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Neural crest development in Xenopus requires Protocadherin 7 at the
lateral neural crest border
Dana Rashid, Paul Puettmann, Ethan Roy, Roger S. Bradley ⁎
Department of Cell Biology and Neuroscience, Montana State University, Bozeman, MT 59717, United States
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1. Introduction

The neural crest is a distinct population of cells, unique to verte-
brates, that is responsible for generating a diverse number of adult de-
rivatives. Neural crest cells are induced early during embryonic
development, originating from the border of the neural plate and epi-
dermal ectoderm.Duringprimary neurulation, this border ectodermbe-
comes incorporated into the neural folds and eventually ends up in the
dorsal neural tube. Prior to, or just after, neural tube closure, depending
on the species, the neural crest cells undergo an epithelial tomesenchy-
mal transition (EMT) and delaminate from the neural ectoderm. The
cells then undergo collective cell migration along well-defined routes,
eventually ceasing migration and differentiating into multiple cell
types that contribute to a wide variety of embryonic tissues (Le
Douarin and Kalcheim, 1999; Mayor and Theveneau, 2013; Theveneau
and Mayor, 2012). For example, the cranial neural crest emanates
from the anterior neural tube and gives rise to the cranial ganglia and
cartilage and bones of the skull and face, while the trunk neural crest
originates from the posterior neural tube and formsmost of the periph-
eral nervous system (PNS), including the dorsal root ganglia, sympa-
thetic ganglia and Schwann cells, in addition to chromaffin cells of the
adrenal medulla and melanocytes in the skin.
The contribution of the neural/epidermal border cells to neural crest
formation is well established and involves a precisely regulated gene
and signaling network. Secreted signals fromneighboring tissues are re-
quired for neural crest induction and differentiation. These secreted fac-
tors includeWnts, from the neural and epidermal ectoderm, BMPs from
the epidermal ectoderm and FGF family members from the underlying
mesoderm (Klymkowsky et al., 2010; Milet and Monsoro-Burq, 2012;
Rogers et al., 2012; Sauka-Spengler and Bronner-Fraser, 2008; Schille
and Schambony, 2017; Stuhlmiller and Garcia-Castro, 2012). Together,
these factors induce the formation of the neural crest domain, a broad
progenitor region that expresses distinct molecular markers, such as
Pax3, c-myc and Zic1 (Meulemans and Bronner-Fraser, 2004; Pegoraro
and Monsoro-Burq, 2013). These transcription factors, in combination
with continued secreted signals from adjacent tissues, activate the ex-
pression of a new set of transcription factors that function as neural
crest specifiers, including Snail2, Twist, Foxd3, Sox9 and AP-2 (Milet
et al., 2013; Plouhinec et al., 2014; Shi et al., 2011). Neural crest specifier
genes then elicit the subsequent EMT and migration of the neural crest.

Cell-cell adhesion, as mediated by members of the cadherin super-
family, also plays important roles in neural crest development. The
zinc-finger transcription factors Snail2 and Twist are potent inducers
of EMT in epithelial cells and regulate expression of several cadherins
in the neural crest (Batle et al., 2000; Bolos et al., 2003; Taneyhill
et al., 2007; Tien et al., 2015). Disrupting cadherin expression in the
neural crest, either by gain of function or loss of function, alters neural
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crest EMT, migration and differentiation, confirming that regulated
cadherin-mediated cell adhesion is essential for proper neural crest de-
velopment (Taneyhill and Schiffmacher, 2017).

