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Epithelial-to-mesenchymal transitions (EMTs) require a complete
reorganization of cadherin-based cell-cell junctions. p120-catenin
binds to the cytoplasmic juxtamembrane domain of classical
cadherins and regulates their stability, suggesting that p120-
catenin may play an important role in EMTs. Here, we describe the
role of p120-catenin in mouse gastrulation, an EMT that can be imaged
at cellular resolution and is accessible to genetic manipulation.
Mouse embryos that lack all p120-catenin, or that lack p120-
catenin in the embryo proper, survive to midgestation. However,
mutants have specific defects in gastrulation, including a high rate
of p53-dependent cell death, a bifurcation of the posterior axis,
and defects in the migration of mesoderm; all are associated with
abnormalities in the primitive streak, the site of the EMT. In em-
bryonic day 7.5 (E7.5) mutants, the domain of expression of the
streak marker Brachyury (T) expands more than 3-fold, from a
narrow strip of posterior cells to encompass more than one-
quarter of the embryo. After E7.5, the enlarged T* domain splits
in 2, separated by a mass of mesoderm cells. Brachyury is a direct
target of canonical WNT signaling, and the domain of WNT re-
sponse in p120-catenin mutant embryos, like the T domain, is first
expanded, and then split, and high levels of nuclear p-catenin
levels are present in the cells of the posterior embryo that are
exposed to high levels of WNT ligand. The data suggest that
p120-catenin stabilizes the membrane association of p-catenin,
thereby preventing accumulation of nuclear p-catenin and exces-
sive activation of the WNT pathway during EMT.

WNT signaling | cell migration | gastrulation | epithelial-mesenchymal
transition | p53-dependent cell death

120-catenin (CTNND1) is a large cytoplasmic armadillo-

repeat protein that binds to the juxtamembrane domain (JMD)
of the cytoplasmic domain of classical cadherins, including both
E-cadherin and N-cadherin (1). In the absence of p120-catenin
at the JMD, the cadherins that mediate homophilic cell adhesion
are susceptible to endocytosis and subsequent degradation (2).

Despite its role in the regulation of cadherin stability, the ef-
fects of deletion of p120-catenin in vivo can be relatively mild
and vary between tissues. Drosophila and Caenorhabditis elegans
have pl120-catenin homologs that are not required for develop-
ment or viability (3, 4). Nevertheless, Drosophila p120-catenin
does affect cadherin endocytosis and thereby the kinetics of cell
rearrangements and cell shape dynamics (5). In the mouse, p120-
catenin is an essential gene, and tissue-specific deletion has shown
that it is required for the morphogenesis of the salivary gland (6),
the mammary gland (7), and the kidney (8), whereas p120-catenin
deletion has no effect on the prostate (7). In addition to its roles in
development, decreased expression of pl20-catenin is observed
frequently in human tumors (9), and p120-catenin acts as a tumor
suppressor in mouse Kras-dependent pancreatic cancer (10, 11),
although the mechanisms of action of p120 in tumorigenesis
are unclear.

Dynamic changes in cadherin location and expression are a
hallmark of epithelial-to-mesenchymal transitions (EMTs). Mouse
gastrulation is an ideal context for the study of EMT, as it can
be manipulated genetically relatively easily, and the process can
be imaged at high resolution in vivo. In response to localized ex-
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pression of WNT and NODAL ligands, gastrulation begins at a
single position in the epiblast, the primitive streak, which marks the
future posterior of the animal (12). At the primitive streak, individual
cells move out of the epiblast epithelium and then migrate imme-
diately away in the mesenchymal layer that gives rise to both the
mesoderm and definitive endoderm (13, 14).

During the gastrulation EMT, cells switch from expression of
E-cadherin (CDH1) in the epithelial epiblast to N-cadherin
(CDH2) in the newly formed mesenchyme (15). The cytoplasmic
domains of E-cadherin and N-cadherin bind the actin-binding
protein o-catenin and the armadillo-repeat proteins p-catenin
and pl120-catenin. As p120-catenin regulates cadherin stability
and thereby the stability of cell-cell adhesion, it seemed likely
that it would play a role in the gastrulation EMT. p120-catenin is
required for early mouse development (6), but its specific func-
tions at that stage have not been examined.

Here, we show that p120-catenin has critical roles during the
mouse gastrulation. p120-catenin is not required for cadherin
switching but instead is a strong negative regulator of WNT
signaling and a regulator of cell behavior during the EMT. In the
absence of p120-catenin, the domain of the primitive streak ex-
pands severalfold and the level of nuclear B-catenin increases
more than 2-fold in the cells near the primitive streak that are
exposed to WNT ligands. At the center of the expanded mutant
primitive streak, N-cadherin®, SNAIL*, KDR" mesoderm cells
accumulate and split the streak in 2, bifurcating the posterior body
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axis. These activities of p120-catenin in the regulation of WNT
signaling and EMT are likely to be important in other EMTS in
development and in tumorigenesis.

Results

Absence of p120-Catenin Causes Bifurcation of the Posterior Body
Axis. To study the role of p120-catenin in early development,
we generated a null mutation from the conditional allele (6).
Embryos homozygous for the pIl20-catenin—null allele arrested
development at embryonic day 8.5 (E8.5), with a striking mor-
phological phenotype: a splitting of the posterior body axis and
a duplicated allantois.

Wild-type embryos express Brachyury (T) in a single position
that marks the posterior of the embryo (Fig. 14). In contrast,
80% of E8.5 pI20-null embryos (n > 30) had 2 separated pos-
terior domains that expressed T (arrows in Fig. 1B). Wild-type
embryos have a single posterior allantois, a posterior extraem-
bryonic mesoderm structure; in contrast ~80% of pl20 mutant
embryos had 2 separated allantoides (arrowheads in Fig. 1B). In
the remaining 20% of mutants, there was a single allantois and
an expanded and distorted 7" streak domain (SI Appendix, Fig.
S1 A and B, arrow). We also isolated a nonsense allele of p120-
catenin (L691X) based on its embryonic phenotype in an ENU-
mutagenesis screen (16); L691X homozygotes showed the same
splitting of the T expression as the targeted null allele (Fig. 1C),
confirming the specificity of the phenotype. The bifurcation of
the T primitive streak and duplication of the allantois was clear
at E7.5 (Fig. 1 E-G), 1 d after the onset of gastrulation at E6.5.
Other markers of the primitive streak, including Wnt3 and Mixl1,
were also present in 2 separate domains in the mutants (SI Ap-
pendix, Fig. S1 D-K).

