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Cadherin 6 promotes neural crest cell detachment via F-actin
regulation and influences active Rho distribution during
epithelial-to-mesenchymal transition
Matthew R. Clay1,2,3 and Mary C. Halloran1,2,3,*

ABSTRACT
The epithelial-to-mesenchymal transition (EMT) is a complex change
in cell phenotype that is important for cell migration, morphogenesis
and carcinoma metastasis. Loss of epithelial cell adhesion and tight
regulation of cadherin adhesion proteins are crucial for EMT. Cells
undergoing EMT often display cadherin switching, where they
downregulate one cadherin and induce expression of another.
However, the functions of the upregulated cadherins and their
effects on cell motility are poorly understood. Neural crest cells
(NCCs), which undergo EMT during development, lose N-cadherin
and upregulate Cadherin 6 (Cdh6) prior to EMT. Cdh6 has been
suggested to suppress EMT via cell adhesion, but also to promote
EMT by mediating pro-EMT signals. Here, we determine novel roles
for Cdh6 in generating cell motility during EMT.We use live imaging of
NCC behavior in vivo to show that Cdh6 promotes detachment
of apical NCC tails, an important early step of EMT. Furthermore, we
show that Cdh6 affects spatiotemporal dynamics of F-actin and active
Rho GTPase, and that Cdh6 is required for accumulation of F-actin in
apical NCC tails during detachment. Moreover, Cdh6 knockdown
alters the subcellular distribution of active Rho, which is known to
promote localized actomyosin contraction that is crucial for apical
NCC detachment. Together, these data suggest that Cdh6 is an
important determinant of where subcellular actomyosin forces are
generated during EMT. Our results also identify mechanisms by
which an upregulated cadherin can generate cell motility during EMT.
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INTRODUCTION
Epithelial-to-mesenchymal transition (EMT) is a remarkable process
in which cells lose epithelial structure and undergo major changes in
cell shape, adhesion and motility to become migratory. EMTs are
crucial for many morphogenetic cell movements and for tissue
formation during development.Moreover, aberrant activation of EMT
underlies several pathologies, including carcinoma metastasis (Nieto,
2011; Thiery et al., 2009). Thus, uncovering molecular mechanisms
that drive EMT is essential for understanding the development and
mechanisms of cancer progression and other diseases.
The cadherin family of cell-adhesionmolecules plays a central role

in mediating epithelial cell adhesions via adherens junctions. The
process of ‘cadherin switching’, where cells change expression from

one cadherin to another, is a hallmark of EMT that remains poorly
understood (reviewed byWheelock, 2008). Although cadherin-based
cell adhesionsmust bedownregulated for delamination fromepithelia,
the purpose and function of upregulated cadherins is less clear. It has
been suggested that cadherin upregulation may be important for cells
undergoing EMT to segregate fromother epithelial cells or to increase
cell motility (Maeda et al., 2005; Wheelock et al., 2008). Cadherins
canpromote cellmotility in avarietyof cell types throughmechanisms
apart from their roles in adhesion (Maeda et al., 2005;McCusker et al.,
2009; Nieman et al., 1999; Park and Gumbiner, 2012, 2010; Shoval
et al., 2007). Furthermore, cadherins influence several signaling
pathways associated with motility, such as growth factor and Rho
GTPase signaling (Betson et al., 2002; Bryant et al., 2005; Doherty
et al., 2000; Kashef et al., 2009; Kim et al., 2000; Kovacs et al., 2002;
Noren et al., 2003; Perrais et al., 2007; Qian et al., 2004; Skaper et al.,
2001); however, roles for these cadherin-signaling functions during
EMT are largely unknown. In general, the molecular mechanisms
downstream of cadherin switching that induce cell motility are not
well understood.

Neural crest cells (NCCs) undergoEMT from the neuroepithelium
during normal development and display several changes in cadherin
expression, making them ideal for studying cadherin-switching
functions in EMT. Because NCC derivatives can give rise to
neuroblastoma and melanoma, elucidation of NCC EMT
mechanisms is important for understanding the biology of these
cancers. In many cell types, including some carcinoma cells, the
cadherin switch associatedwith EMT involves decreased E-cadherin
(Ecad) and increased N-cadherin (Ncad) levels (Wheelock et al.,
2008). Interestingly, NCCs display a different, dynamic cadherin
expression profile. In the early neural plate all cells express Ecad,
which is replaced by Ncad during neurulation (Dady et al., 2012;
Hatta et al., 1987). However, this Ecad-to-Ncad switch does not
induce NCC EMT or ectopic EMT of other neuroepithelial cells
(Dady et al., 2012). Instead, NCCEMToccurs later and is associated
with reduced Ncad levels and increased Cadherin 6 (Cdh6; formerly
cadherin 6B in chick) levels (Inoue et al., 1997; Nakagawa and
Takeichi, 1995, 1998; Park and Gumbiner, 2010). The role of Cdh6
in EMT has remained unclear, in part because Cdh6 knockdown
experiments have produced diverse results. Studies showing that
Cdh6 knockdown increases NCC delamination from chick midbrain
and that cdh6 is downregulated by Snail2 support the theory that
Cdh6-meditated adhesion inhibits NCC EMT (Coles et al., 2007;
Taneyhill et al., 2007). In contrast, other studies showing that
signaling through Cdh6 mediates de-epithelialization, loss of cell
polarity and increased migratory ability in trunk NCCs suggest that
Cdh6 promotes EMT (Park and Gumbiner, 2012, 2010). These
differing results suggest that Cdh6 may have diverse and context-
dependent functions in EMT.Because signaling pathways regulating
cell motility can be highly influenced by the extracellularReceived 30 October 2013; Accepted 23 April 2014
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environment (Bergert et al., 2012; Provenzano and Keely, 2011;
Sahai and Marshall, 2003; Tozluoglu et al., 2013), it is important to
investigate molecular mechanisms controlling EMT in the natural
cellular environment.
To date, how Cdh6 affects live cell dynamics during EMT has

