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Cdc42 GTPase and Rac1 GTPase Act Downstream
of p120 Catenin and Require GTP Exchange
During Gastrulation of Zebrafish Mesoderm
Cynthia L. Hsu, Claire P. Muerdter, Abhay D. Knickerbocker, Ryan M. Walsh, Martha A. Zepeda-Rivera,
Kevin H. Depner, Maya Sangesland, Trinidad B. Cisneros, Ju Youn Kim, Patricia Sanchez-Vazquez,
Lidia Cherezova, Rainy D. Regan, Nadia M. Bahrami, Elizabeth A. Gray, Andrew Y. Chan,
Terry Chen, Milly Y. Rao, and Merrill B. Hille*

Background: We investigated the roles of p120 catenin, Cdc42, Rac1, and RhoA GTPases in regulating
migration of presomitic mesoderm cells in zebrafish embryos. p120 catenin has dual roles: It binds the in-
tracellular and juxtamembrane region of cadherins to stabilize cadherin-mediated adhesion with the aid
of RhoA GTPase, and it activates Cdc42 GTPase and Rac1 GTPase in the cytosol to initiate cell motility.
Results: During gastrulation of zebrafish embryos, knockdown of the synthesis of zygotic p120 catenind1
mRNAs with a splice-site morpholino caused lateral widening and anterior-posterior shortening of the
presomitic mesoderm and somites and a shortened anterior-posterior axis. These phenotypes indicate a
cell-migration effect. Co-injection of low amounts of wild-type Cdc42 or wild-type Rac1 or dominant-nega-
tive RhoA mRNAs, but not constitutively-active Cdc42 mRNA, rescued these p120 catenin d1-depleted
embryos. Conclusions: These downstream small GTPases require appropriate spatiotemporal stimulation
or cycling of GTP to guide mesodermal cell migration. A delicate balance of Rho GTPases and p120 catenin
underlies normal development. Developmental Dynamics 241:1545–1561, 2012. VC 2012 Wiley Periodicals Inc.
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Key findings
� p120 catetin is required for extension of the dorsal axis and normal migration of the presomitic mesoderm.
� Cdc42 and Rac1 GTPases are downstream of p120 catenin d1 signaling and require exchange of GTP for GDP.
� Local stimulation of the exchange of GTP for GDP in Cdc42 and Rac GTPases mediates directional migration of

the presomitic mesoderm.
� A balance of the amount of p120 catenin d1 and localized activation or turnover of Cdc42, Rac1, and Rho GTPase

are required for normal zebrafish cell migration.
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ABBREVIATIONS Ab antibody ARVCF armadillo repeat gene deleted in velo-cardio-facial syndrome CA constitutively active Chr
chromosome C(t) relative amount of RT-PCR product hpf hours post-fertilization DN dominant negative d1 splice-MO antisense
morpholino oligonucleotide to the 12th splice site of zebrafish p120 catenin d1 p120 catenin d1 (CTNND1) also called p120 catenin,
Xenopus p120 catenin is a CTNND1 p120 catenin d2b (CTNND2b) also called Delta-catenin Rok1 Rho kinase1 RT reverse
transcriptase minus-RT controls without reverse transcriptase qRT-PCR quantitative real-time PCR WT wild-type Xp120 catenin
mRNA Xenopus p120 catenin d1 mRNA.
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INTRODUCTION

Gastrulation is the crucial process dur-
ing vertebrate embryogenesis that lays
down the vertebrate body plan. During
gastrulation, presumptive mesodermal
cells internalize beneath the ectoder-
mal cells and migrate toward the dor-
sal axis to become the notochord and
the presomitic mesoderm (Keller et al.,
2000; Yin et al., 2009). Convergence
and extension movements accompany-
ing this migration cause mediolateral
narrowing and antero-posterior
lengthening of the dorsal axis of the
zebrafish embryo (Warga and Kimmel,
1990; Sepich et al., 2005). However, lit-
tle is known regarding the roles of
p120 catenin d1 (p120 catenin in other
vertebrates), Rac1, or Cdc42 GTPases
in zebrafish development (Bakkers
et al., 2004; Wildenberg et al., 2006).
Integrin-mediated adhesion is
involved in the migration of the endo-
thelium (Nair and Schilling, 2008).
Integrins also delineate the tissue bor-
ders of the notochord and somites by
adhesion to known extracellular ma-
trix proteins (Crawford et al., 2003).
During gastrulation, cadherins are
highly expressed in presomitic meso-
dermal cells and evenly cover their
plasma membranes. They mediate the
three-dimensional adhesion of neigh-
boring mesodermal cells (Crawford
et al., 2003).

Cadherins are transmembrane
cell–cell adhesion receptors with criti-
cal roles in tissue morphogenesis, de-
velopment, and cancer (Goodwin and
Yap, 2004; Erez et al., 2005). Cadher-
ins mediate adhesion between cells by
their extracellular domains and cou-
ple to intracellular processes through
a group of core cytoplasmic binding
partners called ‘‘catenins’’ (i.e., b-cate-
nin, g-catenin or plakoglobin, and
p120-catenins) (Shibamoto et al.,
1995; Thoreson et al., 2000; Peifer
and Yap, 2003; Anastasiadis and
Reynolds, 2001; McCrea and Park,
2007; Zhao et al., 2011). p120 catenin
and b-catenin are the prototypic
members of a small family of arma-
dillo repeat domain proteins (Daniel
and Reynolds, 1995; Hatzfeld and
Nachtsheim, 1996; Hatzfeld et al.,
2003; Gu et al., 2009; Zhao et al.,
2011). All p120 catenins and ARVCF
bind the intracellular juxtamembrane
region of the cytoplasmic tail of cad-

herins to maintain strong cell–cell ad-
hesion (Fujimori and Takeichi, 1993;
Reynolds et al., 1996; Ireton et al.,
2002; Davis et al., 2003; Kausalya
et al., 2004; Xiao et al., 2007; Ish-
iyama et al., 2010). There are four
members of the p120 catenin gene
family in zebrafish: ARVCF, p120 cat-
enin d1, p120 catenin d2a (also known
as NPRAP/Neurojungin), and p120
catenin d2b (also known as Delta-cat-
enin, plakophilin 4 (PKP4), and
p0071 catenin). Zebrafish p120 cate-
nin d2a and p120 catenin d2b were
derived from a duplication event dur-
ing teleost evolution. ARVCF and
p120 catenin d1 (p120 catenin) can
rescue each other when depleted, but
are usually expressed in differing
temporal and spatial patterns. They
activate several different signaling
pathways: p120 catenin d1 interacts
with Kaiso and Glis2 whereas ARVCF
often interacts with Kazrin (Mariner
et al., 2000; Fang et al., 2004; Kausa-
lya et al., 2004; Carnahan et al., 2010;
Zhao et al., 2011; Cho et al., 2011).
ARVCF and p120 catenin d1 diverged
from the p120 catenin d2 proteins to
bind Rho GTPases during chordate
evolution (Zhao et al. 2011). Besides
stabilizing cadherin, p120 catenin d1
regulates cell motility by activating
Cdc42 and Rac1 GTPases and inhibi-
ting RhoA GTPase (Anastasiadis and
Reynolds., 2000, 2001; Anastasiadis,
2007; Grosheva et al., 2001; Magie
et al., 2002; Xiao et al., 2007; McCrea
and Park, 2007; Johnson et al., 2010).
Consequently, p120 catenin d1 over-
expression in cells results in branch-
ing filopodia and/or abnormal exten-
sion of lamellipodia through the acti-
vation of Cdc42 and Rac1 GTPases
(Noren et al., 2000). p120 catenin d2
proteins as well as ARVCF bind PDZ-
domain containing proteins. ARVCF
binds zonula occludens proteins in
epithelial tissues; p120 catenin d2
proteins are neuron specific and bind
both desmosomes and adherens junc-
tions (Anastasiatis and Reynolds,
2000; Hatzfeld et al., 2003; Kausalya
et al., 2004; Carnahan et al., 2010;
Zhao et al., 2011). Thus, activities of
the catenin family of proteins are spe-
cialized by signaling mechanism and
also by spatiotemporal location (Zhao
et al., 2011).

In this study, we examined the
effects of p120 catenin d1 depletion

and its interaction with Rho GTPases
during antero-dorsal migration in the
gastrulating zebrafish embryo. We
determined the temporal mRNA
expression of three p120 catenin
genes from the 500-cell stage (pre-gas-
trulation) to the 10- to 12-somite
stages (post-gastrulation) of zebrafish
embryos. We investigated whether
p120 catenind1 is required for cell
migration in zebrafish embryos. We
showed that p120 catenin d1 knock-
down could be rescued by Xenopus
p120 catenin mRNA. We also tested
whether p120 catenin d1 depletion
could be rescued with Rho GTPase
mRNAs and examined requirements
for their guanine nucleotide exchange.
Our results suggest that cell migration
is directionally stimulated by the wild-
type forms of Cdc42 and Rac1 GTPases
acting downstream of p120 catenin d1
and that the cycling of these GTPases
during cell migration is required. A
balance of p120 catenin d1 and local-
ized activation or turnover of Cdc42,
Rac1, and RhoA GTPases seems to be
required for normal zebrafish cell
migration.

