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A B S T R A C T

Characterizing endogenous protein expression, interaction and function, this study identifies in vivo interactions
and competitive balance between N-cadherin and E-cadherin in developing avian (Gallus gallus) neural and
neural crest cells. Numerous cadherin proteins, including neural cadherin (Ncad) and epithelial cadherin (Ecad),
are expressed in the developing neural plate as well as in neural crest cells as they delaminate from the newly
closed neural tube. To clarify independent or coordinate function during development, we examined their ex-
pression in the cranial region. The results revealed surprising overlap and distinct localization of Ecad and Ncad
in the neural tube. Using a proximity ligation assay and co-immunoprecipitation, we found that Ncad and Ecad
formed heterotypic complexes in the developing neural tube, and that modulation of Ncad levels led to re-
ciprocal gain or reduction of Ecad protein, which then alters ectodermal cell fate. Here, we demonstrate that the
balance of Ecad and Ncad is dependent upon the availability of β-catenin proteins, and that alteration of either
classical cadherin modifies the proportions of the neural crest and neuroectodermal cells that are specified.

1. Introduction

Cadherin proteins are homophilic cell-cell adhesion molecules im-
portant for epithelial integrity and whose changes in expression are
linked to the epithelial to mesenchymal transition (EMT) during em-
bryonic development (Schafer et al., 2014; Kerosuo and Bronner-Fraser,
2012) and cancer metastasis (Kang and Massague, 2004; Thiery et al.,
2009). Neural cadherin (Ncad) and epithelial cadherin (Ecad) are the
archetypical type I cadherins that function in a calcium-dependent
manner, have five extracellular domains, a transmembrane domain and
bind to intracellular components such as α-, δ- (p120) and β-catenin to
link to the actin cytoskeleton and intracellular signaling pathways
(Koch et al., 1999). Although cadherins have been well studied in
cancer cell lines and amphibian tissues (Gheldof and Berx, 2013; Kashef
et al., 2009; Scarpa et al., 2015), far less is known about their in vivo
roles during ectodermal cell fate specification in amniotes.

Ectodermal cells respond to instructive signals early in development
to form neural tissue (Gaur et al., 2016; Lamb et al., 1993; Rogers et al.,
2008), non-neural ectoderm (NNE), epidermal/placodal tissue
(Schlosser, 2014; Nordin and LaBonne, 2014), or neural crest (NC)
tissue (Mayor et al., 1995; Selleck and Bronner-Fraser, 2000). The
epigenetic and molecular specification of each of these tissues is fol-
lowed by morphogenetic events such as neural tube closure (NTC) and

the epithelial to mesenchymal transition (EMT) of NC cells. Recent
studies in chick, amphibian and mouse embryos have identified tran-
scription factors that regulate ectodermal derivative fate specification
(Buitrago-Delgado et al., 2015; Bouzas et al., 2016; Macri et al., 2016;
Riddiford and Schlosser, 2016; Acloque et al., 2017; Simoes-Costa et al.,
2015), NTC (Ray and Niswander, 2016a; Ray and Niswander, 2016b)
and NC EMT (Rogers et al., 2013; Schiffmacher et al., 2014; Strobl-
Mazzulla and Bronner, 2012). Comparative analysis of early tran-
scriptional regulators shows that many have overlapping expression
and directly or indirectly regulate the expression of specific adhesion
molecules to control these processes (Ray and Niswander, 2016a;
Fairchild et al., 2014; Fairchild and Gammill, 2013; Strobl-Mazzulla
and Bronner, 2012). Many transcription factors expressed in early de-
velopment regulate the expression of cell adhesion molecules, specifi-
cally cadherin proteins, and altering cadherin protein expression or
function via perturbation of their upstream regulators leads to ab-
normal embryonic development (Tien et al., 2015; Rogers et al., 2013;
Matsumata et al., 2005; Lin et al., 2016). The question remains how-
ever, whether the cadherin proteins have independent functions during
ectodermal fate specification in addition to their roles in regulating cell
movement.

To resolve these issues, we characterize and compare the expression
and localization of two cadherin proteins during the separation of
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neural ectoderm, NNE and NC cells in avian embryos. Here, we show
that perturbation of Ncad protein directly alters the expression of
proteins thought previously as upstream transcriptional regulators, and
leads to defects in ectodermal-derivative specification and NC migra-
tion. Our results suggest that there are molecular steps downstream of
cadherin proteins that regulate fate specification leading to migration
defects. The results show that Ecad protein is expressed in the early
epiblast, and its expression is maintained in all three ectodermal deri-
vatives, while Ncad protein appears limited to the neural plate and
neural tube region and is absent from premigratory and most migrating
NC cells, though expressed at high levels in the neural tube, notochord
and cranial mesenchyme. Given the overlap of different cadherins in
some tissues, we examined their ability to interact in vivo and report
that in addition to homotypic interactions, Ncad and Ecad can form
heterotypic complexes with each other in the neural tube. In addition,
altering levels of Ncad leads to compensation in the levels of Ecad in a
β-catenin protein dependent manner, and leads to defects in the proper
specification of neural, NNE and NC tissues.

2. Experimental procedures

2.1. Embryos

Fertilized chicken eggs were obtained from local commercial
sources (McIntyre Farms, San Diego, CA, AA Farms, CA, and Sunstate
Ranch, CA) and incubated at 37 °C to the desired stages according to the
criteria of Hamburger and Hamilton (HH). All use of embryos was ap-
proved by the California State University Northridge IACUC protocol:
1516-012a, c.

2.2. Electroporation of antisense morpholinos and vectors

A translation blocking antisense fluorescein -labeled morpholino to
Ncad (NcadMO) was designed (5′-GCGTTCCCGCTATCCGGCACAT
GGA-3′), as well as a non-specific control morpholino (ContMO) (
5′-CCTCTTACCTCAGTTACAATTTATA-3′). Injections of the fluorescein-
tagged morpholinos (0.75–1mM plus 0.5–1.5mg/ml of PCI carrier
plasmid DNA; as in Voiculescu et al., 2008) were performed by air
pressure using a glass micropipette targeted to the presumptive neural
plate region at HH stages 4–5. DNA plasmids pCS2-Ncad-GFP (Ncad-
GFP)(Shiau and Bronner-Fraser, 2009), Ncad-YFP-Δp120 (AAA-Ncad-
YFP) (Chen et al., 2003), and truncated mouse β-catenin (β-cateninΔ90)
(Wrobel et al., 2007) plasmids were used (1mg/ml) and were in-
troduced in a similar manner to morpholinos described above. HH stage
4–5 electroporations were conducted on whole chick embryo explants
placed ventral side up on filter paper rings. The Ncad morpholino and
vectors were injected on the right side of the embryo and where in-
dicated, controls were injected on the left side of the same embryo.
Platinum electrodes were placed vertically across the chick embryos
and electroporated with five pulses of 6.3–6.8 V in 50ms at 100-ms
intervals.