not been investigated, partly due to challenges in identifying and
imaging premigratory NCCs during the initial cell behavior
changes in the neuroepithelium. We previously imaged zebrafish
NCC behaviors during EMT in the intact in vivo environment
(Berndt et al., 2008; Clay and Halloran, 2013). An important early
behavior in EMT is the actomyosin-driven detachment of the
apical NCC tail, which correlates with a loss of cell junctions, is
preceded by accumulation of F-actin in apical regions of the cell
and requires activation of the GTPase Rho specifically in the same
subcellular region (Ahlstrom and Erickson, 2009; Clay and
Halloran, 2013). Cdh6 is enriched in apical regions of NCCs
and can affect regulators of F-actin (Park and Gumbiner, 2012,
2010), suggesting that it could function in apical detachment.
Furthermore, the presence or absence of specific cadherins can
influence activation of Rho GTPases (Charrasse et al., 2007,
2002; Johnson et al., 2004; Kouklis et al., 2003; Lampugnani
et al., 2002; Taniuchi et al., 2005), suggesting that cadherin
switching may regulate GTPase signaling. However, few studies
have examined how cadherins affect the subcellular distribution
of GTPase activation, which is important for cell motility and
EMT (Bravo-Cordero et al., 2013; Clay and Halloran, 2013;
Heasman et al., 2010; Itoh et al., 2002; Machacek et al., 2009;
Matthews et al., 2008; Nakaya et al., 2008; Nalbant et al., 2004;
Pertz et al., 2006).
Here, we have used live imaging to uncover functions of Cdh6 in

EMT and in the molecular mechanisms underlying this process. We
imaged NCC motile behaviors, as well as the spatiotemporal
dynamics of F-actin and active Rho in vivo. We found that Cdh6
knockdown decreased NCC EMT and specifically led to failure of
NCC detachment without affecting other NCC behaviors. NCCs
that fail to detach after Cdh6 knockdown rarely accumulate apical
F-actin, suggesting that Cdh6 regulates this subpopulation of F-actin
during EMT. Finally, we show that Cdh6 knockdown results in an
expanded area of Rho activation within NCCs. Together, our data
identify new roles for Cdh6 in promoting specific motile behaviors
required for EMT, and reveal novel mechanisms by which Cdh6
promotes EMT.

RESULTS
Cdh6 expression and distribution are highly regulated
Cdh6 protein and mRNA are expressed in the chick dorsal neural
tube and are downregulated in NCCs shortly after EMT (Coles et al.,
2007; Nakagawa and Takeichi, 1998; Park and Gumbiner, 2010;
Taneyhill et al., 2007). Similarly, in the developing zebrafish
(Danio rerio) cdh6 is expressed early in the neural keel where NCCs
develop (Liu et al., 2006). However, an analysis of cdh6 expression
relative to neural crest markers at various stages of EMT has not
been carried out in any system. We examined expression patterns of
cdh6 and the NCC marker sox10 with in situ hybridization during
early, middle and late stages of NCC EMT in zebrafish. As
expected, cdh6 was expressed in the dorsal neuroepithelium of the
forebrain, hindbrain and trunk. At 14 hours post fertilization (hpf),
when many NCCs begin EMT (Berndt et al., 2008; Clay and
Halloran, 2013), cdh6 was absent from the midbrain and broadly
expressed in the hindbrain (Fig. 1B) in a pattern similar but not
identical to sox10 (Fig. 1E). By 16 hpf, when many NCCs are
actively undergoing EMT, cdh6 expression was slightly stronger
but showed a more restricted pattern (Fig. 1C). The highest levels
of cdh6 were at the midbrain-hindbrain boundary and near
rhombomere boundaries, whereas sox10 was markedly decreased
throughout the neuroepithelium (Fig. 1F). By 18 hpf, when most
NCC EMT is complete, cdh6 expression was very strong and broad
throughout the hindbrain (Fig. 1D), and few if any sox10-expressing
cells remained in the neuroepithelium (Fig. 1G). These data suggest
that the timing and level of cdh6 expression may be associated with
distinct functions in NCCs and neuroepithelial cells. Because cdh6
and sox10 show similar expression patterns during early EMT, we
examined the overlap of cdh6 and sox10 with fluorescent two-color
in situ hybridization at 14 hpf. We found extensive co-expression of
cdh6 and sox10 in premigratory NCCs (Fig. 1H, closed yellow
arrowheads). However, there were cells in the hindbrain that
expressed only cdh6 (Fig. 1H, open yellow arrowheads) or only sox10
(Fig. 1H, open white arrowheads). Outside the neuroepithelium most
NCCs expressed only sox10 (Fig. 1H, closed white arrowheads). In
summary, low levels of cdh6 are seen primarily in NCCs before and
duringEMT.AfterNCCsdelaminate, cdh6becomes highly expressed
throughout the neuroepithelium in cells that do not undergo EMT.
These results show that the distribution and level of cdh6 are tightly
spatiotemporally controlled during hindbrain NCC EMT and suggest
that moderate levels of cdh6 are associated with NCC EMT.