At the time of developmental arrest at ~E8.5, mesodermal
tissues that arise from the primitive streak were specified but
were organized abnormally in the mutant embryos. Cardiac
mesoderm, marked by expression of Nkx2.5, was specified in a
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Fig. 1. The posterior body axis is duplicated in p720-catenin mutant em-
bryos. (A-D) Expression of T in E8.5 wild-type and p720-catenin mutant
embryos, assayed by in situ hybridization, dorsal views. (A) Wild-type em-
bryos express T in the primitive streak and the midline. (B) Approximately
80% of p120-catenin-null mutants have a posterior bifurcation of the Bra-
chyury (T) expression domain in the primitive streak (arrows point to the 2 7-
domains). Arrowheads point to 2 allantoides. (C) Embryos homozygous for a
truncating point mutation of p720-catenin (LX169) recapitulate the null
phenotype. The arrowheads point to 2 allantoides. (D) Conditional deletion
of p120-catenin in the epiblast. Most p120-AEpi mutants develop 2 allanto-
ides (arrowheads). (E-G) In situ hybridization for T in E7.5 wild-type and
p120-catenin mutant embryos, posterior views. (E) T is expressed in the
posterior of wild-type embryos. (F and G) T is expressed in 2 separated do-

mains in the null (F) and mutant embryos with LX169 point mutation (G).
The arrowheads point to 2 allantoides. (All scale bars, 50 pm.)
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single anterior domain (SI Appendix, Fig. S1 L and M). Paraxial
mesoderm, marked by expression of MeoxI, was present and
flanked the midline, but segmented somites were not formed (S
Appendix, Fig. S1 N and O). The axial mesoderm of the wild-type
midline expresses T, and 7 was expressed in a small discontin-
uous midline domain in the mutants. Consistent with the midline
T expression pattern, the axial domain of FOXA2 was also
interrupted and there was a small abnormal-shaped FOXA2*
node in the pI120-catenin mutants (SI Appendix, Fig. S2 A-D).

p120-Catenin Acts Autonomously in the Epiblast. Partial or complete
axis duplication in the mouse embryo can be caused by defects in
collective migration of a population of extraembryonic organizer
cells, the anterior visceral endoderm (AVE) (17). Although p120-
catenin has been reported to regulate collective cell migration (7),
Hex-GFP* AVE cells (18) in the p/20 mutants migrated to their
normal destination at the anterior border between the embryonic
and extraembryonic regions (SI Appendix, Fig. S3 A and B). Other
markers of the AVE, Dkkl and Cerl, were also expressed in the
correct domain in the AVE of the mutant embryos (SI Appendix,
Fig. S3 C-F).

To test directly whether p120-catenin acts within cells of the
embryo proper to control posterior axis specification, we deleted
pI120-catenin in the epiblast by crossing animals carrying the
p120-catenin conditional allele with mice expressing the epiblast-
specific Sox2-Cre transgene (19). The pI20-catenin epiblast-
deleted (p120-AEpi) embryos recapitulated the features of the
Pp120-catenin—null phenotype: >70% of the mutant embryos (n =
17/24) showed duplicated expression of the streak marker 7" and
formed 2 allantoides (Fig. 1D). As in the null mutants, the remaining
mutant embryos accumulated a bulge of T* cells near the primitive
streak (n = 7/24; SI Appendix, Fig. S1C, arrow). Thus, p120-catenin
is required in cells of the epiblast for specification of a single normal
posterior body axis.

The Cadherin Switch Occurs in the Absence of p120-Catenin. p120-
catenin stabilizes membrane-associated classical cadherins (20,
21) and was expressed uniformly in the epiblast, primitive streak,
and mesoderm of wild-type embryos; its expression was not de-
tected in these cells types in the pI20-AEpi mutant (SI Appendix,
Fig. S4 A-D). To quantitate the effect of p120-catenin on cadherin
levels, we measured signal intensity of plasma membrane-associated
cadherins in individual embryos. E-cadherin and N-cadherin were
both expressed in the correct locations of p120-AEpi mutant em-
bryos: E-cadherin in lateral plasma membranes of the epiblast and
N-cadherin in the plasma membrane in the mesoderm layer (Fig. 2
A-D). Although expressed in the correct tissue layers, quantitative
analysis showed that the levels of both cadherins were lower in p720
mutant embryos than in wild type. There was about 1.5-fold more
E-cadherin in the epiblast and 1.8-fold more N-cadherin in the
mesoderm in wild type than in mutants (31 cells scored for E-
cadherin in both genotypes; P < 0.0002; 23 cells of each genotype
scored for N-cadherin; P < 0.0001) (Fig. 2 E and F). These data
were supported by Western blot analysis (SI Appendix, Fig. S5 A-
D), although there was more variability in the Western data,
presumably because of pooling of embryos of slightly different
ages for Westerns. Thus, p120-catenin promotes normal levels of
E-cadherin and N-cadherin in the early embryo.

A hallmark of the gastrulation EMT, in which cells change
identity from epithelial to mesenchymal is a switch in cadherin
expression. E-cadherin is present at high levels in cell membranes
of epiblast cells; when cells move through the primitive streak,
they down-regulate E-cadherin and up-regulate N-cadherin (13).
Although it has been proposed that p120-catenin might be re-
quired for cadherin switching (22), the switch from E-cadherin
to N-cadherin took place during the EMT in the p/20 mutants,
and an N-cadherin™ mesoderm layer spread around the embryonic
circumference of E7.5 mutants, although the mesoderm layer was
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Fig. 2. p120-catenin is required for normal Cadherin levels, but not for the E-cadherin to N-cadherin switch. (A-D) High-magnification images of immu-
nostained E7.5 transverse wild-type and mutant embryo sections stained for E-cadherin (red) and N-cadherin (green). (A and B) Wild type. (C and D) p120-AEpi
mutants. (A) E-cadherin is concentrated in both apical and lateral membranes of the wild-type epiblast; (C) E-cadherin levels are reduced in the mutant,
especially in lateral epiblast membranes. N-cadherin is expressed in the mesoderm layer of both (B) wild-type and (D) p720 mutant embryos, but the staining
appears more diffuse and punctate in the mutant. (Scale bars, 16 um.) (E) The E-cadherin fluorescence intensity (FI) of wild-type and mutant epiblast cells. The
mean E-cadherin Fl for the wild-type epiblast cells was 25.06 + 1.57, whereas in the mutant FI = 16.50 + 1.40; P < 0.0002 (n = 31 cells each for wild type and
mutant). (F) N-cadherin Fl for wild-type mesoderm cells was 41.67 + 2.06; mesoderm mutant cells have a mean Fl of 23.52 + 0.71, P < 0.0001 (n = 23 cells each
for wild type and mutant). Points are values for individual cells; bars represent the mean and SD. (G-0) Higher-magnification views of cadherin expression in
the streak region of E7.5 embryos. (G-/) Wild-type embryo. (J-L) A cluster of cells protruding from the mutant streak into the amniotic cavity expresses N-
cadherin, and not E-cadherin. (M-0) In other mutants, cells contiguous with the epiblast layer express N-cadherin. (Scale bars, 16 pm.)