RESULTS

p120 Catenin d1 Is the Most

Highly Expressed p120

Catenin Gene in Early

Zebrafish Development

The four zebrafish p120 catenin genes
reside on different chromosomes:
p120 catenin d1 (CTNND1) on chro-
mosome 1 (Chr1), ARVCF on Chr5,
and the two p120 catenin d2 genes on
Chr24 (CTNND2a/ctnnd2) and Chr2
(CTND2b/0071 catenin/Delta-cate-
nin). Although ARVCF and p120 cate-
nin d1 are ubiquitously expressed in
epithelial tissue, they have distinct
sub-cellular localizations and func-
tions (see Introduction section). As
with p120 catenin d1, ARVCF is
extensively phosphorylated in vivo in
Xenopus embryos, ARVCF can rescue
the depletion of p120 catenin and
thus can bind Rho GTPases and the
juxtamembrane domain of cadherins
(Mariner et al., 2000; Paulson et al.,
2000; Fang et al., 2004).

We sequenced p120 catenin d1 and
ARVCF cDNA using a zebrafish
cDNA gastrula library (see Supp.
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Table S1, which is available online).
Compared to p120 catenin d1, ARVCF
is 55% identical in the central arma-
dillo domain, 42% in the N-terminus,
and 31% in the C-terminus, with
nearly identical intron-exon struc-
ture. Supp. Table S1 compares the
sequences of the four zebrafish cDNAs
and the related human and Xenopus
cDNAs given in UCSC Genome
Browser (Genome Bioinformatics
Group of UC Santa Cruz, Santa Cruz,
CA). Exons for human and zebrafish
p120 catenin d1 found in the UCSC
genome database are similar but not
identical. Six tyrosine and four serine
and threonine residues that are phos-
phorylated in humans are conserved
in zebrafish; two tyrosine and four
serine threonine residues are absent
from the zebrafish sequence, suggest-
ing that they may not be essential res-
idues (human: tyr-96, -112, thr-310,
and ser-122, 312, -873), although tyr-
112 is implicated in RhoA GTPase
binding (Casta~no et al., 2007).

We investigated mRNA expression
levels of four p120 catenin family
genes in embryos at various stages
spanning gastrulation, between the
500-cell and the 12-somite stages. The
first analysis of three of the four
cDNAs used real-time quantitative
PCR, with primers unique to each
gene, but in similar armadillo
domains (Fig. 1; Primers are dot
underlined in bold in Supp. Table S1
and listed in Supp. Fig. S1 Methods).
Examples of the original qRT-PCR
data are given in Supp. Figure S1.
Figure 1 shows that the mRNA levels
of p120 catenin d1 (CTNND1)
decrease rapidly from the 500-cell
stage (3 hr post-fertilization, hpf) to
the shield stage (6 hpf) and then grad-
ually until the 10- to 12-somite stage
(14–15 hpf). ARVCF mRNA expres-
sion follows a similar pattern of
decline between 3 and 6 hpf. The
expression of the p120 catenin d2a
gene (CTNND2a) is never statistically
significant. The observed mRNA
expression is consistent with our pro-
posed requirement for p120 catenin
d1 during cell migration.

We also analyzed the expression of
the second p120 catenin d2b
(CTND2b, PKP4, 0071 catenin), by
pseudo-quantitative PCR at several
stages, since this gene was not known
at the time of our original quantita-

tive PCR (Supp. Fig. S2). In compari-
son to p120 catenin d1, p120 catenin
d2b mRNA increases before somito-
genesis (bud stage). From the bud
stage (10 hpf) and until the 12-somite
stage (16 hpf), the expression of p120
catenin d2b (Supp. Fig. S2B–D) is
very significant. p120 catenin d2b
binds PDZ-domain proteins that are
predominantly expressed in the brain
in conjunction with N-cadherin (Hatz-
feld et al., 2003); the stages of its
expression correspond to the accelera-
tion of neurogenesis and brain devel-
opment. Thus, the observed mRNA
expression of p120 catenin d2b agrees
with its requirement for neuronal de-
velopment (Zhao et al., 2011).

In summary, p120 catenin d1 and
ARVCF mRNAs are maternally de-
posited in the oocyte, as they are pres-
ent at high levels at 500-cell stage
and before the mid-blastula transition
where zygotic transcription is acti-
vated. The expression of p120 catenin
d1 mRNA then declines during devel-
opment while that of p120 catenin
d2b increases beginning before somi-
togenesis and organogenesis.

p120 Catenin Initiating at

Methionine-3 Is Predominant

During Gastrulation and

Somitogenesis

p120 catenin mRNAs exhibit many
isoforms processed by alternative
splicing. In humans, this splicing pro-
duces mRNAs with four different
AUG/methionine start sites. The
zebrafish p120 catenin family mem-
bers have only three of these AUG
sequences: those designated as Met-1,
Met-3, and Met-4 according to the no-
menclature in humans (Supp. Table
S1). The major regulatory phosphoryl-
ation sites are between the Met-3 and
Met-4 start sites, residues 92 to 324
in the human sequence (Fukumoto
et al., 2008). To investigate the ontog-
eny of the expression of p120 catenin
proteins in early development, we ran
Western blots using a rabbit polyclo-
nal antibody against a peptide of
mouse p120 catenin (Fig. 2A). We can-
not distinguish between the related
genes with this antibody, which was
made against the amino acids near
the C-terminus of mouse p120 cate-
nin. Both p120 catenin d1 and ARVCF

may be recognized. However, we can
distinguish the sizes of the protein
products. Figure 2A shows that in the
oblong stage (3.7 hpf) proteins of the
p120 catenin family begin either at
the Met-1 start site (120 kDa), which
is the predominant mRNA in verte-
brate epithelial tissues, or at the Met-
3 start site (100 kDa), which is the
predominant mRNA in vertebrate
motile mesoderm tissues and neurons
(Anastasiatis and Reynolds, 2000;
Zhao et al., 2011). By the shield stage
and through gastrulation and somito-
genesis, the 100-kDa isoform (Met-3
start site) is predominant in zebra-
fish. Other small peptides observed in
the Western blot are likely degrada-
tion products.

We also deduced from sequencing
that the most prominent splice form
of ARVCF mRNA starts at the canoni-
cal Met-3 start site in gastrula
embryos since we found no sequences
in the gastrula cDNA library of
ARVCF before the third methionine
start site (Supp. Table. S1).

Injection of Antisense d1

Splice-Morpholino

Oligonucleotides Decreases

the Synthesis of p120

Catenin d1 Protein

We designed an antisense splice-site
morpholino oligonucleotide (d1 splice-
MO) to interfere with splicing of p120
catenin d1 mRNA. We predicted that
it would cause spliceosomes to skip
zebrafish exon 13 (orthologous to
human exon 12 of p120 catenin d1)
and thus directly fuse zebrafish exons
12 and 14 (Supp. Table S1). This
incorrect splicing would result in a
stop codon soon after the beginning of
exon 14, and hence cause defective
translation of p120 catenin d1 protein.
The logic for using a splice morpho-
lino, which proved to be correct, was
to allow translation of maternally
stored mRNA to carry the embryos
through the cleavage stages, as the
splice morpholino would block only
the processing of newly synthesized
zygotic mRNAs. This splice-site
sequence is unique to p120 catenin d1
pre-mRNA among the zebrafish p120
catenins. Supplementary Figure S3
shows that antisense morpholino
RNAs to the Met-3 start site of p120
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catenin d1 caused disintegration of
the embryos in the cleavage stages.
Only 10% of the embryos survived to
the 20-somite stage and of those
embryos that entered somitogenesis,
most disintegrated rapidly as cells
dissociated from the dorsal side. Simi-
lar results were obtained from an
antisense morpholino RNA at the
Met-1 start site (data not shown).

To document the efficacy of our d1
splice-MO, we injected the morpho-
lino into one-cell zygotes and then
performed Western blots of homoge-
nized cells of embryos at various
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Fig. 2.

Fig. 1.

Fig. 2. A: Two isoforms of p120 catenin pro-
teins are detected in homogenates of
embryos between 3.7 and 38 hpf in SDS-
PAGE Western blots using a polyclonal anti-
body to p120 catenin. SDS-PAGE homoge-
nates from 3 embryos were added to each
lane. Stages shown are: oblong about 4,000
cells (3.7 hpf); shield (6 hpf); bud at the end of
epiboly (11 hpf); 2-somite stage (11 hpf); 10-
somite stage (14 hpf); 21-somite stage (19.5
hpf); Prim 5 (24 hpf); Prim 25 (38 hpf). The
p120 catenin protein that is initiated at Met-1
has a Mr of 120 k, and the protein initiated at
Met-3 has a Mr of 100 k. B: Injection of anti-
sense splice morpholino oligonucleotides (Sp-
MO) blocks new mRNA synthesis and
decreases synthesis of 100-kDa p120 catenin
proteins initiating at Met-3. Zebrafish embryos
were collected at the 1-cell stage and injected
with 6 or 8 ng of d1 splice-MO. Zebrafish
embryos were counted, and quantitatively
lysed in SDS-PAGE buffer as described in the
Experimental Procedures section resulting in
the loading of 1-embryo per lane. Uninjected
embryos were homogenized at shield (6 hpf),
80 to 90% epiboly (9 hpf), and bud (10 hpf) and
d1 splice-MO-injected zebrafish embryos were
homogenized at shield and bud. All samples
were analyzed by SDS-PAGE Western blot with
a polyclonal anti-p120 catenin antibody. C:
Abundance of p120 was measured as
described in the Experimental Procedures sec-
tion and plotted on a bar graph. The Y-axis rep-
resents relative density in arbitrary units
determined by ImageJ with a background cor-
rection using Rolling Ball Subtraction.

