTGGAGATCAGTGACATCAGCCAGAGG -3’

5- GTCCCCTTTGTCCAGCTGAAGATGATG -3’

gpr123-probe

5’- TCGCCTCCATCATCACCTACATAGTGC -3
5- AATGTGAAATGAAAGTTCCCGCTCTCG -3’

gpr123-like-probe

5- GGACCAACTGCCTTCTTGGTCTTGGTA -3
5'- CATGTTGACTACTGTTCCGGCTCAGTG -3

gpr124-probe 1

5’- GGAGGAACAGCTACCGGTTTAGGCATC -3
5- TTATACAGTCGTCTCGCTCTTCCATACCCT -3

gpr124-probe 2

5’- CAACTAAGATTTCGCTGCACCACAGGA -3’
5’- TCAGGCAGAAAACAGTGCACAGGAAGT -3’

gpr125-probe 1

5’- GAGCTCAAAGAACAATCCGAGGAGCA -3
5- TACTCGCGCAAAACTGTGAGCCTGCTA -3’

gpr125-probe 2

5’- TAGGAGTGAAGGAAACTCGCTGCTCGT -3
5'- GCTTGACAAACGCTCGCATTGTATGTC -3’

gpr124fl 5- ATGCTGAAAAATGGCTCCTTC -3

5- TTATACAGTCGTCTCGCTCTTCCA -3’
gpr125f 5- ATGTCGGTGCTTTGCGTC -3’

5- CTACACAGTAGTTTCATGCTTCCAC -3’
gpr124splc 5- CTTCCATTCTGAGTTCCTGTCGT -3’

5- CAGCTCACGCAGTTCTGTAACAT -3
MO name

MO-gpri124spl

5'- TACTCCAGCCGTCGTTGATATGTTC -3
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products ~200bp in length (Table 3). In order to avoid genomic DNA
contamination and to verify annotations, primers were designed to amplify
fragments composed of multiple widely separated exons. For adhesion GPCRs
expressed during or shortly after gastrulation, ~1kb fragments of their coding
sequences were cloned to serve as templates to generate labeled anti-sense
RNA probes for whole-mount in situ hybridization (WISH). Primer sequences for
template amplification were listed in Table 3.

The full-length gpr124 and gpr125 coding sequences were amplified using
gpr124fl and gpr125fl primers (Table 3) with Easy-A high-fidelity PCR cloning
enzyme (Agilent Technologies) and subcloned into pCR8 vector (Invitrogen). A
construct containing sequence encoding Gpr125 with a Cherry protein fused to
its C-terminus was made by recombining Gpr125 coding sequence from pCR8
and Cherry coding sequence from p3E-Cherry into the recombination-compatible
pCS-Dest2 vector (Villefranc et al 2007) with Gateway® LR clonase® Il plus
enzyme (Invitrogen)

Whole-mount in situ hybridization (WISH)

To assess the maternal mRNA deposition of adhesion GPCR genes,
embryos at cleavage stage (before the onset of zygotic transcription), were fixed
in 4% paraformaldehyde (Sigma) overnight at 4°C for WISH analyses. To
examine their spatial and temporal expression during gastrulation, early, late
gastrulation stages and early segmentation stages embryos were fixed similarly
for WISH analyses. To complete their expression profile, tissue-specific

expression during the pharyngula and the hatching period was analyzed with
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WISH. Antisense probes were synthesized with RNA labeling kits (Roche). WISH
analyses were performed as described previously (Marlow et al 1998).
Western blot analysis

Embryos overexpressing Gpr125-Cherry protein were collected at 9 hpf
and deyolked according to (Link et al 2006). The samples were dissolved in 2 ul
2X Laemmli SDS-sample buffer per embryo and incubated at 65 °C for 30 min to
denature 7TM-contaning proteins without rendering them insoluble. After full
speed centrifugation for 2 min at room temperature, samples were loaded on a
SDS-PAGE gel (Fisher Bioreagents). Electrophoresis and transfer were
performed according to manufactures manual using Bio-Rad equipment and
PVDF membranes from Millipore. Membranes were blocked in 4% BSA in TBST
at room temperature for 1h prior to incubation with antibodies. Antibodies were
diluted in TBST with 4% BSA. Primary antibodies used were: rat monoclonal anti-
RFP antibody (1:1000, Chromotek, clone 5F8) and mouse monoclonal anti-p-
Tubulin antibody (1:1000, Sigma DM1A) and secondary antibody was goat
polyclonal anti-mouse HRP conjugate (1:10000, Millipore, 12-349). Amersham™
ECL plus western blotting detection system (GE Healthcare) was used and
signals were detected with Amersham HyperfiImT"’I ECL (GE Healthcare) or

Fujifilm LAS-3000.
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Introduction

During embryogenesis, gastrulation establishes the three germ layers and

the animal body plan. Vertebrate gastrulation relies on polarized cell behaviors to

drive convergence and extension (C&E) movements that narrow embryonic

tissues mediolaterally and elongate them anterio-posteriorly (Gray et al 2011;

Keller et al 2000b; Solnica-Krezel 2005; Yin et al 2009). In dorsal regions of

Xenopus and zebrafish gastrulae, cells become elongated and align along the

mediolateral embryonic axis, allowing preferential intercalation between their

anterior and posterior neighbors to drive C&E (Jessen et al 2002; Keller et al
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2000b; Lin et al 2005; Marlow et al 2002; Topczewski et al 2001). Modulation of
cell adhesion and intercellular signaling have been proposed to instruct such
complex cell behaviors (Yin et al 2009). However, the molecules implementing
these actions are not fully identified.

Currently, the Wnt/PCP signaling system, equivalent to the PCP pathway
coordinating wing hair and ommatidia orientation in Drosophila (Goodrich & Strutt
2011; Simons & Mlodzik 2008), is the best-studied pathway regulating C&E
movements in vertebrates (Gray et al 2011; Tada & Kai 2009; Yin et al 2009).
Polarized cell behaviors underlying C&E, including directed cell migration and
polarized planar and radial intercalations, are exquisitely sensitive to PCP
signaling levels, as excess or insufficient Wnt/PCP pathway component function
impairs C&E movements (Carreira-Barbosa et al 2003; Jessen et al 2002;
Marlow et al 2002; Wallingford et al 2000). In addition to regulating C&E, a
subset of Wnt/PCP components also regulate the caudal tangential migration of
facial branchiomotor neurons (FBMN) in zebrafish and mouse (Carreira-Barbosa
et al 2003; Jessen et al 2002; Wada et al 2005; Wada & Okamoto 2009; Wada et
al 2006).

PCP pathway components are known to localize asymmetrically in
multiple tissues manifesting planar polarity. In the fly wing epithelia, the receptor
Frizzled and cytoplasmic proteins Dishevelled (Dsh/Dvl in vertebrates) and Diego
localize to the distal side of the cell, where the wing hair will eventually emerge,
the transmembrane protein Van gogh/Strabismus and cytoplasmic protein Prickle

(Pk) localize proximally, and the seven transmembrane protocadherin
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Flamingo/Starry night is present at both cell edges (Axelrod 2001; Bastock et al
2003; Feiguin et al 2001; Strutt et al 2002; Tree et al 2002). This stereotyped
asymmetric localization of Pk and Dvl on opposing anterior and posterior
membranes has been observed in the neural plate and dorsal mesodermal cells
undergoing C&E in zebrafish (Ciruna et al 2006; Yin et al 2008). Such molecular
asymmetries are considered either a consequence of cell polarization or an
essential step in the process of Wnt/PCP-mediated cell polarization (Goodrich &
Strutt 2011; Gray et al 2011; McNeill 2010; Simons & Mlodzik 2008).

Asymmetric localization of PCP components in polarized epithelia and
protein interaction studies supports a model whereby PCP components interact
in asymmetric membrane complexes spanning the juxtaposed cells to generate
planar polarization (Goodrich & Strutt 2011; McNeill 2010). Recently, Dsh was
shown to cluster PCP complexes into membrane subdomains in cells of
Drosophila pupal wings (Strutt et al 2011), raising the possibility that clustering of
asymmetric PCP complexes into membrane subdomains might provide a local
self-enhancement mechanism that establishes and/or maintains planar polarity
(Strutt et al 2011). Interestingly, membrane clustering of PCP components occurs
between Xenopus Van gogh-like 2 (Vangl2, vertebrate homolog of Van
gogh/Strabismus) and Drosophila Pk expressed in Xenopus animal cap explants,
and among zebrafish Frizzled7 (Fzd7), Wnt11 and Xenopus Dvl expressed in
zebrafish blastula (Jenny et al 2003b; Witzel et al 2006). In the latter case,
subdomain formation correlates with increased persistence of membrane

contacts partially dependent on vertebrate Flamingo homologues, Cadherin EGF
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LAG seven-pass G-type receptors (Celsrs) (Witzel et al 2006).

Celsrs belong to the family of adhesion G protein-coupled receptors
(GPCRs), which are chimeras of adhesion molecules and transmembrane signal
transducer GPCRs (Fredriksson et al 2003). Owing to their unique structure,
adhesion GPCRs are postulated to play dual roles in cell adhesion and signal
transduction (Yona et al 2008). Recent studies of GPR56, GPR124 and Gpr126
implicate adhesion GPCRs in diverse developmental processes, including brain
development, blood vessel formation and myelination in zebrafish and mammals
(Kuhnert et al ; Monk et al 2009; Monk et al 2011; Piao et al 2004). As
components of the PCP pathway, Celsr adhesion GPCRs have been reported to
regulate zebrafish gastrulation and FBMN migration (Carreira-Barbosa et al
2009; Formstone & Mason 2005; Wada et al 2006).

To better understand the molecular mechanisms underlying gastrulation
movements and uncover the functions of uncharacterized adhesion GPCRs, we
surveyed adhesion GPCRs to identify candidate regulators of zebrafish
gastrulation. Here, we identified Gpr125 adhesion GPCR as a modulator of C&E
gastrulation movements and FBMN migration. We provide evidence that Gpr125
functionally interacts with multiple Wnt/PCP components and directly interacts via
its intracellular domain with Dvl. Mutual redistribution of Gpr125 and Dvl fusion
proteins into discrete membrane subdomains and their ability to selectively
recruit additional PCP components into these domains suggest that Gpr125
might act as a component of the PCP membrane complexes and modulator of

Wnt/PCP signaling in vertebrates.
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Results
Excess Gpr125 disrupts C&E movements and underlying cell polarity

Like other adhesion GPCRs, Gpr125 has a long extracellular subunit with
protein-protein interacting domains and a GPCR subunit (Figure 17A). The last
four amino acids (ETTV) of Gpr125 constitute a PDZ-binding motif (Figure 17A),
which is also found in transmembrane PCP pathway components, Fzd and
Vangl2 (Hering & Sheng 2002; Jessen et al 2002). Using semi-quantitative RT-
PCR and whole-mount in situ hybridization (WISH) analyses, we determined that
gpr125 transcripts were maternally provided and uniformly distributed at blastula
and gastrula stages (Figure 17B-D). Notably, at 25 hpf, gpr125 expression
became enriched in the rostral region, including the hindbrain at the level of the
otic vesicles, where tangential migration of FBMN occurs (Figure 17E) (Wada et
al 2005; Wada & Okamoto 2009).

Since gastrulation movements are sensitive to both elevated and reduced
levels of their regulators (Carreira-Barbosa et al 2003; Jessen et al 2002; Lin et
al 2009; Marlow et al 2002; Wallingford et al 2000; Zeng et al 2007), we
investigated Gpr125 function through both gain- and loss-of-function (GOF and
LOF) approaches. Microinjection of synthetic gpr125 RNA into wild-type (WT)
zygotes caused dose-dependent shortening of the anterio-posterior (AP) axis
and synophthalmia or cyclopia (Figure 18A-K), phenotypes suggestive of C&E
defects (Carreira-Barbosa et al 2003; Formstone & Mason 2005; Heisenberg et
al 2000; Jessen et al 2002; Marlow et al 2002; Marlow et al 1998; Topczewski et

al 2001). To determine if such dysmorphologies were due to an earlier C&E
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gastrulation defect, we compared expression of tissue-specific markers in gpr125
RNA injected and control embryos at late gastrulation (2-somite stage) (Figure
18L-O). The expression of distal-less homeobox 3 (dIx3) in the border of the
neural ectoderm, and paraxial protocadherin (papc) in the adaxial and paraxial
mesoderm revealed mediolaterally broader but anterio-posteriorly shorter neural
ectoderm, notochord, and somites (89%, n= 37; Figure 18M,0). In addition, the
prechordal mesoderm, marked by hatching gland 1 (hgg1), failed to migrate
beyond the anterior edge of the neural ectoderm and was abnormally elongated
in 35% of gpr125-injected embryos (n= 37; Figure 18M). Compromised anterior
movement of the prechordal mesoderm relative to the overlying neural ectoderm
has been proposed to cause synophthalmia or cyclopia in embryos with deficient
or excess PCP pathway components (Heisenberg et al 2000; Marlow et al 2002;
Marlow et al 1998). At high doses of gpr725 RNA (i.e. 400 pg), a small fraction of
embryos exhibited dorsoventral axis patterning defects, including expansion of
dorsal markers at 5 hpf (XL, FLM and LSK unpublished data) and tail truncation
at 24 hpf (Figure 18E). Therefore, Gpr125 GOF phenocopies C&E defects
reported for GOF/LOF of PCP pathway components (Carreira-Barbosa et al
2009; Formstone & Mason 2005; Jessen et al 2002; Marlow et al 2002;
Topczewski et al 2001) and disrupts patterning only when expressed in great
excess. At the cellular level, Gpr125-Cherry overexpressing embryos had extra

