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ABSTRACT
FGF4 Induced Wnt5a Gradient in the Limb Bud
Mediates Mesenchymal Cell Directed

Migration and Division

John C. Allen
Department of Physiology and Developmental Biology, BYU

Master of Science

The AER has a vital role in directing embryonic limb development. Several models have
been developed that attempt to explain how the AER directs limb development, but none of them
are fully supported by existing data. I provide evidence that FGFs secreted from the AER induce
a gradient of Wnt5a. I also demonstrate that limb mesenchyme grows toward increasing
concentrations of Wnt5a. We hypothesize that the changing shape of the AER is critical for
patterning the limb along the proximal to distal axis. To better understand the pathway through
which Wnt5a elicits its effects, we have performed various genetic studies. We demonstrate that
Wnt5a does not signal via the Wnt/B-catenin pathway. However, we show that Wnt5a mutants
share many common defects with Vangl2 mutants suggesting that Wnt5a signals through the
Wnat/planar cell polarity (PCP) pathway.

Keywords: FGF4, AER, apical ectodermal ridge, Wnt5a, Wnt5b, Wnt3a, limb, Ror2, Ror1, Ryk,
PCP, planar cell polarity, neural tube, vangl2, looptail
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INTRODUCTION

Apical Ectodermal Ridge

The embryonic limb consists of an ectodermal
jacket surrounding loosely-packed mesoderm. The
ectoderm develops into epidermis and epidermal

appendages while the underlying limb mesoderm

|

h } | develops into the limb skeleton, and tendons. At the
Figure 1: The apical ectodermal ridge (AER)
distal margin of the vertebrate embryonic limb there is a
ridge of tissues that is called the apical ectodermal ridge (AER, figure 1). In a landmark
experiment, John Saunders removed the AER of embryonic chick limbs to determine its

function. He found that AER removal at early embryonic stages results in severe distal

truncations of the embryonic limb, and that removing the AER at progressively later stages

results in increasing restoration of ;
distal structures (figure 2). These G - > ‘\ .:5 .
results demonstrate that the AER is -
crucial regulating distal outgrowth of

the limb mesenchyme and patterning it

distally as a function of time (Saunders

1948).

Figure 2: AER removal at later stages results in more distal
truncations (Saunders 1948)



Figure 3: Mesenchyme recombination experiments. (Left) Earlier AER and distal mesenchyme on a later
limb bud. (Right) Later AER and distal mesenchyme on an earlier limb bud (Summerbell and Lewis 1975)

Saunders first proposed that the mechanism whereby the AER patterns the limb distally
over time was due to changes in instructive signals secreted from the AER as time progressed.
To test this hypothesis, Saunders grafted the AER of young limb buds onto the distal
mesenchyme of older limb buds, and the AER of old limb buds onto the mesenchyme of young
limb buds (Rubin and Saunders 1972)(figure 3). He found that the age of the AER did not affect
limb pattern. Saunders therefore determined that the AER sends a permissive signal that is
critical for limb outgrowth but is not instructive for the development of structures along the
proximal to distal axis.

Later researchers theorized that the underlying mesenchyme possesses the proximal to
distal pattern information. To test this hypothesis, Summerbell et al., transplanted the AER and
the underlying distal mesenchyme from old limb buds to young limb buds, and vice versa. They
found that when distal mesenchyme from earlier-stage embryos was transplanted to later-stage
embryos, that the earlier structures were replicated. When later-stage distal mesenchyme and
AER was transplanted to earlier stage limb bubs, distal structures formed without proximal
structures (Summerbell, Lewis and Wolpert 1973)(figure 3). From these results Summerbell and
colleagues proposed that all cells that are within signaling range of the AER constitute the

“progress zone”. Later experiments demonstrated that FGF4 is the permissive signal that is
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secreted from the AER (Niswander et al. 1993). Using beads that were soaked in FGF4, proper
proximal to distal limb bud patterning was restored when the AER was removed (Niswander et

al. 1993).

Models for Limb Development
Researchers conducting the AER and distal mesenchyme transplant experiments
theorized that limb patterning information was found in the mesenchyme (Summerbell and
Lewis 1975, Summerbell et al. 1973). Their findings provided the basis for the Progress Zone
Model of limb development which proposes that the fate of cells along the proximodistal axis is
specified by the length of time that the cells spend in the progress zone (i.e., the mesenchymal
cells within signaling range (i.e., 200 um) of the AER (figure 4A). The putative signal received
by these cells from the AER allows them to continue proliferating and remain undifferentiated.
As these cells proliferate, some are pushed out of the progress zone and differentiate. Cells that
are pushed out early take on a proximal fate, while cells that remain in the progress zone longer
will take on a more distal fate. This model proposes the cells in the progress zone have an
internal timer that determines the identity of mesenchymal cells based on how long they remain
in the progress zone. The AER A
allows this timer to continue s s z R : ——
operating. When the cells fall out of
the progress zone, the timer stops, and

the cell’s fate is set. In Saunder’s

AER transplant experiments, young

. F1g1uﬂrtl:41 The Progress Zone Model (A) and the Early
AER grafted to old limbs and old Specification Model (B) (Mariani and Martin 2003)



AER grafted to young limbs developed normal limb patterns. Both young and old AER are
sending the same permissive signal to the mesenchyme.

The progress zone model remained the only viable model to describe how the AER
patterns the limb proximodistally for many years. In 2003, a second model was put forth that
could better account for some novel data that refuted the PZ model (Moon and Capecchi 2000,
Lewandoski, Sun and Martin 2000). The Early or Pre-Specification Model proposes that there
are 3 pre-specified regions in the early limb bud that give rise to the stylopod, which corresponds
with the humerus, the zeugopod - radius and ulna, and the autopod, - hand or foot (figure 4B).
Cells take on a stylopod, zeugopod, or autopod fate early in development (Dudley, Ros and
Tabin 2002), and not as the cells fall out of the progress zone. The AER sends a signal to the
limb bud that activates outgrowth and proximodistal expansion as development progresses.
When the AER is removed, all cells within 200 pm of the AER undergo apoptosis. The stage of
development when the AER is removed determines which of the pre-specified zones are still
within 200 um of the AER and will therefore not develop. Another finding that supports this
model is that when cells at different distances from the AER are labeled early in limb
development, these cells are restricted to a single segment of the limb.

Neither of these models can fully explain all of the experimental data for limb
development. There is also no molecular evidence that supports these models (Tabin and
Wolpert 2007). Another model is needed to fully explain vertebrate limb development and

patterning.



The Limb Mesenchyme Recruitment Model

Previous data collected in our lab suggests a different model for AER-mediated
outgrowth and patterning of the limb mesenchyme along the proximodistal axis. We propose
that FGFs from the AER induce expression of a Wnt5a gradient in the adjacent limb
mesenchyme. This Wnt5a gradient provides a directional cue to mesenchymal cells through a
pathway involving the Wnt5a receptor (Ror2)(Yoda, Oishi and Minami 2003). These cells are
recruited to growth towards the AER via directed migration or oriented cell divisions.