2.3. Immunohistochemistry

Immunohistochemistry (IHC) for Pax7 (Developmental Studies
Hybridoma Bank (DSHB), Pax7), Ncad (DSHB, MNCD2; DSHB, 6B3;
Abcam, ab18203), Cad6B (DSHB, CCD6B-1), Ecad (BD Transduction
Laboratories, 610,181; DSHB, 8C2 (Choi and Gumbiner, 1989); DSHB,
7D6 (Gallin et al., 1983)), β-catenin (Abcam, ab6301), and p120-ca-
tenin (Cell Signaling, 4989S) was performed as follows: Embryos were
fixed in 4% paraformaldehyde made in phosphate buffer for 15–40min
at room temperature. All washes were performed in TBST+ Ca2++
with 0.5% Triton X-100. Blocking was performed with 10% donkey
serum in the same buffer. The primary antibodies (1:5–1:10 for all
hybridoma antibodies and 1:200–1:1000 for all others, see Table 1 or
Key Resources Table) were incubated in the TBST buffer from overnight Ta
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to two days at 4 °C and secondary antibodies (Alexa Fluor, Thermo-
Fisher Scientific 1:500 to 1:1000) were applied in the same buffer for
either three hours at room temperature or overnight at 4 °C.

2.4. Imaging and fluorescence quantification

Fluorescence images were taken using Zeiss ImagerM2 with
Apotome.2 and Zen software or Axioskop 2 Plus with AxioVision soft-
ware (Karl Zeiss). Fluorescence was quantified using NIH ImageJ64 by
averaging the relative intensity of 1–6 images per embryo. Background
was subtracted uniformly across the images using the background
subtraction function in NIH ImageJ64 with a rolling-ball radius of
50.00 pixels before quantitation (Hutchins and Szaro, 2013). Half em-
bryos injected with morpholino or DNA plasmid were compared to ei-
ther the uninjected or control side or embryos injected with control
morpholino or GFP.

2.5. Biochemistry

Embryo lysate was isolated from 30 to 80 manually dissected
chicken heads from stage HH8–10 embryos for co-immunoprecipitation
or 10–20 manually dissected stage HH9–10 neural tubes with asso-
ciated tissues (some ectoderm and mesenchyme) for Western blot
analysis after morpholino knockdown. Lysate was isolated using lysis
buffer (50mM Tris-HCL pH 7.4 with 150mM NaCl plus 1.0% NP-40 and
EDTA-free protease inhibitor (Roche cOmplete, # 11697498001). Co-
immunoprecipitation was performed on never-frozen protein samples.
Protein agarose G beads (Sigma, # P3296-5ML) were incubated for
12–24 h with antibody prior to incubation with lysate. Tissue lysate was
pre-cleared using naked beads and then incubated with prepared beads
for 1.5 h at room temperature. Beads were washed with lysis buffer
multiple times and spun down at 5000×G. Beads with bound protein
complexes were resuspended in 8M urea with 5% SDS, boiled for
30min with intermittent shaking, and frozen at −80° prior to SDS page
gel. The co-immunoprecipitation was performed in both directions. Ten
microgram protein lysate was loaded on the gel (Lysate), 5% (0.75 μl)
volume of the lysate that was cleared using naked beads (Input) was
loaded, and 15 μl of the immunoprecipitation product (product of Co-IP
from beads incubated with either Rb-α-Ncad, Ms-α-Ecad, Rb-IgG or Ms-
IgG) was loaded. SDS page was run on precast 8–12% bis-tris gel
(Invitrogen, # NP0321BOX) for 3 h at 48 V, gel was transferred to ni-
trocellulose at 90 V for 1 h. Nitrocellulose membranes were washed in
TBST+Calcium with 0.5% Triton X-100, blocked and incubated with
primary antibody in TBST+Calcium with 0.5% Triton X-10 with 5.0%
BSA, incubated in (5%) milk protein in (TBST+Calcium) with sec-
ondary antibody, and visualized using ECL kit (GE Healthcare
Lifesciences, # RPN2232) and exposed to film (GeneMate, #F-9024-
8x10).

2.6. Proximity ligation assay (Duolink)

The proximity ligation assay was performed on previously cryo-
sectioned embryos on glass slides. The methods were performed as

described in the instructions in the Duolink Assay (#DUO92101) by
Sigma Aldrich (St. Louis, MO). Embryos were fixed, sectioned and in-
cubated with primary antibodies (see IHC). After primary antibody
incubation, sections were washed with TBST+ Ca++ and subse-
quently incubated with the PLA probe set at 37 °C for 1 h. They were
then washed in buffer A, placed in ligation mix for 30min-1 h at 37°C.
Next, sections were washed in buffer A then incubated with polymerase
mix for 110–200min at 37°C. Finally, sections were washed in 1× and
0.1× buffer B, and mounted with Duolink mounting media with DAPI.
Results are shown in native form or with false-colored dots to demon-
strate putative interactions.