In Xenopus embryos, the ectoderm is unique in that it consists of
two cell layers, an outer epidermal layer and an inner sensorial layer.
The neural crest emanates from the sensorial layer, where it juxtaposes
the neural ectoderm, prior to neural tube closure, as opposed to
delaminating from the dorsal neural tube as occurs in other vertebrates.
The cadherin family member Protocadherin 7 (Pcdh7, also known as
NF-protocadherin) is highly expressed in the ectodermal inner layer,
lateral to the neural plate, and is required for proper histogenesis of
this layer (Bradley et al., 1998). This expression pattern suggests a role
for Pcdh7 in neural crest formation in embryos. To investigate this po-
tential role, we disrupted Pcdh7 expression in early embryos and ana-
lyzed the effect on the neural crest. When Pcdh7 is inhibited lateral to
the neural plate, neural crest cells are still induced; however, they sub-
sequently undergo apoptosis, resulting in the loss of specification
markers. Neural crest cell death is due, at least in part, to loss of
Wnt11b from the inner layer cells at the neural/epidermal border and
ectopic expression of Wnt11b partially rescues neural crest apoptosis.
In combination with our previous studies demonstrating that Pcdh7 is
essential for proper epidermal ectoderm cohesion (Bradley et al.,
1998), these results indicate that Pcdh7 is necessary forWnt11b expres-
sion from the ectoderm, which is required for neural crest survival and
specification.

2. Results

2.1. Xenopus Pcdh7 is required for expression of neural crest specification
markers

Our previous results demonstrated that Pcdh7 is required for both
proper formation of the ectodermal sensorial layer and for neural tube
closure (Bradley et al., 1998; Rashid et al., 2006). While Pcdh7 is gener-
ally expressed in the sensorial layer, highest expression occurs cranially,
lateral to the neural plate during neurulation, suggestive of an interac-
tion with cranial neural crest cells, which also originate from the senso-
rial layer lateral to the neural plate. To investigate the role Pcdh7 plays
in cranial neural crest development, we first sought to clarify where
Pcdh7 is expressed relative to the presumptive neural crest. According-
ly, stage 17 embryoswere assayed by in situ hybridization for Pcdh7and
two neural crest specification markers, Snail2 and Sox9 (Mayor et al.,
1995; Spokony et al., 2002). As shown in Fig. 1, Pcdh7 is expressed in
the ectoderm, lateral to the neural plate, as well as at the tips of the
Fig. 1. Pcdh7 is expressed in a subset of neural crest cells. Embryos at stage 17/18were subjecte
in situ for Pcdh7 and Snail2 (C, D, H) or the neural crestmarker Sox9 (E, I). Embryos are viewed
the ectoderm and at the tips of the neural folds (A, arrows in F), with highest expression along
from the sensorial layer (B, G). Embryos subjected to double in situ for Pcdh7 and Snail 2 or Sox9
confirmed in cross section (H, I). Anterior is the right in A–E. Sections F\\I are anterior, through
neural crest and Pcdh7 is shown (J). Abbreviations: np, neural plate; nc, notochord; psm, preso
neural folds, but is not expressed in the neural plate proper, as previous-
ly described (Bradley et al., 1998). Snail2 is also expressed lateral to the
neural plate, but extends more medially, with strongest staining in the
cranial neural crest. Sections through embryos stained for Pcdh7 or
Snail2 confirm that both genes are expressedwithin the inner or senso-
rial layer of the ectoderm (Fig. 1F, G). To investigate further the relation-
ship between Pcdh7 and the presumptive neural crest, embryos were
subjected to double in situ hybridization for both Pcdh7 and Snail2 or
Sox9. As observed in whole mount, Pcdh7 is expressed lateral to, and
partially overlaps, Snail2 and Sox9 along the lateral border of the neural
crest (Fig. 1C–E). Furthermore, sections through double in situ embryos
confirm that, while Snail2 and Sox9 are primarily expressed more dor-
sally than Pcdh7, there is a subset of sensorial layer cells that express
both genes (Fig. 1H, I). In sum, in situ hybridization results reveal that
Pcdh7 expression juxtaposes and partially overlaps neural crest
markers Snail2 and Sox9 in the inner sensorial layer, at the lateral bor-
der region of the cranial neural crest.