If the AER recruits mesenchyme in its direction then its dimensions will be important to
shape mesenchymal cells that are recruited toward it. We have observed that shape of the AER
changes over time in a way that mirrors the shape of the limb skeleton. For example, shortly
after its induction the AER is circular (figure 5A, 5B). A circular AER would be predicted to
recruit a cylindrical mass of mesenchyme that would condense to form the stylopod. Over time
the AER elongates along the anteroposterior (AP) and thins along the dorsoventral (DV) axis,
(figure 5C, 5D) (Barrow et al. 2003, Litingtung et al. 2002, Barrow Unpublished) which would
be predicted to recruit a thin paddle-shaped mass of mesenchyme prefiguring the shape of the
autopod. Consistent with this model are data from various mutants that exhibit defects in the
shape of the AER. For example, the conditional Wnt3a knockout mouse Wnt3"¢; RARCre
exhibits a reduced AER along the anterior-posterior axis (Barrow et al. 2003). These mice
exhibit severe oligodactyly. In

e . " c D
contrast, Gli3 mutants which B . o

possess an AER that much & o OV N poor %

) . Figure 5: Changes in AER shape during development (Barrow Unpublished)
longer than in controls exhibit

an extra wide limb bud and polydactyly (Litingtung et al. 2002).
5



Research done in the Barrow lab
supports the Limb Mesenchyme
Recruitment model. Labeled cells were

found to grow directionally toward the

AER, instead of forming a circular clone,
Figure 6: Labeled mouse limb cells exhibiting outgrowth

along the proximodistal axis (Sowby and Barrow Unpublished) evidence of directional growth (Sowby

and Barrow Unpublished, Mao et al. 2005). Cell labeling studies done in chick limbs confirm
this data. In these studies, labeled clones elongate towards the AER, indicating that directed
outgrowth is occurring (figure 6) (Dudley et al. 2002, Li and Muneoka 1999, Vargesson et al.
1997).

Removal of portions of the AER disrupts outgrowth of adjacent mesenchyme (figure 7).
Cells adjacent to the regions with removed AER either redirect their growth toward remaining
AER or form a radial clone if they are too far away from any AER (Kendall et al. Unpublished).
Slight indentations in the limb mesenchyme that enlarge over time are observed near removed
AER regions. Explanations for these findings from other models of limb development include
decreases in cellular proliferation or increases in apoptosis (Dudley et al. 2002). According to
the Limb Mesenchyme Recruitment model, cells are not being recruited towards areas of

removed AER; they are growing toward adjacent remaining AER.



Previous experiments done in the
Barrow lab involving loss of AER have also ' i
revealed a loss of Wnt5a signaling (Barrow |
et al. 2003). Wnt5a has a demonstrated role n"r
4 |
0 h 5h 18h

Transplanted Wnt5a-soaked beads have Figure 7: Labeled cells directly proximal to regions of
removed AER (Kendall et al. Unpublished)

in directed migration and cell growth (He et
al. 2008, Yamaguchi et al. 1999a,
Wyngaarden et al. 2010, Gros et al. 2010)
and is expressed as a gradient in the distal

tip of the mesenchyme (Barrow et al. 2003).

demonstrated an ability to redirect growth of mesenchymal limb cells (Wyngaarden et al. 2010,
Gros et al. 2010).

Supporting the Limb Mesenchyme Recruitment Model is the demonstrated ability of the
changing shape of the AER to change the morphology of the limb from the proximal to the distal
end. To do this, the AER expresses Fgf4, which in turn induces the expression of a Wnt5a
gradient. This Wnt5a gradient establishes a proximodistal cell orientation and mediates the
directed growth of limb mesenchymal cells toward the AER, which is necessary for development
of the vertebrate limb. (Barrow et al. 2010, Wyngaarden et al. 2010, Gros et al. 2010).

However, some experimental data indicates that additional signaling is present in the
distal limb bud. Using Fgf4 beads to replace the AER (Niswander et al. 1993) (figure 8),
researchers found that either one or two beads placed on the posterior side of the developing limb
bud were able to stimulate limb growth. Patterning, however, was disturbed. The round beads,

shaped similarly to the very early AER, directed stylopod growth fairly normally. Since these
7



3 L beads cannot change shape over time as the
AER does, therefore the spherical bead induces
a stylopod-shaped zeugopod. This finding is
consistent with the hypothesis that the shape of
the AER will dictate the shape of the
mesenchyme and therefore the skeletal element
that forms.

This model predicts that in the autopod,

u
D
Figure 8: Chick limb development after removal of the a single, thickened digit would develop.
AER and placement of an Fgf4 bead (Niswander et al.

1993) However, digits did develop, but they

developed in a circular cluster and all exhibited a posterior character (digit 3 or 4, figure 8D).
The cylindrically arranged digits correspond with the round shape of the Fgf4 bead as predicted
by the Limb Mesenchyme Recruitment Model. The development of separated digit elements
instead of one thick digit does not, however, indicating that some distal signal is present that is
separate from the AER. This signal imparts a polarizing message to the cells of the distal limb
mesenchyme, enabling digits to develop that are different from anterior to posterior.

When beads were placed on the apical ectoderm, development of the limb stopped at
certain points. One bead produced a relatively normal humerus, but outgrowth of the limb
stopped in the middle of the zeugopod, producing only half of the radius and ulna. Placing two
beads on the apical ectoderm produced a normal radius and ulna, but development halted before
the autopod developed. Since development in limbs with posterior beads did not halt, this

indicates that some the signal is produced by the posterior mesenchyme that allows digit

development in the autopod.



FGFs

Much work has been done to determine what secreted factors are responsible for the limb
outgrowth and patterning activity of the AER. Several FGFs are expressed by the AER
(Crossley and Martin 1995, Niswander and Martin 1992). To determine whether these FGFs
could replace the limb outgrowth and patterning activity of the AER, the AER was removed and
replaced with FGF2 and FGF4 soaked beads. The beads were able to rescue proximal to distal
limb pattern, although there are defects in the shapes of bones along the anteroposterior (AP) and
dorsoventral (DV) axes (Cohn et al. 1995, Fallon et al. 1994, Niswander et al. 1993).

FGFS also has a role in limb outgrowth (Crossley and Martin 1995). Limb-specific
knockouts of FGF4 and FGF8 in mice demonstrate loss of limb development due to failure of
mesenchymal cells to survive (Boulet et al. 2004, Sun, Mariani and Martin 2002). Limb-specific
knockouts of FGF8 lack a humerus/femur, but not distal skeletal elements (Moon and Capecchi
2000, Lewandoski et al. 2000). Other experiments show that the limb-specific Msx2-Cre; FGF4;
FGF8 mutant forelimbs lack anterior components such as the radius and anterior autopod, while
hind limbs fail to develop entirely (Sun et al. 2002). Because Cre is expressed earlier in the
hindlimb than in the forelimb, expression of FGF4 and FGFS is knocked out earlier, which
causes the hindlimb failure to develop which the only distal forelimb components fail to develop.
Limb-specific FGF4/FGF8 mutants do not exhibit cell death in the distal limb bud, only
proximally at later stages far from the AER where FGFs are secreted (Sun et al. 2002).