3. Results

3.1. Ecad and Ncad are co-expressed in the developing neural tube but not
neural crest

Ecad and Ncad proteins are well-studied markers of EMT in cancer
(reviewed in (Campbell and Casanova, 2016)), and have been asso-
ciated with the process of gastrulation (Yang et al., 2008) and EMT in
cranial NC cells (Rogers et al., 2013; Kuriyama et al., 2014; Scarpa
et al., 2015). To characterize two major classical cadherin proteins
expressed during ectodermal fate decision stages, we performed im-
munohistochemistry (IHC) using multiple antibodies (Fig. 1, Table 1,
Fig. S1A–1P) on various stages of avian embryos and compared the
localization of type I cadherin proteins (Ncad and Ecad) in neural and
NC cells. To mark NC cells, we used Pax7, which labels both pre-
migratory and migratory NC and HNK1, which marks migratory NC
cells. Although expression of these proteins has previously been char-
acterized in chicken tissues (Jourdeuil and Taneyhill, 2018; Dady et al.,
2012; Dady and Duband, 2017), there is an absence of continuous ex-
pression data throughout the stages of ectodermal derivative specifi-
cation. Rather, their expression has been compared directly in studies
during gastrulation or later in neural crest EMT/migration stages until
recently by our lab and others (Dady and Duband, 2017). At Hamburger
Hamilton (HH) stage 4, Ecad and Ncad are expressed in distinct tissues
(Fig. 1A–A‴). Ecad is expressed in the epiblast (Fig. 1A′, 1A‴), while
Ncad expression is limited to the hypoblast as has similarly been re-
ported in zebrafish embryos (Fig. 1A″, 1A‴) (Warga and Kane, 2007).
As the neural folds rise at HH7 (Fig. 1B–1B‴) and close at HH8
(Fig. 1C–1C‴), Ecad expression is maintained in the non-neural ecto-
derm, neural ectoderm and neural plate border (Fig. 1B′, 1B‴, 1C′, 1C′),
while Ncad is expressed in the neural groove, cranial mesenchyme and
endoderm (Fig. 1B″, 1B‴, 1C″, 1C‴), but is absent from the neural plate
border and non-neural ectoderm (Fig. 1B″, 1C″, arrow). As NC cells
begin to delaminate at HH9, Ecad protein is expressed on the apical
surface of the neuroepithelium where it overlaps with Ncad expression
except in the dorsal-most portion of the neural tube (premigratory NC
cells) that lacks Ncad (Fig. 1D–1D‴, arrow, Fig. S1M–1P). Additionally,
at HH10, (Fig. 1E–J), Ecad overlaps with premigratory and migratory
NC cells, identified by Pax7 staining (pink) (Fig. 1G–J). At this stage,
Ncad also is absent from the premigratory and early emigrating NC cells
(Fig. 1F′, 1H arrow, Fig. S1M–1P). Overall, our results demonstrate that

Fig. 1. Ecad and Ncad are co-expressed in the developing neural tube but not neural crest. Immunohistochemistry (IHC) on whole embryos or 16 μm cryosections
stained with antibodies to Ecad (green), Ncad (red), HNK1 (blue) and Pax7 (magenta). (A–A‴) In an HH4 embryo (A is wholemount, A′–A‴ are transverse sections),
Ecad is expressed in the epiblast/ectoderm and Ncad is expressed in the hypoblast. (B–B‴) In an HH7 embryo (B is wholemount, B′–B‴ are transverse sections), Ecad
is expressed in the non-neural ectoderm, the neural folds and the endoderm. Ncad is expressed in the neural plate, cranial mesenchyme and endoderm, but is absent
from the neural plate border (white arrow). (C–C‴) In an HH8, embryo (C is wholemount, C′–C‴ are transverse sections), Ecad is expressed in the non-neural
ectoderm, the neural tube and the neural plate border. Ncad is expressed in the neural tube, cranial mesenchyme and developing gut, but is absent from the dorsal
neural tube (white arrow). (D–D‴) In an HH9 embryo (D is wholemount, D′–D‴ are transverse sections) Ecad is expressed in the ectoderm, neural tube, migratory NC
cells, and developing gut. Ncad protein is localized to the neural tube, cranial mesenchyme, notochord, developing gut, and is absent in the dorsal neural tube (white
arrow). (E–E‴) In an HH10 embryo (E is wholemount, E′–E‴ are transverse sections), Ecad and Ncad are both expressed similarly to HH9 (D–D‴), but the dorsal
neural tube is magnified (F-F″) to demonstrate that Ecad is highly expressed in the premigratory NC cells, while Ncad is absent from these specific cells. G–J show co-
expression of Ecad (G, J) and Pax7 (I, J) in the migratory NC cells, while Ncad is absent from the most dorsal Pax7+/Ecad+ cells (H, J) Scale bar is as marked. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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in avian ectodermal derivative cells, Ncad remains absent from most of
the cells specified to become NC cells, while Ecad is expressed in a pan-
ectodermal manner, suggesting specific roles for Ncad in the developing
neural ectoderm.

3.2. Classical cadherins interact heterotypically in the neural tube

Cadherins are well known to interact homophilically to maintain
cell-cell adhesion, critical for cell sorting behavior and tissue integrity
(Katsamba et al., 2009). Previous in vitro studies have suggested that
Ncad is unable to interact with the type II cadherins, Cad6B and Cad7
(Katsamba et al., 2009; Nakagawa and Takeichi, 1995; Dufour et al.,
1999; Friedlander et al., 1989). However, other studies suggested the
possibility of heterophilic interactions between different cadherins. In
Chinese Hamster Ovary (CHO) cells, Ncad preferentially forms homo-
philic interactions with itself, but cells over-expressing Ncad and Ecad
formed heterophilic aggregates as well (Katsamba et al., 2009), albeit
the affinity of Ncad to itself is higher than to Ecad. Additionally, in
endoderm-derived tissues and tumors, Ecad and Ncad interact to create
heterotypic adherens junctions (Straub et al., 2011). Therefore, based
on studies demonstrating that these proteins can interact when co-ex-
pressed, we performed experiments to determine if they were func-
tionally interacting in the neural ectoderm.