Fig. 1. cdh6 is expressed dynamically in the hindbrain and
NCCs. (A) Embryonic brain divisions. Gray box shows region
displayed in B-G. (B-G) Dorsal views (anterior left) of cdh6 and
sox10 in situ hybridizations at 14 hpf (B,E), 16 hpf (C,F) and
18 hpf (D,G). Red box marks approximate area shown in H.
(H) Confocal images (dorsal views, anterior left, individual
z-planes) of fluorescent in situ hybridizations for cdh6 (i, iii)
and sox10 (ii, iii) at 14 hpf. Yellow dashed lines mark basal
neuroepithelial surfaces and white dashed lines mark apical
midlines. Cells between the yellow dashed lines are
neuroepithelial cells or premigratory NCCs. Cells outside the
yellow dashed lines are mesenchymal cells or delaminated
NCCs. Closed yellow arrowheads mark premigratory NCCs
expressing cdh6 and sox10. Open yellow arrowheads mark
neuroepithelial cells expressing only cdh6. Open white
arrowheads mark NCCs expressing only sox10. Closed white
arrowheadsmark NCCs outside the neuroepithelium expressing
only sox10. FB, forebrain; MB, midbrain; HB, hindbrain. Scale
bars: 10 μm.
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To explore the distribution of Cdh6 protein, we examined Cdh6
fusion proteins in the neuroepithelium. We injected cdh6-mCherry
mRNA, which should result in exogenous Cdh6 throughout
the embryo, into one-cell stage transgenic embryos where NCCs
expressGFP [Tg(-4.9sox10:EGFP)] (Wada et al., 2005). Interestingly,
at 14 hpf Cdh6-mCherry was membrane localized in many
neuroepithelial cells, but appeared to be excluded from most NCCs
(Fig. 2B, Table 1). However, after we knocked down endogenous
Cdh6 using a splice-blocking morpholino (cdh6SplMO; see below)
that does not target exogenous Cdh6, we saw Cdh6-mCherry in
significantly more premigratory NCCs (Fig. 2C, Table 1), suggesting
that the presence of endogenous Cdh6 affected the ability of NCCs to
properly localize exogenous Cdh6. To test whether Cdh6 distribution
was affected by Ncad, we injected Cdh6-mCherry mRNA into
Ncad-morphant embryos. With Ncad knockdown, Cdh6-mCherry
was observed in neuroepithelial cells; however, Cdh6-mCherry was
excluded frommostNCCs (Fig. 2D,Table 1), suggesting that reducing
Ncad is not sufficient to allow exogenous Cdh6 expression in NCCs.

To more precisely examine the subcellular distribution of exogenous
Cdh6 in NCCs, we injected plasmid DNA to express Cdh6-GFP in
NCCs (-4.9sox10:cdh6-GFP), along with cdh6SplMO. The resulting
mosaic expression pattern allowed us to examine Cdh6-GFP in
individually labeled premigratory NCCs, and we found Cdh6-GFP
biased toward the apical midline of premigratory NCCs (Fig. 2E,F).
Together, our data show that expression levels and distribution
of Cdh6 are strictly regulated, likely both transcriptionally and
post-transcriptionally, and that regulation of Cdh6 is independent
of Ncad.

Cdh6 knockdown prevents NCC apical detachment and
subsequent NCC EMT
Because Cdh6-mediated effects on live NCC behaviors had not been
examined and its functions may be highly context dependent, we
set out to determine whether Cdh6 controls motile cell behaviors
in vivo. We combined Cdh6 knockdown with live imaging of NCC
behavior in vivo. We designed a Cdh6 splice-blocking morpholino
(cdh6SplMO) that resulted in either complete or partial deletion of the
targeted exon, caused frame shifts and resulted in no detectable wild-
type transcript (supplementary material Fig. S1). Injection of either
the splice-blocking morpholino or a translation-blocking morpholino
(cdh6ATGMO; Kubota et al., 2007) decreased levels of Cdh6 protein
(supplementary material Fig. S1F). For live imaging, we injected
morpholinos along with plasmid DNA to express membrane-bound
GFP mosaically in NCCs (−4.9sox10:GFP-CAAX) and live-imaged
behaviors of individual cells during the entire EMT process. In
embryos injected with scrambled control morpholino (controlMO),
NCCs exhibited stereotypical behaviors during delamination from the
neuroepithelium (Fig. 3A,B; supplementary material Movie 1). In
contrast, knockdown of Cdh6 with either morpholino specifically
inhibited apical detachment of premigratory NCCs (Fig. 3C,D;
supplementary material Movie 2), which is one of the first observable
motile behaviors of NCC EMT (Ahlstrom and Erickson, 2009; Clay
and Halloran, 2013). We previously reported that 71.2% of NCCs
analyzed with this method underwent apical detachment and
completed EMT during imaging in controlMO-injected embryos
(Clay and Halloran, 2013). We found significantly fewer NCCs
completing EMT following Cdh6 knockdown (cdh6SplMO=41.6%,
n=24 NCCs in five embryos, P=0.032 Fisher’s exact test;
cdh6ATGMO=31.6%, n=19 NCCs in three embryos, P=0.0094
Fisher’s exact test). Of NCCs that failed to undergo EMT, 77.8%
remained in contact with the apical midline at the end of imaging
(n=27 NCCs in eight embryos injected with either morpholino),
indicating that disruption of EMT is typically due to failure of
apical detachment. NCCs that failed to detach exhibited another
characteristic NCC behavior: blebbing at the basal side of the cell

Fig. 2. Exogenous Cdh6 distribution is tightly regulated. (A) Imaging
region and neuroepithelial structure. (B-E) Confocal images (dorsal views,
anterior left) of living 14 hpf embryos injected with cdh6-mCherrymRNA (B-D)
or −4.9sox10:GFP (E). Yellow dashed lines mark basal neuroepithelial
surfaces and white dashed lines mark apical midlines. (B-D) Single confocal
z-planes showing Cdh6-mCherry (ii, iii) in transgenic embryos with GFP-
labeled NCCs (i, iii). (B) Cdh6-mCherry is rarely seen in NCCs (arrowheads
and outlined NCC) after cdh6-mCherrymRNA injection alone. (C) More NCCs
express Cdh6-mCherry (open arrowheads) after cdh6SplMO injection.
(D) Few NCCs express Cdh6-mCherry with Ncad knockdown (ncadATGMO).
(E) Confocal z-projection of Cdh6-GFP in a premigratory NCC. Boxes show
ROIs measured. (F) Cdh6-GFP intensity is elevated in midline regions relative
to lateral regions of NCCs (**P=0.0056, unpaired one-tailed t-test). AU,
arbitrary units. Line is median, + is mean, box covers upper and lower quartiles,
and bars encompass minimum and maximum values. Scale bars: 10 μm.