Fig. 1. p120 catenin d1 is the predominant
p120 catenin mRNA in early developing
embryos. Real-time PCR was used to make a
quantitative analysis of relative expression lev-
els of p120 catenin d1, p120 catenin d2a, and
ARVCF at various stages from 500-cell to 12-
somite embryos of developing zebrafish. Rela-
tive amounts were calculated using the 2-DDC(t)

method to standardize target gene expression
to an endogenous standard (EF-1a). Plotted
values represent the mean of all 2Standarized DC(t)

for a developmental stage and primer combina-
tion, 6 2 s.e.m. See Supp. Figure S1 for more
details. For most stages and primer combina-
tions N ¼ 6.
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stages of development through gas-
trulation. Injection with 6 and 8 ng of
d1 splice-MO caused a reduction in
the levels of p120 catenin with a Mr of
100 k at the shield and bud stages
compared to control embryos (Fig. 2B
and C). The reduction in p120 catenin
by 6 ng d1 splice-MO was less than
that for 8 ng d1 splice-MO. Impor-
tantly, the 6 ng of d1 splice-MO only
partially knocked down the newly
synthesized p120 catenin mRNAs ini-
tiated at Met3 during gastrulation
(Fig. 2B and C). Since higher concen-
trations of d1 splice-MO caused disin-
tegration of the embryos during the
cleavage stages or after the bud stage,
we routinely injected 4–6 ng of the
splice morpholino, amounts for which
at least 80% of the injected embryos
survived to the 20-somite stage (data
not shown). Indications of adhesion
defects at 4–6 ng d1 splice-MO were
cells dissociating from the dorsal as-
pect after 20-somites, similar to Supp.
Figure S3C where the start-site MO
causes earlier dissociation of cells.
These observations confirm that a ba-
sic level of p120 catenin must be
maintained during the cleavage

stages and early somitogenesis to pre-
serve cell adhesion and normal
development.

Knockdown of p120 Catenin

d1 Impairs Somite Formation

During Gastrulation

To investigate the role of p120 catenin
d1 in the mesoderm during zebrafish
gastrulation, we injected d1 splice-MO
into 1- to 2-cell embryos and then ana-
lyzed the morphogenesis of presump-
tive somites by staining fixed embryos
with probes to myoD mRNA. MyoD is
a useful marker as it is the first tran-
scription factor expressed in presump-
tive muscle cells (Weintraub et al.,
1991). We found that p120 catenin d1
knockdown caused embryos to have
wider, thinner, and more irregular
somites compared to the buffer-
injected controls (Fig. 3A) and unin-
jected embryos (not shown). These d1
splice-MO-injected embryos also
showed shorter notochords surrounded
by irregular myoD staining of the ad-
axial cells, which in normal embryos
migrate laterally to become slow mus-

cle cells (compare top panels in Fig.
3A). Thus, we observed that the d1
splice-MO leads to impaired formation
of somites, which became thin and lat-
erally extended relative to controls.
The dorsal axis was also shortened.

To demonstrate that the injected
splice morpholino knocked down p120
catenin d1, we did a rescue experi-
ment. We co-injected the d1 splice-MO
and Xenopus p120 catenin d1 mRNA
(Xp120 catenin mRNA; Fig 3A, bot-
tom panels). Zebrafish p120 catenin
d1 is 46% identical to the Xenopus
p120 catenin d1 that we used to res-
cue knockdown of p120 catenin d1
and 53% similar considering con-
served substitutions (Supp. Table S1).
In Xenopus embryos, even Xenopus
ARVCF mRNA can rescue Xenopus
p120 catenin d1 morpholino knock-
down (Fang et al., 2004; McCrea and
Park, 2007). In our experiments, the
amounts of d1 splice-MO and mRNA
were optimized to allow the embryos
to complete cleavage and somitogene-
sis. Quantities of injected d1 splice-
MO less than 4 ng gave wild-type phe-
notypes; quantities greater than 6 ng
either caused blastomeres to
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Fig. 3. Knockdown of p120 catenin d1 with the splice-site morpholino led to narrow, extended somites and knobby notochord protrusions, which
were rescued by co-injection of Xenopus p120 catenin mRNA (Xp120 catenin mRNA). A: Micrographs of dissected sibling embryos in dorsal view,
anterior to the top right, analyzed with in situ hybridization using a myoD probe at the 9- to 10-somite stage. Embryos were injected as indicated
in the panels with buffer, d1 splice-MO (Sp-MO) and/or Xenopus p120 catenin d1 mRNA (Xp120 mRNA). Scale bars ¼ 100 mm. B: Summary of the
average width of the second-to-last somite of in situ hybridized embryos using a myoD probe at the 5- to 13-somite stages. Embryos were
injected as in A. C: Summary of the average width-to-length ratio of the second-to-last somite of embryos from 4-somites to 13-somites. Error
bars in B and C represent s.e.m. The number of 2 to 35 embryos is marked on the bars.
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dissociate during the cleavage stages,
or cells on the dorsal aspect of the
embryos to dissociate during early
somitogenesis. Additionally, quanti-
ties greater than 6 ng led to a com-
plete disintegration of the embryo
similar to those shown in Supp. Fig-
ure S3B, C. The Xp120 catenin
mRNAs injected was also calibrated
to the maximum amount that pro-
duced no deleterious embryos as
shown in Figure 3A (50 pg Xp120
mRNA). Higher levels of Xp120 cate-
nin gave a phenotype similar to the
down-regulation of p120 catenin d1 by
the d1 splice-MO, which is not sur-
prising since in cell cultures excess
p120 catenin promotes branching filo-
podia, activated lamellipodia, and
invasiveness (Reynolds et al. 1996;
Noren et al., 2000; Yanagisawa and
Anastasiadis, 2006).

Importantly, although 4 ng of d1
splice-MO caused abnormal morphol-
ogy (Fig. 3A, top right), co-injection of
d1 splice-MO (4 ng) and Xp120 cate-
nin mRNA (50 pg) allowed normal de-
velopment to the wild-type phenotype
as shown in Figure 3A (bottom left).
At the 9- to 10-somite stages in this
rescue experiment, somites regained
their narrow square phenotype and
looked similar to those of control
embryos: the notochord was extended
and the adaxial presomitic cells adja-

cent to the notochord were normally
aligned. These experiments demon-
strate that restored expression of
Xenopus p120 catenin suffices to res-
cue the effects of our splice MO, with-
out serious side effects.

Quantitative analysis showed that
up to the 13-somite stage of develop-
ment, the somites of embryos injected
with the d1 splice-MO (Fig. 3B, light
grey bars) were wider than their unin-
jected counterparts (Fig. 3B, open
bars). Somite width was measured
from the edge of the notochord to the
lateral edge of the second-most poste-
rior somite. Co-injection of Xp120 cate-
nin mRNA with the d1 splice-MO res-
cued the aberrant phenotype (Fig. 3B,
dark grey bars). Since cells migrate
from the ventral side of the embryo to
the dorsal midline during gastrulation,
wider and thinner somites indicate
that cells deficient in p120 catenin d1
have defects in intercalating between
each other or migrating toward the
midline, or both. Analysis of the width-
to-length ratio of the somites showed
that d1 splice-MO-injected embryos
also had a much higher width-to-
length ratio than the uninjected
embryos through the 10-somite stage
(Fig. 3C). These observations support
the hypothesis that directional migra-
tion of mesodermal cells is impeded by
the lack of p120 catenin d1.

In situ hybridization for paraxial
protocadherin C expression (papc)
delineates the presomitic borders.
The 4- and 7-somite stage embryos
depleted of p120 catenin d1 with 4 ng
of d1 splice-MO had ragged and dif-
fuse paraxial mesoderm borders and
an increased width of the outermost
edge of papc expression, marked by
arrows (Fig. 4A, right side). Co-stain-
ing with myoD confirmed the uneven
notochord-muscle borders in d1
splice-MO-injected embryos (Fig. 4A,
right side). Our observations are simi-
lar to those found in N-cadherin
knockout zebrafish embryos (Warga
and Kane, 2007). The d1 splice-MO-
injected embryos often exhibited indi-
vidual cells expressing paraxial genes
ectopically in the posterior notochord
region at the 4- and 7-somite stages,
highlighting the severity of disruption
in the ingressing borders (Fig. 4A).
Quantitative analysis of the width of
papc expression at the tailbud (black
arrows in Fig. 4A) showed the para-
xial mesoderm in the tailbud region
was similar for uninjected and d1
splice-MO-injected embryos before
the 4-somite stage (Fig. 4B). However,
the paraxial mesoderm of embryos
depleted of p120 catenin d1 remained
wide through the 7-somite stage and
began to narrow only at the 8- to 10-
somite stage (Fig. 4B). Apparently,

D
ev

el
op

m
en

ta
l D

yn
am

ic
s

Fig. 4. A: Dorsal view, anterior to the top right, of dissected sibling embryos at the 4- and 7-somite stages analyzed with in situ hybridization
using myoD to mark somites and presumptive slow muscle cells and a papc probe to mark presomitic mesoderm. The lateral edges of the papc
staining of the presomitic mesoderm are marked with arrows in at top left. One can compare Figures 3A and 4A to distinguish the myoD and
papc domains. Embryos were uninjected or injected with d1 splice-MO (Sp-MO). Scale bars ¼ 100 mm. B: Summary of the average width of the
tailbud at the end of the notochord as marked with black arrows in A at the 1- to 9-somite stages for similar injections. Error bars represent s.e.m;
numbers of embryos indicated on each bar.