columns of cells in the notochord as compared to controls, indicating a deficiency
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Figure 17. Predicted protein domains and spatiotemporal expression profile of
gpr125 during early zebrafish development. (A) Schematics of predicted
zebrafish Gpr125 protein domains. The percentage of amino acid identities or
similarities between Gpr125 peptide sequences in vertebrates for the whole
protein are included in parentheses, and for individual domains on the
schema. LRR_RI, leucine-rich repeat_ribonuclease inhibitor type; 1G_like,
immunoglobulin_like; HRM, hormone receptor domain; GPS, GPCR
proteolytic site; 7TM_2, seven-pass transmembrane type 2; and ICD,
intracellular domain. The PDZBM (ETTV) at the C-terminus are labeled in
pink. (B) RT-PCR of gpr125 transcripts from 1 to 120 hpf. g-actin was used
as a loading control. (C-F) WISH profile of gpr125 expression. Lateral views,
anterior up in (C; D) and left in (E; F). fb, forebrain; hb, hindbrain; mb,
midbrain; mhb, midbrain-hindbrain boundary; ov, otic vesicle; pa, pharyngeal
arches; and pf, pectoral fin.
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Figure 18. Excess Gpr125 leads to C&E movement defects. (A-E) Lateral
views of uninjected or gpr125 RNA injected embryos at 1 dpf. Anterior left. (B-
E) AP axis length phenotypic categories. Blue: greater than 95%; green: 80%-
95%; yellow: 40%-79%; and red: smaller than 40% of control embryos’
average AP axis length. Arrowheads in D and E indicate the cyclopic eyes and
change of head position. (F-J) Ventral views of uninjected or gpr125 RNA
injected embryos at 3 dpf. Anterior left. Eye fusion defects were categorized
into five groups (/-V) according to (Marlow et al 1998). (K) Quantification of AP
axis shortening and eye fusion phenotypes. The colored bars correspond to
the AP axis length phenotypic categories shown in (B-E). Eye fusion
phenotypes were quantified by cyclopia index (Cl) according to (Marlow et al
1998). ClI values are above the bars and numbers of embryos analyzed inside
the bars. (L-O) WISH analyses of marker gene expression in uninjected or 200
pg gpr125 RNA injected embryos at the 2-somite stage. (L; M) Animal pole
views, ventral up. (N; O) Dorsal views, anterior up. n, notochord; ne, neural
ectoderm border; pm, prechordal mesoderm; and s, somites. Red line
indicates the width of the notochord at the first somites. (P-Q) Membrane
EGFP (mEGFP) labeled notochord (n) of control or 200 pg gpr125-Cherry
RNA injected embryos at the 1-somite stage. Anterior up. All measured
notochord cells are outlined and the notochord boundary of the gpr125-
injected embryo is marked with dashed lines. (R-U) Analyses of LWR and ML
alignment in the ectoderm or notochord of control (n=3 embryos, 158 and 131
cells respectively) or 200 pg gpr125-Cherry RNA injected embryos (n=6
embryos, 266 and 220 cells respectively) at the 1-somite stage. Rose
diagrams depict cell orientation relative to the AP axis (vertical dashed line).
Corresponding LWRs are expressed as meantSEM in the lower right corners.
(V and W) Punctate and cytosolic distribution of Pk-GFP in control or gpr125
RNA injected embryos. (X) Classes of Pk-GFP distribution in control or gpr125
RNA injected embryos (155 or 183 cells, respectively). (Y and Z) ML alignment
and LWR of ectodermal cells analyzed for Pk-GFP localization in control or
gpr125 RNA injected gastrulae.
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in mediolateral intercalation (Figure 18Q). Indeed, morphometric analysis
revealed defects in mediolateral cell elongation and alignment, two PCP-
dependent polarized cell behaviors essential for mediolateral intercalation (Gray
et al 2011; Keller et al 2000b). In 1-somite stage control embryos, 55% of dorsal
ectodermal cells oriented their long axes within a 20° arc perpendicular to the
notochord and exhibited an average length-to-width ratio (LWR) of 1.72+0.04 (n=
158; Figure 18R). Moreover, 76% of notochord cells oriented mediolaterally with
an average LWR of 2.14+0.07 (n= 131; Figure 18T), consistent with previous
reports (Jessen et al 2002; Marlow et al 2002; Topczewski et al 2001). In
contrast, in gpr125-Cherry RNA-injected embryos, only 32% of ectodermal cells
and 30% of notochord cells exhibited normal mediolateral alignment (Figure 18S
and U) and showed reduced LWRs of 1.56+0.02 (n= 266; p<0.001) and
1.55+0.03 (n= 220; p<0.001), respectively. In addition, we analyzed Drosophila
Pk-GFP localization in Gpr125 overexpressing ectodermal cells (Figure 18V-Z).
Consistent with previous reports, Pk-GFP puncta preferentially localized at the
anterior edge of ectodermal cells in control gastrulae (Figure 18V and X) (Ciruna
et al 2006; Yin et al 2008). However, in embryos overexpressing Gpr125, the
percentage of cells with anterior Pk-GFP puncta decreased concomitant with an
increase in cells with cytoplasmic Pk-GPF (Figure 18W and X). These results
indicate that gpr7125 GOF impaired both molecular and morphological planar cell

polarities during C&E movements.
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Reduced Gpr125 enhances C&E defects of PCP mutants
To determine if gpr125 is essential for C&E movements, we used two antisense
morpholino oligonucleotides (MOs) to disrupt its translation. Both MOs blocked
translation of synthetic RNA encoding GFP fused to gpr125 MO target
sequences (Figure 19A-1). However, given that MO1-gpr125 caused non-specific
cell death, which was suppressed by concurrent loss of p53 function (Figure 19J-
K) (Robu et al 2007), MO2-gpr125 was mainly used in this study. Although
gpr125 MOs did not cause specific morphological defects in WT embryos (Figure
L-W), they enhanced the phenotypes of PCP mutants (Figure 20-22). PCP
homozygous mutants, such as maternal-zygotic (MZ)  scribble1
(scrb1)/landlocked (llk) (Wada et al 2005) and vangl2/trilobtie (tri) (Jessen et al
2002; Marlow et al 1998), exhibit shortened AP axis and variable degrees of
cyclopia. Intriguingly, injection of MO2-gpr125, but not a control MO, further
shortened the AP axis and significantly increased the penetrance and
expressivity of cyclopia in these mutants (Figure 20A-F and Table 4). Similar
enhancement of cyclopia was observed with MO1-gpr125 and MO2-gpr125 in
MZwnt11/silberblick (slb) homozygous mutants (Figure 20G and Table 5)
(Heisenberg et al 2000). Notably, MO2-gpr125 injection caused significant
shortening of the AP axis relative to uninjected or control MO-injected scrb1/llk
and vangl2/tri heterozygous embryos, which do not manifest morphologic C&E
defects (Figure 20H-J) (Solnica-Krezel et al 1996; Wada et al 2005). Supporting
the specificity of MO2-gpr125, synthetic gpr125 RNA lacking the MO2-gpr125

binding site, but not water or RNA encoding membrane EGFP (mEGFP),

83



Figure 19. Effective gpr125 MOs cause no noticeable morphological defects in
WT embryos. (A-D) Live images of uninjected (A), 100 pg 5-gpr125-T1-GFP
RNA (GFP reporter for MO1-gpr125) injected (B), or 100 pg 5’-gpr125-T1-GFP
RNA and MO1- gpr125 co-injected embryos (C-D) at the 70%-epiboly stage.
(E-H) Live images of uninjected (E), 100 pg 5’-gpr125-T2-GFP RNA (GFP
reporter for MO2-gpr125) injected (F), or 100 pg 5-gpr125-T2-GFP RNA and
MO2-gpr125 co-injected embryos (G-H) at the 75%-epiboly stage. (I) Western
blot quantification of GFP reporter protein levels in MO1-gpr125 injected
embryos. The density of the GFP bands was normalized to that of the Actin
bands and the signal intensity relative to uninjected embryos is shown. Error
bars, + SEM. **p < 0.01, ***p < 0.001. (J-K) Lateral views of 5.4 ng MO1-
gpr125 injected WT (J) or p5342714#M214K empbryos (K) at 1 dpf. Anterior left.
Arrows in (J) indicate regions of significant cell death. (L-O) WISH analyses of
marker gene expression in uninjected (L and N) and 2.7 ng MO1-gpr125
injected embryos (M and O) at the 2-somite stage. (L; M) Animal pole views,
ventral up. (N; O) Dorsal views, anterior up. n, notochord; ne, neural ectoderm
border; pm, prechordal mesoderm; and s, somites. Red line in (N) indicates
the width of the notochord at the first somites. (P-W) Uninjected embryos or
embryos injected with increasing doses of MO2-gpr125 at 1 dpf or 3 dpf.
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Figure 20. Knockdown of gpr125 enhances defects of scrbl1/llk and vangl2/tri
mutants. (A-B”) Lateral views of uninjected, control MO or MOZ2-gpr125
injected  MZscrb 1/lIK™ ¥ 468 or vangl2/tri**”**°” homozygotes at 1 dpf.
Anterior left. The bracket in (A) marks posterior body. Arrowheads in (A”) and
(B”) indicate the cyclopic eyes and change of head position. Fractions of
affected embryos are indicated. (C-D’) Ventral views of uning'ected or 3.4 ng
MO2-gpr125 injected MZscrb1/llk™*°¥ 458 or vangl2/tri*"®”*” embryos at 3
dpf. Anterior left. (E-G) Quantification of Cl of MZscrb1/llk™*08468
vangl2/tri™®”"%” " and MZwnt11/sIb'%"??’® embryos at 3 dpf injected with
gpr125 MOs and/or RNA or water. The numbers of analyzed embryos are
inside the bars. Brown colored bars represent results from three independent
experiments with error bars of + SEM. Yellow and blue colored bars are
results from single experiments with results of additional repetitions shown in
Table 4 and 5. *p < 0.05, **p < 0.01, ***p < 0.001. (H-I") Lateral views of
uninjected, 3.4 ng control MO injected or 3.4 ng MO2-gpr125 injected
MZscrb1/Ik™*%* or vangl2/tri®”* heterozygotes at 1 dpf. Anterior left.
Fractions of affected embryos are indicated, except for (I; I') where more than
50 embryos were analyzed. (J) Quantification of AP axis length in
scrb1/Ik™*%%* and vangl2/tri"*®”* embryos at 1 dpf. The numbers of analyzed
embryos are inside the bars. Error bars, + SEM. ***p < 0.001. (K-L”) Lateral
views of uninjected, 3.4 ng MO2-gpr125, or 3.4 ng MO2-gpr125 and 11.5 pg
gpr125 RNA co-injected vangl2/tri™®”“6 or vangl2/tri**®”"* embryos at 1 dpf.
Anterior left. (M) Quantification of the impacts of gpr125 MO and RNA on the
AP axis defects of vangl2/tri*“®”*“%" vangl2/tri**®"”* embryos at 1 dpf. The
numbers of analyzed embryos are inside the bars. Error bars, + SEM. *p <

0.05, **p < 0.01, ***p < 0.001.
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Table 4. 6(;‘.;y%I70pia indices of MOZ2-gpr125 and/or gpr125 RNA injected

vangl2/tri embryos. G# denotes individual clutches of embryos.
Iniection arou Cyclopia Number of
j group index embryos

(G1) Uninjected 210 63
(G1) 3.4ng MO2-gpr125 3.33 15
(G1) 3.4ng MO2-gpr125

+11.5pg gpr125 2.83 24
(G1) 11.5pg gpr125 2.35 20
(G2) Uninjected 3.44 18
(G2) 3.4ng MO2-gpr125 4.21 19
(G2) 3.4ng MO2-gpr125

+11.5pg gpr125 3.44 27
(G3) Uninjected 2.57 23
(G3) 3.4ng MO2-gpr125 4.00 15
(G3) 3.4ng MO2-gpr125

+11.5pg gpr125 3.93 14
(G4) Uninjected 2.76 29
(G4) 3.4ng MO2-gpr125 3.5 24
(G4) 3.4ng MO2-gpr125

+11.5pg gpr125 2.88 17
(G4) f:;g MO2-gpr125 3.62 26
(G5) Uninjected 1.59 29
(G5) 3.4ng MO2-gpr125 3.45 20
(G5) 3.4ng MO2-gpr125

+25pg gpr125 3.28 18
(G6) Uninjected 2.39 18
(G6) 3.4ng MO2-gpr125 3.65 20
(G6) 3.4ng MO2-gpr125

+25pg gpr125 3.35 17
(G7) Uninjected 1.75 4
(G7) 3.4ng MO2-gpr125 3.25 4
(G7) 3.4ng MO2-gpr125 24 5

+11.5pg gpr125 '
(G7) 3.4ng MO2-gpr125 35 4

+H20 '
(G8) Uninjected 2.86 14
(G8) 3.4ng MO2-gpr125 3.29 7
(G8) f:;g MO2-gpr125 3.75 12
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Table 5. Cyclopia indices of MO2-gpr125 injected wnt11/slb™?'%?2’® embryos. G#
denotes individual clutches of embryos.

Injection group Cyclopia Number — of | L. i\ ue
index embryos

(G1) H20 3.32 25

(G1) 3.4ng MO2-gpr125 4.10 31 1.58E-04
(G2) H20 4.10 42

(G2) 3.4ng MO2-gpr125 4.50 40 4.51E-05
(G3) H20 3.26 39

(G3) 3.4ng MO2-gpr125 3.98 40 4.46E-11

significantly suppressed MO2-gpr125 enhancement of AP axis shortening of both
vangl2/tri homozygotes and heterozygotes (Figure 20K-M) and cyclopia defects
of vangl2/tri homozygotes (Figure 20F and Table 4). Consistent with the
enhanced axis shortening at 1dpf, MO2-gpr125 injection caused wider and
shorter neural ectoderm and axial and paraxial mesoderm in scrb1/llk and
vangl2/tri homozygotes and heterozygotes at 2-somite stage (Figure 21 A-J). At
the cellular level, reduced Gpr125 function caused significant reduction of LWR
and mediolateral alignment of cells in the notochord compared

to control vangl2/tri heterozygotes and homozygotes (Figure 21K-R). In
summary, these results indicate that when PCP signaling is reduced, the function
of Gpr125 function becomes critical for polarized cell behaviors underlying C&E

movements.
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Figure 21. Knockdown of gpr125 enhances defects of scrbl1/llk and vangl2/tri
mutant phenotypes at 2-somite stage. WISH analyses of uninjected (A and A’)
or 3.4 ng control MO-injected (C, C’, E, E’, G, and G’) or 3.4 ng MOZ-gpr125
injected (B, B, D, D', F, F’, H and H’) scrb1/Ik™*®%*  scrb1/llk™*5 468
vangl2/tri™®”* or vangl2/tri**®”***” embryos at the 2-somite stage. (A-H) Animal
pole views, ventral up. (A’-H’) Dorsal views, anterior up; n, notochord; ne,
neural ectoderm border; pm, prechordal mesoderm; and s, somites. Red line
in (A’) indicates the width of the notochord at the first somites. Arrowhead in
(H) indicates impaired prechordal mesoderm migration. (I-J) Quantification of
first somite length or notochord width at the same AP level in control (Con) or
M02-gpr125 (MO2) injected scrb1/Ik™ %% scrb1/llk™ 45468 \iangl2/tri°"*,
or vangl2/tri*®”***” embryos at the 2-somite stage. The numbers of analyzed
embryos are inside the bars. Error bars, + SEM. *p < 0.05, **p < 0.01, ***p <
0.001. (K-N) Membrane Cherry (mCherry) labeled notochord of control or
MO2-gpr125 injected vangl2/ri*“®”* or vangl2/tri**®”*“°” embryos at the 2-
somite stage. (O-R) Analyses of LWR and ML alignment in the notochord of
control or MO2-gpr125 injected vangl2/tri"*”* (300 cells for control and 500
cells for MO2-gpr125 injected embryos) or vangl2/tri*®”*“%” (110 cells for
control and 199 cells for MO2-gpr125 injected embryos) embryos at the 2-
somite stage. Rose diagrams depict cell orientation relative to the AP axis
(vertical dashed line). P<0.0001 for vangl2/tri**®””* samples and p=0.0003 for
vangl2/tri*®”*“%” samples. Corresponding LWRs are expressed as mean+SEM
in the lower right corners. P<0.0001 for both groups.
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Reduced Gpr125 enhances neuronal migration defects of scrb1/llk and
vangl2/tri heterozygotes