thinner in the mutant than in wild type (SI Appendix, Fig. S5 E-
M). Thus, pl120-catenin is not essential for cadherin switching
during mouse gastrulation. Nevertheless, the EMT was not normal
in the mutants. Epithelial cells of the wild-type primitive streak
that are preparing to undergo EMT express E-cadherin, whereas
cells at that position in mutant embryos expressed N-cadherin and

16874 | www.pnas.org/cgi/doi/10.1073/pnas.1902843116

not E-cadherin and appeared to be mesenchymal rather than
epithelial (Fig. 2 G-0).

p120-Catenin Regulates the Size and Organization of the Primitive

Streak. In wild-type embryos, the Brachyury (T) transcription
factor is expressed in the cells of the epiblast that are competent
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Fig. 3. p120-catenin limits the size of the primitive streak and inhibits apoptosis during the EMT. (A and B) Immunostaining for T in E7.0 transverse section;
posterior to the right. (A) Wild-type embryos show T in the posterior. (B) In the mutant epiblast, the single domain of T is expanded. (C-G) Cryosections of
E7.5 and E7.75 embryos stained for T. (A-D) The arrows mark the edges of T-expression domain in the epiblast layer. (C and E) Wild-type embryos express
T in the streak region of the posterior epiblast and in the nascent mesoderm derived from the streak. (D) In 80% of p120-catenin-null embryos (n = 12/15) and
p120-AEpi (n = 8/10) mutant embryos, the domain of T expression in the posterior epiblast is expanded and split into 2 domains by T-negative cells. (F) In the
remaining null and p7120-AEpi mutants (n = 3/15 and n = 2/10), a cluster of T* cells protrudes into the central amniotic cavity. The arrow points to pyknotic
nuclei. The arrowhead points to nonspecific binding of T antibody to the visceral endoderm; compare with D using a different T antibody. (G) T expression in
p1207"~ p53~'~ mutant embryos. (Scale bar, 50 pm.) (H-J) Sections of E7.5 embryos stained for Cleaved Caspase-3 (green). (H) Wild-type embryos do not have
cell death. (J) p720~~ p53~/~ double mutants have fewer apoptotic bodies than (/) p720 single mutants; speckles of Cleaved Caspase-3 were observed in
p120 p53 double-mutant embryos (J). (All scale bars, 50 um.) (K) Fraction of T-positive cells in the epiblast layer of wild-type and p120-catenin mutant
embryos. Each dot represents the value from 1 section from 1 embryo; black bars represent the mean and SD. EPI, epiblast deleted; WT, wild type. In E7.5 wild-
type embryos, 7.0% + 0.52 of the cells in a single optical section were T*, whereas 11.4% =+ 0.90 of the cells were T* in E7.5 p120-ctn™", stained in the same
experiment. In an independent experiment, 5.7 + 0.67% of epiblast cells were T* in E7.5 wild-type, whereas 8.9 + 0.85% of cells were T* in E7.5 p120-AEpi. At
E7.0, 7.7% + 0.63 of cells were T* in wild type, whereas 10.9% =+ 0.35 of cells were T* cells in p720-AEpi embryos. In E7.5 p120 p53 double-mutant embryos
24.0 + 4.20 were T* cells, whereas 7.1 + 0.89 were T* in wild-type sections stained in parallel. The brackets indicate experiments stained in the same batch. (L)
Quantitation of Cleaved Caspase-3 apoptotic bodies per section. Data are the mean + SD (black bars). The mean number of Caspase-3* apoptotic bodies
detected per wild-type embryo was 0.66 +0.33; the mean was 46 + 14 in p7120~~ mutants; this number was reduced to 1.70 + 1.2 in p720~'~ p53~'~ double
mutants (n = 3 for each genotype; P < 0.0053).
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to undergo the gastrulation EMT. In immunostained cross-
sections of wild-type embryos, where single-cell resolution is
possible, T expression was detected in cells of the posterior
epiblast and in the newly generated mesoderm cells adjacent to
the streak (Fig. 3 4, C, and E). In mutant embryos at E7.0, a
single T domain was observed in the posterior epiblast layer (Fig.
3B). In the majority (~80%) of E7.75 null and p120-AEpi mutant
embryos (n = 12/15 and n = 8/10, respectively), the T domain was
split into 2 domains separated by T-negative nonepithelial cells
(Fig. 3D). In the remaining 20% of null and p120-AEpi mutants
(n = 3/15 and n = 2/10), a ball of T* cells protruded into the
central amniotic cavity of the embryo (Fig. 3F).

The size of the T-expression domain in the epiblast was ex-
panded in both null and p120-AEpi E7.75 mutant embryos. To
measure the size of the epiblast T domain, we counted the
number of cells positive for both T and E-cadherin in the epiblast
layer in a single transverse plane of a Z-stack per embryo,
compared with the total DAPI" nuclei in that transverse plane.
Shortly after the initiation of gastrulation, at E7.0, p/20 mutant
embryos had ~40% more T-positive cells than wild-type embryos
(Fig. 3K). At E7.5, the number of T+ cells in the epiblast of both
null and epiblast-deleted mutants was ~60% greater than in wild
type (Fig. 3K) and T expression was split into 2 domains, sug-
gesting that the T streak domain in the mutant epiblast ex-
panded before it split in 2.