Table 1. Proportion of GFP-labeled NCCs expressing Cdh6-mCherry

Group

Number of
hindbrain
NCCs

Number of
GFP+mCherry
positive NCCs (%)

Tg(-4.9sox10:EGFP)
+cdh6-mCherry mRNA

30 5 (16.7%)*

Tg(-4.9sox10:EGFP)
+cdh6-mCherry mRNA
+cdh6SplMO

46 21 (45.7%)*,‡

Tg(-4.9sox10:EGFP)
+cdh6-mCherry mRNA
+ncadATGMO

49 11 (22.4%)‡

*P=0.013 Fisher’s exact test.
‡P=0.019 Fisher’s exact test.
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(Fig. 3C,D; arrowheads, supplementary material Movie 2). This
suggests that Cdh6does not regulate blebbing, and that blebbing alone
is not sufficient to generate motility within the neuroepithelium.
Importantly, NCCs showed similar behaviors after injection of either
morpholino, and the decrease in EMT did not differ between
morpholinos (P=0.7554 Fisher’s exact test), suggesting that the
effects were specific to Cdh6 knockdown.
To test whether Cdh6 function in EMT is NCC-autonomous, we

generated mosaic embryos via blastula stage cell transplantations
(Fig. 4A). In donor embryos, all cells were labeled with Texas Red-
dextran andNCCs also expressedGFP [Tg(-4.9sox10:EGFP)]. Host
embryos were injected with Cdh6 morpholinos. Donor cells were
transplanted at 3 hpf and host embryoswere imaged at 14 hpf. Donor

NCCswere identified as having both green and red fluorescence.We
examined only donor NCCs in areas where the neuroepithelium
contained no other donor-derived wild-type cells (n=12 NCCs in
four embryos). Of these, 10 NCCs (83.3%) underwent EMT. Four of
the 10 cells delaminated from the neuroepithelium and initiated
migration during imaging, whereas the remaining six cells were in
the position of newly delaminated NCCs at imaging onset and
migrated away from the neuroepithelium. Fig. 4C shows one
example of an individual donor NCC undergoing the full process of
EMT. These data show that individual NCCs with normal Cdh6
levels can undergo EMT when surrounded by Cdh6-knockdown
cells, indicating that the functions of Cdh6 in detachment and EMT
are NCC-autonomous.

Fig. 3. Cdh6 knockdown reduces NCC detachment and
EMT. (A) NCC EMT behaviors and imaging region.
(B-D) Time-lapse images (dorsal views, anterior left,
confocal z-projections, beginning at 14 hpf) of NCCs
expressing GFP-CAAX. First frames show a single DIC
plane for reference. Yellow dashed lines mark basal
neuroepithelial surfaces and white dashed lines mark
apical midlines. (B) Control morpholino (controlMO)
injection does not affect NCC behaviors or EMT.
(C,D)Cdh6knockdownwithcdh6SplMO(B)orcdh6ATGMO
(C) disrupts apical detachment and EMT. However,
NCCs do exhibit blebbing (arrowheads). Time=h:min:s.
Scale bars: 10 μm.

Fig. 4. Cdh6 function in EMT is NCC autonomous and
Cdh6-GFP rescues morpholino knockdown. (A) Cell
transplantation experiments. (B) Imaging region in C,D.
(C,D) Confocal z-projections (dorsal views, anterior left)
showing NCCs that were in the neuroepithelium at imaging
onset. Time-lapse imaging began at 14 hpf. Yellow
dashed lines mark basal neuroepithelial surfaces and
white dashed lines mark apical midlines. (C) A wild-type
donor NCC (red/green) undergoes EMT normally when
transplanted into a Cdh6 knockdown embryo. (D) NCCs
expressing Cdh6-GFP undergo EMT as a cluster in Cdh6
knockdown embryo. Time=h:min:s. Scale bars: 10 μm.
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To further test morpholino specificity, we tested whether Cdh6-
GFP expressed in NCCs (−4.9sox10:cdh6-GFP) could rescue EMT
in Cdh6 morphant embryos. During time-lapse imaging, all
premigratory NCCs in the neuroepithelium that expressed Cdh6-
GFP underwent EMT (n=11 NCCs in two embryos). These results
indicate that the defect in NCC detachment is specific to loss of
Cdh6. Interestingly, we began imaging at a stage when many NCCs
should still be initiating EMT (14 hpf). However, at this stage the
majority of NCCs expressing Cdh6-GFP were already located
outside the neuroepithelium (72.4%, n=127 NCCs in 24 embryos).
This result suggests the level of Cdh6-GFP driven by the sox10
promoter may be high enough to induce early EMT. Furthermore,
cells expressing Cdh6-GFP often appeared to delaminate
collectively (Fig. 4D), suggesting high levels of Cdh6-GFP may
also cause ectopic cell clustering. This clustering was not seen in
transplant experiments, where donor cell Cdh6 levels were not
manipulated. Together, these results identify a specific, NCC-
autonomous role for Cdh6 in generating NCC motility, by
promoting apical NCC detachment and EMT.
To ask whether Cdh6 regulates NCC detachment indirectly

by affecting Ncad, we tested whether Cdh6-mCherry affects
the distribution of Ncad. Cdh6 knockdown had no effect on the
distribution of Ncad-GFP (supplementary material Fig. S2A,B).
Moreover,Cdh6-mCherryexpressioncouldnot rescueneuroepithelial
defects resulting fromNcad knockdown (data not shown) ormutation
(supplementary material Fig. S2C,D), suggesting these cadherins do
not have equivalent functions. These data indicate that Cdh6 promotes
EMT via a mechanism that does not involve indirect modulation
of Ncad.

Cdh6 is important for apical F-actin accumulation during
NCC detachment
We previously showed that F-actin accumulates in apical NCC tails
prior to actomyosin-driven detachment (Clay and Halloran, 2013).
However, it remained unknown what signals are important for
establishing this specific F-actin distribution. Cdh6 affects signaling
of the F-actin regulators LIM kinase 1 (LIMK1) and cofilin, and is
enriched in apical regions of chick NCCs (Park and Gumbiner,
2012, 2010), similar to the pattern we observed with Cdh6-GFP
(Fig. 2E,F). This suggests it could regulate apical F-actin. We tested
this hypothesis by imaging a biosensor for F-actin (mCherry-
UtrCH; Burkel et al., 2007) that we had used previously (Berndt
et al., 2008; Clay and Halloran, 2013). We injected plasmids to label
NCCs with membrane-bound GFP (−4.9sox10:GFP-CAAX) and
the F-actin biosensor (−4.9sox10:mCherry-UtrCH), and imaged
EMT behaviors. In controls, the majority of labeled cells underwent
EMT (n=12/15 NCCs in three embryos) and F-actin accumulated in
apical tails prior to detachment (Fig. 5B, white arrowheads;
supplementary material Movie 3). We quantified F-actin levels in
the apical tail by normalizing against F-actin in blebs (see Materials
and Methods). We found that, in the tail, F-actin levels spiked prior
to detachment (Fig. 5C), and that accumulations of F-actin were
relatively stable (lifetime ≥0.5 min; Table 2). In Cdh6-knockdown
embryos, the majority of NCCs failed EMT (10/12 NCCs in three
embryos), and F-actin accumulation was rarely observed in the
apical tail (Fig. 5D, closed yellow arrowheads; supplementary
material Movie 4). Quantification showed that F-actin levels did not
increase in NCCs that did not detach (Fig. 5E), and F-actin
accumulations were less stable in these cells (Table 2). However, in