To visualize where and when two proteins might interact in the
intact embryo, we utilized the proximity ligation assay (PLA), which
enables detection of protein interactions in situ with high sensitivity and
specificity. Using specific antibodies against Ncad and Ecad (Table 1),
the PLA allows us to visualize complexes if and when they form be-
tween these cadherins. First, we tested for homophilic interactions in
early avian embryos using two distinct antibodies to Ncad (Rb-α-human
Ncad and Rt-α-chicken Ncad) (Fig. 2A–C). The PLA results are shown in
pink (Fig. 2A, B, D, E, G, H) or in inverse images created by ImageJ in
black (Fig. 2C, F, I). For the Ncad-Ncad assay, positive PLA signals were
identified in the developing neural tube (70.97%), cranial mesenchyme
and notochord of an 11 ss embryo. In contrast, Ncad interactions were
lower in the dorsal neural tube, and were virtually absent from mi-
grating NC and NNE (Fig. 2A, B, asterisk, 2C, 2J, dashed lines). We also
tested interactions of Ecad with Ecad in a 9 ss embryo (Rb α human
Ecad and Ms. α human Ecad) and found that Ecad forms homotypic
complexes (Fig. 2D–F) in the NNE, the developing neural tube (62.76%)
and importantly, in the early migrating NC cells (Fig. 2D, arrow, 2E,
dashed box, 2K dashed line). Ecad-Ecad interactions are also visible in
the developing gut and some cranial mesenchyme regions. Next, we
analyzed heterotypic interactions between Ecad and Ncad at 10 ss.
Compared to the homotypic interaction between Ecad proteins
(Fig. 2D–F), the strongest PLA signals between Ncad and Ecad were
limited and remain localized to the apical side of the neural tube
(Fig. 2G–I, 65.29%). They were all but absent from the migratory NC
cells (Fig. 2H, L, box/dashed lines). We performed IHC for Ncad and
Ecad on adjacent sections to verify antibody specificity and as a positive
control for the assay (Fig. 2M–O). We also tested the possibility that
Ncad or Ecad might form heterotypic complexes with heterologous type
II cadherins. However, we were unable to detect interactions between
either Ncad or Ecad with Cad6B or Cad11 using PLA (Rogers, 2018) at
the stages tested, consistent with previous in vitro data suggesting that
these proteins are unable to interact (Katsamba et al., 2009).

The PLA assay shows that these proteins are close enough to form a
complex, and to verify the physical interaction we utilized a co-im-
munoprecipitation assay. Embryo heads were lysed and we performed
pulldowns in both directions to confirm interaction. First, Ncad
(Fig. 2P) was pulled down using Rb α Ncad (Table 1), the resulting
lysate was then subjected to western blot using antibodies against Ncad
to confirm homophillic interactions, β-catenin to confirm the positive
association with Ncad and its intracellular partner, and finally Ecad to
verify heterotypic interaction. We performed the reverse pulldown with
Ecad (Fig. 2Q) using Ms. α Ecad (Table 1) bound to protein G agarose

beads. We additionally used IgG controls to verify specificity. Ncad pull
down and subsequent western blot showed that Ncad not only pulled
down itself and β-catenin as expected, but also Ecad (Fig. 2P). Re-
ciprocally, Ecad pulled down Ecad, β-catenin, and Ncad (Fig. 2Q).
These data demonstrate that in addition to being co-expressed in the
developing neural tube, Ecad and Ncad also interact suggesting that
they may either function in concert, or regulate each other during de-
velopment.

3.3. Ncad gain and loss of function leads to compensatory changes in Ecad
expression

Ncad and Ecad can interact in the developing neural tube, but they
maintain distinct expression in the other ectodermal derivatives. We
hypothesized that even when co-expressed, the balance of cadherin
proteins is tightly regulated as previous studies have demonstrated in
the process of EMT. To test this hypothesis, we first performed loss of
function experiments with Ncad by injecting a translation blocking
FITC-labeled morpholino oligomer to Ncad (NcadMO) at gastrula stages
and comparing the resulting phenotype to the uninjected side of the
embryo as well as to separate embryos injected with a non-specific
FITC-labeled control morpholino (ContMO). Using IHC and Western
blot, we verified that Ncad morpholino efficiently depleted Ncad pro-
tein levels in a cell autonomous manner by>70% (Fig. 3A, A′, ar-
rowhead, 3D, p < 0.01, 3E, 3F, Fig. S2) when compared to the unin-
jected side or ContMO-injected embryos (Fig. 3C–E). In embryos with
depleted Ncad protein, we observed a dramatic increase in Ecad protein
on the membrane of the cells lacking Ncad compared to the uninjected
(Fig. 3B, B′) side or ContMO-injected embryos (Fig. 3C, C′). Ecad im-
munofluorescence intensity increased to 145% compared to levels in
the uninjected side of embryos in both the neural tube and migrating
NC cells (Fig. 3B, B′, dashed box, and 3D, p < 0.01). Surprisingly,
western blot analysis suggested that the actual levels of Ecad remained
the unchanged in the samples that have decreased levels of Ncad
(Fig. 3E, F), however, we believe that due to the mosaic injection of the
morpholino, and the ubiquitous expression of Ecad in ectodermal de-
rivatives, the increased Ecad expression may be diluted by the tissues
assayed (half heads or neural tubes rather than sorted cells). Ad-
ditionally, the effect of Ncad knockdown on Ecad expression is specific.
Altering levels of Ncad (gain or loss) had no effect on the expression of
type II cadherin proteins, Cad6B or Cad7 (Rogers, 2018).

Next, we performed gain of function experiments by introducing full
length Ncad-GFP DNA unilaterally into gastrula stage embryos and
comparing its effect to overexpression of GFP alone. Ncad-GFP injection
induces excess and ectopic Ncad expression (Fig. S2G, S2H). GFP ex-
pression had no effect on Ecad expression (Fig. 3G, G′). Overexpression
of the cadherin construct was mosaic, such that cells positive for Ncad-
GFP lacked Ecad protein whereas Ncad-GFP negative cells were Ecad
positive (Fig. 3H, H′, dashed boxes, asterisks). However, concomitant
overexpression of Ncad-GFP plus NcadMO resulted in partial rescue
(Fig. 3I, I′) of Ecad expression. In these dual-injected embryos, the Ecad
protein immunofluorescence intensity was not significantly different
from embryos injected with either ContMO or GFP suggesting that al-
tering the levels of Ncad directly affects the localization of Ecad. These
data represent that a tenuous relationship exists between the expression
of type I cadherin proteins in the neural tube, and altering Ncad dras-
tically changes the expression of Ecad.