Cell Death in the Absence of p120-Catenin Masks the Extent of Streak
Expansion. Pyknotic nuclei were detected in the mesenchymal
cells at the mutant streak (E-cadherin negative, N-cadherin
positive) (Fig. 3F, n = 8/10). Staining for Cleaved Caspase-3
confirmed that the number of apoptotic bodies was elevated
~50-fold in the mutant embryos and showed that dying cells
accumulated in the amniotic cavity of the mutants, suggesting
that they had been apically extruded from the epiblast layer (Fig.
31 and L). Elevated rates of cell detachment and subsequent cell
death were also observed after conditional deletion of p120 in
the terminal end buds from the mouse mammary gland (7) and
after apical extrusion of p/20 mutant cells in the pancreas (11),
suggesting that pl20-catenin has a general prosurvival role
in epithelia.

Several apoptotic pathways act through up-regulation of ex-
pression of the tumor suppressor p53 (23, 24). No p53 expression
was detected in wild-type embryos (SI Appendix, Fig. S6 E-G) or
in the anterior epiblast of mutant embryos; however, p53 was
detected in some cells in the posterior epiblast of E7.0 mutant
embryos (SI Appendix, Fig. S6I, arrowheads). We generated
double mutants to test whether the apoptosis in p/20 embryos
depended on p53. p120 p53 double-homozygous E7.5 embryos
(either double-null mutants or embryos that lacked both genes in
the epiblast) had >20-fold fewer Cleaved Caspase-3* apoptotic
bodies than p/20 single mutants (0.66 + 0.33 apoptotic bodies
per wild-type embryo; 46 + 14 cells in p1 20~ mutants and 1.7 +
1.2 in pI20~'"~ p53~'~ double mutants) (n = 3 for each genotype;
P < 0.0053; Fig. 31,J, and L).

The decrease in apoptosis in the pI20 p53 double mutants
correlated with an increase in the number of T* cells. Nearly
25% of the cells in the epiblast of the double-mutant embryos
expressed T, compared with ~7% in the wild-type controls (Fig.
3 C and E). The dramatic increase of the T* domain in the
epiblast of the double mutants compared with the single mutants
(Fig. 3 E-G and SI Appendix, Fig. S4 K-M) suggested that the
majority of the T* cells in the pI20 single mutants undergo cell
death. We also observed T* cells detaching and floating in the
amniotic cavity of p/20-catenin mutant embryos (SI Appendix,
Fig. S6B, arrow). Thus, in the absence of p120-catenin and p53,
the size of the streak domain is expanded more than 3-fold, a
phenotype that has not been reported in other mouse mutants.

16876 | www.pnas.org/cgi/doi/10.1073/pnas.1902843116

p120-Catenin Is a Negative Regulator of WNT Signaling at the
Primitive Streak. The data show that p120-catenin is a strong
negative regulator of the Brachyury expression domain, and it is
known that transcription of the T gene is directly activated by
B-catenin, the transcriptional effector of the canonical WNT
pathway (25-28). We used 3 different transgenic reporters for
canonical WNT signaling to test whether WNT signaling was
affected in p120-catenin mutant embryos. The Batgal WNT re-
porter (29) was expressed in a single domain in the posterior of
both E6.5 wild-type and pI20-catenin mutant embryos, but the
Batgal domain was broader in the mutant (Fig. 4 A and B). Two
other WNT reporters that are expressed later, at E7.5, Topgal
and TCF-Lef:H2B-GFP (30, 31), were expressed in a single
posterior domain in wild type and in 2 separated domains in the
posterior of mutant embryos (Fig. 4 C and D). The expression of
TCF-Lef:H2B-GFP, which can be imaged at single-cell resolu-
tion, encompassed nearly all of the posterior half of the embryo,
split by a central reporter-negative domain (n = 3; Fig. 4 G and
H). Thus, like the T-expression domain, the WNT response
domain in p720 embryos was expanded at E6.5 to E7.0 and split
into 2 discrete domains by E7.5.

p120-Catenin Negatively Regulates Nuclear Localization of §-Catenin
in WNT-Responding Cells. p-Catenin, the key transcriptional ef-
fector of canonical WNT signaling, is also a core protein of
adherens junctions (AJs), where, like p120-catenin, it is tethered
to the cytoplasmic domain of E-cadherin (32). In wild-type em-
bryos, f-catenin was highly enriched at cell-cell junctions
throughout the epiblast, including at the primitive streak (Fig. 4
I-K, O-Q and SI Appendix, Fig. S7 A-F). p-Catenin was also
present at junctions in anterior and lateral epiblast cells of p120-
catenin mutants (Fig. 4 L-N). The mean nuclear p-catenin
fluorescence intensity (FI) in the wild-type epiblast nuclei was
15.09 + 7.49, which was not significantly different from the level
in the mutant epiblast (14.45 + 7.30; P < 0.351).

In contrast, p-catenin in the streak region of p/20 mutant
embryos was depleted from junctions and instead could easily be
seen to be enriched in nuclei, where it colocalized with the T
transcription factor (Fig. 4 R-T and SI Appendix, Fig. S7 A-I).
The mean FI of nuclear p-catenin adjacent to the mutant streak
was more than twice that in wild-type streak cells (Fig. 4U): in
wild-type embryos, the p-catenin FI in the nuclei at the streak
was 15.65 + 5.57, whereas the nuclear p-catenin FI in the mutant
streak was 35.86 + 14.94 (P < 0.0001). Thus, p120-catenin limits
the amount of nuclear p-catenin, but only in the posterior of the
embryo, the region exposed to WNT ligands (26).

p120 Mutants Fail to Complete the EMT. The final step of the EMT
is the movement of mesoderm cells away from their epithelium
of origin. The epithelial cells in the WT primitive streak are a
well-organized columnar E-cadherin® epithelium, from which
individual cells ingress to join the mesenchymal layer (14). In
contrast, at the position of the primitive streak in E7.5 p120-
catenin mutants, clusters of E-cadherin-negative, nonepithelial
cells accumulated (Fig. 2 G-O). These cells expressed N-cadherin
and SNAIL and therefore appeared to have mesodermal identity,
although most of these cells remained at the streak region in
contrast to the relatively small number of N-cad*SNAIL" cells
found in the mutant mesodermal layer (Fig. 5 A, B, D, and E).
Cells of the allantois and other extraembryonic mesoderm
structures arise from the proximal epiblast (33); we therefore
examined expression of markers of extraembryonic mesoderm in
the mutants. In wild-type embryos, extraembryonic mesoderm
cells migrated to the proximal region of the embryo; the extra-
embryonic mesoderm marker KDR was expressed in cells of the
extraembryonic mesoderm and the anterior mesoderm (Fig. 5G).
In contrast, in the pI20-catenin mutants, most of the KDR™* cells
accumulated near the streak and the adjacent posterior mesoderm
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(Fig. 5H and SI Appendix, Fig. S6 C and D), indicating that pos-
terior mesoderm failed to migrate away from the streak.