Fig. 5. Cdh6 is important for apical
F-actin accumulation during NCC
detachment. (A) Overview of imaging
region. (B,D,F) Time-lapse images
(dorsal views, anterior left, confocal
z-projections beginning at 14 hpf)
of NCCs expressing GFP-CAAX
and F-actin biosensor (red). Yellow
dashed lines mark basal
neuroepithelial surfaces and white
dashed lines mark apical midlines.
(C,E,G) Plots of normalized F-actin
intensity in apical tail over time. (B) In
a control embryo, apical detachment
is preceded by F-actin accumulation
(white arrowheads). (C) Intensity of
apical tail F-actin peaks prior to
detachment in wild-type NCC shown
in B. (D) After Cdh6 knockdown,
F-actin does not accumulate in the
apical tail (closed yellow arrowheads),
the tail does not detach and the NCC
does not undergo EMT. (E) Intensity
of apical F-actin remains low in the
Cdh6-knockdown NCC shown in B.
(F) In a Cdh6-knockdown NCC that
does detach and undergo EMT,
F-actin accumulates apically before
detachment (blue arrowheads).
(G) Intensity of apical F-actin peaks
before detachment in the Cdh6-
knockdown NCC shown in F.
Time=h:min:s. Scale bars: 10 μm.
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rare NCCs that underwent EMT in Cdh6-knockdown embryos,
stable F-actin did accumulate in apical tails prior to detachment
(Fig. 5F,G, blue arrowheads; Table 2). Interestingly, in NCCs that
failed to stabilize apical F-actin, we observed F-actin in retracting
blebs, similar to what we previously found in wild-type embryos
(Fig. 5D, open yellow arrowheads) (Berndt et al., 2008). These data
show that Cdh6 is necessary for accumulation of apical F-actin
during detachment of NCC tails, and suggest that proper regulation
of this F-actin subpopulation is crucial to NCC EMT.

Cdh6 influences localization of active Rho
Rho GTPases are major regulators of cell motility and actomyosin
contractile forces (Jaffe and Hall, 2005). We previously showed
Rho is activated specifically in apical NCC tails before and during
detachment, and that apically focused Rho activation is crucial for
detachment and EMT (Clay and Halloran, 2013). Thus, we sought
to determine whether Cdh6 affects Rho activation during EMT. We
imaged active Rho using a biosensor containing the Rho-binding
domain of Rhotekin (rGBD) fused to GFP (GFPrGBD; Benink and
Bement, 2005), which we had used previously in NCCs (Clay
and Halloran, 2013). We mosaically expressed the active Rho
biosensor together with mCherry as a volume marker for

ratiometric imaging, knocked down Cdh6 and live imaged the
NCCs. We found that, similar to wild-type embryos, Rho was
activated in apical NCC tails after Cdh6 knockdown (Fig. 6B,C;
supplementary material Movies 5,6), although it was activated in a
broader area (see below). We measured active Rho levels
normalized to the basal side of the cell (R-value, see Material
and Methods) and found that Rho activation significantly increased
at a distinct point in time (Fig. 6D,E), similar to the increase that
occurs during NCC detachment in wild-type embryos (Clay and
Halloran, 2013). In Cdh6-knockdown embryos the average active
Rho level before the increase (R-value=1.48) was similar to the
level we reported (Clay and Halloran, 2013) for wild-type NCCs
before detachment (R-value=1.36; P=0.4442, unpaired t-test).
Furthermore, the average active Rho level in Cdh6 knockdown
embryos after the increase (R-value=1.89) was similar to the level
in wild-type embryos during EMT (R-value=1.62, P=0.0974,
unpaired t-test). Therefore, loss of Cdh6 did not affect the overall
level and timing of Rho activation. However, Cdh6 knockdown did
influence the area of Rho activation and led to an expansion of the
active Rho domain beyond the region nearest the midline (Fig. 6C,
boxes). We measured the proportion of cell area occupied by active
Rho and found a significant increase in Cdh6 knockdown NCCs

Table 2. F-actin accumulation lifetimes in apical NCC tails

Group

Number of NCCs
analyzed (number of
embryos)

Number of NCCs in which
F-actin accumulated
≤0.5 min

Number of NCCs in which
F-actin accumulated
>0.5 min

P-value (Fisher’s exact
test; compared with
wild-type)

Wild type 6 (3) 0 6 n/a
Cdh6 knockdown
(NCC fails to detach)

8 (3) 5 3 0.031

Cdh6 knockdown
(NCC does detach)

2 (2) 0 2 n/a

Fig. 6. Cdh6 knockdown expands area of Rho
activation. (A) Overview of imaging region and definition of
normalized active Rho measure (R-value). (B,C) Time-
lapse images (dorsal views, anterior left, confocal
z-projections beginning at 14 hpf) of NCCs expressing
active Rho biosensor. Yellow dashed lines mark basal
neuroepithelial surfaces and white dashed lines mark
apical midlines. (B) In a control embryo, active Rho is
observed primarily near the midline during NCC tail
detachment (arrowheads). (C) In a Cdh6-knockdown
embryo, Rho is activated but area of activation is expanded
(boxes). (D) Active Rho level (R-value) over time in tail of
NCC shown in C. Time when Rho activation is observed is
0 min in C,D. (E) Average active Rho level (n=9 NCCs)
becomes elevated in Cdh6-knockdown embryos
(***P=0.0009, paired two tailed t-test). Line is median,+is
mean, box covers upper and lower quartiles, and bars
encompassminimumandmaximumvalues. Time=h:min:s.
Scale bars: 10 μm.
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(23.5% of total cell area) compared with wild-type NCCs at early
detachment stages (7.9%; P=0.0017, unpaired t-test) (Clay and
Halloran, 2013). These data suggest that Cdh6 may function in a
novel manner to influence active Rho localization, although it
may do so indirectly or in concert with other molecules (see
Discussion).