Additionally, FGFs act as a chemoattractant, inducing mesenchymal cells to grow
towards the AER. Mesenchymal cells are induced to divide and migrate towards an FGF4-
soaked bead that was implanted in the limb (Saxton et al. 2000, Li and Muneoka 1999,

Niswander et al. 1993). FGF4 has no influence on cell orientation, directed mitosis, or directed

9



movement, however, it does increase the velocity of random cell movements on cells that are
closer to the FGF4 source (Gros et al. 2010). As mesenchymal cells move up the FGF4 gradient,

they move faster, creating an overall net movement toward the source of FGF4.

Wnt5a

Wnt5a is a secreted
protein that is expressed in
gradient fashion at the distal

end of the growing limb

bud, suggesting that its Figure 9: Progressive Wnt5a expression in the limb (Yamaguchi et al. 1999a)

expression may depend on the AER (figure 9) (Yamaguchi et al. 1999a). Indeed, in mutants
lacking the AER, there is a concomitant loss of Wnt5a expression (Barrow et al. 2003,
Kawakami et al. 1999). The Wnt3n/c; Msx2-Cre mouse mutant exhibits a variable loss of the
AER (figure 10). Wnt5a expression in mutants appears to be present near regions of residual
AER, but not where AER is lost (figure 10) (Barrow et al., 2003). Additional studies that we

have done support the hypothesis that Fgf protein may also be sufficient to induce Wnt5a

E Y 3

Cast W™ MaxCrs W™ MaxCre

Figure 10: WntSa expression in Wnt3; Msx2-Cre mice which exhibit variable ~ below).
AER loss. Arrowheads denote AER and arrows denote regions where no AER
is present (Barrow Unpublished)

expression in the limb and

A

lateral plate mesoderm. I

am rigorously testing this

hypothesis presently (see
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Wnt5a is first expressed in the mouse limb at
the 20-22 somite stage (Yamaguchi et al. 1999a) and
in the chick at Hamburger-Hamilton stage 14, which
corresponds with the initiation of limb bud
development (Kawakami et al. 1999, Hamburger and
Hamilton 1992). Other structures that exhibit

outgrowth, such as the caudal end of the embryo and

> - the face also form a Wnt5a gradient that is
Figure 11: Wnt5a expression in wildtype and

mutant mice (Yamaguchi et al. 1999a . . .
( s ) concentrated in the direction of outgrowth (figure 11)

(Yamaguchi et al. 1999a). Despite the shortened limbs, face and body axis, Wnt5a still exhibit
relatively normal pattern demonstrating in each of these regions (figure 11). Skeletal elements of
the limb are progressively truncated proximally to distally and the distal elements do not
develop, indicating that mesenchymal cells do not extend along the proximodistal axis
(Yamaguchi et al. 1999a). Reduced expression of Wnt5a in fish fin buds was shown to reduce
cell migration (Sakaguchi et al. 2006). Other genes involved in limb outgrowth and patterning
are still functional, demonstrating a possible loss of the ability of mesenchyme cells to respond to
signals from the AER in Wnt5a mutants (Qian et al. 2007, Yamaguchi et al. 1999a).

Additionally, retroviral misexpression of Wnt5a in the zeugopod of developling embryos results

in shortened long bones, indicating some role in pattern formation (Kawakami et al. 1999).

Planar Cell Polarity
Wnt5a has been shown to play a role in polarizing cell growth and the resulting directed

cell movement and oriented cell growth (Heisenberg et al. 2000, Kilian et al. 2003, Qian et al.

11



2007, Rauch et al. 1997, Westfall et al. 2003, Gong, Mo and Fraser 2004, Barrow 2006, Gros et
al. 2010, Wyngaarden et al. 2010). A Wnt5a gradient has been shown to induce a reorganization
of the actin cytoskeleton in vitro (Witze et al. 2008). Cells of the limb bud are shown to be
polarized with the axis of outgrowth, with mitoses and movement oriented distally in a very
efficient manner (Gros et al. 2010). However, in Wnt5a mutant limb buds, they demonstrate that
distal movement slows down and becomes much less efficient. Cell divisions lose their
directionality and cells become more rounded and lose their asymmetry. To show that Wnt5a is
acting through the Wnt/polar cell planarity (PCP) pathway, which is responsible for orienting
cell divisions and movement in one direction, they treated cultured chick embryos with a PCP
pathway inhibitor. These cells behave in a similar manner as the Wnt5a mutant cells, supporting
the hypothesis that Wnt5a signals through the PCP pathway to direct limb bud outgrowth (Gros
et al. 2010). In a similar study, cells of the lateral plate mesoderm (LPM) at the level of the
forelimb are observed to be oriented parallel to the anterior-posterior axis, while limb bud cells
are oriented orthogonal to the AP axis and parallel to the proximodistal axis of outgrowth
(Wyngaarden et al. 2010). Wnt5a mutant cells of the LPM lose their polarity and oriented
mitoses. Cells of the limb bud maintain their directed movements, but at a greatly reduced
velocity. Wnt5a mutant mice have a truncated body axis and open neural tube, a similar
phenotype to zebrafish that lack components of the PCP pathway (Qian et al. 2007, Yamaguchi
et al. 1999a). Wnt5a mutants still develop a normal AER and recognizable proximodistal
pattern, suggesting that additional pathways regulate distally oriented growth in vertebrates.
Indeed, FGF signaling has been shown to be sufficient to promote directed growth of the limb

mesenchyme (Gros et al. 2010).
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In the presence of a
polarizing signal, such as
Wnt5a, core PCP proteins
localize to opposite sides of the

cell. Dishevelled (Dvl) moves

to one side of the cell (Wang et *

al. 2005, Wang et al. 2006), and morphogenetic changes

Van Gogh-like 2 (Vangl2) Figure 12: PCP pathway signaling components (Jones and Chen 2007)

moves to the other side (Montcouquiol et al. 2006b). Vangll, a paralog of Vangl2, may also act
as a core PCP protein (Antic et al. 2010, Kibar et al. 2007). Several other proteins are involved
in PCP signaling (figure 12).