3.4. Catenin family proteins control Ecad response to changes in Ncad

Analysis of cadherin protein function would be incomplete without
assessing their interacting and functional partners from the catenin
family. We have so far demonstrated in vivo that type I cadherin pro-
teins interact in the developing neural tube and that loss of Ncad in-
creases Ecad and gain of Ncad reduces Ecad in a cell-autonomous
manner (Fig. 2 and Fig. 3). To gain insight into the mechanism involved
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in these changes, we analyzed the response of two proteins from the
catenin family, β-catenin and p120-catenin, after Ncad perturbation.
Embryos injected with an NcadMO demonstrated an increased Ecad
(Fig. 4A, B), and therefore we tested whether the lack of Ncad and
increased Ecad also changed catenin protein expression. After co-in-
jection with ContMO (left) and NcadMO (right), we measured β-catenin
protein expression using IHC (Fig. 4C–E) and Western blot analysis
(Fig. 4E–4). Beta-catenin expression was not significantly different on
either side (Fig. 4C–E) measured by IHC or Western blot analysis. For
Western blot, embryos were injected on one side with either NcadMO or
ContMO, neural tubes and associated tissues were dissected, and we
performed comparative analysis on the protein lysate from morpholino-
injected embryos and their uninjected sides. Normalized to the loading

control, the levels of β-catenin were not significantly changed in
ContMO-injected samples versus the NcadMO-injected samples (Fig. 4E,
F). In addition to β-catenin, cadherin proteins interact with α-catenin
and p120 (δ)-catenin (reviewed in (McCrea and Gottardi, 2016)) both
for cell adhesion purposes as well as intracellular signaling
(Schiffmacher et al., 2016; Abbruzzese et al., 2016). Therefore, we
performed a Western blot for p120-catenin after Ncad perturbation, and
we found that the putative Ncad-associated p120 isoform (~120 kD)
was decreased in the NcadMO-sample, while a smaller isoform, possibly
which may associate with Ecad (~89 kD), remained unchanged
(Fig. 4E, G).

Previous studies have demonstrated that cadherin proteins require
an association with β-catenin for transport to the cell membrane (Chen

Fig. 2. Ncad and Ecad interact heterotypically in the neural tube. (A–C) Proximity ligation assay (PLA) in an HH10 embryo using antibodies for rabbit αNcad with rat
αNcad. (D-F) PLA in a HH9 embryo using antibodies for rabbit αEcad with mouse αEcad. (G-I) PLA in a HH10 embryo using antibodies for rabbit αNcad: mouse
αEcad. Each PLA was repeated 3–7 times. (A, B, D, E, G, H) Show the positive PLA signal in pink (A, D, G have larger false colored dots over PLA signal) and (C, F, I)
shows inverse image created in NIH ImageJ. Asterisks denote lack of signal, arrows show positive signal. (B, E, H) are PLA signals overlayed with DAPI to show nuclei
(white) and (J, K, L) are high mag images focusing on NC region (dashed line). For co-immunoprecipitation assays (P, Q), chicken heads were dissected and lysate
was prepared. Western blotting of this endogenous lysate showed that (P) Ncad can pull down Ncad, β-catenin and Ecad and that (Q) Ecad can pull down Ecad, β-
catenin and Ncad. Lysate is uncleared, input is 3.0%–5.0% volume of lysate after incubation with naked Protein G Agarose beads, 15 μl of IP samples was loaded.
Each co-immunoprecipitation experiment was repeated at least three times using between 24 and 80 embryo heads each time. Scale bar is as marked. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Ncad gain and loss of function leads to compensatory changes in Ecad expression. IHC and Western blot show that a translation blocking morpholino for Ncad
reduces Ncad (A, A′, D, E, N=27/27) and increases Ecad localization in the membrane (B, B′, D, N=21/24) compared to ContMO (C, C′, N=9/11). (D) Relative
fluorescence intensity calculated using NIH ImageJ64. One-way ANOVA with Tukey's test was performed to determine significance. Number of embryo sections
analyzed for fluorescence intensity was less than total number injected and analyzed in some cases. Error bars are standard error. Asterisks indicate p < 0.01. (E)
Western blot analysis using antibodies against Ncad and Ribosomal protein S6 as a loading control and Ecad and Ribo S6 as a loading control. (F) Graphs showing
Western blot bands normalized by loading controls comparing uninjected to Ncad and Control morpholino injected. Differences were not statistically significant due
to variation between experiments. (G, G′) GFP-injected embryos show no change in Ecad, but (H, H′) overexpression of full-length Ncad reduces Ecad expression
(N=25/26) and dual injection of Ncad-GFP and NcadMO can partially rescue both phenotypes (I, I′, N=7/7). Scale bar is as marked. Each experiment was repeated
at least 3 times.
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et al., 1999; Kurth et al., 1999; Wahl 3rd et al., 2003). Therefore, we
hypothesized that there may be a limited pool of β-catenin available for
interaction with cadherins in the endoplasmic reticulum, and altering
levels of one cadherin would either limit or increase the pool of β-ca-
tenin for the other. Overexpression of Ncad drastically reduces Ecad
expression (Fig. 3H), yet in cells with excess Ncad, β-catenin expression
appears increased at the cell membrane (Fig. 4H, I). To test whether
increasing the available pool of β-catenin might rescue the decrease of
Ecad phenotype observed after overexpression of Ncad-GFP (see
Fig. 3H, H′), we injected a stabilized form of β-catenin (Wrobel et al.,
2007). Surprisingly, overexpression of the stabilized β-catenin alone

had little effect on either Ecad (Fig. 4J–M) or Ncad (Fig. 4N, O) ex-
pression. However, injection of the construct in the presence of exo-
genous Ncad, rescued the loss of Ecad expression (Fig. 4P, Q). Ad-
ditionally, to determine if the interaction with p120 was necessary for
Ecad phenotype caused by Ncad overexpression, we injected a mutated
form of mouse Ncad (Ncad-YFP-Δp120) that is unable to bind to p120-
catenin (Chen et al., 2003), and even in the absence of an interaction
with p120 catenin, Ncad-YFP-Δp120 decreased Ecad expression cell
autonomously, suggesting that an interaction with β-catenin is suffi-
cient to allow Ncad to outcompete Ecad (Fig. 4R, S). These results show
that, in avian embryos, Ncad and Ecad proteins appear to compete for a