DISCUSSION
Here we reveal novel functions for Cdh6 in the crucial process of
EMT in vivo. We show that Cdh6 promotes apical detachment of
hindbrain premigratory NCCs, an important early step in EMT.
Moreover, we show that Cdh6 is required for the apical F-actin
accumulation that precedes detachment, and for focused Rho
activation, both of which are key molecular steps in EMT. These
results provide new insight into signaling pathways through which
Cdh6 acts, and show that Cdh6 directs localized subcellular
actomyosin forces.
Our finding that Cdh6 promotes EMT is consistent with

studies showing that Cdh6-mediated bone morphogenetic protein
signaling promotes de-epithelialization prior to EMT in chick
trunk NCCs (Park and Gumbiner, 2012, 2010). In contrast, Cdh6-
mediated adhesion is thought to prevent EMT in midbrain NCCs
(Coles et al., 2007). Collectively, these studies suggest diverse
molecular functions for Cdh6 that may differ between trunk and
cranial NCCs, and also between subpopulations of cranial NCCs
(midbrain versus hindbrain). Interestingly, distinct pre-migratory
cell populations within the cranial neural fold give rise to different
NCC derivatives (Lee et al., 2013), and differences in cadherin
expression may define subpopulations. At different stages of NCC
EMT, we see little or no cdh6 expression in the zebrafish midbrain
and low levels in the hindbrain, which could indicate different roles
for Cdh6 in these areas. We also see cdh6 in neuroepithelial cells
that do not undergo EMT, suggesting that Cdh6 alone is not
sufficient to induce EMT and that other NCC-specific factors are
likely to be involved. Interestingly, the transcription factor Snail2, a
crucial driver of NCC EMT, suppresses cdh6 expression in chick
NCCs (Taneyhill et al., 2007). It is plausible that rather than
completely eliminating cdh6 expression, Snail2 maintains lower
cdh6 levels that may be crucial for EMT. Indeed, during EMT,
snail2 is expressed throughout the zebrafish neuroepithelium
(Thisse et al., 1995) and hindbrain cdh6 levels are low. After EMT,
snail2 is absent from the neuroepithelium, and cdh6 is expressed
at higher levels that may serve a different function, such as
adhesion. Our finding that endogenous Cdh6 precludes expression
of exogenous Cdh6-mCherry in NCC membranes further suggests
that NCCs have mechanisms to tightly regulate cell-surface Cdh6
protein levels. Furthermore, our experiment showing that Cdh6
overexpression may induce early EMT suggests the timing of
expression changes is crucial. Future experiments using inducible
gene expression (Gerety et al., 2013) could allow for exploration of
the timing of EMT relative to induction of Cdh6 expression.
An individual cadherin with multiple and sometimes opposing

roles in EMT is not unprecedented. For example, Ncad adhesion
suppresses NCC EMT (Nakagawa and Takeichi, 1995; Park and
Gumbiner, 2010; Shoval et al., 2007), whereas its cleavage activates
intracellular signals that promote EMT (Shoval et al., 2007).
Ncad upregulation is thought to promote EMT in several non-
neuroepithelial cells (reviewed by Wheelock et al., 2008), but in
many cases Ncad expression in epithelial cells does not correlate
with EMT (Dady et al., 2012; Knudsen et al., 2005; Maeda et al.,
2005; Straub et al., 2011). Interestingly, it has been shown that Cdh6
also undergoes proteolytic cleavage during EMT (Schiffmacher

et al., 2014), whichmay be one of the post-translational mechanisms
by which Cdh6 is regulated during EMT. It will be interesting to see
whether Cdh6 cleavage fragments also carry signaling abilities
similar to Ncad or to other type II cadherins (Cad7 and Cad11), the
signaling functions of which promote NCCmigration (Kashef et al.,
2009; McCusker et al., 2009; Nakagawa and Takeichi, 1998; Vallin
et al., 1998). Overall, the end result of expressing a specific cadherin
probably depends heavily on cellular context, which highlights the
importance of understanding all the functions of specific cadherins
during EMT in vivo.

We previously found that actomyosin contraction, which is
promoted by Rho/ROCK signaling, is required for the detachment
of NCCs but not for the accumulation of F-actin in apical NCC tails
(Clay andHalloran, 2013). Here, we show that Cdh6 is necessary for
apical F-actin accumulation. Interestingly, Cdh6 knockdown did not
affect F-actin in NCC blebs, suggesting that Cdh6 regulates F-actin
specifically in apical NCC tails. Cadherins, through adapters such
as catenins, link the F-actin cytoskeleton to the cell membrane. This
link may be the basis by which Cdh6 localizes F-actin apically and
by which actomyosin force is transmitted into cell movement. Cdh6
has been shown to stimulate NCC de-epithelialization via non-
canonical BMP signaling and LIMK-mediated inactivation of
cofilin (Park and Gumbiner, 2012). The outcome of cofilin activity
depends on several factors (Andrianantoandro and Pollard, 2006;
Dedova et al., 2004; Pavlov et al., 2007), but active cofilin primarily
functions to sever F-actin, thus disrupting F-actin networks.
Furthermore, cofilin can prevent myosin II binding to F-actin, and
depletion of cofilin can lead to formation of actomyosin complexes
that drive contractility (Wiggan et al., 2012). As we have identified a
specific subpopulation of F-actin regulated by Cdh6, we can
propose a model for how Cdh6 and LIMK/cofilin act to control
F-actin in NCCs (Fig. 7). A major function for Cdh6 may be to
reduce cofilin activity, thereby promoting stable actomyosin which
drives apical detachment. However, which molecular players
control the polymerization of the F-actin seen in apical tails
remains unknown. Actin nucleators, such as formins, may lead to
the formation of F-actin in apical regions, which is intriguing as