To test whether the failure of the EMT reflected a defect in
migration of the nascent mesodermal out of the epithelial layer,
we analyzed the behavior of cells in mesoderm explants from
E7.5 embryos (ref. 34; Methods). Cells in wild-type mesoderm
explants were loosely connected through cell-to-cell contacts at
sites enriched with membrane N-cadherin (Fig. 5 I-K). In con-
trast, the intensity of N-cadherin at contacts between cells was
less intense in the mutant explants (Fig. 5 L-N).

Live imaging of cultured migrating mesoderm cells showed
that the mutant cells migrated ~2-fold faster than the wild-type
mesoderm cells (Fig. 50), consistent with decreased cell—cell
adhesion. In addition, mutant cells had lost normal directional
migration. WT cells migrated in the same direction ~75% of the
time between frames taken at every 15 min. In contrast, mutant
cells changed direction between frames in the majority of cases
(~60% of the time) (P < 0.0001) (Fig. 5P, SI Appendix, Fig. S8 A
and B, and Movies S1-S4).

The Split Posterior Streaks of E8.5 p720 Mutants Are Separated by
Nonmigrating Mesoderm. As many cells in the region of the mu-
tant streak undergo cell death, we examined p/20 mutant em-
bryos in which cell death was blocked by the removal of p53 more
closely. The overall body plan of the double mutants was the
same as in the single mutants: Whole-mount in situ hybridization
showed that individual E8.5 p720 p53 double-mutant embryos
had 2 stripes of T expression each just anterior to an in-
dependent allantois as well as T-expressing cells connecting the
independent primitive streaks (n = 5; Fig. 6 A-C). Thus, it was
not the domain of cell death in the primitive streak that led to
the bifurcation of the posterior axis.
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Fig. 4. p120-catenin restricts the domain and level
of WNT response in the posterior epiblast. (A-H) WNT
reporter gene expression. (A and B) p-Galactosidase
staining for the Batgal WNT reporter in E6.5 (A)
wild-type and (B) mutant embryos. Posterior to the
right. (C and D) Topgal expression in E7.5 (C) wild-type
and (D) p120-catenin-null embryos. Posterior view. (E
and F) Transverse sections of E7.5 embryos stained for
Batgal, (E) wild-type, and (F) p7120-catenin mutants;
posterior to the right. (G and H) Immunostaining for
TCF-Lef:H2B-GFP-reporter expression in transverse
sections of E7.5 embryos. The vertical white lines
represent the extent of the GFP™ domain. (Scale
bars, 50 pm.) (/~U) Nuclear p-catenin. (/-T) High-
magnification views of immunostained E7.5 embryo
sections, showing localization of p-catenin (white) and
T (red). Upper panels correspond to the lateral epi-
blast of (/-K) wild type and (L-N) mutant; Lower
panels show the streak of (O-Q) wild type and (R-T)
mutant. Note colocalization p-catenin and T in nuclei
of cells of the mutant streak. (Scale bar, 8 um.) (U)
Quantitation of fluorescence intensity (FI) of p-catenin
in the nuclei of streak and epiblast cells (EPI). In wild-
type embryos, the p-catenin Fl in the nuclei at the
streak was 15.65 + 5.57; in contrast, in the mutant
streak, the nuclear p-catenin Fl was 35.86 + 14.94 (P <
0.0001). The mean p-catenin Fl in wild-type epiblast
nuclei was 15.09 + 7.49, whereas in the mutant epi-
blast was 14.45 + 7.30 (P < 0.351). The black bars in
the graphic represent the mean + SD.

At E7.5, T, SNAIL*, N-cadherin™ cells accumulated at the
center of the streak region in all p/20 p53 double-homozygous
embryos examined (Fig. 5 C and F; n = 6), with larger numbers
of cells accumulated in the streak region than in p120-catenin
single mutants. In one-half (3/6) of the E7.5 double-mutant
embryos, a group of SNAIL" cells appeared to be expelled
apically from the posterior epiblast, spilling into the amniotic
cavity (Fig. 5F), suggesting that these cells could move, but in a
random manner. In the other E7.5 double-mutant embryos, a
large ball of cells protruded into the amniotic cavity; this ball of
cells had a mesoderm identity, based on N-cadherin expression
(Fig. 5C).

At E8.5, 2 physically separated domains of T* mesenchymal
cells were apparent in the majority of the immunostained sec-
tions of p120 p53 double-mutant embryos (n = 5; Fig. 6 G-I),
corresponding to the 2 stripes of T expression seen in whole-
mount embryos (Fig. 6 A-C). Between the 2 mesenchymal T*
domains, there was a large mass of mesenchymal cells that
expressed N-cadherin, SNAIL, and CD31 (PECAM), a marker
of extraembryonic mesoderm, indicating that these cells had a
more mature mesodermal identity but had failed to move away
from their site of origin (Fig. 6 D-0O). We conclude that the
absence of p120-catenin causes an early expansion of the prim-
itive streak domain due to elevated WNT signaling and that the
expanded domain resolves into 2 independent mesoderm-
producing primitive streaks separated by differentiating nonmigra-
tory mesoderm.

Discussion

Here, we define several essential roles of p120-catenin in the
gastrulation EMT: p120 limits the activity of canonical WNT
signals that promote EMT; p120 prevents EMT-associated cell
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death; and p120 is required for the organized delamination of
cells from the epiblast to generate the mesoderm layer.