Several Wnt5a receptors for the PCP pathway have been identified. Wnt5a signals
through Ror2, a member of the receptor tyrosine kinase family (Yoda et al. 2003). When bound
to Wnt5a, Ror2 forms a ternary complex with Vangl2, which recruits CKId and phosphorylates
Vangl2, and induces polarized growth via the PCP pathway in the direction of the Wnt5a
gradient (Gao et al. 2011). Vangl2 has many serines and threonines which are phosphorylated
via Wnt5a signaling. Depending on the concentration of Wnt5a, more of these are
phosphorylated. It is possible that the extent of Vangl2 phosphorylation is a way of polarizing
cells (Gao et al. 2011). Ryk and Ror1, other members of the receptor tyrosine kinase family may
also act as receptors for Wnt5a in PCP signaling (Macheda et al. 2012, Andre et al. 2012, Katoh

2005).

13



Cantral PCP Mutant There is evidence that the Wnt5a/PCP

A D
""’.'- g Y - ‘H\"-\. i . = . . .
" - pathway is also responsible for convergent extension
e - " -
i
B E O

in vertebrates (Montcouquiol, Crenshaw and Kelley
v - - 2006a, Wallingford and Harland 2002), a process of

mesodermal cells and prechordal plate cells
converging medially toward the axial midline,

intercalating, and extending the embryonic axis

__.. - (figure 13) (Copp, Greene and Murdoch 2003,
Figure 13: Neural tube defects exhibited in PCP
mutants. Neural tube defects are aresult of a lack Montcouquiol et al. 2006a, Qian et al. 2007, Ueno
of convergence (D). The notochord (light blue) is

broader (D,E) resulting in a broader signal to and Greene 2003, Wang et al. 2006, Ybot-Gonzalez
induce a wide medial hinge point(purple) that

exhibits a wide floor plate (E,F), displaying the . . . .
characteristic U_shape rather than the V_shape et al. 2007). ThlS pI'OCCSS I'equII'CS CCHS tO Orlel’lt m
found in wild type embryos (E8.5)

the same direction perhaps similar to how cells must
orient towards the AER for proper limb outgrowth. Neural tube closure is regulated by
components of the PCP pathway and is linked to convergent extension of prechordal plate cells

(Copp et al. 2003, Doudney and Stanier 2005, Montcouquiol

Convergent Extension PCP Mutants

et al. 2006a, Qian et al. 2007, Ueno and Greene 2003, Wang g — a g : g
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et al. 2006, Ybot-Gonzalez et al. 2007, Wallingford 2006).

s

°oc® @8 o
Neural tube closure defects and a lack of convergent o - ® U @
o ® © g
extension are both phenotypes of PCP pathway member
mutations (figure 14). 8
Other members of the Wnt family are known to signal 8
through the Canonical Wnt signaling pathway, otherwise 8
Figure 14: Convergent extension in
wild type and PCP mutants
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known as the Wnt/B-catenin pathway. Wnt3a is known to signal through the Wnt/B-catenin
pathway. Wnt3a mutant mice are truncated from the bottom of the ribcage, similar to
Wnt5a/Wnt5b mutant mice. It is possible that Wnt5a signals through the Wnt/B-catenin pathway
or through the PCP pathway.

Taken together all these data strongly support Wnt5a signaling through the PCP pathway

as a mediator for cell polarity and migration during limb Exacerbated Phenotype in WatSar/WarSb-

WitSa - Wnish

bud development and neural tube closure. Wnt5b, a
paralog of Wnt5a, also appears to play a similar role to

Wnt5a. Although Wnt5b homozygous mutants are

healthy and have no obvious defects, Wnt5a;Wnt5b

double mutants have exacerbated phenotypes compared to
Figure 15: Wnt5a/5b mutant defects

Kendall, Barrott and B Unpublished
Wnt5a mutants (figure 15) (Kendall et al. Unpublished). (Kendall, Barrott and Barrow Unpublished)
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PROPOSAL

Hypothesis

As discussed above, we propose that FGFs signal from the AER induce a Wnt5a in
gradient fashion. We also propose that the Wnt5a gradient is necessary and sufficient for
directed growth of the mesenchyme toward the highest concentration of Wnt5a. We further
propose that Wnt5a and its closely related family member, Wnt5b, play a similar role in
regulating the directed movement of cells in the neural plate and notochord which underlies

proper neural tube closure.

Objectives and Overview

Specific aim #1: We will test the hypothesis that FGFs expressed in the AER are sufficient to

induce a Wnt5a gradient in the distal tip of the limb bud. This Wnt5a gradient is responsible for

directed migration of mesenchymal cells of the limb bud toward the distal tip of the limb bud.

FGF4 induction of Wnt5a: We will test the sufficiency of Fgf4 to induce Wnt5a expression in
the limb mesenchyme and in the lateral plate mesenchyme. We will transplant beads soaked in
varying concentrations of Fgf4 protein into proximal chick embryonic limbs, outside of the
expression domain of Wnt5a or in the interlimb lateral plate mesenchyme, and then examine the
expression of Wnt5a in nearby mesenchyme. We will window eggs of chick embryos at stages
19-20 and remove the AER. We will place beads that have been soaked in 1000 ng/ml Fgf4
protein near the distal tip of the limb bud. Beads soaked in PBS will be used as negative controls
for these experiments. We will allow embryos to develop for 12 hours, and dissect them out of

the egg. Wnt5a expression will then be examined by in situ hybridization.

Whnt5a induction should be seen in the area near the Fgf4 bead. Wnt5a should be induced
16



in a larger area surrounding beads soaked in higher concentrations, indicating the increased

induction of Wnt5a across the Fgf4 gradient.

Wnt5a induction of directed cell migration: We will test the sufficiency of Wnt5a on directed
migration or oriented cell division of limb mesenchyme cells. We will transplant beads soaked
in Wnt5a protein into chick embryonic limbs and examine the behavior of neighboring, labeled
mesenchyme cells. We will window eggs of chick embryos at stages 19-20. We will place
beads that have been soaked in 1000 pg/ml Wnt5a protein. Mesenchyme cells approximately
50-100 um from the graft will be labeled with Dil. Beads soaked in PBS will be used as
negative controls for these experiments. The windowed eggs will be photographed at 4 hour
intervals over a 24-48 hour period to examine the growth of the injected cells relative to the
source of Wnt5a protein.

If Wnt5a is responsible for directed cell movement and mitoses, then labeled cells near
the implanted bead should be seen moving towards the ectopic source of Wnt5a instead of

towards the AER.

Specific Aim #2: We will determine whether Wnt5a and Wnt5b signal though the canonical B-

catenin or the Wnt/PCP pathway.

Wnt5a signaling through [-catenin pathway: We will examine whether Wnt5a signals through
canonical Wnt signaling by examining the expression of Brachyury, a canonical Wnt signaling
target, in Wnt5a mouse mutants at E9. Canonical Wnt signaling activity will also be assessed by
crossing the Wnt/B-catenin -galactosidase reporter transgene (Batgal) into a Wnt5a mutant

background. Wnt5a mutants will be compared to E9 wildtype embryos and to Wnt3a mutants
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which lack Wnt/B-catenin signaling in the primitive streak/tailbud and therefore Brachyury and
Batgal activity.