As scrb1/llk and vangl2/tri also regulate tangential migration of FBMNs in
zebrafish and mouse (Carreira-Barbosa et al 2003; Jessen et al 2002; Wada et al
2005; Wada & Okamoto 2009; Wada et al 2006), we asked whether gpr125
interacts with these genes in the context of FBMN migration. Although injection of
MO2-gpr125 rarely impaired FBMN migration in WT embryos (Figure 22A-D), it
strongly enhanced FBMN migration defects in PCP compromised genetic
backgrounds (Figure 22E-O). At 48 hpf, FBMNs migrated into rhombomere 6 (r6)
and r7 in 92% of scrb1/llk heterozygous embryos and migrated partially into r5
and r6 in only 8% of such embryos (Figure 22E and ). Gpr125 depletion
significantly increased the number of embryos exhibiting partial FBMN migration
(57%, n=65; Figure 22G and |) and strikingly, in 35% of these injected embryos,
FBMNSs failed to leave r4 (Figure 22H and I). FBMN migration defect were
similarly enhanced in vangl2/tri heterozygous embryos (Figure 22J-O). By
contrast, injection of control MOs at equivalent doses had no effect on FBMN
migration in either genetic background (Figure 22, |, L, M and O). Therefore,

gpr125 interacts with PCP genes to promote FBMN migration.

Gpr125 recruits DvI-GFP to membrane subdomains via direct interaction
Functional interactions between Gpr125 and PCP components and planar
polarity defects of Gpr125 overexpressing gastrulae are consistent with a role of

Gpr125 in modulating Wnt/PCP signaling. As Dvl membrane translocation is a

92



[ Uninjected || Control MO |[MO2-gpr125] D
§ 100% 1y —
o
5 55 O Normal
T 50% O Partial
'g' 25% Il No migration
0\2 0% 3| [27] K
conMO - 34 -
MO2(ng) - - 3.4
|_Uninjected |[ Control MO || MO2-gpr125 | 1 Y
[ ] @ 100% ;
©
g © 75%
8 B
3 = 50%
d :
o ' 25%
S 5 0% 6
U) =}
S conMO - 34 -
L MO2(ng) = - 3.4

[|[MO2-gpr125| O

VanngVU67/+ |
% of migration class

Figure 22. gpr125 interacts with scrb1/llk and vangl2/tri in FBMN migration.
Dorsal views of islet1(is/1):GFP expressing neurons in uninjected, 3.4 ng
control MO, or 3.4 ng MO2-gpr125 injected WT siblings of scrb1/llk or
vangl2/tri heterozygous embryos at 48 hpf. Anterior up. r4 (rhombomere 4), r5
and r6 positions are labeled. (D) Frequency of FBMN migration phenotypic
classes observed in WT embryos. Blue, normal; yellow, partial; and red, no
migration. (E-H) Dorsal views of is/1:GFP expressing neurons in uninjected,
3.4 ng control MO or 3.4 ng MO2-gpr125 injected scrb1/Ik"*®%* embryos at 48
hpf. (I) Frequency of the FBMN migration phenotypic classes observed in
scrb1/Ik™*%%* embryos. (J-N) Dorsal views of is/1:GFP expressing neurons in
uninjected, 3.4 ng control MO or 3.4 ng MO2-gpr125 injected vangl2/tri"”67/+
embryos at 48hpf. (02 Frequency of FBMN migration phenotypic classes

observed in vangl2/tri"*°”* heterozygotes.
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prerequisite for vertebrate Wnt/PCP signaling (Park et al 2005) and Gpr125
contains a PDZBM (PDZBM) (Figure 17), we tested whether Gpr125 influenced
Dvl subcellular localization using previously described membrane recruitment
assays (Carreira-Barbosa et al 2003; Witzel et al 2006). Synthetic RNA encoding
Xenopus DvI-GFP and zebrafish Gpr125 were injected at the 1-cell stage and
DvI-GFP distribution was assayed at the late blastula stage (4-5 hpf), prior to
PCP signaling-dependent mediolateral cell polarization (Jessen et al 2002;
Marlow et al 2002; Tada & Kai 2009; Topczewski et al 2001; Yin et al 2009).
Consistent with previous reports (Carreira-Barbosa et al 2003; Wallingford et al
2000; Witzel et al 2006), Dvl-GFP mainly formed cytoplasmic puncta when
expressed alone (n=20/20; Figure 23A-A”). In contrast, when co-expressed with
Gpr125, DvI-GFP occupied patch-like subdomains at cell membranes (n=36/36;
Figure 23B-B”). Gpr125 mutant protein lacking the C-terminal ETTV peptide
(gpr125AETTYV), resulted in less prominent DvI-GFP patches (n=13/13; Figure
23C-C”). As quantified in Figure 23E and F, AETTV recruited less DvI-GFP to the
membrane compared to the full-length receptor, and the DvI-GFP subdomain
size shifted towards smaller categories. Consistent with its reduced activity in Dvl
membrane recruitment assays, Gpr125AETTV overexpression induced C&E
defects with lower penetrance and severity than full-length Gpr125 (Figure 18K).
When the entire intracellular domain of Gpr125 was deleted (Gpr125AICD), no
DvI-GFP recruitment was observed in co-expression experiments (n=18/18;

Figure 23D-D”). Consistently, Gpr125AICD did not disrupt C&E at doses
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Figure 23. Gpr125 promotes DvI-GFP localization in discrete membrane
subdomains via direct interaction. (A-D”) Animal pole views of live embryos at
4-5 hpf co-injected with 150 pg dvI-GFP and 50 pg mCherry RNA in the
absence (A-A”) and presence of 380 pg gpr125FL (B-B”), gpr125AETTV (C-
C”) or gpr1254AICD RNA (D-D”). Arrows in (B”) point to DvI-GFP membrane
subdomains. (E) Ratio of DvI-GFP membrane area to the length of the
membrane measured on embryos expressing full length or AETTV Gpr125.
Numbers of membranes analyzed are inside bars. (F) Size distribution of Dvl-
GFP membrane subdomains in embryos expressing full length or AETTV
Gpr125. (G and H) Pull-down assay with GST- and GFP- fusion proteins. 10%
of GFP-fusion protein inputs were blotted with anti-GFP antibody and 100%
GST fusion protein inputs were stained with Denville Blue™ Protein Stain (G).

Pull-down results were analyzed by western blotting using anti-GFP and anti-
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equivalent to the effective doses of RNA encoding full-length Gpr125 (Figure
18K).

To test for direct binding between Dvl and Gpr125 intracellular domain
(Gpr1251CD), we performed pull-down experiments with purified glutathione S-
transferase (GST)-Gpr125ICD, GST-Gpr125ICDAETTV fusion proteins and in
vitro translated Xenopus DvI-GFP (Figure 23G and H). We found that GST-
Gpr1251CD pulled down DvI-GFP, indicative of a direct interaction. The AETTV
form pulled down less DvI-GFP (Figure 23H), suggesting that ETTV promotes
Gpr125ICD binding to Dvl. Taken together, our results suggest that Gpr125
modulates PCP signaling by interacting with Dvl and promoting its accumulation
in membrane subdomains.

Dvl clusters Gpr125 and select PCP components into membrane

subdomains

Cytoplasmic core PCP components, including Dvl, cluster PCP complexes
in cell membranes of Drosophila pupal wings (Strutt et al 2011). Given that Dvl-
GFP localized to membrane subdomains when co-expressed with Gpr125, we
asked whether Gpr125 colocalized with Dvl in these membrane subdomains
using a Gpr125 C-terminal Cherry fusion protein (Gpr125-Cherry), which when
overexpressed impaired C&E movements and underlying cell polarity
comparable to the WT protein (Figure 18K, Q, S and U). In zebrafish blastulae,
Gpr125-Cherry expressed alone displayed uniform membrane distribution
(n=17/17; Figure 24A-A”), but it colocalized with DvI-GFP in prominent

membrane subdomains in co-expression experiments (n=12/12; Figure 24B-B”
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and Mov. S1). Similarly, when co-expressed, DvI-GFP clustered Gpc4/Kny-GFP
into membrane subdomains in late blastulae (n=10/12, Figure 24D-D” and Mov.
S2). Interestingly, these Dvl-mediated PCP membrane subdomains preferentially
localized at the central regions of cell contacts between neighboring blastomeres
(Figure 24E). In addition, DvI-GFP promoted uniform membrane localization of
endogenous Vangl2/Tri in late blastulae (n=4/5; Figure 24G”), when endogenous
Tri/Vangl2 was mainly cytoplasmic in uninjected embryos (Figure 24F).

Next, we investigated whether Gpr125 influenced the distribution of other
PCP components, including Fzd7-CFP, Gpc4/Kny-GFP and endogenous Vangl2
in blastulae expressing Gpr125-Cherry, but no change of their distribution was
observed (Figure 25). In contrast, when co-expressed with DvI-YFP, Gpr125-
Cherry, Fzd7-CFP and DvI-YFP co-localized in membrane subdomains (n=17/22;
Figure 26A-A”). Moreover, mosaic expression of Gpr125 enhanced Gpc4/Kny-
GFP clustering when Dvl was overexpressed (n=6/10; Figure 26B-B”). In
contrast to Fzd7 and Gpc4, neither endogenous nor overexpressed zebrafish
Vangl2 was enriched in Gpr125-Cherry and DvI-GFP-containing subdomains (C-
F; n=15/15 for endogenous Vangl2; n=5/5 for overexpressed Vangl2). These
results suggest that analogous to Drosophila, distinct PCP complexes can form
in vertebrates, and Fzd7 and Gpc4/Kny may be components of large Dvl-

containing protein complexes, formation of which is promoted by Gpr125.
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Figure 24. Dvl clusters Gpr125 and Gpc4/Kny into membrane subdomains and
promotes uniform Vangl2/Tri membrane localization in late blastulae (4-5 hpf).
(A-B”) Animal pole views of live blastulae co-injected with 267 pg gpr125-
Cherry RNA and either 150 pg mGFP RNA (A-A”) or 150 pg dvl-GFP RNA (B-
B”). Arrows in (B”) point to Gpr125-Cherry:Dvl-GFP membrane subdomains.
(C-D”) Animal pole views of live blastulae co-injected with 60 pg gpc4/kny-
GFP RNA, 50 pg mCherry RNA (C-C”) and 150 pg untagged dvi RNA (D-D”).
Arrows in (D”) point to Gpr4/Kny-GFP membrane subdomains. (E) Graphic
representation of the relative distribution of DvI-GFP:Gpr125-Cherry and
Gpc4/Kny-GFP:Dvl subdomains along cell membranes. Membrane length was
normalized as one. (F-F’) Animal pole views of a whole-mount immunostained
WT blastula with Vangl2 antibody and p-catenin antibodies. (G-G”) Animal
pole views of a 50 pg mCherry and 150 pg dvI-GFP RNA-injected bastula
immunostained for GFP, RFP and Vangl2.

98



| Green ” Gpr125-Cherry ” Merge |

S E —
[} ——
S b S ——
WO ol TT—=
& & S —
&% S| __——
SES| 4-5 hof & —
T ——
e 8 =
g e —
o 9 & ——
L & V) ——
OfS N
35 S =
TS f—
§~ —
() e —
6 —
T~ g e
95 5 =
S - ——
O ———
3 g
a > =
o> =
S: 2 e —
S @) 0 1
S & Normalized cell membrane length

Anti-GFP_ || Anti-RFP__ || Anti-vangl2

99



To assess the interaction between Gpr125, Dvl and Vangl2 during C&E
movements, we examined the relative distribution of Gpr125-Cherry, DvI-GFP
and endogenous Vangl2 at 10 hpf. Gpr125-Cherry localized to cell membranes
and formed puncta both on the membrane and in the cytosol (Figure 27A’-A”).
Endogenous Vangl2 localized mainly to the cell membranes (Figure 27B) and
membrane staining was not observed in MZvang/tri*“*”**” mutants (Figure 27C).
Intriguingly, when co-expressed during gastrulation, Gpr125-Cherry and DvI-GFP
colocalized in large membrane patches, but endogenous Vangl2 was not
enriched in Gpr125-Cherry:DvIl-GFP patches (Figure 27D-F”). Therefore, Gpr125
might primarily interact with Dvl containing protein complexes during C&E
movements.

To assess the interaction between Gpr125, Dvl and Vangl2 during C&E
movements, we examined the relative distribution of Gpr125-Cherry, DvI-GFP
and endogenous Vangl2 at 10 hpf. Gpr125-Cherry localized to cell membranes
and formed puncta both on the membrane and in the cytosol (Figure 27A’-A”).
Endogenous Vangl2 localized mainly to the cell membranes (Figure 27B) and
membrane staining was not observed in MZvang/tri*“*”*“®” mutants (Figure 27C).
Intriguingly, when co-expressed during gastrulation, Gpr125-Cherry and DvI-GFP
colocalized in large membrane patches (Figure 27F-F’). By contrast, endogenous
Vangl2 was not enriched in Gpr125-Cherry:DvI-GFP patches (Figure 27A; D-F”).