Fig. 7. Model of Cdh6 functions during EMT in apical NCC tail. Cdh6
promotes NCC detachment by promoting stable F-actin accumulation in apical
tails (left). Effects of Cdh6 on F-actin may be via F-actin regulators (gray
dashed arrows). Cdh6 influences active Rho localization (right) and Rho
promotes actomyosin contraction during apical detachment. Cdh6 may pattern
Rho activation by influencing a Rho activator and/or a feedback loop in
which actomyosin affects Rho activation (dashed gray arrows). Head-to-end
arrows indicate potential indirect interactions.
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many formins are regulated by Rho GTPases (Goode and Eck,
2007). Alternatively, existing F-actin may be rearranged in a Cdh6-
dependent manner to form F-actin accumulations during EMT.
Either way, we have identified Cdh6 as a crucial player in the
organization of F-actin during NCC EMT.
To generate the actomyosin necessary for detachment, F-actinmust

be coupledwithmyosin contractility. RhoGTPase is a key regulator of
myosin (Jaffe and Hall, 2005), and the timing and location of Rho
activation is determined by regulators that switch Rho on or off
(Rossman et al., 2005; Tcherkezian and Lamarche-Vane, 2007). We
previously showed that restriction of Rho activation to apical regions
by Arhgap1 is crucial for EMT (Clay and Halloran, 2013). The
expansion of Rho activation after Cdh6 knockdown suggests that
Cdh6 somehow influences the Rho activation area. Cadherins have
been linked to global changes in GTPase activation levels (Johnson
et al., 2004; Kim et al., 2000; Kouklis et al., 2003; Kovacs et al., 2002;
Lampugnani et al., 2002; Noren et al., 2003), but have not previously
been implicated in influencing activeGTPase localization in particular
subcellular regions. Our results and model (Fig. 7) do not distinguish
between direct versus indirect effects of Cdh6 on active Rho
localization, and molecular steps are likely to exist between Cdh6
and Rho. One possibility is that Cdh6 knockdown causes an
expansion of the apical cell domain, thus affecting localization of
other apical molecules that influence Rho activity. For example, Cdh6
may influence the localization of a Rho activator within the apical cell
region via an unknown mechanism, and when Cdh6 is lost the
activator diffuses more broadly. It is also possible that local Rho
activation is affected by actomyosin formation, and that in an attempt
to overcome the detachment defect caused by loss of Cdh6 and apical
F-actin, Rho is activated more broadly by Cdh6-independent
molecules. These models are not mutually exclusive, and further
study of direct or indirect relationships between Cdh6 and known
modulators of Rho may uncover new mechanisms by which Rho
regulators are localized to influenceGTPase signaling.Nonetheless, it
is apparent that the pathways that govern F-actin and the formation of
contractile actomyosin, such as those influenced by Cdh6 and Rho,
must all be coordinated for proper NCC EMT to occur.

MATERIALS AND METHODS
Animals
Animal work was carried out in compliance with guidelines from NIH and
the University of Wisconsin Institutional Animal Care and Use Committee.
Embryos were obtained from zebrafish wild-type lines (AB or Tuebigen),
a transgenic line expressing GFP in NCCs [Tg(-4.9sox10:EGFP)]; Wada
et al., 2005) or ncadtm101 mutants (Lele et al., 2002), and were raised at
23-28°C and staged in hpf as described previously (Kimmel et al., 1995).

DNA constructs, mRNA synthesis, morpholinos and
microinjection
Full-length zebrafish cdh6 cDNA (ZFIN; Acc: ZDB-GENE-050320-92)
was amplified by RT-PCR from total RNA from 24 hpf embryos and cloned
into pCS2 for in situ probe generation using Gateway (Life Technologies)
cloning (Kwan et al., 2007).

DNA plasmids encoding C-terminal fluorescent Cdh6 fusion proteins
were generated using InFusion cloning (Clontech). Full-length cdh6with no
stop was PCR amplified from cDNA with primers that allowed InFusion
reactions into target vectors. cdh6-mCherry was cloned into pCS2 and
mMessage Machine (Life Technologies) was used to synthesize 50-capped
cdh6-mCherry mRNA for injections. cdh6-GFP was cloned behind the
NCC-specific sox10 promoter (−4.9sox10; Wada et al., 2005) in a vector
containing tol2 transposase sites and used for DNA injections.

All mRNA and DNA injections were carried out at the one-cell stage in a
volume of 1 nl. To express Cdh6-mCherry, 125 pg of cdh6-mCherry
mRNAwas injected into embryos that express GFP in NCCs [Tg(-4.9sox10:

EGFP)] allowing identification of NCCs. Injection of mRNA results in
broad expression throughout the embryo. To express Cdh6-GFP specifically
in NCCs, 12.5 pg of −4.9sox10:cdh6-GFP plasmid was injected. Injection
of plasmid DNA results in mosaic expression in a subset of NCCs. Plasmids
encoding membrane GFP (GFP-CAAX), mCherry, an F-actin biosensor
(mCherry-UtrCH; Burkel et al., 2007), and an active Rho biosensor
(GFPrGBD; Benink and Bement, 2005) driven by the sox10 promoter were
prepared as previously described (Clay and Halloran, 2013); 12.5 pg of each
plasmid was injected.

Antisense morpholinos (Gene Tools) were injected into one-cell stage
embryos to knock down Cdh6. A splice-blocking morpholino (cdh6SplMO:
50-AGCTTTTCAAATCTTACCAATGTGA-30) was used at 500-650 μMor
a translation-blocking morpholino (cdh6ATGMO: 50-AAGAAGTACAA-
TCCAAGTCCTCATC-30; Kubota et al., 2007) was used at 500 μM.
To knock down Ncad, a translation-blocking morpholino (ncadATGMO:
50-TCTGTATAAAGAAACCGATAGAGTT-30) (Lele et al., 2002) was
used at 500 μM. A standard scrambled morpholino (controlMO: 50-CCT-
CTTACCTCAGTTACAATTTATA-30) was used as a control.