If Wnt5a is signaling through the Wnt/B-catenin signaling, no Brachyury expression or
X-gal stain should be seen in the tail of the mouse embryos. These embryos will be compared to
wildtype and Wnt3a mutant embryos, which have disrupted Wnt/B-catenin signaling. We expect
that Wnt5a mice will not show disrupted Wnt/ B-catenin signaling, similar to the wildtype

embryos.

Convergent extension defects of midline cells in Wnt5a/Wnt5b mutants: We will compare
Wnt5a/Wnt5b mutants to Vangl2 mutants for proper convergent extension in the midline at ES.5.
We will use in situ hybridization for Brachyury mRNA to examine midline cells to see if they
have converged on the midline of the embryo properly.

The midlines of E§ Vangl2 mutant mouse embryos express Brachyury mRNA in a
broader domain than control mice due to defects in convergent extension. If Wnt5a;Wnt5b mice

are signaling through the PCP pathway, then similar defects should be seen.

Length-to-width ratios of Wnt5a/Wnt5b mutants: Vangl2 mutants have previously been reported
to exhibit reductions in the length to width (LTW) ratio of the embryonic axis. We predict that if
Wnt5a/Wnt5b signal through the Wnt/PCP pathway that these mutants should exhibit a similar
reduction in LTW ratio. We will therefore compare the LTW ratio of Wnt5a -/-, Wnt5a -/-
;Wnt5b +/- and Wnt5a/5b double mutants to Vangl"" mutants.

Vangl2 a known component of the Wnt/PCP pathway and is critical for convergent
extension. Mice lacking various components of the PCP pathway exhibit reduction in the length

to width ratio of the embryonic axis: a manifestation of defective convergent extension
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movements. If Wnt5a/Wnt5b signal via the PCP pathway we predict that embryos lacking their

activity should exhibit a reduction in the LTW ratio of the embryonic axis.

Neural tube cell polarity defects: 'Wnt5a/5b mutants and Vangl"* both exhibit neural tube
closure defects. We will examine polarity of cells in sections of the neural tube in Wnt5a;Wnt5b
and VangI2"" mouse mutants. Coronal and transverse sections of E8.5 mutant and wildtype
embryos will be stained for Golgi and nuclei. In normal neural tubes the Golgi apparatus lies
between the nucleus and the lumen of the neural tube. We predict that Vangl2 and putatively
Wnt5a/5b mutants will exhibit a loss in this polarity. Similar defects between Vangl2 and
Wnt5a; Wnt5b mutants provide support for the theory that Wnt5a and Wnt5b are indeed signaling
through the PCP pathway.

If Wnt5a and Wnt5b are signaling through the PCP pathway, then defects in cell polarity

similar to Vangl"" mutants should be seen.
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RESULTS

FGF4 induction of Wnt5a expression

The AER is vital for limb bud outgrowth. Our hypothesis is that FGFs from the AER
induce a distal Wnt5a gradient in the limb bud. The Wnt5a gradient then directs the migration
and cell division of mesenchymal cells in the limb bud toward the AER, causing the limb bud to
extend distally.

To determine whether FGF signaling is sufficient to activate Wnt5a expression, Affi-gel
blue beads (Bio-Rad) were soaked in 1000 pg/uL FGF4 and implanted in the flank of HH stage
10-12 chick embryos at varying distances from the limb bud. After seven hours of development,
Embryos were removed from the egg, fixed in 4% paraformaldehyde (PFA) and then subjected
to Wnt5a in situ hybridization.

FGF4 beads induced
Wnt5a expression, while control
beads did not (figure 16A-F).
Beads placed far away from limb
buds (figure 16B-C) induced
Wnt5a expression in between it
and the limb bud, instead of just

around the bead, indicating that

FGF alone in not sufficient to Figure 16: Wnt5a induction in response to varying concentrations of

FGF4. FGF4 soaked beads implanted near the limb bud induce strong
induce Wnt5a expression. Some  Wnt5a expression (E, F). Beads implanted in the flank of the embryo
induce Wnt5a expression, but only near the limb bud (B, C). FGF4 beads
. . . implanted in the distal tip of the limb bud after the AER was removed
other diffusible signal from the induce a WntSa gradient (HL I).
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limb bud is also required. Beads placed in or near the limb bud strongly upregulate Wnt5a
expression (figure 16E-F). Affi-gel blue beads of soaked in varying concentrations of FGF4
were implanted at the distal tip of HH stage 19-22 chick embryos after the AER was removed.
After 12 hours, Wnt5a expression was examined by in sifu hybridization. Wnt5a expression
increased with increasing FGF4 concentration (figure 16G-I).

To determine the ability of Wnt5a to induce directed cell migration, Affi-gel blue beads
were soaked in Wnt5a protein and
implanted in the limb buds of HH
stage 19-22 chick embryos. Dil
was injected anteriorly and
posteriorly of the implanted bead
and pictures were taken at 4 hour
intervals. Cells as visualized by
Dil labeling migrated toward the
Wnt5a soaked bead instead of the
AER (figure 17B, C), compared

with control beads, which

Figure 17: Directed mesenchymal cell migration in response to Wnt5a

displayed no apparent cell

migration toward the bead, only toward the AER (figure 17A).

Whnt5a signaling through the PCP pathway
Wnt5a and Wnt5a/Wnt5b mutants share defects in common with mice lacking

components of the Wnt/B-catenin and the Wnt/PCP pathway. For example, Wnt3a is a secreted
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Whnt ligand that is known to signal through the B-catenin pathway (Ring et al. 2013). Mouse
embryos lacking Wnt3 are truncated to the rig cage (Takada et al. 1994) similar to Wnt5a/Wnt5b
mutants (figure 16) suggesting that Wnt5a/Wnt5b signal through the B-catenin pathway. Wnt5a
mutants also exhibit neural tube closure defects, shortening of the body axis, face, limbs similar
to mutants lacking components of the PCP pathway. To determine the pathway through which
Wnt5a and Wnt5b signal we performed several genetic analyses.