Fig. 4. Changes in Ncad and Ecad in response to perturbations are due to competition for β-catenin. IHC in an HH10 embryo for (A, B) Ecad (N=21/24) and (C, D)
β-catenin (N=15/20) after injection with NcadMO unilaterally (A-D) or NcadMO on the right side and ContMO on the left (C, D). (E) Relative fluorescence or band
intensity of (C, D) β-catenin and (G) p120 catenin in ContMO and NcadMO-injected embryos compared to uninjected was calculated using NIH ImageJ64. One-way
ANOVA with Tukey's test was performed to determine significance. Error bars are standard error. There were no statistically significant differences between the
treatments. Western blot showing (F) β-catenin (G) p120 levels after NcadMO-injection. IHC for (H, I) β-catenin after injection with Ncad-GFP (N=11/13). IHC for
(J) Ecad (N=7/9), (K) β-catenin, (L) GFP, and M (overlay) or (N) Ncad (N=14/14) and (O) overlay after overexpression of dominant active β-catenin (β-
cateninΔ90). IHC for (P, Q) Ecad in embryo injected with Ncad-GFP+ β-cateninΔ90 (N=10/12) or (R, S) Ncad-YFP-Δp120 showing that the p120 interaction site is
not required for reduction in Ecad after Ncad overexpression (N=15/15, asterisks). Scale bar is as marked. Each experiment was repeated at least 3 times.
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constant limited pool of β-catenin, and when levels of Ncad are altered;
Ecad is either outcompeted for the available β-catenin, or it can utilize
the excess β-catenin in the absence of Ncad and be transported to the
cell membrane. These changes can happen even in the absence of an
interaction with p120.

3.5. Perturbation Ncad leads to aberrant ectodermal cell fate specification

To understand the effect of excess Ncad on ectodermal specification,
we overexpressed Ncad-GFP and performed IHC for NC and neural tube
markers. Compared to the normal patterning exhibited by HH8 em-
bryos injected with GFP, where Pax7 is strongly expressed in the dorsal
neural tube cells and Sox2 absent from the premigratory NC cells
(Fig. 5A–5B′), cells with excess Ncad have abnormal ectodermal deri-
vative specification. As demonstrated previously, Ncad overexpression
reduces Ecad cell autonomously (Fig. 3), and in the same cells with
excess Ncad, there is a complete loss of Pax7-positive cells (Fig. 5C, C′,
asterisks, 5H) at the onset of NC specification (HH8-). However, the
Pax7-positive NC cells recover by HH10, and although there is a slightly
reduced population, they are able to migrate out of the neural tube
(Fig. 5D, D′, 5H). By HH11, cells marked by Snai2, a definitive NC
marker, are expanded compared to the uninjected side (Fig. 5E, E′,
arrows). At HH10 when NC cells are rebounding, there is a concurrent

decrease in Sox2-positive cells (Fig. 5F, F′, asterisk, 5H) compared to
the uninjected side. Additionally, excess Ncad had no significant effect
on cell proliferation marked by PH3 (Fig. 5G–G′, 5H p > 0.5).

Given previous observations that NC development requires a bal-
ance between Ncad and Ecad (Rogers et al., 2013; Scarpa et al., 2015;
Huang et al., 2016), and that perturbation of Ncad affects the expres-
sion of Ecad in vivo (Figs. 3, 4), we examined the consequences of
modulating Ncad expression on the ectodermal derivatives that come
from the tissues expressing these two cadherins. First, we knocked
down Ncad expression with the NcadMO to identify if Ncad is necessary
for normal formation of ectodermal derivatives (Fig. 6A–M). Loss of
Ncad at gastrula stage reduces the population of cells marked by Pax7
(Fig. 6B, E), and concurrently expands the Sox2-expressing cells into the
NC and NNE territories (Fig. 6C–E) at HH8, the onset of bonafide NC
marker expression. The population of NC cells remains reduced as the
cells migrate at HH9 (Fig. 6E, G) and the Sox2-positive cells remain
expanded into NC and NNE territory (Fig. 6H). In contrast to the ex-
pansion of Sox2, loss of Ncad drastically reduces the cells expressing the
definitive neural marker, Pax2 in the neural tube (Fig. 6J–L, asterisks).
Next, we identified that the Sox2+, Ecad+ cells are also marked by a
2.0 fold increase in the expression of phosphorylated histone H3 (PH3)
(Fig. 6L–Q) suggesting that these cells have maintained a proliferative
progenitor fate, or that there is some effect on cell cycle progression.

Fig. 5. Exogenous Ncad affects the timing of NC specification. IHC for (A, A′) Pax7 (N=8/8) and (B, B′) Sox2 (N=8/8) in a GFP-injected embryo demonstrating
normal regions of NC and neural progenitors. IHC showing Pax7 in an (C, C′, H) HH8– embryo (D, D′) in an HH10 embryo, (E, E′) Snai2 in an HH11 embryo, and (F,
F′, H) Sox2 in an HH10 embryo after Ncad-GFP electroporation shows that exogenous Ncad reduces the expression of both NC and neural progenitor markers at early
stages, even though NC cells rebound at later stages demonstrated by Snai2 (N=7/8). Pax7 (N=48/53), Sox2 (N=10/11). (G, G′, H) PH3 expression is unaffected
in embryos injected with Ncad-GFP compared with uninjected sides (N=17). Numbers marked on graph represent average number of cells expressing indicated
marker. Scale bar is 50 μm.
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Based on the specification phenotypes we hypothesize that Ncad is
required for the progression of neural progenitor cells to definitive
neural tube and NC cells (Fig. 6E). ContMO did not have a significant
effect on Ncad (Fig. 6N, O), Pax7 (Fig. 6P, Q), Sox2 (Fig. 6R, S), Pax2
(Fig. 6T, U) or PH3 (Fig. 6V, W) expression.

In contrast to the clear-cut results demonstrating reciprocal re-
sponses by Ecad when Ncad is perturbed, both gain and loss of Ncad
results in a smaller population of early NC cells, while loss of Ncad
increases Sox2 (and decreases Pax2) expression and gain of Ncad re-
duces Sox2 compared to uninjected contralateral sides as well as GFP-
injected control embryos. These data demonstrate that the amounts and
localization of type I cadherin proteins are tightly regulated to allow for
proper ectodermal derivative specification. We additionally tested
whether alterations in Ncad had any effect on the major signaling
pathways (Wnt, Notch, TGF-β) to explain the resulting neural and
neural crest phenotypes. However, loss of Ncad had little effect on these
pathways as marked by the expression of downstream reporters, direct
targets and intracellular effectors (Rogers, 2018) suggesting the effects
on ectodermal derivatives may be a direct response to cadherin in-
tracellular signaling, or possibly, there is another pathway involved in
the phenotypes that has yet been identified.