Therefore, Gpr125 might primarily interact with Dvl containing protein complexes

during C&E gastrulation movements.
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Figure 25. Gpr125-Cherry alone did not affect PCP components localization in
late blastulae (4-5 hpf). (A-A”) Animal pole views of a blastula co-injected with
110 pg fzd7-CFP and 300 pg gpr125-Cherry RNA. (B-B”) Animal pole views of
a blastula co-injected with 60 pg gpc4/kny-GFP and 300 pg gpr125-Cherry
RNA. (C-C”) Animal pole views of a 300 pg gpr125-Cherry and 150 pg mGFP
RNA- injected blastula immunostained for GFP, RFP and Vangl2.
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Figure 26. Gpr125 promotes localization of select PCP components in Dvl-
containing membrane subdomains in late blastulae (4-5 hpf). (A-A”) Live
blastula co-injected with 110 pg fzd7-CFP, 150 pg dvl-YFP and 300 pg
gpr125-Cherry RNA. (B-B”) Live blastula co-injected with 60 pg gpc4/kny-
GFP, 150pg dvl at the one-cell stage, and 4 pg H2B-RFP and 20 pg gpr125FL
RNAs in one blastomere at the 16~32-cell stage. The star in (B”) marks an
H2B-RFP positive nucleus and arrows point to membrane subdomains. (C-D”)
Blastula injected with 300 pg gpr125-Cherry, 150 pg dvl-GFP (C-C”) and 50
pg zebrafish vangl2/tri (D-D”’) RNA-injected blastulae immunostained for GFP,
RFP and Vangl2. Animal pole views in (A-D) (E-F) Quantification of
fluorescent intensity ratios inside/outside domain for Vangl2, Gpr125-Cherry
and DvI-GFP in embryos injected with 300 pg gpr125-Cherry, 150 pg dvI-GFP
(E) and 50 pg zebrafish vangl2 RNAs (F).
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Figure 27. Gpr125-Cherry and DvI-GFP colocalize during gastrulation (10 hpf).
(A-A”) Dorsal views of a gastrula injected with 50 pg gpr125-Cherry and 150pg
mGFP RNA. White dash lines outline the notochord. (B-C’) Whole-mount
immunostaining for endogenous Vangl2 and f-catenin in WT (B) or
MZvang/tri*®”*“¢” gastrulae (C-C’). (D-F”) Dorsal mesoderm of gastrulae co-
injected with 150 pg mGFP and 300 pg gpr125-Cherry RNAs (D-D”), 150 pg
dvl-GFP and 50 pg mCherry RNAs (E-E”) or 150 pg dvI-GFP RNA and 300 pg
gpr125-Cherry RNAs (F-F”) and immunostained for GFP, RFP and Vangl2.
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Discussion

Previously, the expression of Gpr125 was reported in various tissues of
mouse embryos and adults, including the pluripotent spermatogonial progenitor
cells (Homma et al 2008; Pickering et al 2008; Seandel et al 2007); however, its
function was not known. Here, we identified zebrafish Gpr125 as a novel
modulator of C&E gastrulation movements and tangential FBMN migration, two
processes evolutionarily conserved among vertebrates that require PCP
signaling (Gray et al 2011; Wada & Okamoto 2009). Towards elucidating the
genetic and cellular mechanisms by which Gpr125 regulates these processes,
we showed that excess Gpr125 impaired Wnt/PCP-dependent cellular polarities
underlying normal C&E gastrulation movements. Moreover, reduction of gpr125
expression exacerbated C&E and neuronal migration defects of several Wnt/PCP
component mutants. At the molecular level, we showed that Gpr125 interacted
with and recruited Dvl into membrane subdomains, and promoted accumulation
of select PCP components in such membrane subdomains.

We created a gpr125 LOF condition with two antisense MOs, which were
very effective at blocking translation of GFP reporters bearing gpr125 MO target
sequences. However, the effectiveness of the MOs in blocking translation of
endogenous Gpr125 protein could not be evaluated due to lack of a Gpr125
antibody. Nevertheless the MOs likely created at least a partial LOF condition, as
they enhanced the C&E gastrulation and FBMN migration defects of
homozygous and heterozygous PCP mutants, whereas a control MO failed to do

so (Figure 20-22). Similar to the interaction between gpr125 and PCP pathway
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genes reported here, exacerbation of C&E defects has been reported for
compound PCP pathway mutants compared to single mutants (Carreira-Barbosa
et al 2003; Kilian et al 2003; Marlow et al 1998). More importantly, co-injecting a
form of gpr125 RNA lacking the MO targeting sequence partially suppressed the
exacerbation of C&E defects in gpr125 MO injected PCP mutants. The lack of
morphological defects in gpr125 morphants (MO injected embryos) is consistent
with the report that Gpr125 knock-in null mice are grossly normal and fertile
(Seandel et al 2007). Since gpr125 RNA is maternally deposited and we were not
able to determine the abundance of maternal protein, the lack of early
developmental defects in gpr125 morphants could be due to maternal protein
contribution. Alternatively, as observed for celsr/flamingo genes, redundancy with
other adhesion GPCRs or PCP pathway components might mask the loss of
Gpr125 function (Carreira-Barbosa et al 2009).

We showed that the Gpr125 intracellular domain interacted directly with
Dvl in pull-down experiments (Figure 23) and was required for Dvl recruitment
into membrane subdomains upon Gpr125 overexpression in zebrafish blastula
(Figure 23). Given that Dvl membrane translocation is a prerequisite for
vertebrate Wnt/PCP signaling (Park et al 2005) and C&E movements are altered
by increased activity of PCP components (Carreira-Barbosa et al 2003;
Formstone & Mason 2005; Jessen et al 2002; Marlow et al 2002; Topczewski et
al 2001; Wallingford et al 2000), this interaction likely in part accounts for C&E
defects caused by Gpr125 GOF and possibly the exacerbated C&E defects

caused by Gpr125 LOF in PCP mutants. Interestingly, we did not detect

106



significant differences in mediolateral elongation or cell orientation among cells
with distinct Pk distribution patterns in either control gastrulae or those
overexpressing Gpr125 (data not shown). Moreover, we observed little change in
Pk-GFP distribution due to Gpr125 depletion in both WT and tri het (data not
shown). Therefore, it is plausible that Pk is not a direct interacting protein of
Gpr125 and it is important in the future to examine whether Gpr125 LOF would
influence Dvl distribution. Since Dvl is not required for FBMN migration (Jessen
et al 2002; Wada & Okamoto 2009), Gpr125 and the relevant PCP components
likely regulate FBMN migration and C&E via distinct mechanisms.

We found that the PDZBM of Gpr125 was partially responsible for Dvl
binding and recruitment (Figure 23). The requirement of the PDZBM for Dvl
binding varies among different proteins. It is dispensable for binding of Fzd or
Vangl2/Tri to Dvl (Park & Moon 2002; Umbhauer et al 2000; Wong et al 2003).
However, the PDZBM mediates direct binding between Xenopus Dvl and its
cytoplasmic interacting protein Dapper/Dact (Cheyette et al 2002; Gloy et al
2002; Teran et al 2009; Wong et al 2003). As in Gpr125, the Dapper PDZBM, is
—TTV and the Threonine at the -2 position has been reported to be within
hydrogen bonding distance of a highly conserved Arginine 325 residue present in
Dvl proteins and essential for Dvl interaction with Dapper (Cheyette et al 2002).
Additional Gpr125 motif(s) mediating Dvl binding remain to be defined.

Previous reports show that Fzd7 recruits Dvl uniformly to the cell
membrane when overexpressed in the zebrafish blastula and promotes Dvl

accumulation into discrete membrane subdomains when co-expressed with
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Wnt11 (Witzel et al 2006). We observed that Dvl clustered Gpr125 into
membrane subdomains and vice versa, even without co-expression of Wnt11
(Figure 23 and Figure 24). Notably, Gpr125 promoted accumulation of Fzd7 and
Gpc4/Kny in the subdomains (Figure 26). These observations are consistent with
a recently discovered role for endogenous Dsh in clustering PCP complexes into
membrane subdomains in Drosophila wing epithelia (Strutt et al 2011). Moreover,
our study raises the possibility that other proteins such as Gpr125 cooperate with
Dvl to promote formation of such membrane subdomains. Interestingly,
Drosophila Pk forms membrane clusters when co-expressed with Xenopus
Vangl2 in cells of Xenopus animal cap explants (Jenny et al 2003b), but in
zebrafish blastula, Pk co-expression inhibits Fzd7-mediated recruitment of Dvl to
the cell membrane possibly by destabilizing Dvl (Carreira-Barbosa et al 2003).
Although it remains to be tested, based on additional evidence that Pk and Dvl
fusion proteins localize to opposing cell edges in zebrafish gastrula (Ciruna et al
2006; Yin et al 2008), it is tempting to speculate that distinct clusters of
endogenous PCP complexes might exist during C&E movements in vertebrates.
Moreover, because the membrane subdomains containing Gpr125 and Dvl were
enriched in Fzd and Gpc4/Kny but not of Vangl2/Tri, it is also intriguing that
Gpr125 could be involved in formation of asymmetric PCP complexes. As
proposed for Drosophila PCP signaling, clustering of PCP complexes could
afford a self-enhancement mechanism contributing to the establishment and/or
maintenance of planar polarity (Strutt et al 2011). Particularly during C&E, as

mesenchymal cells are moving and changing their contacts rather frequently,
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local organization of PCP proteins into subdomains could facilitate efficient
establishment of planar polarity in the context of dynamic cell rearrangements.

It is unclear how clustering of PCP complexes might contribute to
polarized cell behaviors driving C&E movements. Nevertheless, formation of
Wnt11: Fzd7: Dvl subdomains has been correlated with increased persistence of
membrane contacts. In addition, Celsrs have been demonstrated to contribute
substantially to this effect, likely owing to their ability to mediate adhesion (Shima
et al 2004; Usui et al 1999; Witzel et al 2006). Like Celsrs, Gpr125 is an
adhesion GPCR and its extracellular domain contains protein modules known to
mediate protein-ligand interactions suitable for regulating intercellular
communication and cell adhesion (de Wit et al 2011; Pal et al 2012). Therefore, it
is worth testing in the future whether Gpr125 might function in PCP subdomains
to regulate cell adhesion.

In summary, we identified zebrafish Gpr125 as a novel modulator of C&E
gastrulation movements and tangential FBMN migration. Gpr125 influences the
Wnt/PCP pathway activity in part via interacting with and modulating the
distribution of Dvl. Our discovery that Gpr125 contributes to C&E during
gastrulation, a processes where all known PCP components act, and later during
FBMN migration, where only a subset of PCP genes are required, opens up
exciting avenues for further studies of Gpr125 function, in particular towards
understanding how Wnt/PCP signaling regulates cell and tissue polarity in
distinct contexts and other developmental processes, such as stem cell

maintenance (Sugimura et al 2012).
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Experimental Procedures
Zebrafish lines

AB, ABWIK, /KR8 %7 (Chunyue Yin, Jason R Jessen, lIsabelle
Roszko, and LSK unpublished nonsense allele), s/b®?'°, tp53"2"* and Tg(is!1-
GFP) were used in this study (Berghmans et al 2005; Heisenberg et al 2000;
Jessen et al 2002; Wada et al 2005). Embryos obtained from natural spawnings
were staged according to morphological criteria (Kimmel et al 1995b).

RT-PCR and cloning of zebrafish gpr125

Total RNA was extracted with TRIzoL LS reagent (Invitrogen) from WT
embryos at the indicated stages. cDNA was produced with SuperScript Ill first-
strand synthesis system (Invitrogen). To detect gpr125 transcripts, PCR was
performed using gpr125-q primers (Table 6) with GoTaq Flexi DNA polymerase
(Promega). The full-length gpr125 coding sequence was amplified using gpr125-
fl primers (Table 6) with Easy-A high-fidelity PCR cloning enzyme (Agilent
Technologies) and subcloned into pCR8 vector (Invitrogen), from which various
deletion forms of Gpr125 were amplified with the primers listed in Table 6 and
subcloned into pCR8 and subsequently into pCS-based vectors (Villefranc et al
2007) or E. coli expression vector pDEST™15 (Invitrogen) with Gateway® LR
clonase® Il enzyme mix or LR clonase® Il plus enzyme (Invitrogen)

RNA and MO injection

Capped RNA was synthesized using mMessage mMachine Kit (Ambion).
Two non-overlapping MOs (MO1-gpr125 and MO2-gpr125) targeting the 5’UTR
region were used. The effectiveness of each MO in blocking the translation of
RNA encoding GFP fused to the MO target sequence (GFP reporter) was
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determined. The non-specific toxicity of MO1-gpr125 was confirmed by complete

3M21 4K/M214K

suppression of cell death in pb null mutants (Figure 19J and K).

Sequences of all MOs used are listed in Table 6.

Table 6. Nucleotide sequences of the primers and antisense morpholino

oligonucleotides used in Chapter lII.

Primer name Sequences

pB-actin 5- ATGGATGAGGAAATCGCTGCCCTGGTC -3’
5- CCTGATGTCTGGGTCGTCCAACAATGG -3’

gpr125-q 5- GGAAACTCCAGCATCCTCAG -3

5'- ACACGGTGGTGAAGTTGTCA -3’

gpr125-probe

5'- GAGCTCAAAGAACAATCCGAGGAGCA -3
5'- TACTCGCGCAAAACTGTGAGCCTGCTA -3’

gpr125-probe-2

5'- TAGGAGTGAAGGAAACTCGCTGCTCGT -3
5'- GCTTGACAAACGCTCGCATTGTATGTC -3’

Cla1-5'-gpr125-T1-
Spel

5'- AGAGAGATCGATTGCTAATCTGACCCCCTTCT -3

5'- AGAGAGACTAGTTACTCCAGCCGTCGTTGATA -3

Cla1-5’-gpr125-T2-
Spel

5'- AGAGAGATCGATGCTCTATGGCTTTGGACGAA -3’

5'- AGAGAGACTAGTTACTCCAGCCGTCGTTGATA -3

gpr125FL 5- ATGTCGGTGCTTTGCGTC -3
5'- CTACACAGTAGTTTCATGCTTCCAC -3’
gpr125AETTV 5- GCTTGACAAACGCTCGCATTGTATGTC -3’
5- CTAGCTCTTCCATACCCTGCT -3’
gpr125AICD 5- ATGTCGGTGCTTTGCGTC -3

5- TCATTGTCGGTTTACGCAATGG -3’

gpr125AStop codon

5- ATGTCGGTGCTTTGCGTC -3
5'- CACAGTAGTTTCATGCTTCCACA -3’

MO name
MO1-gpr125 5-TACTCCAGCCGTCGTTGATATGTTC -3’
MO2-gpr125 5- TAGCATATAAATAGCCTTTCCGTGC -3

Control MO

5- CCTCTTACCTCAGTTACAATTTATA -3’
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AP axis, notochord and somite measurements

Embryos were imaged using Olympus SZ61 or Zeiss Discovery dissecting
microscopes and Olympus or Zeiss AxioCam MRM cameras in PictureFrame or
Axiovision Rel 4.6 (Zeiss). For AP axis length, embryos were traced from the
forebrain to the tip of the tail fin. For notochord width, straight lines were drawn
perpendicular to the AP axis between the lateral borders of the notochord at level
of first somites. For somite length, the first somites were traced. The distance
was measured with Imaged software (NIH) (Marlow et al 1998).