The overlap of Pcdh7 andneural crest specificationmarkers suggests
that Pcdh7 may play a role in neural crest development. Therefore, we
asked whether loss of Pcdh7 from the sensorial layer disrupts the for-
mation or differentiation of the neural crest. To disrupt Pcdh7 we uti-
lized either a Pcdh7 morpholino (Pcdh7MO) or a Pcdh7 dominant
negative construct (Pcdh7ΔE), both previously shown to inhibit specif-
ically Pcdh7 expression in embryos (Bradley et al., 1998; Heggem and
Bradley, 2003; Rashid et al., 2006; Piper et al., 2008). Embryos were
injected at the 4-cell stage into a single dorsal blastomere with
Pcdh7MO, Pcdh7ΔE, or a control morpholino (CMO), along with LacZ
mRNA as a tracer, and allowed to develop until stages 15–17, then ana-
lyzed by in situ hybridization for proper expression of neural plate, neu-
ral crest induction or neural crest specification markers. Results reveal
that inhibiting Pcdh7 expression in the border region has no effect on
induction of the neural plate or the initial induction of the neural
crest, as assayed at stage 15 for expression of the neural plate markers
Sox2 and Sox15 (SoxD) (Mizuseki et al., 1998a; Mizuseki et al.,
1998b), the neural crest induction markers Pax3, Zic1, c-myc or the
placodal marker Six1 (Pandur and Moody, 2000). In contrast, neural
crest specification markers, including Sox9, Snail2 and Twist are all
downregulated on the injected side at stage 17/18 when Pcdh7MO or
Pcdh7ΔE is targeted to the neural border region. In comparison, embry-
os injectedwith the CMOor LacZ alone showed no change in the expres-
sion of either neural induction or specification markers on the injected
side (Fig. 2 and Supplementary Table I). These results indicate that
Pcdh7 is not involved in the early events in inducing the neural crest,
but is required for later events during neural crest specification.
d to in situ hybridization for Pcdh7 (A, F), or the neural crest marker Snail2 (B, G) or double
inwholemount (A–E) or in cross-section (F\\I). Pcdh7 is expressed in the sensorial layer of
the lateral border of the neural crest. Snail2 is expressed in the neural crest, which derives
(C, D, E) reveal overlap along the lateral border of the neural crest (arrowheads), which is
the prospective hindbrain region. A summary diagram of the domains of the neural plate,
mitic mesoderm.
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Fig. 2. Pcdh7 knockdown disrupts expression of neural crest specificationmarkers, but not neural crest induction or neural platemarkers. Embryoswere injectedwith Pcdh7MO, Pcdh7ΔE
or CMO, together with LacZmRNA,fixed at stage 15–17, stained forβ-galactosidase, and subjected to in situ hybridization for neuralmarkers. Neither Pcdh7MOnor Pcdh7ΔE has an effect
on expression of the inductionmarkers Pax3 (A, B), Zic1 (C,D) or c-myc (E, F), nor on the neural platemarkers Sox15 and Sox2 (G, H). In contrast, Pcdh7MO- or Pcdh7ΔE-injected embryos
exhibit reduced expression of the specificationmarkers Sox9 (I, J), Snail2 (K, L) and Twist (M, N). Control (CMO)-injected embryos show no change in specification markers Snail2 (O) or
Twist (P). Anterior is towards the top of the photos and the injected side of the embryos is to the right.
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2.2. Loss of Pcdh7 results in neural crest cell apoptosis

Todeterminewhyneural crest specificationmarkerswere downreg-
ulated in Pcdh7 knockdowns, we next asked whether disrupting Pcdh7
alters neural crest proliferation or cell death. To test this, embryos were
injected with Pcdh7MO or Pcdh7ΔE and fixed at stage 17/18, then sec-
tions were immunostained for either phosphorylated histone H3 (pH
3), to detect cells inmitosis, or for activated Caspase 3, to detect apopto-
tic cells. The numbers of labeled cells were then quantified on the
injected side. A comparison of pH 3 staining in Pcdh7MO- versus
CMO-injected embryos reveals no significant difference (Supplementa-
ry Fig. 1). In contrast, embryos injected with Pcdh7MO or Pcdh7ΔE ex-
hibit a significant increase in Caspase 3 immunostaining in the neural
crest region on the injected side (Fig. 3). In comparison, very little apo-
ptosis is observed in the neural crest on the uninjected side or in CMO-
injected embryos. To distinguish between background staining, only
cells in which both the nuclei and cytoplasm stained positive for
Caspase-3were counted. To verify that the observed apoptosis is specif-
ic to Pcdh7 knockdown and not due to nonspecific morpholino toxicity,
we then sought to rescue the Pcdh7MO-induced cell death by co-
injectingmRNA encoding full length Pcdh7. As shown in Fig. 3B, ectopic
expression of Pcdh7 does rescue the Pcdh7MO-induced apoptosis. In
contrast, ectopic expression of full length Pcdh7 by itself has no effect
on neural crest survival. Thus, knockdown of Pcdh7, via either the
Pcdh7MO or Pcdh7ΔE, results in a loss of neural crest cells via apoptosis,
verifying that Pcdh7 plays an important role during neural crest
specification.