4. Conclusions

Our data reveal a previously unrealized relationship between the
classical cadherins in the developing neural tube and NC cells of avian
embryos. We find that Ecad is strongly expressed throughout all

ectodermal derivatives, in contrast to early studies that showed it was
reduced in the neural ectoderm (Thiery et al., 1984), but consistent
with more recent reports (Dady et al., 2012; Lee et al., 2013; Dady and
Duband, 2017; Hardy et al., 2011). It is then retained in the dorsal
neural tube and in the migratory NC at stages when down-regulation of
Ncad in NC precursors is required for their emigration (Fig. 1, Fig. S1).
Our data suggest that Ecad, but not Ncad protein, co-localizes with Pax7
in migratory cranial NC cells, a finding that differs from that observed
in anamniotes like Xenopus (Kuriyama et al., 2014) and zebrafish
(Tuttle et al., 2014).

By carefully examining cadherin distribution as a function of time,
this study resolves some conflicting interpretations in the literature
regarding Ncad protein localization during neural and NC cell devel-
opment. Whereas early studies failed to detect Ncad protein in mi-
gratory cranial NC cells in vivo (Nakagawa and Takeichi, 1995), others
suggested that a cleaved-version of the protein is maintained in mi-
gratory NC cells derived in vitro from explanted trunk neural tubes
(Shoval et al., 2007). Contrasting with type I cadherin expression re-
ported in Xenopus embryos, here we show that Ncad is not expressed at
significant levels in cranial NC cells prior to or during EMT, although it
may be re-expressed in later migratory cells as our analyses stopped at
12 ss. Multiple studies have demonstrated that Ncad protein is ex-
pressed in many migratory cranial NC cells, and Ecad appears to be
lacking (Kuriyama et al., 2014; Scarpa et al., 2015), while other Xe-
nopus studies show that similar to our data, Ecad is required for NC cell
development (Huang et al., 2016). In NC cells and other cell types, Ncad
is removed from the membrane by proteolytic cleavage, suggesting that

Fig. 6. Loss of Ncad affects ectodermal derivative specification. IHC in an HH8 embryo for (A, D, F, I, N=35/35) Ncad, (B, D, G, I, N=38/38) Pax7, and (C, D, H, I,
N=25/47) Sox2 in cells electroporated with NcadMO show decreased expression of Ncad and Pax7 while Sox2 is expanded into the dorsal neural tube and NNE.
Bars indicate expanded regions of Sox2 expression. (E) Graph showing actual cell numbers expressing indicated markers in uninjected (UI) halves compared to
NcadMO-injected half embryos. Numbers marked on graph represent average number of cells expressing indicated marker. Diagram below graph shows hypothetical
role of Ncad in driving neural cell determination. (J, K) Pax2 expression in NcadMO-injected embryos demonstrates reduction in Pax2 (N=10/10, asterisks). IHC for
(L, M) PH3 expression after NcadMO-electroporation. NcadMO increases the number of PH3 positive cells 2.0 fold as demonstrated by number of PH3 positive cells in
uninjected sides of embryos compared with NcadMO (N=25/25). IHC for (N, O, N=15/15) Ncad, (P, Q, N=15/17) Pax7, (R, S, N=9/11) Sox2, (T, U, N=6/9)
Pax2 and (V, W, N=23/23) PH3 in embryos injected with ContMO alone demonstrating specificity of NcadMO phenotypes.
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if it is expressed in some of the migratory NC cells, it may be stored in
vesicles rather than on the membrane (Shoval et al., 2007; Reiss et al.,
2005; Marambaud et al., 2003). Taken together, these results suggest
some species-specific differences in terms of expression and function of
Ncad and Ecad, while maintaining the existence of a reciprocal re-
lationship between these two cadherins. Further comparative analysis
of cadherin proteins between amniotes and anamniotes is necessary to
identify the ancestral versus derived expression and function of cadherin
proteins in vertebrate embryos.

The general dogma is that cadherin proteins function as homo-
dimers both intra- and extracellularly. However, our data suggest the
possible existence of heterologous cadherin pairs in an endogenous
context in some tissues. In support of this hypothesis, in vitro studies
using cell lines demonstrated that Ncad and Ecad can aggregate to-
gether even though they preferentially bound via homophilic interac-
tions (Katsamba et al., 2009; Shimoyama et al., 2000; Shan et al., 2000;
Inuzuka et al., 1991), and that in endodermally-derived cell types, Ecad
and Ncad interact to form adherens junctions (Straub et al., 2011). Our
co-immunoprecipitation and proximity ligation assays demonstrate
that, in addition to forming homotypic or homophilic complexes, Ncad
and Ecad can bind to each other heterotypically in the neuroepithelium.
However, we were unable to detect similar heterophilic interactions
between Ncad or Ecad with Cad6B or Cad11 (Rogers, 2018). There are
several possible explanations for the apparent lack of interactions be-
tween these specific cadherins. First, since Ncad and Ecad are type I
cadherin proteins and use an HAV interaction domain to bind to each
other. Cad6B and Cad11, which are a type II cadherins, may lack ap-
propriate domains to interact with Ncad and Ecad. As this is a negative
result, we cannot rule out the possibility that these cadherins interact
but not within the resolution of the PLA technique. An additional
complication is that cadherin proteins can form both cis- and trans-
homophilic interactions (Koch et al., 1999). Our observations cannot
discriminate between whether the complexes formed by Ncad and Ecad
are cell-cell interactions (trans-) or are within a single cell (cis-). We
believe that Ncad can form both cis- and trans- complexes with Ecad,
but that the cis-complexes are more prevalent based on the localization
of these proteins on the apical side of the neural tube, and the weaker
PLA signal on the lateral and basal sides of the neuroepithelium where
both proteins are also expressed.