Whole-mount in situ hybridization (WISH)

Antisense probes were synthesized with RNA labeling kits (Roche). DNA
fragments amplified with gpr125-probe1 primers and gpr125-probe2 primers
(Table S1) were used as templates for gpr125 probe synthesis. WISH analyses
were performed as described previously (Marlow et al 1998).

Whole-mount immunostaining

Embryos were fixed in 100% Prefer fixative (Anatech) for 40 minutes at
room temperature. Immunostaining was performed with a standard protocol.
Antibodies were diluted in blocking buffer containing 0.5% BSA, 10% serum,
0,1% Triton X-100 and 2% DMSO in PBS. Primary antibodies used were: anti-
zebrafish Tri/Vangl2 (rabbit, 1:500, made by the Vanderbilt University Antibody
Core), anti-GFP (mouse, 1:500, Clontech, #632375) and rat anti-RFP (1:1000,
Chromotek, clone 5F8). Secondary antibodies were: Alexa Fluor 568 goat anti-
rat, Alexa Fluor 647 goat anti-rabbit, Alexa Fluor 488 goat anti-mouse (1:500,

Invitrogen).
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Cell polarity analyses

Measurements and analyses of LWR and mediolateral alignment were
performed according to (Myers et al 2002a). WT embryos were injected with 200
pg gpr125-Cherry + 100 pg mEGFP (membrane-targeting EGFP), or 300 pg of
mEGFP synthetic RNA. 150pg mCherry (membrane-targeting Cherry) RNA was
injected into vangl2/tri embryos for membrane labeling. Embryos were fixed
overnight in 4% PFA and confocal stacks were collected. Image analysis was
performed in Imaged (NIH) and Fiji (Schindelin et al 2012), where cells were
outlined by hand. LWR and angles of the long axis were measured with Fit
Ellipse. Statistical tests were performed in Vector Rose (SPAZ software). Rose
diagrams were drawn using Rose.NET (Todd A. Thompson,

http://mypage.iu.edu/~tthomps/programs/home.htm).

In vivo subcellular protein localization analyses

Pk localization experiments: 1-cell embryos were injected with 200 or 300
pg gpr125 and 100 pg mCherry synthetic RNA, or an equivalent amount of
mCherry RNA. At the 16-cell stage, 1 cell was injected with 16-19 pg of pk-GFP
RNA (Yin et al 2008). At tailbud to 2-somite stage, Z-stacks were collected using
Quorum Spinning disc Confocal/ IX81-Olympus inverted microscope. Image
analysis was performed in ImagedJ (NIH) and Fiji.

To monitor protein localization in late blastulae, 1-cell stage embryos were
injected with specific combinations of RNA at doses specified in the figures. In
mosaic expression experiments, Histone2B-RFP (H2B-RFP) and gpr125FL RNA

were injected into one blastomere at the 16-32 cell stage. The superficial layer of
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live or immunostained blastulae at 4-5 hpf were imaged with a Zeiss
Axioobserver microscope equipped with Apotome a 40X oil lens (Zeiss) and
MRm digital camera (Zeiss), and Axiovision Rel 4.7 software (Zeiss), Leica TCS
SP5 confocal or Quorum Spinning disc Confocal/ IX81-Olympus inverted
microscope and Metamorph Acquisition software. For Dvl-GFP subdomain
quantification, embryos were imaged using identical settings for the green
channel and cells from 5 embryos of each group were randomly selected for
measuring membrane length, DvI-GFP particle size and number in Imaged (NIH).
The average threshold of three membranes expressing DvI-GFP alone was used
to set the background threshold for subdomain analysis. To monitor protein
localization in the gastrulae, RNA were injected at the specified doses at the one-
cell stage and embryos were fixed at 10 hpf for immunostaining. Images were
acquired with a Quorum Spinning disc Confocal/ 1X81-Olympus inverted
microscope and Metamorph Acquisition software.
Pull-down and western blot analyses

Control GST protein was produced from pGEX-4T-1 (GE Healthcare) in
XL-1Blue E. coli and GST-fusion proteins were produced from pDEST™15-
based vectors in BL21-AI™ E. coli according to manufacture’s protocol
(Invitrogen). Pierce glutathione magnetic beads (Thermo Scientific) were used in
purification and subsequent pull-down experiments. DvI-GFP and EGFP proteins
were translated in vitro in TNT coupled reticulocyte lysate systems (Promega).
Pull-down was performed according to Promega Protocols & Applications Guide

(www.promega.com) with the following modifications: cells were lysed in lysis
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buffer (50 mM NaH2PO,4, 300 mM NaCl, 1 mM EDTA, and 1% TritonX-100, pH
8.0) with freshly added Lysozyme (200 pg/ml), DTT (1mM) and complete Mini,
EDTA-free protease inhibitor cocktail tablets and washed in lysis buffer without
lysozyme in the presence of 5% glycerol. All pull-down procedures were
performed at 4°C. Denville Blue™ Protein Stain (Denville Scientific) was used to
detect GST-fusion proteins in SDS-PAGE gels (Fisher Bioreagents). Western
blot analysis was conducted with primary antibodies, mouse monoclonal anti-
GFP antibody (1:2000, Roche, clones 7.1 and 13.1) and mouse monoclonal anti-
GST antibody HRP conjugate (1:8000, Santa Cruz, sc-138HRP), and secondary
antibody, Goat polyclonal anti-mouse HRP conjugate (1:10000, Millipore, 12-
349). Amersham™ ECL plus western blotting detection system (GE Healthcare)
was used and signals were detected with Amersham Hyperfim™ ECL (GE
Healthcare) or Fuijifilm LAS-3000.
Statistical analyses

Data analyses were performed in GraphPad Prism (GraphPad Software)
and Excel (Microsoft). All results were expressed as means + SEMs. Differences
between two groups were analyzed by two-tailed student’s T-test. Differences
among three groups were analyzed by one way ANOVA, followed by Bonferroni’s

post hoc test. Statistical significance was set at p < 0.05.
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Chapter IV

OVERVIEW AND FUTURE DIRECTIONS

In this thesis, | describe work toward defining the potential biological
functions of adhesion GPCRs during vertebrate development, with particular
focus on the role of Gpr125 in C&E gastrulation movements. Through computer-
based data mining, RT-PCR analysis and molecular cloning, | determined that
the human adhesion GPCR family is well conserved in the zebrafish genome. |
also discovered that out of 12 adhesion GPCRs with no previously reported
expression or functional data during development, nine are expressed in
zebrafish embryos before 24hpf and seven are expressed during gastrulation.
These results constitute the first systematic expression survey of adhesion
GPCRs during early vertebrate development. The large fraction of adhesion
GPCRs expressed during early embryogenesis motivates further functional
studies of the potentially significant contribution of this GPCR family to vertebrate
development.

To advance our knowledge of the molecular processing of adhesion
GPCRs, | also investigated the potential cleavage event mediated by the GPS
motif of Gpr125. Proteolytic cleavage at the GPS motif has been identified as an
intrinsic post-translational modification process of many adhesion-GPCRs (Arac
et al 2012; Jin et al 2007; Krasnoperov et al 2002; Lin et al 2004, Lin et al 2010;

Luo et al 2012; Moriguchi et al 2004; Okajima et al 2010). Over the last decade,
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the conserved cleavage site, molecular mechanism and potential functional
implications of the GPS proteolysis have been gradually unveiled (Arac et al
2012; Krasnoperov et al 2002; Lin et al 2004; Lin et al 2010; Luo et al 2012;
Okajima et al 2010; Yu et al 2007). Through cloning, expression and western
blotting analyses of tagged Gpr125 protein, my work indicates that Gpr125 is
likely present as an uncleaved form. This result provides experimental evidence
corroborating a recent report that several adhesion GPCRs, including Gpr125, do
not have the consensus cleavage sequence in their GPS motif and therefore
might not undergo proteolytic cleavage (Promel et al 2012). Our results along
with those of others support the notion that GPS domain-mediated cleavage and
subsequent dimerization of the resulting subunits may only apply to some but not
all adhesion GPCRs. Intriguingly, recent studies of LAT-1/Latrophilin in
Caenorhabditis elegans indicate the GPS motif might provide important functions
independent of proteolytic cleavage (Promel et al 2012).

Previously, the expression of Gpr125 was reported in various tissues of
mouse embryos and adults, including the pluripotent spermatogonial progenitor
cells (Homma et al 2008; Pickering et al 2008; Seandel et al 2007); however, its
function was not known. In our study, we identified zebrafish Gpr125 as a novel
modulator of C&E gastrulation movements and tangential FBMN migration, two
processes manifesting planar polarity that are evolutionarily conserved among
vertebrates (Solnica-Krezel 2005; Wada & Okamoto 2009) (Figure 28). Towards
elucidating the molecular and cellular mechanisms by which Gpr125 regulates

these processes, we showed that gpr125 interacted with PCP genes in
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molecular-genetic studies. Whereas downregulation of Gpr125 expression with
antisense MOs did not cause any overt phenotypes in wild-type embryos, it
exacerbated C&E and FBMN migration movement defects in embryos harboring
mutations in the Wnt/PCP pathway components (Figure 28). Reciprocally, and
as observed for PCP genes, excess Gpr125 impaired PCP-dependent cellular
and molecular polarities required for or associated with normal C&E gastrulation
movements (Figure 28). Therefore, this study for the first time revealed a function
of Gpr125 during vertebrate development.

To uncover the molecular mechanism of Gpr125 function during C&E
movements, we tested the ability of Gpr125 to directly interact with PCP
components. As on one hand, Dvl has a PDZ domain and its membrane
translocation is important for PCP signaling and on the other hand, Gpr125 has a
PDZBM and localizes on the membrane, we tested whether Gpr125 can directly
interact with Dvl. Indeed, Gpr125 ICD is able to pull down Dvl and its PDZBM is
partially responsible for this interaction. This result suggests that Gpr125 could
be a new component of Wnt/PCP pathway.

Next, studies of subcellular distribution between Gpr125 and various PCP
components carried out in this thesis work add further mechanistic insights to our
understanding of PCP signaling in vertebrates. Our collaborative “blastomere
localization assays” showed that when overexpressed in zebrafish late blastulae,
Gpr125 promoted localization of Dvl in membrane subdomains in contrast to
punctate distribution in the cytosol when Dvl was expressed alone. Furthermore,

Dvl was able to cluster Gpr125, Kny-GFP into membrane subdomains while
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Conclusions
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1. Gpr125 overexpression affected several aspects of cellular polarity
during C&E movements

2. Gpr125 knockdown enhanced C&E and FBMN migration defects
of PCP mutants.

3. Gpr125 and Dvl mutually clustered one another in membrane
subdomains of zebrafish blastula cells

4. Gpr125 intracellular domain directly interacted with Dvl

5. DvI clustered Kny into membrane subdomains and recruited Vangl2
uniformly to the membrane of zebrafish blastula cells

6. Gpr125 promoted recruitment of select PCP components into
Dvl-containing membrane subdomains of zebrafish blastula cells

Figure 28. Conclusions supporting the role of Gpr125 as a novel component of
the Wnt/PCP signaling system.
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promoting uniform membrane localization of endogenous Tri/Vangl2 (Figure 28).
These observations along with the previously reported ability of Dvl to form
membrane subdomains with Fz7 in the presence of Wnt11 resonate with the
report in Drosophila proposing essential roles for Dvl in clustering PCP
components to form and stabilizing supramolecular complexes (Strutt et al 2011).
In addition, we found Dvl-Gpr125 subdomains were also enriched in Fz7 and
Kny-GFP but not Vangl2/Tri (Figure 28). These results suggest Fz7 and Kny
may be components of large Dvl-containing protein complexes, formation of
which is stimulated by Gpr125.

Based on these observations, we propose Gpr125 acts as a novel
Wnt/PCP signaling component in zebrafish (Figure 28). We hypothesize that
Gpr125 facilitates formation of asymmetric PCP supramolecular complexes,
which are thought to mediate PCP signaling between neighboring cells (Jenny et
al 2003b; Strutt et al 2011; Witzel et al 2006). Given the data on posterior
enrichment of Dvl and anterior of Pk (Ciruna et al 2006; Yin et al 2008) and
Trilobite (I. Roszko & LSK unpublished data), we speculate that Gpr125
promotes formation of Dvl, Fz, Knypek complexes that are likely more abundant
on the posterior cell membranes. Our discovery of a function for Gpr125 in C&E
during gastrulation, a processes where all known PCP components act, and later
during FBMN migration, where only a subset of PCP genes are required, opens
up exciting avenues for further studies of Gpr125 function, in particular towards
understanding how Wnt/PCP signaling operates to regulate cell and tissue

polarity in these unique morphogenetic processes.
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In this thesis study, several results need to be interpreted with caution and
need future verification when additional tools are available. Firstly, we utilized
both gain-of-function and loss-of functions approaches to study the function of
Gpr125 particularly during C&E movements. We decided to employ a gain-of-
function approach, as it is characteristic of C&E and other cell movements that
both elevated or reduced function of its regulators impair cell polarity and thus
lead to similar morphogenetic defects. However, keeping in mind the potential for
overexpression to cause nonspecific protein interactions, we were cautious about
our interpretation based on overexpression studies and only did so when the
loss-of-function experiments also suggested an involvement of Gpr125 in C&E
and FBMN migration.

Secondly, | attempted to generate antibodies against zebrafish Gpr125 in
order to determine the localization of its endogenous protein, the form of its
mature protein and the efficiency of gpr125 MOs. However, none of the 16
antibody clones against various Gpr125 peptides generated by Abmart,
(Shanghai, China) appeared to recognize Gpr125 in western blotting or
immunofluorescence experiments. Therefore, | generated Gpr125 fluorescent
fusion proteins and employed them to determine localization in zebrafish
embryos and the form of its mature protein present in zebrafish embryo lysate.
Although they are useful alternatives, possible pitfalls exist, such as the
attenuation of protein activity or new protein interactions caused by the
fluorescent moiety and cellular defects caused by overexpression.