Wnt3a as mentioned above signals through the f-catenin pathway but not the PCP
pathway. We made use of the transgenic mouse model Batgal that reports B-galactosidase
activity in cells actively receiving a
Wnt/B-catenin signal (Maretto et al.
2003). We observed as expected
reduced B-galactosidase activity in
the primitive streak/tail bud of
Wnt3a mutant embryos (figure
18C). In contrast we observed no
reduction in batgal activity in the

primitive streak of Wnt5a mutants

Wr
Figure 18: Wnt5a/Wnt5b mutants
Wnt3a mutants do not

5b-/-
maintain f-catenin signaling while

providing strong evidence that

Whnt5a signals independently of the

B-catenin pathway (figure 18B).
Wnt5a/Wnt5b double mutants exhibit more severe axis truncation defects than Wnt5a

single mutants (similar to Wnt3a mutants). It is possible that the two function redundantly in the

B-catenin pathway. To test this hypothesis we examined the expression of the Wnt/B-catenin
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target, Brachyury (Yamaguchi et al. 1999b). We observed strong Brachyury expression in the
tailbud of Wnt5a/5b double mutants (figure 18E) and loss thereof in Wnt3a mutants (figure 18F).
Thus, taken together the Batgal and the brachyury results demonstrate that Wnt5a and Wnt5b
signal via a f-catenin independent pathway

We next wanted to test that hypothesis that Wnt5a and Wnt5b signal through the PCP
pathway. Vangl2 is a well characterized member of the Wnt/Planar Cell Polarity pathway. It is
a 4 pass membrane protein of poorly understood function. We postulated that if Wnt5a and
Wnt5b signal via the PCP pathway that Wnt5a/Wnt5b mutants should closely resemble embryos
lacking Vangl2. We first examined convergence and extension of the embryonic axis in
Wnt5a/Wnt5b mutants and compared them to Vangl2 mutants. Cells of the notochord that
undergo convergent extension, the process of cell intercalation and extension, express brachyury.
To compare CE defects in Wnt5a/Wnt5b and Vangl2 mutants, brachyury expression was
examined in E8 mutant mice.
Because embryonic
development at this stage is
very dynamic, embryos were

divided into early and late E8

Lot

embryos (early E7.8-E8.0 late
E8.2-E8.4). Early control E8

embryos have a diffuse region

3
% :: of brachyury expressing cells
wn n
i el a2 4
E E F 6 2 H 3 along the midline, but these

Figure 19: .WntSa/WntSb and Vangl2 (lgoptail) mutants have similar CE
defects in notochord cells. Magnifications are different between specimens.
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cells are still confined to a narrow zone, with no gaps or areas with cells that are not expressing
brachyury (figure 19A). Wnt5a/Wnt5b mutant midline cells are not strictly confined to the
midline, with many brachyury expressing cells outside of the main expression zone (figure 19B-
C). The node also fails to retract posteriorly to the extent observed in controls (you will want to
label your figures to highlight this observation. Looptail embryos exhibit similar defects (figure
19D). Notochord cells of late E8 wildtype embryos have a single, thin line of brachyury
expressing cells that have converged on the midline (figure 19E). Late Wnt5a and Wnt5b
mutants possess axial mesoderm cells that exhibit a “crankshaft” appearance with distinct gaps
between Brachyury expressing and nonexpressing cells (figure 19G, H). Further, the midline
cells do not converge along the midline as do controls (figure 19G, H). These defects are
analogous to those observed in Vangl2"" mutants (figure 19H).

As an alternative means to examine convergence and extension, we measured the length
to width ratio of the embryonic axis (see Materials and Methods). Next, we examined
convergent extension defects in embryonic axis elongation. Briefly, we collected embryos at the
6 somite stage for the Wnt5a/Wnt5b allelic series-and compared to Vangl2™"" and wildtype
mouse embryos (figure
20). As more
Wnt5a/Wnt5b alleles are

lost, the embryo becomes

shorter. Looptail mutants =

1.5 =

LTW Ratio

also exhibit axis

1+

0.5 =

elongation defects, but o-

Lpt-/-

Wnt5a-/-

3
3
=

Figure 20: Length to width24tios of various Wnt5a/Wnt5b and looptail genotypes

WntSa-/-5h+/-
Wnt5a-/-5b-/.



their severity is reduced. In some cases, losing a Wnt5b allele actually lessens the axis
elongation defect.
Next, neural tube defects were examined (Table 1). Partial or complete open neural tube

defects were counted as a neural tube defect. Looptail homozygous mutants have 100%

penetrance for open neural tube Table 1: Neural tube defects in Wnt5a/Wnt5b and looptail mutants

defects. Approximately 42% of Mutation % NTD

Wnt5a-/-; Sb+/+ 42¢
Wnt5a homozygous mutants have Wnt5a- /_; Sh+ /_ 50¢
neural tube defects. Nearly twice Wnt5a-/-; 5b-/- 82¢
Looptail 100¢

that many defects are seen in
Wnt5a/Wnt5b homozygous mutants.

We theorized that cells of the neural tube undergo convergent extension to bring the
halves of the neural tube together for neural tube closure. E8.5 Wnt5a/Wnt5b and looptail
mutant mouse embryo hindbrains were sectioned into 150 um sections. Golgi apparatus and
nucleus stain was used to visualize cell orientation. However, no differences between wildtype,

Wnt5a/Wnt5b, and looptail embryos have yet been determined.
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DISCUSSION

John Saunders demonstrated that the AER directs limb development and patterning and
that the signal from the AER does not change over time. Several models have been developed
that attempt to describe how the AER patterns the mesenchymal cells of the limb bud, but none
of them account for all the data. Our model of limb development, the limb mesenchyme
recruitment model, proposes that the shape of the AER dictates the pattern of development in the
limb mesenchyme by directing migration of cells towards it. As the AER becomes elongated
along the anterior-posterior axis and thinner along the ventral-dorsal axis, the shape of the
mesenchyme becomes less round-shaped like the stylopod and more paddle shaped, like the
autopod.

We hypothesize that the AER secretes a signal that activates directed migration toward
the distal end of the limb bud. We demonstrate that FGF4 from the AER activates a distal
gradient of Wnt5a expression in the limb. We have described in this thesis that when FGF4
soaked beads are implanted into the flank of HH stage 10-12 chick embryos induce Wnt5a
expression in the limb bud. When the FGF4 bead is implanted closer to the limb bud,
endogenous Wnt5a is expressed more strongly, indicating that elevated levels of Wnt5a are
expressed with increasing Fgf4 concentration.

We corroborated this observation by demonstrating that beads soaked in higher
concentrations of FGF4 maintained Wnt5a expression at higher levels than beads soaked in
lower concentrations of FGF4. Taken together these data argue that FGF is sufficient to
induce/maintain Wnt5a expression in gradient fashion. A gradient of Wnt5a is likely critical for
polarizing limb mesenchyme cells as demonstrated by Goa et al (Gao et al. 2011). As Wnt5a

concentration increases, more serines and threonines on Vangl2 are phosphorylated. If a cell is

26



exposed to a Wnt5a gradient, then Vangl2 is going to be more phosphorylated on the side of the
cell that is exposed to a higher concentration of Wnt5a.

We theorized that higher Wnt5a concentrations nearer to the AER induced more rapid
cell migration and division in the area near the AER called the zone of polarizing activity (ZPA).
Beads soaked in Wnt5a were implanted in the center of stage 19-22 chick embryo limb buds.
Using Dil to visualize cell movement, we observed mesenchymal cells migrating toward Wnt5a
soaked beads instead of the AER. PBS soaked control beads still migrated distally to the AER.
Cells migrated more quickly as they moved closer to the Wnt5a bead, indicating that higher
concentrations of Wnt5a cause mesenchymal cells to migrate more rapidly. This supports the
theory that the Wnt5a gradient near the AER causes more rapid cell migration and division,
which supports the theory that the shape of the AER, and not the signal secreted by it, patterns
the limb bud by shaping the mesenchymal cells into a specific shape.