In the past, adhesion molecules were thought to adhere only to the
same subtype of cadherin molecules during development (Kemler,
1992). This hypothesis was the basis for the mechanism by which cell-
type and tissue-types segregated during development; different tissues
express different cadherins and therefore stick together. Recent analysis
has shown that in fact, tissue segregation is a more flexible process and
the levels of specific cadherins that are expressed in each tissue allows
them to bind to each other with more or less force (Duguay et al., 2003;
Steinberg and Takeichi, 1994; Wu et al., 2015). Our data, along with in
vitro studies (Leckband and Sivasankar, 2012; Katsamba et al., 2009;
Duguay et al., 2003; Straub et al., 2011), show that cadherins can in-
teract heterotypically in the developing neural tube. The in vivo inter-
actions between Ncad and Ecad in the developing tissues support the
Differential Adhesion Hypothesis (DAH), which states that tissues
maintain different surface tensions due to cell-cell adhesion (Foty and
Steinberg, 2013; Steinberg, 2007). We postulate that the developing
neural tube, which is epithelial in nature but must maintain the ability
to mesenchymalize to allow for NC migration, expresses Ecad, Ncad,
Cad6B and Cad7 (Fig. 1, S1, and data not shown)(Rogers, 2018). As NC
cells begin to undergo EMT, Ncad and Cad6B are downregulated and
Cad7 and Cad11 are maintained or upregulated allowing for more
flexibility and fluidity of tissues due to the three cadherins that are
expressed and may interact during migration, (Ecad, Cad11 and Cad7).
Other tissues that are epithelial only in nature such as the non-NC
neural tube, NNE and developing gut maintain high levels of Ncad and/
or Ecad to maintain the high surface tension and remain tightly bound.

Many in vitro studies have demonstrated the importance of the

interactions between the catenin proteins and type I cadherins for
normal cadherin function. P120-catenin and β-catenin have both been
reported as required for the transport of Ncad and Ecad to intercellular
adherens junctions where they functions in adhesion complexes (Chen
et al., 2003; Wehrendt et al., 2016; Chen et al., 1999; Wahl 3rd et al.,
2003). In support of the previous studies, our data showed that redu-
cing levels of Ncad does not affect levels of β-catenin, but that in-
creasing Ncad increases the membrane-associated β-catenin. We be-
lieve that these data suggest that cadherin proteins are not required for
the expression of β-catenin, but that when cadherins are expressed, β-
catenin is necessary for their membrane localization. In essence, β-ca-
tenin is a permissive molecule that is in limited supply. In contrast, our
results demonstrate in a decrease of one isoform of p120 (Fig. 4) after
Ncad knockdown, yet the interaction with p120 is not necessary for
exogenous Ncad to outcompete Ecad for localization to the membrane.
Our data demonstrates that adding exogenous constitutively active β-
catenin can rescue the loss of Ecad caused by exogenous Ncad, but that
an interaction with p120 catenin is not required for Ncad over-
expression to reduce Ecad levels. Both of these results support the hy-
pothesis that our phenotypes are due to alterations in membrane-bound
cadherin proteins rather than cleaved intracellular isoforms, however,
further studies are required to clarify the downstream mechanism in-
volved.

Previous studies showed that Ncad protein is down regulated in the
dorsal neural tube to allow for EMT, likely regulated by bone mor-
phogenetic protein (BMP) (Shoval et al., 2007). Reciprocally, over-ex-
pression of Ncad using adenoviral vectors prevented NC migration and
led to NC cells in the lumen of the neural tube in the trunk (Nakagawa
and Takeichi, 1998). Here, we postulate that it is possible that the
proper balance of adhesion molecules, specifically cadherins, is critical
for ectodermal derivative specification, but that the players and their
affinities may vary somewhat from organism to organism. In breast
cancer, melanoma and in avian embryos, Ncad and Ecad levels are
tightly controlled by the available pool of β-catenin (Fig. 4). When Ncad
levels are changed, Ecad responds in a reciprocal manner (Fig. 3). These
changes lead to rearrangements in proportions of ectodermal deriva-
tives (Figs. 5, 6). Although we have yet to resolve the mechanism that
lies downstream of cadherin proteins regulating cell fate, it is clear that
the expression of cadherins must be maintained at specific levels to get
proper timing and specification of neural tube cells as well as normal
NC specification, EMT, and migration. NC cells appear to be the most
sensitive to changes, as they are lost or reduced at early stages whether
Ncad is knocked down or in excess, while Sox2-positive cells respond in
the opposite manner, where less Ncad leads to more Sox2 and vice versa.
Along with the expression data, our gain and loss of function assays
suggest that epiblast cells express Ecad prior to Ncad, and that the
expression of Ncad in the neural plate at the right time and in the right
cells is crucial to allow formation of the appropriate proportions of
neural tube and NC cells. However, our data also suggests that cells that
have lost Ncad express excess Ecad and Sox2 and they proliferate, but
are absent of Ncad and Pax2, two major markers of definitive neural
cells. We hypothesize that our Ncad-deficient cells maintain either an
ectodermal or neural tube progenitor state rather than differentiating
into definitive neuronal or glial cells. Early studies of SoxB1 expression
in avian embryos demonstrated that although Sox3 is expressed in the
early epiblast, Sox2 is only activated in the cells that are specified to
become neural tube at late gastrula stage and it is expressed prior to
Ncad (Rex et al., 1997). Therefore, we do not believe that our Ncad
deficient cells are primitive epiblast, but rather have been specified to
become neural plate suggesting that Ncad is not required for neural
induction, but is required for neural determination.

Significant questions remain about the differences in the role of
adhesion molecules in neural and NC cells between organisms. In frog
embryos, for example, Ecad may not be expressed in the developing
neural tube, and loss of Ncad prevents completion of NC EMT
(Kuriyama et al., 2014). Additionally, Ncad is maintained in migratory
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NC cells although it must undergo endocytosis to allow for normal
cranial NC migration (Scarpa et al., 2015). Unlike avian embryos,
cranial NC cells in the frog may not express Ecad, however, a recent
study identified a role for Ecad in cranial NC cell migration, and
therefore the jury is still out (Huang et al., 2016). We suggest that the
contrasting results may be due to a functional switch of orthologous
proteins that may have occurred during a genome duplication event
similar to the differences between Pax3 and Pax7 expression and
function in Xenopus embryos versus avian embryos (Maczkowiak et al.,
2010). In this case, it is possible that Ncad functions as a mesenchymal
cadherin in Xenopus and an epithelial cadherin in chicken, and Ecad
functions in a reciprocal manner in chicks versus frogs. However, in
both cases, it is clear that the localization and levels of cadherin pro-
teins are tightly regulated during embryonic development to allow for
normal neural and NC development. Future studies will focus on
identifying the cadherin downstream signaling pathways that regulate
ectodermal specification events.
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