1550 HSU ET AL.



the paraxial mesoderm converges
more slowly in p120 catenin d1-
depleted embryos than in the unin-
jected embryos.

Defects From Knockdown of

p120 Catenin d1 Persist in

Later-Stage Embryos

We asked whether embryos in somito-
genesis eventually recover from the
defects caused by the d1 splice-MO
knockdown of p120 catenin d1 at the
early somite stage. We found that
injected embryos still had a shorter
axis at the 14-somite stage as shown
by the longer distance between the
head and tailbud compared to the
uninjected controls (Fig. 5A, arrows
mark the head and tailbud exten-
sions). As before, the co-injection of d1
splice-MO and Xp120 catenin mRNA
into 1-cell embryos rescued the short-
ened-axis defect. Typical phenotypes
of d1 splice-MO-injected embryos are
shown in Figure 5B. They included
vegetalized embryos without heads,
dumbbell-shaped embryos that lacked
tail extensions and yolk constrictions,
and embryos without completed tail
extensions and yolk constrictions.
Those d1 splice-MO-injected embryos
that survived to Prim 15 (31 hpf; Fig.
5C) had shorter tails and incomplete
yolk extensions, poor somite forma-
tion, and poor eye and brain forma-
tion as compared to controls. In con-
trast, embryos at Prim 15 that had
been co-injected with d1 splice-MO
and Xp120 catenin mRNA looked sim-
ilar to the uninjected control embryos
and to embryos injected with Xp120
catenin mRNA alone (Fig. 5C). Thus,
the defects from p120 catenin d1
knockdown at earlier stages in devel-
opment persisted to later stages, but
they could be prevented by co-injec-
tion of Xp120 catenin mRNA. The d1
splice-MO-treated embryos began
spontaneous muscle contractions by
21-somites similar to uninjected
embryos, suggesting that develop-
mental timing is normal with respect
to the spontaneous contraction and
other aspects of cell differentiation;
these developmental events occur on
time but before the cells reach their
wild-type positions in the embryo.
Our results suggest that stimulation
of the migration of cells during gas-

trulation to form somites is also on a
clock, as an extended time-schedule,
does not result in eventual completion
of migration.

Cdc42 GTPase Is Downstream

of p120 Catenin d1 and

Requires Cycling of GTP

Several Rho GTPases participate in
the signaling pathway downstream of
p120 catenin d1 (Noren et al., 2000;
Anastasiadis and Reynolds, 2001;
McCrea and Park, 2007). Their activ-
ities are controlled by guanine nucleo-

tide exchange factors (GEFs) that pro-
mote exchange of GDP for GTP. To
investigate our hypothesis that the
polarized regulation of Rho GTPases
by p120 catenin d1 is necessary dur-
ing gastrulation, we examined the
ability of various forms of Cdc42 to
rescue the d1 splice-MO phenotype.
Cdc42 is a small (191 amino acids)
member of the Rho GTPases that is
crucial for the formation of filopodia
along the leading edge of migrating
vertebrate cells (Etienne-Manneville
and Hall, 2001; Choi and Han, 2003;
Etienne-Manneville, 2004, 2008; Yang
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Fig. 5. p120 catenin d1 depletion by d1 splice-MO causes severe defects in somite formation
in later stages of development including defects in yolk extension, tail extension, and eye forma-
tion. Embryos were imaged with Nomarski optics. A: Images of side views of live zebrafish
embryos, anterior left, at the 14-somite stage (16 hpf). Embryos were uninjected or injected as
indicated in the panels with d1 splice-MO (Sp-MO) and/or Xenopus p120 catenin d1 mRNA
(Xp120 mRNA). Ventral arrows indicate the positions of the head and tailbud. Scale bars ¼ 250
mm. B: Embryos were injected with 6 pg d1 splice-MO (Sp-MO). C: Comparisons of side views
of embryos that were uninjected or injected with d1 splice-MO and/or Xp120 catenin d1 mRNA
at the 1-cell stage, and then imaged at the Prim 15 stage (30 hpf, anterior top). Eighty-six per-
cent of the embryos injected with Sp-MO survived to Prim 15. Scale bars ¼ 160 mm.
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et al., 2006). Cdc42 binds to p120 cat-
enin d1 in its inactive GDP form.
Thus, p120 catenin d1 likely brings
Cdc42 to its guanine nucleotide
exchange factor, which also has an af-
finity for p120 catenin d1 (Elali and
Hermann, 2011). Here, we explored
the role of Cdc42 in conjunction with
p120 catenin d1 during gastrulation
and somitogenesis. As development
proceeds, the zebrafish anterior-pos-
terior (A-P) axis elongates over the
top of the large spherical yolk cell
(Fig. 6A) such that the embryo sur-
rounds the yolk circumference, and
the embryonic head and the tip of the
tail come close to meeting on the ven-
tral side of the egg. As a quantitative
measure of anterior-posterior growth
of the embryonic axis, we report the
ventral distance between the anterior
end of the head and the posterior end
of the tail, calling it the ‘‘ventral head
to tailbud’’ distance or the ‘‘head-to-
tail’’ distance for short. Note that that
a shorter head-to-tail distance corre-
sponds to a longer embryonic A-P axis
and vice versa.

To establish that Cdc42 is involved
in the same signaling pathway as
p120 catenin d1, we co-injected Cdc42
mRNA. We compared the effects of co-
injection of p120 catenin d1 splice-MO
with wild-type Cdc42 (WT-Cdc42), the
constitutively active V12 variant of
Cdc42 (CA-Cdc42), or the dominant-
negative N17 form of Cdc42 (DN-
Cdc42). Amounts of injected mRNA
were chosen based on titration experi-
ments that determined the dosage
that resulted in greatest recovery.
Embryos injected with d1 splice-MO
alone gave the expected phenotype
with an increased head-to-tail dis-
tance compared to uninjected embryos
(Fig. 6A, top panels). Co-injection of 1
pg of WT-Cdc42 with 6 ng of d1 splice-
MO resulted in a morphology closely
resembling the uninjected embryos
(Fig. 6A, left panels). To quantify the
differential abilities of WT-, CA-, and
DN-Cdc42 to restore a normal pheno-
type, we measured the head-to-tail
distance of embryos at the 3- to 6-
somite, and 7- to 10 somite stages as
an indicator of cell migration. The
head-to-tail distance of the uninjected
embryos was set at 100% for each of
the somite stages (Fig. 6E and F,
white bars). Embryos injected with 6
ng d1 splice-MO showed an increase

in head-to-tail distances (light grey
bars). Embryos co-injected with 1 pg
WT-Cdc42 mRNA and 6 ng d1 splice-
MO showed a significant rescue of the

head-to-tail distance compared to
embryos injected with only d1 splice-
MO (Fig. 6E and F): 116% of unin-
jected length at 3- to 6-somites and
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Fig. 6. WT-Cdc42 is downstream of p120 catenin d1 during axis extension in zebrafish embryos.
A: Representative 10-somite embryo side views, dorsal up, anterior left of embryos uninjected,
injected with d1 splice-MO (Sp-MO) and/or WT-Cdc42. Scale bars ¼ 100 mm. B–D: A significantly
greater portion of p120 catenin d1 splice-MO-treated embryos recover their normal phenotype
when co-injected with WT-Cdc42. Shown are the percentage of embryos restored to normal (unin-
jected) phenotypes by co-injection of Sp-MO with (B) WT-Cdc42 mRNA, (C) CA-Cdc42 mRNA, or
(D) DN-Cdc42 mRNA. Also shown are the effects of injecting the mRNAs alone. E, F: The decrease
in axis extension in 3- to 10-somite embryos as indicated by an increase in the head-to-tail dis-
tance. Distances are normalized to the uninjected embryos (clear bar), which were set at 100% for
each different clutch of eggs. Embryos were injected at the 1-cell stage with 6 ng Sp-MO (light grey
box). These baseline measurements are followed by measurements on embryos co-injected with 6
ng Sp-MO and 1 pg mRNA (grey boxes) or 1 pg mRNA alone (black boxes). The types of Cdc42
mRNAs injected and the stage of the embryos are indicated above the bars. The numbers of
embryos observed are given on the graph bars.
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114% at 7- to 10-somites compared to
those injected with d1 splice-MO alone
(158 and 146%, of uninjected length,
respectively). Thus, co-injection of
WT-Cdc42 mRNA led to a 70% recov-
ery of the head-to-tail distance with
values similar to the injection of WT-
Cdc42 mRNA alone. Conversely, co-
injection of CA-Cdc42 with d1 splice-
MO had much less effect: embryos co-
injected with 6 ng d1 splice-MO and 1
pg CA-Cdc42 mRNA showed only
about a 20% recovery of the head-to-
tail distances compared to those
injected with d1 splice-MO. In addi-
tion co-injection of 1 pg DN-Cdc42
mRNA with d1 splice-MO did not dif-
fer in head-to-tail distance from d1
splice-MO injected embryos (Fig. 6E
and F). As controls, embryos injected
with 1 pg of the WT- or the CA-Cdc42
mRNAs alone (black bars) showed
only a 10–20% increase in head-to-tail
distance, and the DN-Cdc42 mRNA
showed a 30% increase. The absence
of rescue of axis extension by co-injec-
tion of CA-Cdc42 and d1 splice-MO
may explain why so few studies placed
Cdc42 as downstream from p120 cate-
nin d1. Rescue was possible only by
co-injection of the splice-MO with WT-
Cdc42 mRNAs.