Encouragingly, my colleague succeeded in detecting endogenous Vangl2 by
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immunohistochemistry with an antibody against zebrafish Vangl2; thus, we were
able to use it in my thesis to test the impacts of Gpr125 and Dvl on endogenous
Vangl2 localization. With ever-increasing efforts to produce antibodies that are
specific for zebrafish proteins, it is likely that future studies will define
endogenous Gpr125 distribution. Alternative, we can try to knock in a tag to
endogenous gpr125 by using a new technique established in the Ekker
laborboraty (Bedell et al) .

Lastly, due to the lack of a gpr125 mutant, we created a gpr125 loss-of-
function condition using antisense MOs-mediated translation interference.
Although, the two MOs we employed were very efficient at blocking translation of
GFP reporters bearing gpr125 target sequences, | could not evaluate the
effectiveness of the MOs in blocking translation of endogenous Gpr125 protein,
due to lack of a Gpr125 specific antibody. Nevertheless, it is likely that the MOs
created at least a partial LOF condition, as they were able to enhance the defects
of PCP mutants while a control MO failed to do so. More importantly, co-injecting
a MO-resistant form of gpr125 RNA partially suppressed the enhancement of
C&E defects in MO2-gpr125-injected PCP mutants, supporting the notion that the
defects observed in MO2-gpr125-injected embryos were specifically due to
reduced gpr125 function. In the future, we plan to test and extend our model in a
genetic LOF scenario when a gpr125 mutant and other reagents, such as

antibodies, are available.
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Gpr125 overexpression affects several aspects of cellular polarity
during C&E movements

Previous work in our laboratory identified domains of distinct C&E
movements in the developing gastrula, with no C&E in the ventral mesoderm,
increasing C&E in the lateral mesoderm towards dorsal, modest C&E in the
medial paraxial mesoderm, and robust extension with moderate convergence in
the axial mesoderm (Figure 29) (Myers et al 2002a). Within each of these C&E
domains, cells exhibit distinct morphologies and behaviors. Ventral cells are
round and they initially spread over the yolk, and then move toward the vegetal
pole (Myers et al 2002a). At mid-gastrulation stage, convergence starts in the
lateral mesoderm, where cells are modestly elongated, do not align with the
embryonic ML axis and exhibit slow dorsal-directed migration. This cell behavior
requires function of Stat3 transcription factor and Ga2/43 but is independent of
PCP signaling (Figure 29) (Lin et al 2005; Miyagi et al 2004; Sepich et al 2005).
At late gastrulation, mesodermal cells migrating into the dorsal-lateral region
become more elongated along their ML axis and undergo fast dorsal-directed
migration and therefore lead to rapid convergence (Figure 29). In contrast to the
slow dorsal-directed migration, fast dorsal-directed migration requires proper
PCP signaling, as compromised Vangl2/Tri and Rok2 function result in reduced
C&E, in part due to an impaired ability of cells to migrate along straight paths
(Jessen et al 2002; Marlow et al 2002). In the paraxial presomitic mesoderm,
cells become highly elongated, align parallel to the ML equator and intercalate

preferentially in this direction to lengthen the embryo anterio-posteriorly in a PCP
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dependent manner (Figure 29) (Keller et al 2000a; Marlow et al 2002; Wallingford
et al 2000). Polarized radial intercalations, whereby cells from one layers
intercalates to preferentially separate cells along the AP embryonic axis, also
contribute to C&E in this paraxial region (Figure 29) (Yin et al 2008). Previous
work in our laboratory also demonstrated that the PCP component Rok2 is

required cell autonomously for cell elongation and both cell autonomously and
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Figure 29. Distinct domains of C&E movements in the mesoderm of zebrafish
gastrulae and the underlying cell behaviors.
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non-cell autonomously for ML alignment. In addition, a cell can elongate properly
regardless of its ML orientation, suggesting that elongation and orientation can
be independent properties (Marlow et al 2002). However, some PCP
components, like Tri/Vangl2 have cell autonomous and non-autonomous
functions in both cell shape and alignment (Jessen et al 2002).

To study the cellular mechanisms underlying C&E defects of gpr125
overexpressing embryos, we decided to investigate the effect of gpr125
overexpression on previously studied cell behaviors driving C&E movements.
Labeling Gpr125 overexpressing embryos with mGFP revealed extra columns of
cells in the notochord at the end of gastrulation, indicating compromised ML
intercalation (Figure 18). Morphometric analysis revealed that both mediolateral
cell elongation and alignment were impaired in Gpr125 overexpressing gastrulae.
Therefore, we concluded that compromised ML cell polarization and
consequently ML intercalation contributes to the AP axis reduction in gpr125
overexpressing embryos. Further studies are needed to address the cell
autonomy of Gpr125 function.

It will be also interesting to investigate whether other cell behaviors such
as dorsal-directed migration are also affected by Gpr125 overexpression. Based
on our results demonstrating that Gpr125 acts at least partially by affecting PCP
signaling, we anticipate it would likely have an impact on fast dorsal-directed
migration. As slow dorsal-directed migration is independent of PCP signaling,

analysis of Gpr125’s effect on this cell behavior would provide interesting insight
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as to whether Gpr125 acts solely in the processes regulated by PCP signaling or
also acts via PCP independent mechanisms.

Besides polarized morphology and behaviors, cells from multiple tissues
manifesting planar polarity also exhibit asymmetric distribution of PCP proteins
(Goodrich & Strutt 2011; Gray et al 2011; McNeill 2010). These molecular
asymmetries are thought to either reflect existing cell polarization or to serve as
an essential step for the establishment and/or maintenance of cell polarization by
Wnt/PCP signaling (Goodrich & Strutt 2011; Gray et al 2011; McNeill 2010;
Simons & Mlodzik 2008). In fly wings, Core PCP proteins become localized to
apical junctions early in development and during pupal development these
proteins become asymmetrically distributed along the distal-proximal axis in the
cell. Fz together with Dsh and Diego localize to the distal membrane, whereas
Vang/Stbm and Pk localize to the proximal membrane of cells in the pupal wing
disc (Axelrod et al 1998; Bastock et al 2003; Das et al 2004; Jenny et al 2003a;
Strutt 2001). As these molecular asymmetries take place before any polarized
morphology is recognizable, they are hypothesized to play a pivotal role in the
formation of tissue polarity (Goodrich & Strutt 2011; Gray et al 2011; McNeill
2010).

In zebrafish embryos, Pk and Dvl localizing on anterior and posterior
membranes respectively has also been observed in neural keel and dorsal
mesodermal cells undergoing C&E movements (Ciruna et al 2006; Yin et al
2008). Significantly, these molecular asymmetries are lost in embryos with

impaired PCP signaling (Ciruna et al 2006; Yin et al 2008), suggesting that they
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reflect cell polarization in the gastrula. Moreover, asymmetric distribution of PCP
components along the AP axis could potentially serve as a molecular compass to
ensure C&E movements occur in the correct direction. In light of these previous
studies (Ciruna et al 2006; Yin et al 2008), we analyzed Drosophila Pk-GFP
localization in  Gpr125 overexpressing ectodermal cells. In embryos
overexpressing Gpr125, the percentage of cells with anterior Pk-GFP spots
decreased, and this was accompanied by an increase in the fraction of cells with
cytoplasmic Pk-GPF. This is reminiscent of the phenotypes previously reported in
embryos overexpresssing Xdd1, a dominant negative form of Dvl, and in trilobite
(tri)lvangl2; knypek (kny)/glypican4 double mutant gastrulae (Yin et al 2008).
These results indicate that abnormal cell shape and alignment in gpr125 GOF
embryos is associated with loss of molecular PCP asymmetry.

Another outstanding question regarding protein asymmetry is whether
Gpr125 itself is asymmetrically localized. Given that Gpr125 forms clusters with
Dvl and Fz, which are at the distal membrane of Drosophila wing hair cells and
Dvl at the posterior membrane of zebrafish gastrula cells, but not with Vangl2 or
Pk, both of which are at the proximal in Drosophila and anterior in zebrafish
(Axelrod 2001; Bastock et al 2003; Ciruna et al 2006; Feiguin et al 2001; Strutt et
al 2002; Tree et al 2002; Yin et al 2008), it is intriguing that Gpr125 could be
posteriorly enriched.

How PCP components achieve asymmetric distribution is not well
understood. In the fly wing, Fz has been reported to redistribute distally along a

polarized microtubule network, which orients along the PD axis with small but
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significantly greater proportion of plus end growing distally (Harumoto et al 2010;
Shimada et al 2006). Recently, it has been shown that Fmi is rapidly
endocytosed from cell membranes, unless it is bound to and stabilized by Fz in
the membrane junctions (Strutt et al 2011). Together, these mechanisms have
been proposed to drive formation of Fz:Fmi complexes preferentially on distal cell
membranes (Strutt et al 2011). During zebrafish gastrulation, PCP pathway has
been shown to influence microtubule network and bias the position of MTOC to
the cell posterior. In addition, disruption of microtubules prior to ML cell
elongation inhibits this ML polarization and anterior Pk-GFP enrichment (Sepich
et al 2011). Thus, like in Drosophila, microtubules are required for PCP cell
polarization during C&E gastrulation movements. In our Gpr125-Cherry
overexpression experiments, Gpr125-Cherry was present on the membrane as
well as in cytoplasmic puncta, which could conceivably be specific types of
vesicles. Therefore, it would be interesting to determine the cytological nature of

the Gpr125-Cherry containing puncta and to analyze their dynamics in the future.

Gpr125 and PCP supramolecular complexes
Recently, a model has been proposed for Drosophila PCP whereby
cytoplasmic PCP components cluster asymmetric PCP membrane complexes
into supramolecular complexes (puncta) to modulate establishment and/or
maintenance of planar cell polarity (Strutt et al 2011). It has previously been
shown that asymmetric Fz-Fmi:Fmi complexes preferentially form between

neighboring cells possibly in response to a long-rang cue to serve as the primary
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building blocks for the core protein complexes. Subsequent addition of Van gogh/
Sbtm further stabilizes the asymmetric complexes (Strutt & Strutt 2008; Strutt et
al 2011). The cytoplasmic components Dsh, Pk and Dgo can then be recruited
into the complex. Interestingly, recruitment of these cytoplasmic components
clusters the membrane complexes of common polarity into junctional puncta
(Strutt et al 2011). The size of PCP supramolecular complexes is thought to
reflect or possibly define the cellular asymmetry between neighboring cells, as in
dgo, pk and dsh mutant clones, puncta become progressively smaller with
slightly reduced intensity, and correspondingly the tissue polarity defects become
more severe (Strutt et al 2011). Although it is still unclear how clustering of
asymmetric complexes might lead to the establishment of cellular polarity, an
appealing model has been made based on these recent data to at least explain
how clustering might result in polarized distribution of asymmetric PCP
complexes across a field of cells (Strutt et al 2011). According to this model, the
puncta formed by distal or proximal complexes can increase size by recruiting
more complexes of the same polarity and/or inhibiting the recruitment of
complexes of opposite polarity, leading to local self-enhancement of asymmetric
protein distribution. Because intercellular complexes are intrinsically asymmetric,
local self-enhancement of distal complexes clustering in one cell leads to a
corresponding enhancement of proximal complexes clustering in the neighboring
cell. This coupled clustering ensures the asymmetric distribution of distal and
proximal complexes within a cell and promotes the propagation of asymmetric

distribution of PCP complexes across a field of cells (Strutt et al 2011). However,
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it is still enigmatic what signal specifies the global orientation of such puncta
relative to the axes of the tissue. Formation of membrane clusters has been
observed between Xenopus Vangl2 and Drosophila Pk in cells within Xenopus
animal cap explants and among zebrafish Fzd7, Wnt11 and Xenopus Dvl in
zebrafish blastomeres (Jenny et al 2003b; Witzel et al 2006). Moreover,
asymmetric enrichment of exogenous Drosophila Pk and Xenopus Dvl in highly
punctate patterns has been reported in zebrafish cells undergoing C&E and
neurulation (Ciruna et al 2006; Yin et al 2008). These observations suggest a
similar mechanism involving formation of supramolecular complexes could
underlie PCP signaling and PCP-regulated cell polarity during C&E. In this
context, as mesenchymal cells are moving and changing their contacts during
gastrulation, local organization of PCP proteins into puncta could allow more
efficient establishment of planar polarity and allow dynamic rearrangement of
polarized interactions between neighboring cells.

Thus far, the mechanisms through which asymmetric membrane
complexes are clustered into puncta are not understood (Strutt et al 2011). In my
thesis study, we discovered that Gpr125 directly interacted with Dvl, recruited Dvl
to cell membranes and promoted clustering of Dvl into discrete membrane
subdomains. Reciprocally, Dvl promoted clustering of Gpr125 into membrane
subdomains. In addition, we showed that Dvl was able to cluster Kny-GFP into
membrane subdomains and to promote uniform membrane localization of
endogenous Tri/Vangl2 in late stage blastula. These observations along with

previous reports indicate a conserved role for Dvl in clustering PCP components
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in vertebrates (Jenny et al 2003b; Witzel et al 2006). Future work is needed to
determine whether PCP supramolecular complexes are essential for PCP
signaling and the establishment or maintenance of cell polarity during C&E
movements. It intriguing that Gpr125 may be a new important positive regulator
of formation of PCP supramolecular complexes.

To investigate the role of Gpr125 in PCP supramolecular complexes, we
expressed Gpr125 alone (or with Dvl) with various PCP proteins. Interestingly,
we found that overexpression of Gpr125 alone did not affect Vangl2 endogenous
distribution. Moreover, when co-expressed with Dvl, Gpr125 specifically
promoted formation of supramolecular complexes with Fzd7 and Kny but not
Vangl2. This finding provides an insight into the molecular basis by which Gpr125
might interact with other PCP components and also suggests the presence of
distinct PCP supramolecular complexes in gastrula cells. We showed that
Gpr125 can directly interact with Dvl, but it remains to be tested whether it can
directly interact with the other PCP components recruited to Gpr125 containing
complexes. As Gpr125 and Fmi/Celsr are both adhesion GPCRs, it is tempting to
speculate whether Gpr125 has redundant function with Fmi/Celsr, such as the
ability to form heterodimer with Fzd. We noticed that when expressed in blastula,
Gpr125-Cherry caused deep cells to change their shape from a round
morphology to a more hexagonal shape with Gpr125-Cherry localized to
membrane contacts. When Fzd7-CFP was co-expressed, its localization pattern
was nearly identical to that of Gpr125. In other work, co-expression of Fmi2-YFP

with Fzd7-CFP resulted in a similar accumulation of Fdz7-CFP and Fmi2-YFP at
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membrane contacts and Fmi proteins contributed partially to cell contact
persistence mediated by Wnt11 and Fzd7 (Witzel et al 2006). The similarity in the
distribution patterns motivates future studies to address potential Gpr125:Fzd
and its functional significance. It also remains a possibility that Gpr125 and Celsr
might interact with each other to carry out certain functions.