The domain of canonical WNT signaling is expanded in p120
mutant embryos as soon as it can be detected in the gastrulating
embryo. The increased WNT response in p/20 mutant embryos
is seen at E6.5 in the expansion of the domain of expression of
the WNT target genes T and Wnt3 and the increased number of
cells expressing WNT reporter genes. High levels of WNT sig-
naling are detected only in the posterior region of the embryo
where WNT ligands are expressed, suggesting that the absence of
p120-catenin amplifies the response to localized WNT ligands.
The heightened WNT response in the p120-catenin mutants leads
to high levels of nuclear p-catenin mutant near the primitive streak,
the region of the embryo exposed to high levels of WNT ligands.
These posterior cells have low levels of membrane-associated
fB-catenin, suggesting that, in the absence of p120-catenin, WNT
drives relocalization of f-catenin from the membrane to nuclei.
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Fig. 5. p120-catenin promotes persistent directional
mesoderm migration. (A-C) Immunostaining of E7.5
transverse embryo sections for N-cadherin (green) in
(A) wild type, (B) p120-catenin, and (C) p53~'~ p1207'"~
double mutants. (D-F) Transverse sections of E7.5 embryos
stained for SNAIL. (E) p720~"~ and (F) p53~~ p120~'~
double-mutant embryos have more SNAIL-expressing
cells (magenta) in the epiblast layer than seen in (D)
wild type. (D and E) The arrowheads point to non-
specific binding of SNAIL antibody to the visceral
endoderm. (G and H) Immunofluorescent staining of
transverse sections of E7.5 wild-type and p120-catenin
mutant embryos for KDR (green). (Scale bars, 50 pm.)
N-cadherin expression in mesoderm explants of (/-K)
wild-type and (L-N) p120-AEpi mutant embryos. (Scale
bars: / and L, 80 pm; J and M, 24 pm; K and N, 8 pm.)
(O) The average velocity of migration of wild-type and
mutant mesoderm cell explants over a 7-h period of
culture. Points are values for individual cells; bars

S represent the mean and SD. The mean velocity for the
s mutant explants was 0.48 + 0.02 pm/min, 70% faster
St than wild type (0.28 + 0.01 pm/min; P < 0.0001) (n =
s 54 cells each for wild type and mutant). (P) Compari-
T son of the cell migration directionality (persistence) in
D.Eh wild-type and mutant mesoderm cell explants over a

7-h period of culture. Data are shown as the mean
persistence and SD for wild-type (0.78 + 0.02) and
mutant (0.36 + 0.03) mesoderm cells (P < 0.0001). A
value of 1.0 is a constant direction.

o
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The role of p120-catenin as a negative regulator of the nuclear
localization of p-catenin seen here contrasts with previous work
that suggested p120-catenin inhibits canonical WNT signaling by
blocking the transcriptional repressive activity of Kaiso, a Zinc
finger-BTB protein (35). While this could be a context-dependent
effect, Kaiso-null mutant mice are viable and fertile, which argues
against an essential role for Kaiso in canonical WNT signaling in
mouse development (36). As seen here, loss of p120-catenin leads
to elevated activated f-catenin in some tumors: For example,
mosaic deletion of pI20 in the intestine leads to clusters of cells
with elevated levels of nonmembrane associated p-catenin, which
promotes the formation of adenomas (37). Thus, we propose that
p120-catenin has a general role as a negative regulator of WNT
signaling in epithelia.

In the standard view of canonical WNT signaling, the B-catenin
that is activated in response to WNT ligand comes from a cytoplasmic
pool regulated by the APC-containing destruction complex, and
there is no exchange between the pools of B-catenin regulated by
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Fig. 6. Posterior axis splitting and tissue disorganization in p120 p53
double-mutant embryos. (A-C) Whole-mount in situ hybridization of E8.5
embryos for T expression. (A) T expression in the wild-type embryo. (B) The
2-T main domains seem connected by T-expressing cells, and there are 2 al-
lantoides in p720~~p53~'~ and (C) p120-AEpi p53-AEpi mutant embryos. The
arrowheads point to 2 allantoides. (Scale bar, 50 um.) (D-O) Primitive streak
of E8.5 wild-type and p720 p53 double-mutant embryos. (D and J) In wild-
type, T (magenta) is expressed in the streak and in the nascent mesoderm.
(E) N-cadherin (green) marks mesoderm cells and cadherin switching has
started in the apical epiblast. (F) E-cadherin (red) is expressed throughout
the epiblast. In the majority of p720 p53 double-mutant embryos examined
at this stage (3/5), (G) T is expressed in 2 domains, (H) separated by a mass of
cells expressing punctate N-cadherin and not covered by (/) E-cadherin-
expressing epiblast. In the other E8.5 double mutants (M-0), the tissue in
the posterior of the double mutants is disorganized, with regions expressing
SNAIL (green) and CD31 (red) (N and O). (Scale bar, 50 pm.)

the destruction complex and AJs (38). In contrast, our data argue
that p120-catenin limits the amount of p-catenin that can be re-
leased from the AJ complex to the nucleus in response to WNT
signals. Several studies suggest that WNT signaling at the em-
bryonic primitive streak may depend on p-catenin derived from
dissolving AJs, but this topic has been controversial (39). One set
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of experiments, based on differentiating embryonic stem cells,
suggested that p120-catenin from AJs is a positive regulator of
signaling and helps activate WNT target gene expression (40). In
contrast, work in the mouse embryo suggested that the junctional
cadherin complex acts as a negative regulator of signaling by se-
questering p-catenin until it is released from AJ by WNT ligand in
a process regulated by fibroblast growth factor signaling (41).

The WNT-dependent removal of E-cadherin and f-catenin
from junctions during the EMT is likely to be a complex process
that requires posttranscriptional mechanisms that depend on known
and unknown proteins. For example, the FERM domain protein
LULU/EPBA41I5 is required for down-regulation of E-cadherin at
the streak (42), and LULU/EPB4115 binds specifically to p120-
catenin (43). Similarly, the apical protein CRB2 is also required
for down-regulation of E-cadherin at the streak (14).

After the initiation of a broad primitive streak domain in p120-
catenin mutants, the streak domain is further expanded, but it
becomes physically split into 2 domains by a central region with
mesoderm identity to create 2 distinct primitive streaks. In the
wild-type embryo, cells ingress into the mesoderm layer from the
primitive streak epithelium as individuals in an apparently sto-
chastic pattern, while retaining the integrity of the epiblast epi-
thelium (14). In contrast, cells in the central region of the p120
mutant primitive streak region become mesenchymal but fail to
move out of their position in the epithelial layer. These central-
streak N-cad*SNA*KDR™ cells have a mesoderm identity but do
not migrate efficiently into the mesoderm layer. This cluster of
abnormal mesoderm cells appears to physically block commu-
nication between cells of the 2 epiblast T* domains; as a result,
each T™ domain acts as an autonomous primitive streak to
produce mesoderm in 2 separated tails.