We also measured the embryos at
the 20- to 24-somite stage. Fifty to
sixty percent of embryos co-injected
with 1 to 3 pg WT-Cdc42 and d1
splice-MO had normal morphology
(Fig. 6B), whereas only 14–16% of 23-
somite stage embryos co-injected with
d1 splice-MO and 1–10 pg CA-Cdc42
mRNA were normal (Fig. 6C) and
only 5–20% of those co-injected with
1–5 pg DN-Cdc42 mRNA were normal
(Fig. 6D). Note also that 3 and 5 pg of
DN-Cdc42 mRNA alone dramatically
impacted the morphology and
decreased the survival of the embryos
to 20- to 24-somite stages. These
results suggest not only that Cdc42 is
an essential downstream effecter of
p120 catenin d1 for normal cell migra-
tion, but also that the ability of Cdc42
to initiate directional polarity of
migrating cells by localized GDP to
GTP exchange (Etteinne-Manneville,
2004, 2008; Etteinne-Manneville and
Hall 2001; Yang et al., 2006; Johnson
et al., 2010) or to cycle between its
active GTP-bound and inactive GDP-
bound states is an essential feature in
this signaling pathway.

Co-injection of Low

Concentrations of Wild-Type

or Higher Concentrations of

Constitutively Active

Rac1 mRNA Rescues d1

Splice-MO-Mediated Defects

Rac1 is a downstream effecter of p120
catenin d1 signaling (McCrea and
Park, 2007). Again we compared the
co-injection of p120-catenin d1 splice-
MO with wild-type Rac1 mRNA (WT-
Rac1), constitutively active Rac1 (CA-
Rac1), or dominant-negative Rac1
(DN-Rac1). CA-Rac1 has typically
been used in Xenopus embryo and cell
culture experiments (Fang et al,
2004; Deplazes et al., 2009; Johnson
et al., 2010). Figure 7A shows that as
little as 1 pg of WT-Rac1 mRNA res-
cued most of the embryos injected at
the 1-cell stage with p120 catenin d1
splice-MO. Specifically at 14-somites,
the dorsal axis was shorter in
embryos injected with 4 ng d1 splice-
MO compared to the uninjected
embryos, resulting in a longer head-
to-tail distance (Fig. 7A and B),
whereas embryos co-injected with
both d1 splice-MO and 1 pg of WT-
Rac1 mRNA were similar to the unin-
jected embryos. Similarly at Prim 5,
co-injection of 1 pg of WT-Rac1 mRNA
with d1 splice-MO at the 1-cell stage
rescued the d1 splice-MO defects such
as undeveloped eyes and short body
and tail extensions (Fig. 7C). At Prim
15, measurements of the yolk exten-
sion and the length of the post-anal
tail showed that co-injection of 1 pg of
WT-Rac1 mRNA with d1 splice-MO
rescued most of the defects (Fig. 7D
and E). The overall rescue of normal
phenotypes for embryos that were co-
injected with 1, 2, and 5 pg WT-Rac1
mRNA, are shown in Figure 7F. The
best recovery was obtained with 1 pg
of WT-Rac1 mRNA, this despite there
being no significant effect when
injecting 1–2 pg of WT-Rac1 mRNA
alone. We conclude that like Cdc4
GTPase, Rac1 GTPase acts down-
stream of p120 catenin d1 in regulat-
ing formation of somites and exten-
sion of the dorsal axis.

Previous studies in Xenopus
embryos used CA-Rac1 GTPase for
partial (85%) rescue of the knockdown
of p120 catenin (Fang et al., 2004).
We likewise tested whether CA-Rac1

mRNAs could rescue defects gener-
ated by the knockdown of p120 cate-
nin d1 in zebrafish. Zebrafish embryos
co-injected with 4 ng d1 splice-MO
and 1 to 2 pg CA-Rac1 mRNA were
similar to those injected with d1
splice-MO alone in having a shorter
dorsal axis than the uninjected
embryo at the 11- to 12-somite stages
(Fig. 8A) (longer head-to-tail dis-
tance). Twenty to thirty-five percent
of these embryos showed a lack of con-
vergence of the cells in the regions of
the notochord or a separation of the
tissues in this region making a gap in
the embryo and exposing the yolk cell
(Fig. 8B). At the Prim 1 to Prim 5
stages, embryos injected with 1–5 pg
of CA-Rac1 mRNA alone were normal
or almost normal (80% normal for 5
pg; Fig. 8C). Surprisingly, embryos co-
injected with 4 ng d1 splice-MO and 5
pg of CA-Rac1 mRNA, but not 1 or 2
pg of CA-Rac1 mRNA, showed visible
rescue at Prim 1 to Prime 15 (Fig. 8C,
about 50%), although less than with
WT-Rac1 (Fig. 7C and 7F, 80%).

We also tested the effects of DN-
Rac1 mRNAs on the knockdown with
d1 splice-MO. Embryos injected with
1–3 pg DN-Rac1 mRNA alone were
essentially normal at Prim 5 (Fig.
8D). In contrast, a large percentage
injected with 5–8 pg DN-Rac1 mRNA
showed morphological defects similar
to p120 catenin d1 knockdown with d1
splice-MO alone including disintegra-
tion of the embryo. DN-Rac1 mRNA
at 1–5 pg, co-injected with d1 splice-
MO, did not rescue the MO-induced
morphological defects. Thus, excess
DN-Rac1 has a detrimental effect on
early embryonic development.

Since the higher concentrations of
CA-Rac1 mRNAs lead to partial re-
covery at the Prim stages, we asked
whether similar concentrations could
rescue the early somite defects. In
situ hybridization studies with myoD
and papc at the 7-somite stage
showed that embryos co-injected with
4 ng of d1 splice-MO and 4 pg of CA-
Rac1 (Fig. 8E, third panel) resembled
uninjected control embryos (Fig. 8E,
left panel). They had narrow somites
and almost normal presomitic meso-
derm. In contrast, embryos injected
with d1 splice-MO alone or 4 pg of
CA-Rac1 mRNA alone (Fig. 8E, sec-
ond and fourth panels) had signifi-
cantly wider somites and a wide
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paraxial mesoderm. The observations
on embryos from 4- to 7-somites are
summarized in Figure 8F for somite
width and Figure 8G for tailbud
width. These data show that injection
with 4 to 6 pg CA-Rac1 mRNA alone
yields embryos at the 5- to 7-somite
stage with somewhat wider somites
and tailbud than controls (black
bars), but with less extreme pheno-
types than seen with 4 ng of p120 cat-
enin d1 splice-MO (light grey bars).
However, co-injection of 4 to 6 pg of
CA-Rac1 mRNA with 4 ng d1 splice-
MO partially rescued the d1 splice-
MO effect on the width of the somites
(Fig. 8F, dark grey bars) and the
width of the paraxial mesoderm in
the tailbud (Fig. 8G, dark grey bars).
Thus, CA-Rac1 can partially rescue
defects in migration to the dorsal as-
pect of the embryo caused by knock-
down of p120 catenin d1.

Co-Injection of Dominant

Negative RhoA mRNA

Rescues d1 Splice-MO-

Mediated Defects

RhoA is a downstream effecter of
p120 catenin signaling (Anastasiadis
et al., 2000; Deplazes et al., 2009;
Johnson et al., 2010). In Xenopus
embryos, dominant-negative RhoA
partially rescues the knockdown of
p120 catenin (Fang et al., 2004). We
compared the effects in zebrafish of
co-injecting p120-catenin d1 splice-
MO with dominant-negative RhoA
mRNA (DN-RhoA mRNA), wild-type
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Fig. 7.