There are at least three non-exclusive hypothetical models regarding the
role of Gpr125 in these complexes (Figure 30). In the simplest model, Gpr125
could play a supportive and nonessential role in the formation of the
supramolecular complexes (Figure 30A). Gpr125 embedded in the cell
membrane could recruit Dvl to the membrane via its ETTV motif and keep it in
proximity to Fzd and therefore increase the propensity for Fzd to interact with
Dvl. If, similarly to Drosophila, the size of the subdomains reflects or possibly
determines cellular polarity (Strutt et al 2011), the ability of both Gpr125 and Fzd
to bind to Dvl would largely promote the increase of the size of Dvl-containing
supramolecular complexes and the establishment of cellular polarity.

In the second model, | hypothesize that Gpr125 could contribute to the
adhesive properties utilized by PCP supramolecular complexes to confer cellular
polarity. (Figure 30B). When the extracellular domain of Gpr125 was
overexpressed, embryos had delayed epiboly and in situ hybridization with a
mesodermal marker, papc, revealed “salt and pepper” staining pattern, which
could either suggest dispersion of cells or change of cell fates in papc staining
negative area. Although further investigation is required, these results hint at a

potential role of the extracellular domain in modulating adhesion, consistent with
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the known functions of its protein modules (Carreira-Barbosa et al 2009; de Wit
et al 2011; Homma et al 2008). It has been shown that overexpressed Celsr2 is
enriched in subdomains formed by exogenous Wnt11, Fzd7, and Dvl in late
blastula stage embryos and both overexpressed and endogenous Celsr proteins
partially contribute to increased contact persistence between these subdomain-
containing membranes (Witzel et al 2006). Intriguingly, Gpr125 also localized to
membrane subdomains containing Fzd7 and Dvl in a similar experiment.
Therefore, | propose that Gpr125 acts analogously to modulate adhesion
between membranes in regions occupied by PCP component subdomains.
Notably, neither Celsr proteins nor Gpr125 has been shown to form asymmetric
puncta similar to Pk and Dvl during gastrulation. Although it is possible that the
endogenous proteins might exhibit such asymmetry, overexpression experiments
thus far have not revealed enrichment of Celsr or Gpr125 on particular
membranes. The activity of adhesion molecules is known to be influenced by
their local environment; thus, it is possible that any adhesion activity of Gpr125 is
differentially regulated when it is present in the PCP supramolecular complexes
versus in regions outside the membrane subdomains. If this is the case, one
might predict that Gpr125 would be regulated by PCP components to contribute
to the increase of adhesion in PCP subdomains.

In the context of FBMN migration, the potential role of Gpr125 modulating
adhesion in conjunction with PCP components becomes even more appealing.
FBMNs in zebrafish and mouse embryonic hindbrain undergo a characteristic

tangential migration from rhombomere (r) 4, where they are born, to r6/7.
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Cohesion among neuroepithelial cells regulated by PCP components, Fzd3a and
Celsr2, has been proposed to prevent FBMNs positioned in the basal
neuroepithelium from migrating apically towards the midline of the
neuroepithelium (Wada et al 2006). In addition, Stockinger et al. has used a
combination of biophysical cell adhesion measurements and high-resolution time-
lapse microscopy to determine the role of neuroepithelial cohesion in FBMN
migration and has shown that reducing neuroepithelial cohesion by interfering
with Cadherin 2 activity causes FBMNs positioned at the basal side of the
neuroepithelium to move apically towards the neural tube midline instead of
tangentially towards r6/7 (Stockinger et al 2011). Similar approaches can be used
in the future to test the potential role of PCP components as well as Gpr125 in
maintaining neuroepithelial cohesion. Notably, some previous studies have
argued that Dvl function is not required for FBMN migration (Jessen et al 2002;
Wada & Okamoto 2009). Therefore the function of Gpr125 during FBMN might
involve a mechanism distinct from that used in C&E movements. Addressing the
potential interactions between Fzd3a, Celsr2 and Gpr125 might provide some
mechanistic insights.

Besides modulating adhesion, PCP signaling has been shown to regulate
actin cytoskeleton rearrangement both in Drosophila and vertebrates via the
activation of small GTPases (Nishimura et al 2012; Strutt 2003). Interestingly,
Gpr124, which shares high domain and sequence similarities with Gpr125, has
been shown to regulate endothelial cell migration and sprouting in a Cdc42
dependent manner in the mouse central nervous system (Kuhnert et al).
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Analogously, Gpr125 might function in PCP supramolecular complexes to
regulate cell adhesion and/or cytoskeletal rearrangements by activating small
GTPases.

In the third model, Gpr125 could play an instructive role in directing the
localization of supramolecular complexes (Figure 30C). This model would require
polarized distribution or activity of Gpr125. In zebrafish gastrulae, PCP
component puncta have been observed to localize preferentially to the anterior or
posterior membranes by an unknown mechanism. It is possible that polarized
distribution of molecules that can recruit PCP components might serve as a
mechanism to initiate asymmetric localization of PCP complexes. The Gpr125
extracellular region contains multiple LRR domains and a hormone-binding
domain, which are known to mediate protein-ligand interactions suited to regulate
intercellular communication and cell adhesion (de Wit et al 2011; Pal et al 2012).
Therefore, upon stimulation with a ligand distributed in a gradient, Gpr125 might
relocate to or become active on a particular side of the cell with regard to the
source of the gradient. Subsequently, such asymmetrically localized Gpr125
would lead to polarized recruitment of Dvl and formation of supramolecular
complexes. Future experiment addressing the localization of Gpr125 and its

requirement for asymmetric PCP component localization are needed.
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Figure 30. Hypothetical models for the role of Gpr125 in PCP supramolecular
complexes and establishment of cellular polarity. (A) Gpr125 promotes
polarized Dvl-containing PCP supramolecular complexes formation upon
asymmetric distribution of Fzd. (B) Gpr125 proteins in the PCP supramolecular
complexes contribute to the establishment of cellular polarity. (C)
Asymmetrically localized Gpr125 recruits Dvl-containing PCP complexes and
therefore promotes formation of Dvl-containing PCP supramolecular
complexes in a polarized manner.
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Involvement of PDZBM and PDZ domain in PCP signaling

Dvl proteins possess three conserved domains, an N-terminal DIX
(Dishevelled, Axin) domain of 80 amino acids, a central PDZ (Postsynaptic
density 95, Discs Large, Zonula occludens-1) domain of about 90 amino acids,
and a carboxyl-terminal DEP (Dvl, Egl-10, Pleckstrin) domain of 80 amino acids,
plus additional two conserved regions, the basic region and the proline-rich
region (Boutros & Mlodzik 1999; Gao & Chen). As Dvl is the signaling hub for
both canonical and non-canonical Wnt pathways, the relevance these domains to
Whnt signaling has been an area of intensive investigation. The DIX domain can
mediate Dvl oligomerization. While it is essential for the canonical Wnt pathway
(Boutros et al 1998; Yanagawa et al 1995), the DIX domain is not required for
planar cell polarity signaling in the Drosophila eye and during zebrafish C&E
movements (Axelrod et al 1998; Heisenberg et al 2000). Moreover, Dvl DIX
domain deletion mutants only have a very weak effect on PCP signaling in
Drosophila as well as Xenopus (Boutros et al 1998; Wallingford et al 2000). In
contrast, the DEP domain seems to be required exclusively for signaling by the
PCP pathway. Dvl membrane translocation mediated by DEP domain is the
prerequisite for the activation of PCP signaling (Axelrod et al 1998; Boutros et al
1998; Park et al 2005; Yanagawa et al 1995).

The PDZ domain is thought to be involved in Dvl activity in both the
canonical and non-canonical Wnt pathways; however, the mechanism and the
precise role of this domain in each pathway have not been fully defined. Variation

in the types of assays and mutant proteins used has produced confounding
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results. Overexpression of a mutant Xdsh (Xdd1) with an internal deletion of the
conserved PDZ/DHR domain strongly inhibits induction of secondary axes by WT
Xdsh mRNA in Xenopus embryos (Sokol 1996). In contrast, a Dvl mutant
harboring deletion of the PDZ domain alone showed strong activity in promoting
canonical Wnt signaling in Drosophila and Xenopus (Wallingford et al 2000). With
regard to PCP signaling, overexpression of both constructs blocks convergent
extension movements in Xenopus dorsal marginal zone explants (Sokol 1996;
Wallingford et al 2000). The PDZ domain is required for the ability of Dsh to
rescue the lethality due to impaired canonical Wnt signaling in dsh mutant flies
(Boutros et al 1998; Penton et al 2002). On the other hand, this domain seems to
be largely dispensable for rescuing the PCP defects in dsh mutant flies.
Whereas, together with the DEP domain, it is required for the ability of Dvl to
suppress the C&E defects of zebrafish wnt11/slb mutant embryos (Axelrod et al
1998; Boutros et al 1998; Heisenberg et al 2000; Wallingford et al 2000).
Collectively, the data thus far could not lead to a complete understanding of the
role of the Dvl PDZ domain in PCP signaling and therefore further studies are
needed to answer this question.

The common structure of PDZ domains comprises six p-strands (BA—fF)
and two o-helices (oA and oB), which fold to form a six-stranded sandwich
(Doyle et al 1996; Fanning & Anderson 1998; Hung & Sheng 2002; Lee & Zheng
2010). Where examined, the PDZ binding motif (PDZBM) found in numerous
proteins, binds to the PDZ domain as an antiparallel g-strand inserted into a

groove between the B strand and the aB helix of the PDZ domain (Doyle et al
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1996; Hung & Sheng 2002; Morais Cabral et al 1996; Wong et al 2003).
Common PDZBMs are composed of the last four amino acids at the C-termini of
the proteins. Based on their sequences, PDZ domains can be divided into at
least three main classes. Class | PDZ domains recognize in PDZBMs X-S/T-X-®-
COOH (where @ is a hydrophobic and X is any amino acid). Class Il recognize
X-®-X-»-COOH and class Ill recognize X-D/E-X-&-COOH (Hung & Sheng
2002).

Interestingly, in the PCP signaling system, PDZBM is a common feature of
transmembrane components, including the core PCP components Fzd and
Vangl2 (Hering & Sheng 2002; Jessen et al 2002; Park & Moon 2002). Moreover,
besides Dvl, another intracellular PCP component Scrb also contains multiple
PDZ domains (Courbard et al 2009). The prevalence of PDZBM and PDZ domain
in the PCP signaling system has elicited many studies on the functional
significance of this protein-protein interacting module pair.

The type | PDZB motif has been identified in several Fzd receptors (E-S/T-
X-V) and demonstrated to interact with the PDZ domain of PSD95 via the
classical PDZBM/PDZ interaction (Hering & Sheng 2002). Although rescue
experiments with Fzd lacking the PDZB motif has not been reported, a Fz
construct with GFP fused immediately after the PDZBM can rescue wing PCP
defects in fz mutant flies (Strutt 2001). In the classic binding model, the last
amino acid of PDZBM inserts into the groove on the surface of the PDZ domain
(Doyle et al 1996). If this is the case for the binding between the PDZBM of Fzd

to Dvl, fusion of a fluorescent protein directly to the C-terminus of the PDZBM
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might create stochastic hindrance for the last amino acid of PDZBM to insert into
the groove and therefore disrupt the binding. Conversely, successful rescue with
the Fz-GFP fusion protein suggests that the fluorescent protein does not interfere
with binding to Dvl or that Dvl might not bind to PDZMB of Fzd. Consistent with
the latter, Dvl does not bind to Fzd PDZBM in in vitro studies (Stiffler et al 2007;
Tonikian et al 2008). Moreover, Dvl recruitment assays and NMR spectroscopy
studies suggest the PDZ domain of Dvl binds to an internal motif of Fzd (KTXXX-
W) (Umbhauer et al 2000; Wong et al 2003).

Vangl2 also possesses a Class | PDZBM (ETSV) at its C-terminus
(Bastock et al 2003; Jessen et al 2002; Park & Moon 2002). The functional
significance of the PDZB motif has been studied in vivo in fly, frog and in vitro
through biochemical studies. In Drosophila, Bastock et al. demonstrated that both
Vang/Stbm lacking the PDZB motif or tagged with YFP at the C-terminus could
rescue the wing PCP defects of stbm mutants, suggesting the PDZB motif is not
required for Stbm function during PCP (Bastock et al 2003). In Xenopus, Park et
al. reported that Vangl2/Stbm with PDZBM deletion is not able to inhibit Activin A-
induced animal cap explant elongation like full-length Vangl2/Stbm, whereas
Goto and Keller reported that Stbm PDZB motif deletion mutants could still block
the elongation of dorsal marginal zone but at a lower efficiency than full-length
version (Goto & Keller 2002; Park & Moon 2002). In addition, when co-
expressed, this deletion mutant was able to attenuate the effects of full-length
Vangl2/Stbm to inhibit convergent extension of Xenopus dorsal marginal zone

explant, suggesting the deletion mutant acts in a dominant negative manner
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(Goto & Keller 2002). However, deletion of the PDZBM does not affect
Vangl2/Stbm’s ability to bind Dvl or recruit it to the membrane, whereas the PDZ
domain of Dvl is required for the interaction with Vangl2/Stbm (Park & Moon
2002). Hence, the role of the PDZBM remains enigmatic.

Consistent with the lack of evidence for the interaction between the Class
| PDZBMs of Fzd and Vangl2/Stbm with Dvl, structural studies reported that the
PDZ domain of Dvl is not a typical Class | PDZ domain. Class | PDZ domains
contain a histidine at a2-1 position and its N-3 nitrogen forms a specific hydrogen
bond with the hydroxylated side chains of either a serine or threonine residue at
the p-2 position of PDZB motif (Doyle et al 1996; Hung & Sheng 2002). However,
Dvl lacks this histidine and instead has an asparagine, although, it is intriguing
that the oxygen of the Asparagine side chain can also form the hydrogen bond
with the S/T and P-2 position. Indeed, in the peptide library mapping experiment
done by Tonikian et al, substitution of H for N in Class | PDZ domain only
negligibly affected binding to S/T (Tonikian et al 2008).