We theorized that Wnt5a induces direction cell migration and division by activating the
planar cell polarity pathway in mesenchymal cells of the limb bud. Naturally occurring Vangl2
mutants, known as looptail mice were used to compare Vangl2 mutations to Wnt5a and Wnt5b
mutations to determine if similar phenotypes were seen. If Wnt5a signals through the PCP
pathway, then similar defects should be seen.

Many Wnts signal through the canonical B-catenin signaling pathway. To demonstrate
that Wnt5a signals through the PCP pathway and not the B-catenin pathway, we compared Wn3a,
which is known to signal through the B-catenin pathway, to Wnt5a and Wnt5b. [-galactosidase
was used as a reporter gene for B-catenin signaling activity. When B-catenin is active, -
galactosidase is expressed, which cleaves X-gal into a product that is blue. Wnt3a mutants

embryos did not maintain -catenin activity, while Wnt5a mutants did. Brachyury in the tail bud
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is a target gene of the B-catenin pathway. Similarly, Wnt3a mutants lost brachyury expression in
the tail bud while Wnt5a mutants and Wnt5a; Wnt5b double mutants did not. These results
indicate that Wnt5a and Wnt5b do not signal through the B-catenin signaling pathway.

To demonstrate that Wnt5a and Wnt5b signal through the PCP pathway, mutants were
compared to Vangl™” mutant mice, which have a mutation in Vangl2, a component of the PCP
pathway. Activation of the PCP pathway polarizes cells within tissues. Once polarized, cells
can grow directionally. A topic of debate within the PCP field has been to determine the nature
of the signals that regulate the PCP pathway to initiate polarity. This thesis work provides
important data to establish Wnt5a and Wnt5b as signals that regulate the Wnt/PCP pathway.

Reintroduce the theory behind using Vangl2 mutants as a comparison to Wnt5a/Wnt5b
mutants. First, we examined convergent extension defects in early and late E§ mouse embryos.
At ES8, cells of the notochord undergo convergent extension causing the entire embryo to become
thinner and longer. Defects in CE can be seen by staining for brachyury, which is expressed by
cells of the notochord. Early E8 embryos have a single line of brachyury expressing cells along
the notochord. Wnt5a/Wnt5b mutants at this stage have a line of cells along the notochord, but
they are not lined up neatly like control embryos, instead the notochord cells are not restricted to
the cells of the midline. Vangl2 mutants have a similar appearance. PCP in these cells is at least
partially disrupted, so cells to not converge entirely on the midline of the embryo. Wnt5a/Wnt5b
embryos and Vangl2 embryos have a nearly similar appearance, indicating an at least partial loss
of PCP signaling.

In late E8 embryos, notochord cells continue to converge on the midline of the embryo.
The entire embryo is longer and thinner and the brachyury expression domain is thinner. In

Wnt5a mutants, notochord cells have a “crankshaft” appearance, with gaps in brachyury
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expression that alternates sides. Wnt5a/Wnt5b mutants look similar, with gaps in brachyury
expression. Vangl2 mutants display a similar phenotype, with breaks in the brachyury
expression zone, further indicating a similar loss in PCP signaling.

Next, we examined convergent and extension defects in the entire embryo. Length and
width measurements were taken in Vangl2 and various combinations of Wnt5a/Wnt5b mutant
alleles. Length to width ratios were shorter for Wnt5a/Wnt5b double mutants compared to
Vangl2 mutants. As either Wnt5a or Wnt5b alleles were lost, embryos became progressively
shorter. Interestingly, some Wnt5b mutations actually abrogated Wnt5a mutations, causing the
embryo to be slightly longer than expected. We do not have an explanation for why this occurs.
It is possible that Wnt5b somehow mediates the effects of Wnt5a. Function of Wnt5b beyond
PCP pathway activation is outside of the scope of this thesis.

Additionally, we examined neural tube defects in Vangl2 and Wnt5a/Wnt5b mutants. All
Vangl2 mutants had open neural tube defects. Additionally, neural tube defects in these mutants
were more severe, extending from the hindbrain to the tail bud. Only 42% of Wnt5a”™ mutants
had neural tube defects, which ranged in severity from being open near the hindbrain to
extending further along the embryonic axis. Neural tube defects in Wnt5a”/Wnt5b" mutants
grew to 50% and 82% of Wnt5a”/Wnt5b”~ embryos.

It is worth noting that Wnt5a and Wnt5b mutations result in more severe axis elongation
defects, while Vangl2 mutations result in more severe neural tube defects. There are 19
members of the Wnt protein family. It is possible that other Wnts are also responsible for
activating the PCP pathway in the neural tube. It is also possible that Vangll, a homolog to
Vangl2 with a similar role in PCP signaling, could be partially responsible for convergent

extension of the embryonic axis, while only Vangl2 is responsible for convergent extension in
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neural tube closure. Previous studies examine the role of Ror2 as a receptor for Wnt5a in
mesenchymal cell migration (Barrow et al. 2010). Other members of the Ror receptor family
include Rorl and Ryk (Katoh 2005, Andre et al. 2012). These receptors have not been examined
for a role in PCP signaling, and so it is possible that different receptors have different temporal
or spatial roles in the developing embryo.

Last of all, we examined cell behavior in the neural tube during neural tube closure. We
sectioned E8.5 mouse embryo hindbrains and stained for nucleus and Golgi apparatus. We
examined these cells for differences in cell division and migration, but could see no major
differences. Again, not all Wnt5a”/Wnt5b” mutants had neural tube defects. It’s possible that
other Wnts mitigate the loss of Wnt5a and Wnt5b, or that Wnt5a and Wnt5b only have a minor

role in neural tube closure.
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METHODS

Windowing eggs

Eggs are incubated until they reach HH stage 20 (Hamburger and Hamilton 1992),
sprayed with isopropanol and, the top of the egg is covered in two strips of Scotch® Super 33+
Vinyl Electrical Tape. 8 mL of albumin is removed using an 18 ga 1.5 in needle (Becton
Dickinson) and a hole is cut into the top of the egg. Five drops of penicillin-streptomycin-
glutamaine (PSG) in phosphate buffered saline (PBS) are added to prevent dehydration and
bacterial growth. A 25 ga 1.5 in needle (Becton Dickinson) is used to inject a 1:10 India ink
(Pelikan Fount India) with Dulbecco’s PBS (GIBCO) under the embryo for easier visualization.

The eggs are then sealed with electrical tape until beads are implanted.

Wnt5a Bead Implants

We will window chicken eggs and inject India ink under the embryo. We will introduce
an ectopic source of Wnt5a protein outside of the distal limb bud where Wnt5a is normally
expressed by implanting a bead soaked in Wnt5a protein in the proximal limb bud. We will label
the cells anterior and posterior to the implanted beads with Dil. We will photograph these

embryos every 4 hours for 24-48 hours.