Fig. 7. Wild-type Rac1 mRNA (WT-Rac1
mRNA) rescues 90% of the &dger1 splice-MO
knockdown of p120 catenin d1. A: Represen-
tative 16-somite embryos side views, dorsal
up, anterior left, uninjected, and injected with
d1 splice-MO (Sp-MO) and WT-Rac1 mRNA
as indicated. B: Summary of the distance
between the head and tailbud as marked with
arrows in A. C: Side views with dorsal left of
Prim 5 stage embryos uninjected and injected
as indicated. D: Summary of average length-
to-width ratio of the yolk extension of
embryos at the Prim 5 stage treated as in (C).
E: Summary of the differences in post-anal tail
extension of Prim 5 embryos treated similarly
to C. F: Percent normal Prim 5 to Prim 15
embryos without gastrulation defects when
injected with Sp-MO and/or WT-Rac1 as indi-
cated. Error bars represent the s.e.m for 5 to
118 embryos as indicated on the bars in B, D,
and E. Scale bars in A and C ¼ 200 mm.
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RhoA mRNA (WT-RhoA mRNA), or
constitutively active RhoA mRNA
(CA-RhoA mRNA). Figure 9A again
illustrates that d1 splice-MO alone
leads to dramatically abnormal mor-

phologies including disintegration of
the embryos by the Prim 5 to 15
stages (24 to 30 hpf). Only about 11%
normal embryos were observed in d1
splice-MO-treated embryos. Co-inject-

ing of 1 pg or 2 pg DN-RhoA mRNA
plus d1 splice-MO partially rescued
the normal morphology at these
stages to 50 or 60%, respectively.
However, WT-RhoA mRNAs and CA-
RhoA mRNAs did not significantly
rescue the knocked-down phenotype.
The observed percentage of normal
embryos in these treatments
remained low, 15 and 22% (Fig. 9A).
The common phenotypic defects
observed for the WT-RhoA and CA-
RhoA mRNA rescue treatments
included poor yolk constriction and/or
yolk extension. None of the mRNAs
injected alone significantly altered
the normal morphology or survival of
the embryos. The percent normal for
all treatments of mRNAs alone was
greater than 78%.

As in previously described experi-
ments, we also measured the effects
of injections of these RhoA mRNAs
and d1 splice-MO on the extension of
the dorsal axis as measured by the
head-to-tail distances for the 5- to 10-
somite embryos (Fig. 9B and C). The
head-to-tail distances for d1 splice-
MO-treated embryos (light grey bars)
differed more from the uninjected
embryos (clear bars) at 8- to 10-
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Fig. 8.

Fig. 8. Gastrulation defects caused by p120
catenin d1 knockdown are partially rescued
by co-injection of high concentrations of con-
stitutively active Rac1 GTPase mRNA (CA-
Rac1 mRNA), but not with dominant-negative
Rac1 mRNA (DN-Rac1 mRNA). A: Side views
of embryos, dorsal up, anterior left, at the 11-
to 12-somite stages uninjected and injected
with Sp-MO and CA-Rac1 mRNA as indi-
cated. B: Dorsal views of the same embryos
as in A with anterior up. C: Percent embryos
without gastrulation defects at Prim 5 and
Prim 15 when injected with Sp-Mo and/or CA-
Rac1 mRNA as indicated. D: Percent embryos
without gastrulation defects at Prim 5 when
injected with Sp-Mo and/or DN-Rac1 mRNA
as indicated. E: Micrographs of dissected sib-
ling embryos, dorsal views, anterior to the top
right, analyzed with in situ hybridization using
a myoD and papc (paraxial protocadherin C)
combined probes at the 7-somite stages.
Embryos were uninjected or injected as indi-
cated. F: Summary of the average differences
in width of the second-to-last somite of
embryos treated and probed as in E. Somite
numbers are indicated below the bars. G:
Summary of the average difference in width of
the paraxial mesoderm at the conditions in E
and measurements as indicated in Figure 4.
The numbers of embryos are given on the
graph bars. Scale bars (A, B) ¼ 200 mm and
(C) ¼ 100 mm.
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somite stages (about 180%, Fig. 9C)
than at the 5- to 7-somite stages
(about 130%, Fig. 9B). Overall, the d1
splice-MO treatment consistently
resulted in a larger head-to-tail dis-
tance when compared to any of the
other treatments. Coinjection of 2 pg
DN-RhoA mRNA completely rescued
the d1 splice-MO phenotype by short-
ening the head-to-tail distance at 5- to
7-somites (Fig. 9B) and rescued 70%
of the head-to-tail distance at 8- to 10-
somites (Fig. 9C). DN-RhoA mRNA
alone had little effect on the head-to-
tail distance causing no more than
15% increase in head-to-tail distance.
In contrast, neither WT-RhoA nor CA-
RhoA mRNAs at 2 pg significantly
rescued the d1 splice-MO phenotype
(Fig. 9B and C). In fact, 2 pg of CA-

RhoA mRNA alone mimicked the d1
splice-MO phenotype causing a
greater head-to-tail distance at 5- to
7-somites (Fig. 9B).

In summary low amounts of WT-
Rac1 mRNAs (1 pg/embryo) can nearly
fully rescue (about 80%) the knockdown
of p120 catenin d1 whereas higher con-
centrations of CA-Rac1 mRNA (4–6 pg/
embryo) only partially rescue the
knockdown (40%) as has been similarly
reported for Xenopus embryos (Fang
et al., 2004). DN-RhoA mRNAs also res-
cues the d1 splice-MO phenotype illus-
trating that a balance is required
between the concentrations of RhoA
and p120 catenin d1. Importantly, low
concentrations of WT-Cdc42 mRNA,
but not CA-Cdc42 mRNAs, rescue the
knockdown of p120 catenin d1.

DISCUSSION

Our novel findings include that WT-
Cdc42 mRNAs and WT-Rac1 mRNAs
can rescue the d1 splice-MO pheno-
type much better than the constitu-
tively active forms. Thus, the ability
of WT-Cdc42 GTPase and WT-Rac1
GTPase to cycle between their GDP-
bound GTP-bound states is a domi-
nant feature in this signaling path-
way and may be required for the
directional migration of the meso-
derm cells. WT-Rac1 mRNAs rescued
the knockdown of p120 catenin d1
more effectively than did WT Cdc42
mRNAs suggesting that lamellipodia
formation is the more significant force
in the migration of the somatic meso-
derm cells. Our results confirm that
Rac1 GTPase is an essential down-
stream mediator of p120 catenin d1
for normal cell migration in embryos
(Fang et al., 2004).

We show that p120 catenin d1 and
ARVCF are expressed widely
throughout development and are
highest during the cleavage stages.
We infer that maternally-loaded p120
catenin d1 and ARVCF are important
for cleavage and early gastrulation
stages, since high levels of both mes-
sages are found in the 500-cell and
oblong stages and the morpholinos for
the Met-1 and Met-3 start sites dis-
rupt early development. Early expres-
sion of ARVCF could also be impor-
tant for formation of the epithelial
enveloping layer (EVL) that covers
the embryo during epiboly as ARVCF
interacts with zonula occludens pro-
teins (ZO-1 and ZO-2) and co-localizes
in the vicinity of the apical adhesion
complex in epithelial cells (Kausalya
et al., 2004). The increase in expres-
sion of p120 catenin d2b (CTND2b or
Delta-catenin) by the bud stage and
during somitogenesis, and the contin-
ued expression of p120 catenin d1
mRNA at later stages, suggest that
embryos transcribe these genes at
later stages of development. The later
expression of p120 catenin d2b is con-
sistent with its expression in brain,
neurons, stomach, striated muscles,
and liver (Stanford University, 2012)
and in Xenopus (called delta-catenin:
Gu et al., 2009; Zhao et al., 2011). It
could partially compensate for p120
catenin d1 at these late stages, which
would account for the continued
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Fig. 9. Gastrulation defects caused by p120 catenin d1 knockdown are partially rescued by
co-injection of dominant-negative RhoA GTPase mRNA (DN-RhoA mRNA), but not with wild-
type RhoA mRNA (WT-RhoA mRNA), or constitutively active RhoA mRNA (CA-RhoA mRNA). A:
Percent of embryos without gastrulation defects at Prim 5 to Prim 15. Embryos were injected at
the one-cell stage with Sp-MO and/or DN-RhoA mRNA, WT-RhoA mRNA, or CA-RhoA mRNA
as indicated. B, C: The decrease in axis extension in 5- to 7-somite embryos (B) and the 8- to
10- somite embryos (C) as indicated by the head-to-tail distance with distances given in com-
parison to uninjected embryos (clear bars) set at 100% and embryos injected with 6 ng p120
catenin d1 Sp-MO (light grey). These baseline measurements are followed by measurements on
embryos co-injected with 6 ng p120 catenin Sp-MO plus 1 pg mRNA (grey), 6 ng p120 catenin
Sp-MO plus 2 pg mRNA (dark grey), 1 pg mRNA alone (black), and 2 pg mRNA alone (stippled).
The numbers of embryos observed are given on the graph bars.
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development of our zebrafish embryos
treated with the d1 splice-MO for
p120 catenin d1. However, these d1
splice-MO-treated Prim 15 embryos
maintained a shorter axis suggesting
that traits misspecified during gastru-
lation could not be ameliorated later.