The results suggest that p120-catenin is required for nascent
mesoderm cells to migrate out of the epithelial layer in response
to directional signals. p120-catenin can regulate the actin cyto-
skeleton through inhibition of the small GTPase RhoA (44).
However, we did not observe an increase in stress fibers, a
hallmark of increased RhoA activity (SI Appendix, Fig. S8 C-H).
The loss of directional migration of cells from the primitive streak
in pI120 mutants is consistent with findings showing that knock-
down of N-cadherin in cultured mammalian cells and in zebrafish
embryos leads to more rapid and less directional migration (45,
46). However, mouse N-cadherin—null mutants make mesoderm
and somites (47), indicating that p120-catenin plays roles beyond
N-cadherin stabilization in the mesoderm, perhaps through sta-
bilization of other classical cadherins such as CDH3 (P-cadherin)
(48). Alternatively, elevated nuclear p-catenin in nascent meso-
derm cells could prevent them from migrating away from their
origin, as has been seen in Xenopus neural crest cells (49).

Loss or altered expression of pl20-catenin has been observed
frequently in human tumors of the colon, prostate, lung, stom-
ach, breast, and pancreas (9). The relationship between EMT
and tumor progression is provocative and controversial (50, 51).
Nevertheless, the combination of cellular phenotypes seen in
cells undergoing the gastrulation EMT in p/20 p53 mutant em-
bryos are strikingly similar to the characteristics of metastatic
tumor cells. We see that the absence of p120-catenin amplifies
responses to WNT ligands, and it has been shown that WNT
signaling can act in a positive-feedback loop to promote further
EMT, as well as promote transcription of genes that drive pro-
liferation (52, 53). pl120-catenin mutant cells that have just
completed the gastrulation EMT have increased motility but lose
directionality, and most of these cells die. When p53 is deleted in
p120 mutant cells, embryonic cells that have completed the EMT
survive and migrate rapidly without proper direction, a hallmark
of metastatic cancer.
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Methods

Mouse Strains. The p720-catenin conditional allele was a gift from Elaine
Fuchs (Rockefeller University, New York, NY) and Albert Reynolds (Vander-
bilt University, Nashville, TN). To generate the null allele, the conditional
allele of p7120-catenin was crossed to CAG-Cre transgenic animals (The
Jackson Laboratory). Mice expressing the p7120-catenin floxed allele were
crossed with Sox2-Cre—expressing mice (19) to generate p7120-AEpi embryos.
Null and conditional p53 alleles were a gift from Scott Lowe (Memorial Sloan
Kettering Cancer Center [MSKCC], New York, NY). Mice that were 8 to 16
weeks old were used to generate E6.5 to E8.5 embryos. Analysis of the p720
mutant phenotype was performed in the FVB genetic background, with the
exception of p720 p53 double-mutant mice, which were maintained in a
mixed background. The TCF-LEF-H2B-GFP strain was a gift from Anna-
Katarina Hadjantonakis (31) (MSKCC). For imaging of mesoderm explants,
mT/mG mice (54) were crossed to CAG-Cre mice to generate mice expressing
GFP at the membrane. Mice were housed and bred under standard condi-
tions in accordance with Institutional Animal Care and Use Commit-
tee (IACUC) guidelines. The MSKCC IACUC approved the experiments.
Primers for genotyping the p720-catenin and p53 alleles have been
published (6, 55).

ENU Allele Isolation, Sequencing, Genotyping. The p720-catenin point muta-
tion (L691X) was generated by ENU mutagenesis of C57BL/6J males and
identified based on its embryonic phenotype, as described previously (16).
The L691X allele has a single T-to-A transversion in the 2555 nucleotide
position of p7120-catenin coding sequence, leading to a nonsense mutation
(in the amino acid position 691 changes Leu to Stop). The L691X mutation
created a Spel restriction site used for genotyping.

Immunostaining. Inmunofluorescent staining of embryo sections and whole-
mount embryos was performed according to standard protocols. Briefly,
embryos were fixed for 120 min in 4% paraformaldehyde (PFA) on ice fol-
lowed by 4 washes with PBS, 10 min each. For sectioning, embryos were
incubated in 30% sucrose in PBS on ice until they sank. Embryos were em-
bedded in OCT (Tissue-Tek), frozen, and cryosectioned at 10 to 12 um.
Immunostaining was performed in blocking buffer: PBS containing 4% heat-
inactivated donkey serum (Gemini; Bio-products) and 0.1% Triton X-100. The
following primary antibodies were incubated overnight in blocking buffer:
p120-catenin (1:300; Sigma-Aldrich), p-catenin (1:50; EMD Millipore), E-
cadherin (1:300; Sigma-Aldrich), N-cadherin (1:300; Santa Cruz), N-cadherin
(1:300; Cell Signaling Technology), SNAIL (1:100; kindly donated by Antonio
Garcia de Herreros, Institut Hospital del Mar d’Investigacions Médiques,
Barcelona, Spain), Cleaved Caspase-3 (1:400; Promega), T (1:300; EMD Millipore),
p53 (1:400; Cell Signaling), T (1:400; Cell Signaling), KDR (1:300; BD Pharmingen),
CD31 (1:300; Dianova), and FOXA2 (1:500; Abcam). Fluorescent secondary
antibodies (Invitrogen) were diluted at 1:400 in blocking buffer and incubated
for 1 h at room temperature (RT). The mouse embryo sections were mounted
in ProLong Gold (Thermo Fisher) and imaged using a Leica-upright SP5 laser
point-scanning microscope. Confocal images were reconstructed and analyzed
by using Volocity software package (PerkinElmer).