FGF Bead Implants

We will introduce an ectopic source of Fgf4 protein in the distal limb bud by implanting a
bead soaked in Fgf4 protein. We will remove the AER using a tungsten wire and implant the
bead near the distal tip of the limb bud. To reproduce the effects of an Fgf4 gradient, we will
soak the beads in differing concentrations of Fgf4. These embryos will continue to develop for

twelve hours. We will then dissect the embryos from the eggs and examine Wnt5a expression by
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in situ hybridization.

Mouse Strains and Genotyping

Mice carrying Wnt5a mutation were obtained from Andy McMahon’s lab at Harvard
University and genotyped using the following set of primers: 5a neo (5’-GGG AGC CGG TTG
GCG CTA CCG GTG G), wntSa-for (5’-GAC TTC CTG GTG AGG GTG CGT G), wntSa-rev
(5’-GGAGAA TGG GCA CAC AGA ATC AACQC). The following reaction for PCR was used: 94

°C for 30 seconds, 55 °C for 20 seconds, 72 °C for 30 seconds; 35 cycles.

in situ Hybridization

Embryos were fixed in 4% paraformaldehyde and processed for in situ hybridization.
Preparation of digoxigenin-labeled probes was carried out according to the manufacturer’s
protocol (Roche). Embryos were collected in PBS, fixed in 4% paraformaldehyde overnight,
dehydrated, and stored in 100% methanol. After rehydrating embryos through a 75, 50, and 25%
methanol series, embryos were bleached with a 4:1 mixture of PBT and 30% hydrogen peroxide.
Embryos were incubated with 20 pg/ml of proteinase K for 2 min for E8 embryos and 5 min for
E9 embryos and washed twice with fresh 2 mg/ml glycine, washed twice with PBT, refixed in
4% paraformaldehyde and 0.2% glutaraldehyde for 20 min, andincubated in pre-hybridization
solution (50% formamide, 5X SSC pH 4.5, 1% SDS, autoclave H20, 50 ng/ml tRNA, 50 pg/ml
heparin) at 680C for 1 hour. Embryos were incubated in hybridization solution (pre-
hybridization + 5 pl/ml brachyury probe) overnight at 680C. The next day, embryos were
washed twice with solution I (50% formamide, auctoclave H,O, 5X SSC pH 4.5, and 1% SDS)
at 68 °C for 30 minutes, then equilibrated for 10 minutes in a 1:1 mix of solutions I and II at 68

°C. Embryos were washed three times in solution II (10% 5M NacCl, 1% 1M Tris-HCI pH 7.5,
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0.1% tween-20, and autoclave H>O) at RT. Embryos were then treated with 100 pg/ml RNaseA
in solution II for 1 hour at 37 °C, and subsequently washed in solution II for 5 minutes at RT.
Embryos were washed twice in solution III (50% formamide, 2X SSC pH 4.5, and autoclave
H20) for 30 minutes at 68 °C. Then the embryos were washed three times in MBST and then
place in a preblock solution (10% heat-inactivated sheep serum) for 2.5 hours at RT, embryos
were treated with a 1:5000 dilution of anti-digoxigenin Fab fragments (Roche) overnight at 4 °C.
After thorough washing with NTMT (2% 5M NacCl, 10% 1M Tris-HCI pH 9.5, 1M MgCl2, 0.1%
tween-20, and autoclave H,O), the hybridization products were visualized using BM purple
(Roche) as a substrate. The following probes were used in the in situ expression studies:

Brachyury, Wnt5a, Wnt3a.

X-gal Staining

Embryos are washed 3x with PBS and then fixed at room temperature in pre-fixative (1%
formaldehyde, 0.2% glutaraldehyde, 2 mM MgCl,, 5 mM EGTA, 0.02% NP-40 in PBS) for 30-
60 min. Embryos are washed 3x in PBS and stained in X-gal solution (5 mM K;Fe(CN)g, 5 mM
K4Fe(CN)g, 2 mM MgCl,, 0.01% NaDeoxycholate, 0.02% NP-40, 1 mg/mL X-gal) until target
areas are blue, but before embryos are overstained. Embryos are washed 3x in PBS and fixed in

PFA overnight. Embryos are stored in 80% glycerol in PBS.

Length-to-Width Ratio (LWR) Measurement in Neurulating Embryos

Embryos derived from appropriate crosses were dissected at E8.5, presence of a seminal
plug the following morning marked E0.5. Yolk sacs were removed for PCR genotyping.
Embryos were fixed and stored in 4% paraformaldehyde at 4°C. Before fixing in

paraformaldehyde, embryos were transferred to an empty dish and allowed to extend naturally.
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After counting somite numbers, embryos were photographed with an Olympus U-CMAD3
camera mounted on an Olympus SZX12 dissection microscope. Images of the dorsal view of
each embryo were acquired and imported into Adobe Photoshop 7.0 and length-to-width
measurements of the trunk of the embryo were made as follows. On each embryo, a two lines
were drawn from the base of the left and right side of the headfold to the base of the allantois.
The average of these two lines was used for the length measurement. The width measurement
was obtained by drawing at least three lines posterior to the headfold from one lateral side to the
other lateral side and averaging the measurements of the total number of widths taken. A total of
170 embryos were taken and measured and statistical analysis was performed by using the

Kruskal-Wallis test, non-parametric ANOVA test.

Embryo Collection, Embedding, and Sectioning

Embryos are dissected into PBS, straightened in 4% paraformaldehyde (PFA), and then
fixed in 4% PFA at least for 24 hours. Embryos are washed 3x in PBS and then embedded
headfold down in 15% gelatin in PBS in a mold. The gelatin is allowed to harden overnight in a
slide box with a wet paper towel. A razor is used to cut the mold and excess gelatin off, leaving
a small block of gelatin containing the embryo. The gelatin is fixed in PFA overnight. The

block is then sectioned into 150 um sections using a vibratome sectioner.

Immunohistochemistry

Primary antibody (Golgi (GM130)) are added to a 0.1% tween and 0.1% BSA in PBS
solution at a 1:100 concentration. 125 pL of antibody solution is added to each section and
allowed to incubate at 4 °C overnight. The sections are washed and nutated 3x with PBS for 5

min. 125 pL of secondary antibody (Mouse IgG K Alexa 488) is then added to each section at a
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1:500 concentration in a 0.1% tween and 0.1% BSA in PBS and incubated for 1 hour at room
temperature. The sections are washed and nutated 3x with PBS for 5 min. 125 pL of To-pro
diluted 1:250 in 0.1% tween and 0.1% BSA in PBS is added to each section and incubated for 10
min at room temperature. The sections are washed and nutated 3x with PBS for 5 min. The
sections are transferred to a microscope slide, sealed under a coverslip using vectashield and nail

polish around the edges. Slides are stored for up to 7 days at 4 °C and confocal images are taken.
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