Previous investigations of the roles
of p120 catenin subfamily proteins in
cell culture and during development
show their importance for general cell
adhesion and for extension of the ver-
tebrate axis (e.g., Fukumoto et al.,
2008; Wildenberg et al., 2006; McCrea
and Park, 2007). Our studies show
that knockdown of the zygotic expres-
sion of p120 catenin d1 in early zebra-
fish embryos resulted in formation of
wider and thinner somites, as well as
attenuation of dorsal axial extension.
The defects suggest that p120 catenin
d1 is required for directed migration
of cells forming the presomitic meso-
derm of the embryo and extension of
the dorsal axis. Previous work showed
that knockdown of Xenopus p120 cat-
enin or ARVCF produced gastrulation
defects in 61 or 69% of embryos,
respectively (Fang et al., 2004), but
our results are the first to show the
importance of the cycling of GTP for
optimal function of Rac GTPase and
Cdc42 GTPase in cell migration in
embryos.

p120 catenin d1 and ARVCF stabi-
lize cadherin proteins by binding the
juxtamembrane domain of cadherins
(Reynolds et al., 1996; Mariner et al.,
2000; Paulson et al., 2000; Thoreson
et al., 2000; Deplazes et al., 2009).
This role may underlie their impor-
tance in early development, since pre-
somitic mesoderm is surrounded by
cadherins. Both zebrafish embryos de-
ficient in E-cadherin (Cdh1, epithelial
cadherin) by knockdown with mor-
pholino RNAs (Babb and Marrs, 2004)
and the homozygous half baked/E-
cadherin mutant embryos (Kane
et al., 2005) have mild to severe
defects almost identical to those we
observed with knockdown of p120 cat-
enin d1 with the AUG start-site MOs
(Supp. Fig. S3). Thus, our results sug-
gest that p120 catenin d1 interactions
with cadherins are required for nor-
mal early blastoderm formation.

Unlike E-cadherin mutants of
zebrafish, the N-cadherin (Cdh 2,
neuronal cadherin) mutants biber and
parachute caused no defects during

cleavage stages, but do show specific
defects in convergence and extension
(Warga and Kane, 2007). These
mutants show laterally extended
somites, a wide paraxial mesoderm,
and short axes very similar to the
p120 catenin d1 splice-MO knock-
down embryos. Together these obser-
vations imply that E-cadherin func-
tions early in development and N-
cadherin functions during gastrula-
tion and that their roles at both
stages depend on interactions with
p120 catenins. The advantage of the
splice-site MO in assessing the role of
p120 catenin d1 in convergence and
extension is that the maternal
mRNAs of the oocyte, and low levels
of mRNA transcription with con-
trolled amounts of splice-site MO,
allow the embryo to proceed normally
through the cleavage stages and
reach 50% epiboly before the effects of
the down regulation of p120 catenin
d1 become prominent. These latter
defects are those that resemble the
biber and parachute mutants.

Defects seen with p120 catenin d1
knockdown resemble those with over-
expression of Rac1 GTPase (Yanagi-
sawa and Anastasiadis, 2006). We
hypothesize that when free in the
cytosol, p120 catenin d1 interacts
with Cdc42 and Rac1 GTPases to
stimulate, respectively, filopodia and
lamellar extension required for
directed cell migration. The partial
recovery of presomitic tissue and
somite morphogenesis in p120 catenin
d1-depleted embryos with CA-Rac1
mRNA and WT-Cdc42, and especially
the full recovery with WT-Rac1, place
these GTPases downstream of p120
catenin d1. Our results are consistent
with the binding of p120 catenin d1 to
inactive dominant-negative Cdc42
GTPase (Elali and Hermann, 2011;
Machacek et al., 2009). They suggest
that p120 catenins might bring Cdc42
close to or in direct contact with its
guanine nucleotide exchange factor
Vav2.

Our results further suggest that
p120 catenin d1 stimulates the cycling
of GTPases between the inactive GDP
binding form and the active GTP-
binding form in a polarized manner.
Constitutively active or non-direc-
tional signaling of tissue culture cells
leads to uniform activation of the
entire cell periphery of the cell (Nobes

and Hall, 1995; Lamarche et al., 1996;
Hall, 1998), which would result in dis-
organized migration in a multicellular
embryonic context. By contrast, stim-
ulation in response to signals from
the dorsal region would allow directed
cell migration. Unorganized stimula-
tion of lamellipodia around the entire
periphery of the mesodermal cells
induced by CA-Rac1 or the random
stimulation of filopodia by CA-Cdc42,
probably leads to the non-directional
and/or non-directed migration of cells.
We show that a sufficient amount of
CA-Rac1 results in a partial recovery
of p120 catenin d1 knockdown (40%).
The consequence is a net (albeit
reduced) migration toward the dorsal
axis. In this way, our observations go
beyond those in Xenopus embryos
(Fang et al., 2004) by showing that
WT-Cdc42 is downstream of p120 cat-
enin d1 and that WT-Rac1 is more
effective than CA-Rac1 in rescuing
the defects caused by p120 catenin d1
knockdown. We also find that WT-
Rac1 is the most effective down-
stream partner of p120 catenin d1.
Our observations that DN-RhoA can
rescue the knockdown of p120 catenin
d1 show that a release from adhesion
also promotes somite cell migration at
low concentrations of p120 catenin d1.
Since Cdc42 GTPase initiates the po-
larity of cells (Etteinne-Manneville,
2004, 2008; Etteinne-Manneville and
Hall, 2001; Yang et al., 2006; Johnson
et al., 2010), the inability of CA-Cdc42
GTPase to rescue the knockdown of
p120 catenin d1 is not surprising. CA-
Cdc42 would compete with endoge-
nous WT-Cdc42 and block the stimu-
lation of actin polymerization by WT-
Cdc42 GTPase. Conversely, cells har-
boring CA-Rac might still retain
enough endogenous WT-Cdc42 to
induce normal polarity of the cells.
Again it seems that the balance in the
amounts of p120 catenin d1 and the
RhoA GTPase determine normal
morphogenesis.

Similar to our observations on pre-
somitic mesoderm, the motility of che-
mokine-guided germ cells in zebrafish
requires cadherins and the non-canon-
ical planar polarity genes RhoA and
Rac1 GTPases (Ueno and Greene,
2003; Kardash et al., 2010). In zebra-
fish, Wnt11 via Disheveled signals
RhoA and Rho kinase to mediate con-
vergence and extension (Marlow et al.,
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2002; Solnica-Krezel and Eaton,
2003). RhoA kinase 2 concentrates in
the posterior of polarized zebrafish
cells during convergence and exten-
sion where it could medicate adhesion
(Yin et al., 2008). At the same time
Rac1 mediates convergence extensions
downstream of Strabismus via Prickle
(Ueno and Greene, 2003) and is more
concentrated at the anterior of cells
(Yin et al., 2008), where it could activate
actin polymerization and thus lamelli-
podia formation. In Xenopus, Cdc42 is
also required for polarized convergent
extension and may work downstream of
the non-canonical Wnt5a, via PKC-a
(Choi and Han, 2002). If RhoA promotes
adhesion posteriorly in cells and Cdc42
and Rac1 promote filopodia and lamelli-
podia anteriorly, cells would migrate
anteriorly.

Although endodermal cells use
integrins to walk over the yolk cell
(Nair and Schilling, 2008), there is no
evidence that matrix is required for
the migration of the mesodermal cells
(Crawford et al., 2003). Sepich et al.
(2005) showed that after 70% epiboly,
the directional movement of central
and vegetal lateral mesoderm cells to-
ward the dorsal aspect is sufficient to
account for mesodermal convergence
and extension of the presomitic meso-
derm and that these movements are
independent of the ectoderm. Our res-
cue experiments showed that a bal-
ance of p120 catenin d1 and Cdc42,
and Rac1 and RhoA GTPases is
required for normal convergence and
extension. These observations suggest
that cell migration in zebrafish meso-
derm depends on cadherins and may
not depend on the movement of integ-
rins/ECM and the ectodermal layer.
Thus, the major determinants of pre-
somitic mesoderm migration seem to
involve the activation of RhoA by the
non-canonical planar polarity genes
and also p120 catenin interactions
with cadherins to promote adhesion
and with Cdc42 and Rac1 GTPase to
stimulate polarized filopodia and
lamellipodia.

EXPERIMENTAL

PROCEDURES

Zebrafish

Wild-type zebrafish (Danio rerio) eggs
were obtained through natural

spawning. The embryos were incu-
bated in Millipore-filtered Fish Water
(2 mM CaCl2, 2 mM instant ocean
(United Pet Groups, Inc.), 1 mM
NaHCO3, and 1 mM HEPES at pH
7.2) and staged according to estab-
lished procedures (Westerfield, 2007).
Zebrafish were housed and used in ac-
cordance with protocols approved by
the University of Washington Institu-
tional Animal Care and Use
Committee.

RNA Extraction and Reverse

Transcription for

Quantitative Real-Time PCR

(qRT-PCR)

RNA was isolated from batches of 30
embryos from cleavage to the 12-
somite stage. The settled embryos
were hand aspirated and snap-frozen
in liquid nitrogen. Total RNA (mRNA,
rRNA, and tRNA) from each sample
was isolated with 100 ml of Tri-Rea-
gent (Molecular Research Center,
Inc., Cincinnati, OH) according to the
manufacturer’s protocol, except that
the RNA was extracted at room tem-
perature with 200 ml chloroform. The
aqueous layer was precipitated with
isopropanol. Samples were incubated
with DNAase (Ambion) (0.14 U/ml) for
30 min at 37�C, reextracted with phe-
nol, precipitated with 100% EtOH,
and then solubilized in water. RNA
was diluted to 0.167 mg/ml, snap-fro-
zen, and stored in liquid nitrogen.