In contrast to the studies discussed above, a direct interaction has been
demonstrated between the PDZ domain of Dvl and the Class | PDZBM of its
inhibitor protein, Dpr/Drodo with NMR and co-immunoprecipitation experiments
(Cheyette et al 2002; Gloy et al 2002; Wong et al 2003). In this thesis work, the
presence of the C-terminal PDZBM in Gpr125 prompted us to investigate
whether Gpr125 could interact with Dvl via its PDZ domain. Indeed, the blastula
membrane recruitment and pull-down assays both suggested that PDZBM as

well as other unidentified motif(s) contribute to direct binding between Gpr125

142



and Dvl. Interestingly, | found a KTXXW motif adjacent to the PDZBM of Gpr125,
reminiscent to the internal KTXXXW motif identified in Fzd that can mediate
binding to Dsh (Umbhauer et al 2000; Wong et al 2003). Although in contrast to
the three amino acids in Fzd, there are only two amino acids between the
conserved T and W in Gpr125. Deletion studies carried out by Umbhauer et al.
suggest that removing one of these “spacer” amino acids does not completely
abolish the function of this motif (Umbhauer et al 2000). Therefore, future studies
investigating whether this KTXXW motif also contributes to the binding between
Gpr125 and Dvl are warranted.

In summary, the evidence accumulated thus far indicates that the PDZ
domain of Dvl is likely to play an important but not yet fully characterized role in
PCP signaling. Specifically, the Dvl PDZ domain has consistently been shown to
mediate binding between Dvl and multiple PDZBM-containing transmembrane
PCP proteins. Moreover, Dvl has also been shown to interact with multiple
intracellular PCP proteins, such as Dgo and Pk via its PDZ domain (Jenny et al
2005). Although the PDZBMs may not be required for Fzd and Vangl2/Stbm to
interact with Dvl, they could be involved in interactions with other PDZ proteins in
the PCP complex. For example, Vangl2/Sbtm has been reported to interact
directly with Scrb via Class | PDZ interaction (Courbard et al 2009; Montcouquiol
et al 2003; Montcouquiol et al 2006). In Drosophila, the PDZBM of Vang/Stbm is
partially responsible for the binding to the third and likely the fourth PDZ domain
of Scrb (Courbard et al 2009). Studies in the mouse implicated all but the first

PDZ domain of Scrb in the binding to Vangl2, and the PDZBM of Vangl2 seems
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to play a pivotal role, as its deletion completely abolishes binding to Scrb
(Montcouquiol et al 2003; Montcouquiol et al 2006). Given the observation of
PCP protein puncta, likely representing PCP supramolecular complexes, in
multiple model systems, one appealing model for the role of the PDZ domain is
that Dvl acts as a scaffold protein to assemble supramolecular complexes by
interacting with and bridging various proteins via its PDZ domain. Indeed, PDZ
domain-containing proteins are known for their roles in clustering
submembranous protein complexes (Hung & Sheng 2002; Sheng & Sala 2001).
Besides interacting with PDZMB containing proteins, PDZ domains can associate
with other PDZ domains to form homo- or hetero-oligomers (Dong et al 1999;
Fanning & Anderson 1998; Fanning et al 1998; Fouassier et al 2000; Maudsley
et al 2000; Srivastava et al 1998; Xu et al 1998). The PDZ domain has also been
reported to interact with other distinct protein motifs, such as the ankyrin repeats,
spectrin repeats and LIM domains (Cuppen et al 1998; Maekawa et al 1999; Xia
et al 1997). While PDZBMs might not be pivotal for interactions between all
PDZBM-containing PCP proteins and Dvl, they might collectively promote or
contribute to the formation or stability of PCP supramolecular complexes. In the
future, it will be of interest to test the effect of PDZBM deletions of multiple PCP
components on formation of PCP supramolecular complexes and various PCP-
dependent developmental processes. We showed that Gpr125 PDZBM deletion
mutant displayed reduced efficiency in Dvl recruitment and subdomain formation.

It will be interesting in the future to examine if this mutant also has reduced ability
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to promote recruitment of additional PCP components into Gpr125:Dvl

subdomains.

Gpr125 and other Wnt signaling Pathways

Apart from the Wnt/PCP signaling, certain Wnt and Fzd combinations can
trigger distinct signal cascades. The best known among all Wnt signaling
cascades is the canonical Wnt or Wnt/p-Catenin pathway. As illustrated in
Figure 31, in the absence of a Wnt ligand, cytoplasmic B-catenin protein is
degraded by the action of the Axin destruction complex, which is composed of
the scaffolding protein Axin, the tumor suppressor adenomatous polyposis coli
gene product (APC), casein kinase 1 (CK1), and glycogen synthase kinase 3
(GSK3p). CK1 and GSK3p sequentially phosphorylate the amino terminal region
of B-catenin, resulting in B-catenin recognition by an E3 ubiquitin ligase, B-Trcp,
and subsequent (B-catenin ubiquitination and proteasomal degradation. When a
Whnt ligand binds to a Fzd receptor and a co-receptor low-density lipoprotein
receptor related protein 6 (LRP6) or LRPS, Dvl is recruited via interaction with Fz,
resulting in LRPS/6 phosphorylation and Axin recruitment. This disrupts Axin-
mediated phosphorylation/degradation of [-catenin, allowing [(-catenin to
accumulate in the nucleus where it serves as a co-activator for TCF to activate
Wnt responsive genes (Gao & Chen ; He et al 2004; Logan & Nusse 2004;
Macdonald et al 2007; MacDonald et al 2009; Tamai et al 2000).

In the zebrafish embryo, Wnt/g-catenin pathway plays many pivotal roles

including DV axis patterning. In DV axis patterning, the role of Wnt/g-catenin
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pathway switches at the midblastula transition (MBT). In the pre-MBT phase,

maternal $-catenin protein accumulates specifically in the nuclei of dorsal

Simplified Canonical Wnt Pathway

Fzd Fzd
Lrp5/6

@

Inactive State Active State

Figure 31. Simplified canonical Wnt pathway. In the absence of Wnt signal, p-
catenin is recruited into the Axin destruction complex, and phosphorylated by
CK1 and GSK3 at the N-terminal 'destruction box'. The phosphorylated {-
catenin binds to p-Trcp of the proteosome machinery and is targeted for
degradation. As the result, no free f-catenin enters nucleus to form
transcriptional complex with LEF/TCF and therefore no transcription of its
downstream targets. When Wnt binds to its Fzd receptor and Lrp5/6 co-
receptor, Dvl is activated, leading to the inhibition of p-catenin degradation.
Stabilized p-catenin enters the nucleus where it forms a transcriptional
complex with LEF/TCF and activates the transcription of downstream targets,
such as c-Myc.
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marginal blastomeres and yolk syncytial layer, where after the onset of the
zygotic transcription, it activates the expression of a number of genes, including
bozozok, chordin and squint, to establish the dorsal axis and induce the dorsal
mesoendodermal fates (Chen & Schier 2001; Feldman et al 2000; Gonzalez et al
2000; Kelly et al 2000). Disruption of the maternal Wnt/g-catenin activity results
in embryos with various degrees of ventralized phenotypes (Kelly et al 2000).
Conversely, ectopic activation or augmentation of this pathway leads to formation
of secondary dorsal axes or dorsalized phenotypes manifest as reduction or lack
of ventral structures such as the blood island and ventral tail fin, or posteriorly
truncated embryos with a “piggy” tail (Kelly et al 2000; Kelly et al 1995).

During the post-MBT phase, fate mapping and transplantation
experiments indicate an activator signal from the Spemann-Mangold organizer
acts to induce neural tissue with a broad anterior character. As the germ ring
forms, a transformer signal from non-axial germ ring regions modulates the axial
character of the nearby neural tissue, resulting in distinct axial forebrain, lateral
hindbrain and intervening midbrain territories (Woo & Fraser 1997). In contrast
to its role during the pre-MBT phase, Wnt/g-catenin pathway acts in the post-
MBT phase to inhibit the role of Spemann-Mangold organizer, resulting in
reduction and posteriorization of the neuroectoderm, which is apparent as an
expansion of posterior neural fates such as hindbrain at the expense of anterior
neural fate, i.e. forebrain. (Bellipanni et al 2006; Erter et al 2001; Lekven et al
2001; Momoi et al 2003; Ramel & Lekven 2004). Blocking Wnt/g-catenin activity

in the post-MBT phase produces embryos with enlarged heads and reduced tail
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structures, reminiscent of dorsalized embryos, resulting from hyperactivation of
pre-MBT Whnt/B-catenin activity. Consistent with these dorsalized phenotypes,
both excess pre-MBT Wnt/p-catenin signaling and diminished post-MBT Wnt/§3-
catenin activity lead to expansion of the late dorsal markers chordin and
goosecoid at 50% epiboly. However, to distinguish between these two conditions,
only the augmentation of pre-MBT Wnt/g-catenin signaling results in the
expansion of the early dorsal marker bozozok at 30% epiboly (Bellipanni et al
2006; Momoi et al 2003).

In my gpr125 GOF studies, a small fraction of embryos injected with high
doses of gpr125 synthetic RNA, such as 400pg, were dorsalized and showed tail
truncations. That these morphological phenotypes reflected dorsalization was
corroborated by in situ hybridization with the dorsal marker, chordin, at 50%
epiboly, which was expanded in a similar fraction of embryos. These results
suggest that besides interfering with C&E movements, gpr125 can also affect
patterning when expressed at high levels. These results raise several interesting
questions for future investigations. Firstly, was the dorsalization caused by
gpr125 overexpression a result of augmented pre-MBT or compromised post-
MBT Wnt/p-Catenin activity? To address this question it will be interesting to
analyze in embryos overexpressing high Gpr125 levels the expression of early
dorsal markers such as bozozok and squint at 3.3 hpf, as these two genes are
direct targets of the pre-MBT Wnt/B-catenin activity (Bellipanni et al 2006).
Secondly, gpr125 GOF experiments suggest a role of Gpr125 in both the

canonical Wnt and Wnt/PCP signaling pathways. It is intriguing that Gpr125
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could mediate a switch between these two signaling cascades at the level of Dvl.
Arguing against a role for gpr125 in DV patterning, gpr125 morphants did not
show any signs of early patterning defects. Therefore, it is possible that the
patterning defect caused by overexpression at high levels was an artifact.
However, the lack of phenotypes in gpr125 morphants could also possibly be due
to incomplete knockdown or sufficient maternal contribution. Maternal-zygotic
and zygotic gpr125 null mutant embryos are needed to definitively determine the
requirement for Gpr125 protein in canonical Wnt signaling and to delineate the
underlying mechanism.

Additionally, potential coupling of Gpr125 to heterotrimeric G proteins
creates a possible link between Gpr125 and the third Wnt signaling pathway, the
Wnt/Ca?* signaling pathway (Figure 32). In both zebrafish and Xenopus, binding
of Xenopus Wntb5a to Rat Fzd2 or Xenopus Fzd7 has been shown to activate
pertussis toxin-sensitive heterotrimeric G proteins, which subsequently triggers
intracellular Ca** mobilization and activation of calcium-responsive enzymes
such as protein kinase C (PKC) and Calmodulin-dependent protein kinase I
(Sheldahl et al 2003; Slusarski et al 1997a; Slusarski et al 1997b). As for the
other two Wnt pathways discussed in this thesis, the Wnt/Ca®* pathway also
requires Dvl, providing another potential interaction with Gpr125 (Sheldahl et al
2003). Wnt/Ca** signaling has been reported to promote ventral cell fates by
antagonizing the pre-MBT Wnt/3-Catenin activity and to regulate gastrulation
movements by activating Cdc42 via PKC (Choi & Han 2002; Kuhl et al 2000a;

Kuhl et al 2000b). Similarly, in Drosophila, Gao has be shown to function
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Simplified Wnt/Ca* pathway

Figure 32. Simplified Wnt/Ca?* pathway. Wnt/Fzd acts via the heterotrimeritc
G protein and Dvl to increase the level of intracellular Ca?*. Ca** then activates
PKC, which may activate Cdc42 and regulate cell adhesion and tissue
separation during vertebrate gastrulation. Ca2+ also activates CaMKII, which
might influence ventral patterning in Xenopus.

downstream of Fz and upstream of Dsh to regulate both the canonical and PCP
signaling cascades (Katanaev et al 2005). As Gpr125 is a 7TM receptor, it is
possible that it couples to heterotrimeric G proteins. However, this remains to be
tested. If so, then whether this potential coupling contributes to interactions
between Gpr125 and Wnt signaling pathways to regulate C&E movements and

patterning becomes an interesting question.
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Summary

In this thesis study, | conducted an expression survey of adhesion GPCRs
during early stages of zebrafish development. Detailed expression and functional
analyses of the Group IV adhesion GPCRs uncovered a role for Gpr125 as a
novel modulator of C&E gastrulation movements and FBMN migration.
Impairment of planar polarization of cellular properties was identified to underlie
C&E defects and associate with loss of asymmetric distribution of Pk in gpr125
GOF embryo. Based on the results of the molecular-genetic interactions,
biochemical interaction and localization studies with PCP signaling components,
we propose that Gpr125 acts as a novel component of the Wnt/PCP signaling
system and we hypothesize that Gpr125 promotes formation of PCP
supramolecular complexes. In addition, examination of the function of Gpr125
protein domains indicated that the GPS domain of Gpr125 is unlikely to mediate
proteolytic cleavage of Gpr125, whereas the PDZBM is partially responsible for
the direct interaction between Gpr125 and Dvl.

Although this thesis work has provided the first evidence for the biological
function of Gpr125 during development, the precise mechanism remains to be
uncovered. In addition, whether Gpr125 contributes to other gastrulation
movements such as epiboly or other processes including embryonic axis
formation or stem cells maintenance remain to be explored. Last but not least,
although core PCP pathway components are well conserved between
vertebrates and Drosophila, vertebrate Wnt/PCP signaling system also employs

additional vertebrate specific effectors. Therefore, it will be interesting to test
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whether Gpr125 is a vertebrate specific PCP component or has a similar function
in regulating planar cell polarity in Drosophila.

Although studies from our group and others have furthered our
understanding of the cellular and molecular mechanisms contributing to the
establishment of planar polarity, numerous questions remain open and new ones
have emerged. One key question is how the polarized distribution of PCP
signaling components is initiated and maintained across a field of cells,
particularly in the context of dynamically moving cells such as those undergoing
C&E movements. We also do not understand how PCP signaling cooperates with
other signaling pathways to confer polarity to ensure that cells move properly and
in an orchestrated manner according to their coordinates relative to the body
axes. Gpr125 is an intriguing molecule that could explain formation of
asymmetric complexes by linking intracellular signaling components to

extracellular environment via its large amino-terminus.
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