In situ hybridization
Digoxygenin-UTP- or fluorescein-labeled riboprobes for cdh6 or sox10
were synthesized by in vitro transcription and hydrolyzed to a length of
∼300 bases by limited alkaline hydrolysis (Cox et al., 1984). Whole-mount
in situ hybridization was performed as described previously (Halloran et al.,
1999). Images of colorimetric in situ hybridizations were acquired on a
Nikon TE3000 microscope with a 20× objective using MetaMorph software
(Molecular Devices). For fluorescent in situ hybridization, transcripts were
detected by tyramide signal amplification as described previously (Lauter
et al., 2011), and images were acquired on a Nikon FV1000 laser scanning
confocal microscope using a 60× oil immersion objective (NA 1.35).

Western blot
Embryos were injected with controlMO, cdh6SplMO or cdh6ATGMO and
raised to 24 hpf. Protein extraction and western blotting were performed with
standard techniques. To generate an antibody to zebrafish Cdh6, a peptide
corresponding to Cdh6 extracellular domain amino acids 347-363
(CKNTHPYSHYMSQDTKDK) was synthesized and injected into rabbits
(YenZyme Antibodies). Blots were incubated with anti-Cdh6 primary
antibody at 1:500 and HRP-conjugated anti-rabbit IgG secondary antibody
(115-035-174; Jackson ImmunoResearch) at 1:10,000. As a loading control,
blots were incubated with anti-γ-tubulin primary antibody (T5326; Sigma-
Aldrich) at 1:1000 and HRP-conjugated anti-mouse IgG secondary antibody
(211-052-171; Jackson ImmunoResearch) at 1:10,000. Blots were visualized
by chemiluminescence.

Cell transplantations
Cell transplantations were carried out at the blastula stage as described
previously (Kemp et al., 2009). Donor embryos [Tg(-4.9sox10:EGFP)]
were injected with 1 nl of 3% Texas Red-conjugated Dextran (Life
Technologies) at the one-cell stage. Host embryos (AB) were injected
with cdh6SplMO. At 3 hpf, cells were transplanted from donor into host
embryos. Embryos were raised to 14 hpf and imaged as described below.

Live confocal imaging and analysis
For live imaging, embryos were mounted in 1% low-melting agarose in E3
with 10 mM HEPES as described previously (Andersen et al., 2010).
Imaging was conducted on an Olympus FV1000 confocal microscope using
a 60× oil immersion objective (NA 1.35) and began at 14 hpf. Images of
hindbrain rhombomeres 1-4 were acquired every 30-35 s.

Tomeasure Cdh6-GFP localization,maximum-intensity z-projectionswere
generated. The average Cdh6-GFP intensity was auto-thresholded and
measured in equal-sized regions of interest (ROIs) containing approximately
one-third of the cell nearest the midline (apical) and near the lateral
neuroepithelium (basal) with ImageJ. Across all cells, the mean intensities of
apical and basal ROIs were compared using an unpaired one-tailed t-test.

For movies of GFP-CAAX-labeled NCCs, the proportion of NCCs
undergoing EMT was calculated as described previously (Clay and
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Halloran, 2013). NCCs were considered premigratory if they were in contact
with both the apical midline and the basal edge of the neuroepithelium, as
identified from differential interference contrast (DIC) images. EMT was
considered complete when NCCs completely delaminated from the
neuroepithelium. Comparisons between control and Cdh6 morpholino-
injected embryos were made using Fisher’s exact tests.

Embryos expressing GFP-CAAX and the mCherry-UtrCH F-actin
biosensor were imaged as previously described (Clay and Halloran,
2013). To quantify the level of F-actin in the apical tail, we created a
normalized fluorescence intensity measure by comparing it with the F-actin
signal in blebs, which is unaffected by Cdh6 knockdown. The average
mCherry intensity in a retracting bleb was measured in a 5×5 pixel ROI and
averaged across three blebs in the cell. The average intensity within an ROI
in the apical tail for each NCC was then normalized to the bleb intensity. To
quantify the lifetime of apical F-actin accumulation, we set a threshold of
normalized mCherry intensity at 0.70 (70% of the mean bleb intensity) and
calculated the longest timespan above threshold for each cell. The
distributions of F-actin lifetimes between wild-type and Cdh6-knockdown
embryos were compared using Fisher’s exact test.

The active Rho biosensor was co-expressed with mCherry as a volume
marker for ratiometric imaging as previously described (Clay and Halloran,
2013). Z-stacks were merged and a ratio channel of GFP/mCherry
fluorescence was created using Volocity software (Perkin-Elmer). The
level of apical active Rho was determined by a normalized measure
(R-value), which was calculated by dividing the GFP/mCherry ratio in the
NCC tail by that in the leading edge. In embryos injected with Cdh6
morpholino, the R-value was averaged across all cells in two time periods:
(1) during the first 20 min of imaging; and (2) during a 20 min period after
Rho activation was observed. Comparison of the average R-value between
periods was carried out with a paired two-tailed t-test. Comparisons of the
average R-value from the early period in Cdh6 morpholino-injected
embryos versus a similar early period in wild-type embryos, and of the
average R-value following Rho activation in Cdh6 morpholino-injected
embryos versus a similar period during EMT in wild-type embryos, were
made using unpaired two-tailed t-tests.

The proportion of cell area in which Rho was activated was measured
as previously described (Clay and Halloran, 2013). A threshold of active
Rho was calculated from the average maximum GFP/mCherry ratio in a
20 min period. The proportion of the cell area with GFP/mCherry greater
than one-third the average maximum was averaged over time. In Cdh6
morpholino-injected embryos, this period began after Rho activation was
observed, and was compared with a 20 min period during wild-type
EMT, when NCCs have a similar morphology, with an unpaired two-
tailed t-test.

Statistical analysis
All statistics were calculated with Prism 5.0 (GraphPad Software). For box
plots: line is median,+ is mean, box covers upper and lower quartiles, and
bars encompass minimum and maximum values.
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