Each tube of RNA was reverse tran-
scribed in 20 ml reactions at final con-
centrations: 0.075 mg/ml RNA, 5 mM
Oligo dT primer (18 nucleotides, from
Ambion, Austin, TX; RETROscriptVR

kit incubated at 70�C for 5 min to
remove any secondary RNA struc-
ture), 1 � RT buffer (Stratagene, La
Jolla, CA), 0.4 U/ml RNAase inhibitor
(New England Biolabs, Ipswich, MA),
0.25 mM of each dNTP (Invitrogen,
Carlsbad, CA; PCR grade dNTP), and
10 U/ml of Stratascript reverse tran-
scriptase (Stratagene). Negative con-
trols for contamination were run with
the reverse transcriptase (RT)
replaced by glass-distilled water
(minus-RT). The reactions were then
incubated for 1 hr at 42�C, followed
by incubation in boiling water for 3
min to denature the reverse tran-

scriptase, then snap-frozen and stored
in liquid nitrogen for qRT-PCR.

Quantitative Real-Time PCR

(qRT-PCR) and Data Analysis

These methods are described in Supp.
Fig. S1 and Fig. S1 Methods.

Pseudo-Quantitative PCR and

Data Analysis

A fourth p120 catenin gene on chro-
mosome 2 (p120 catenin d2b, Delta-
p120 catenin, CTNND2b, 0071 cate-
nin) became available in the gene
bank after the quantitative PCR stud-
ies were finished. We have compared
the expression of this gene with the
other catenin genes by pseudo quanti-
tative PCR using the same parame-
ters and compared their expression
on gels. Examples of these results are
shown in Supp. Figure S2.

Rac1, Cdc42, and RhoA

Subcloning, Isolation, and

mRNA Synthesis

Human WT- and CA-Rac1 GTPase in
pEGFP-C1 vectors were subcloned
into a TA vector (Invitrogen) by PCR
using a forward primer with a BamHI
tag and a reverse primer with an
XbaI tag. The TA clones were sub-
cloned into the BamHI and the XbaI
sites of a pCS2þ vector. The plasmids
were sequenced using an ABI 3730XL
high-throughput capillary DNA Ana-
lyzer (Applied Biosystems, Inc., Fos-
ter City, CA).

Cdc42 cDNA was subcloned into the
pCS2þ vector using the Gateway sys-
tem of the Chien Lab (http://chien.-
neuro.utah.edu/tol2kitwiki/index.php/
Main_Page). PCR products with attB
ends were made of EGFP-Cdc42
cDNA from an EGFP vector (gift of M.
A. Del Pozo, Spain). This PCR product
was subcloned into the Gateway des-
tination vector 221 pCS3MTdest
available from the Chien lab and a
gift of Sachihiro C. Suzuki, Depart-
ment of Pharmacology, University of
Washington (Seattle, WA).

Human WT- and CA-RhoA GTPase
in pEGFP-C1 vectors were subcloned
into a pCR-II TOPO vector (Invitro-
gen) by PCR using a forward primer
with a ClaI tag and a reverse primer
with a StuI tag. The resulting pCR-II
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TOPO clones were subcloned into the
ClaI and the StuI sites of a pCS2þ

vector. WT-RhoA in the pCS2þ vector
was mutated to the dominant-nega-
tive form by site-directed mutagenesis
(Stratagene) with PCR using forward
and reverse primers containing the
T19N mutation for DN-RhoA. The
plasmids were sequenced using an
ABI 3730XL high-throughput capil-
lary DNA Analyzer (Applied Biosys-
tems, Inc.).

WT-, CA-, and DN-Rac1 mRNA as
well as WT-, CA-, and DN-Cdc42
mRNAs were synthesized from Not1
linearized DNA templates at 1 mg/ml,
using the Sp6 mMESSAGE mMA-
CHINE according to Ambion’s instruc-
tions and recovered by LiCl precipita-
tion. WT-, CA-, and DN-RhoA mRNA
were similarly synthesized except
with NsiI-linearized DNA templates.

Injections

Antisense morpholino RNAs were
designed to the sequence of p120 cate-
nin d1 in three regions: the region
around the first start AUG (Met1-
MO), the region around the third
start AUG (Met3-MO), and the splice
site for 30 end of zebrafish exon 13
(amino acids RWT, unique to the
zebrafish p120 catenin d1) and the fol-
lowing intron (d1 splice-MO). The
antisense sequences were as follows
with the AUG site marked in bold and
the exon and intron sequences
indicated:

50-GCGGCATTCTCACACTGCTCCA
TAC-30 for M1,

50-ACAATATGACCAGGGTCCAACA
TCC-30, for M3, and

intron 50-CTAGCATGTACTCAC/A
GTCCAGCGG-30, zebrafish exon 13.

The amino acid sequences are
underlined in Supp. Table S1. The nu-
cleotide sequences are unique for
zebrafish p120 catenin d1.

One nanoliter of a solution contain-
ing morpholino, mRNA, or morpho-
lino plus mRNA was injected with a
manual micromanipulator into zebra-
fish embryos at the one-cell to two-cell
stage.

Western Blots

Western blots were performed as
described in Henry et al. (2001) and
Crawford et al. (2003) with primary

antibodies of anti-p120 catenin
diluted at 1:2,000 in Figure 2A and at
1:1,000 in Figure 2B in 2% BSA TBS-
Tween 0.05%. The antibody was a
rabbit polyclonal to an epitope map-
ping near the C-terminus of mouse:
Ab S-19, sc1101, from Santa Cruz Bio-
technology (Santa Cruz, CA). Accord-
ing to the manufacturer, it is a poly-
clonal antibody made in rabbit from
an epitope mapping near the C-termi-
nal end of mouse CTNND1. It also
recognizes rat, human, porcine, and
canine. Similarities between mouse/
human and zebrafish only begin 100
amino acids from the C-terminal end,
a region where there are also similar-
ities to ARVCF, but not Delta-catenin
(CTNND2b). For Figure 2A, 30 to 50
embryos were isolated and dissolved
in 1 ml 2� SDS-PAGE buffer per
embryo and the equivalent of 3
embryos was added per lane. For Fig-
ure 2B, 20 to 30 embryos were iso-
lated and dissolved in 2 ml 2� SDS-
PAGE buffer per embryo and the
equivalent of 1 embryo was added per
lane. All d1 splice-MO embryos iso-
lated completed the cleavage stage.
For Figure 2B, we followed one third
of the morpholino clutches until the
next day and verified that, of those
that completed cleavage, 92% injected
with 6 ng d1 splice-MO were abnor-
mal and 89% injected with 8 ng were
abnormal. The defects were those
that we usually see for d1 splice-MO-
treated embryos, and those injected
with 8 ng d1 splice-MO had more
severe defects than those injected
with 6 ng d1 splice-MO.

Western blots for Figure 2B were
scanned using a Canon CanoScan
LiDE200 office scanner at 1,200 dpi
on manual. The scans were quantita-
tively analyzed using ImageJ (http://
rsb.info.nih.gov/nih-image) with de-
fault settings according to lukemeller.
org (http://lukemiller.org/index.php/
2010/11/analyzing-gels-and-western-
blots-with image-j/). ImageJ allowed
us to measure the density profiles,
peak heights, and peak intensity of
the band of any expected molecular
weight. Background correction was
done using Rolling Ball Background
Subtraction (rolling ball radius¼250;
Gassmann et al., 2009). The con-
tours of the rectangular boxes were
determined arbitrarily using a width
of approximately 30% of the lane

and long enough to completely out-
line the bands of interest and the
neighboring background.

In Situ Hybridization

Whole-mount in situ hybridization
was performed using digoxigenin-la-
beled antisense RNA probes and
visualized using anti-digoxigenin Fab
fragments conjugated to alkaline
phosphatase (Roche Molecular Bio-
chemicals, Indianapolis, IN). Papc
was used to identify paraxial meso-
derm (Yamamoto et al., 1998), and
myoD was used to identify presump-
tive muscle cells (Weintraub et al.,
1991). Restriction enzymes used to
linearize the plasmids were ApaI for
the papc probe and BamHI for the
myoD probe.

Embryos were staged, fixed, proc-
essed, and hybridized as described
(Thisse et al., 1993; Thisse and
Thisse, 2008) except that the block for
anti-digoxigenin was made with 2%
goat serum and 2.0 mg/ml BSA in
PBS-Tween. After coloration, embryos
were fixed directly in 4% paraformal-
dehyde (Electron Microscopy Scien-
ces, Hatfield, PA) in PBS and then
washed in PBS-Tween.

Microscopy

Micrographs shown here were photo-
graphed with a Zeiss (Thornwood,
NY) Axiovert 200M microscope using
AxioVision 4 software, DIC optics,
and 4� and 10� objectives at 28�C.
Live embryos were anesthetized with
1 mg/ml Tricaine solution (pH 7.2) in
1.5% methyl cellulose in fish water.
Fixed embryos from in situ hybridiza-
tion were mounted in glycerol in
embryo medium on slides with a cover
glass and sealed with clear nail pol-
ish. Widths and lengths of somites
and yolk extensions and of the width
of the papc-stained tailbud were
measured in Adobe Photoshop and
the data reported as mean 6 s.e.m
using Excel. Head-to-tail measure-
ments in Figures 6 and 9 were made
on embryos photographed in DIC
with a Nikon (Melville, NY) AZ100
microscope.
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