In Situ Hybridization. In situ hybridization was performed according to pro-
tocols previously described (56). Briefly, the embryos were fixed overnight in
4% PFA. The next day, the embryos were washed in PBS with 0.1% Tween
and dehydrated in graduated methanol series. The following day, the em-
bryos were hydrated in graduated methanol series, incubated in 10 pg/mL
PK/PBS solution for 3 to 7 min, and hybridized in hybridization solution plus
RNA probe at 70 °C overnight. A series of washes in 2XSSC and MAB solutions
(100 mM maleic acid and 150 mM Nacl in PBS) was performed the next day.
The embryos were incubated in 1:1,000 anti-DIG antibody (Roche) in 10% goat
serum/0.1% Tween-20 in PBS overnight and then washed extensively in PBT
(0.1% BSA; 0.1% Tween 20 in PBS). The embryos were incubated in BM purple
solution (Roche) until the development of purple color.

Batgal and Topgal Staining. For $-galactosidase staining, we used previously
described protocols (57). Briefly, the embryos were dissected in cold 1% BSA-
PBS and fixed in fixing solution (1% PFA, 0.2% glutaraldehyde, 0.02%
Nonidet P-40 in PBS) for 10 min at RT. The embryos were washed in cold PBS
3 times and incubated in staining solution (2 mM MgCl,, 5 mM potassium
ferricyanide, 1 mg/mL X-gal in PBS) at 37 °C until the development of the
blue color.

Mesoderm Explants. Mesoderm explants were performed as previously de-
scribed (57). Briefly, E7.5 membrane-GFP—expressing embryos (54) were
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dissected in cold DMEM/F12 media; after dissection, embryos were trans-
ferred to a 2.5% pancreatin/0.5% trypsin in Tyrode Ringer’s saline solution
on ice for 10 min. After digestion, the embryos were washed 3 times in
culture media (DMEM/F12; 10% FBS and 1% penicillin-streptomycin). Vis-
ceral endoderm and epiblast were removed using sharp forceps, and then
the mesodermal wings were allowed to attach to cover-glass bottom
chambers coated with Fibronectin (50 pg/mL PBS) and cultured for 24 h at
37 °C with 5% of CO, before live imaging or immunostaining. Live imaging
was performed for 7 h at 37 °C in a culture chamber with 5% CO, using an
inverted ZEN Imaging system (Zeiss).

The velocity of mesoderm cell movement was determined using the Cell
Tracking macro from Fiji. This macro generates a text document with the
distance and velocity per minute for each cell. We tracked 13 different
mesoderm cells randomly chosen at the leading edge of 4 wild-type and 4
p120-catenin mutant explants every 15 min for 7 h (54 cells in total for each
genotype). The data obtained from the Manual Cell tracking was used in the
Chemotaxis plug-in from Fiji to generate the mesoderm cell directionality
values and plots. Persistence was calculated by comparing the Euclidean
distance (length of straight line between cell start and end point) to the
accumulated distance. We obtained the mean and SD of velocity and per-
sistence/directionality using Prism 7.

Quantitation of Nuclear g-Catenin and Cadherin FI. Quantitation was per-
formed on high-magnification images of cryosections stained for p-catenin
and T (high-magnification images similar to the ones in Fig. 4 I-T). We used
the mean gray value tool from Fiji to obtain the Fl values from the nuclei. For
cells at the streak, we used 1 Z-confocal plane chosen in the middle of the
stack with T-positive cells that we overlapped to the same Z-plane on the
B-catenin immunostained image; epiblast cells were defined as T-negative
cells. We used DAPI to confirm the specific staining in the nuclei and to
delimit the signal by using the Fiji Binary tool in this channel that we copy
and overlap to the B-catenin signal. The mean FlI values from streak and
epiblast (from either wild-type or p720-mutant nuclei) were used for the
statistical analysis. Quantitation of Cadherin intensity was performed on
high-magnification images (63x) of cryosections stained for E-cadherin and
N-cadherin (high-magnification images similar to the ones in Fig. 2 A-D). We
used the Mean gray value tool from Fiji to obtain the Fl values from either
the epiblast or mesoderm. We used 1 Z-confocal plane chosen in the middle
of the stack to measure the Fl for 31 epiblast cells and 23 mesoderm cells
from both the wild-type and the mutant embryos.

Quantitation of Cleaved Caspase-3 and T-Positive Cells. We used Fiji to man-
ually count the number of either T-positive cell nuclei or Cleaved Caspase-3
apoptotic bodies in a single Z-plane per embryo from a stack of the wild-
type and the mutant sections. The percentage of T-positive cells was de-
termined from the number of T-positive cells located within the epiblast
(T* and E-cadherin®) in a single Z-plane (S/ Appendix, Fig. S4 E-M). We selected
a section approximately from the same proximo-distal level, which is at about
30% of the distance from the extraembryonic ectoderm to the node, usually
corresponding with the widest section of the embryo. For Cleaved Caspase-3*
cells, only cell-sized signals were counted; speckles were not considered as a
positive signal. The mutant and the wild-type embryo sections were stained at
the same time.

Western Blot Analysis. E7.5 and E8.5 wild-type and p120-catenin mutant
embryos were dissected in cold PBS and lysed by pipetting up and down in
the lysis buffer (1% Nonidet P-40, 150 mM NacCl, 50 mM Tris-HCl, phospha-
tase inhibitor mixture | and Il [Calbiochem]; and one tablet of Minicomplete
[Roche] per 10 mL). The following antibodies were used at a 1:1,000 dilution
in 5% BSA in TBST: E-cadherin (Cell Signaling), N-cadherin (Cell Signaling),
and GAPDH (Santa Cruz). Secondary antibodies for each specific antigen
were incubated in 5% BSA in TBST for 1 h at RT with rocking. We measured
the intensity of the protein bands by using the Gel Analyzer macro from Fiji.
The relative E-cadherin and N-cadherin values were calculated by dividing
the area obtained from Gel Analyzer for the cadherin by the total area of
loading control GAPDH in the wild-type and the mutant embryos. Averages
represent the arithmetic mean of 3 to 4 different experiments with
different embryos.

Statistics and Graphs. Embryo images n > 3 for all of the experiments. We
used Prism 7 to perform 2-tailed Student’s t tests and one-way ANOVA to
evaluate the significance of all measurements. Graphs were plotted using
the geom_dotplot function of the ggplot2 R library (https:/ggplot2.tidyverse.
org/reference/geom_dotplot.html). Each dot represents 1 observation. Dot
plots convey information about a distribution in a similar way to a box
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plot or histogram but have the advantage that clusters and outliers in the
data are more easily visualized.
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