As Pcdh7 knockdown altered expression of neural specification but
not induction markers, we hypothesized that loss of neural crest cells
by apoptosis would coincide with the timing of neural crest specifica-
tion events. Accordingly, apoptosis was evaluated in Pcdh7MO-
injected embryos progressively between stages 11 and 17. Quantifying
the number of Caspase-positive neural crest cells revealed that apopto-
sis is not observed at stage 11. At stage 13, the Pcdh7MO-injected em-
bryos exhibit, on average, one Caspase-positive apoptotic cell per
section on the injected side, which is not significantly different than
the uninjected side. At stage 15, Pcdh7MO-injected embryos exhibit
an average of 15 Caspase-positive cells per section,with the cells under-
going clear morphological signs of cell death, including irregular bor-
ders and fragmented nuclei, and this increases to an average of 29
Caspase-positive cells per section by stage 17 (Fig. 4). In contrast, signif-
icantly less apoptosis is observed on the uninjected side of Pcdh7
morphants at stages 15 and 17. Importantly, the apoptosis observed in
Pcdh7 morphants is confined to the region of the prospective neural
crest: few apoptotic cells are observed outside of the neural crest region,
either in the neural plate, epidermal ectoderm or the mesoderm, in
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Fig. 3.Disrupting Pcdh7 results in cranial neural crest apoptosis. Embryoswere injectedwith Pcdh7MOor the dominant-negative Pcdh7ΔEmRNA, togetherwith LacZmRNA,fixed at stage
17, stained for β-galactosidase, and immunostained for activated Caspase 3 to detect dying cells. Both Pcdh7MO (panel A) and Pcdh7ΔE (panel C) result in apoptosis of cranial neural crest
cells (arrowheads), as compared to CMO-injected embryos (panel D). The specificity of the Pcdh7MO-induced neural crest is demonstrated by rescuing apoptosis with co-injected Pcdh7
mRNA (panel B). A, B, C, D show caspase immunofluorescence; A′B′C′D′ show the β-galactosidase staining; while A″, B″, C″, D″ are the corresponding overlays. The injected side of the
embryo is to the right. Results of at least 6 embryos are quantified in E. * indicates a statistical significant difference (p b 0.001).
concordance with our previous studies (Heggem and Bradley, 2003).
While apoptotic cells are often observed adjacent to the epidermal
ectoderm or mesoderm, these appear to be dying cells that were ex-
truded from the neural crest. Temporally, the apoptosis we observe
is after neural crest induction and coincides with the expression of
neural crest specification markers (Pegoraro and Monsoro-Burq,
2013), consistent with the in situ hybridization results (Fig. 2). In
sum, the ability to rescue Pcdh7MO morphants by expressing full
length Pcdh7, together with the fact that the Pcdh7ΔE dominant
negative also causes neural crest apoptosis, strongly suggests that
neural crest apoptosis is caused by the loss of Pcdh7 expression or
function at the neural border. This apoptosis likely results in the
loss of the neural crest specification markers observed. Taken
together, these results signify an important role for Pcdh7 to pro-
mote cell survival during neural crest specification.

2.3. Pcdh7 is required for a survival signal from the sensorial layer

As our previous results established that loss of Pcdh7 disrupts the
sensorial layer, but does not result in apoptosis in the non-neural ecto-
derm (Heggem and Bradley, 2003), the question arises as to why the
loss of Pcdh7 results in apoptosis of neural crest cells, which also derive
from the sensorial layer. As secreted signals from the non-neural ecto-
derm are required for proper formation of the neural crest, we sought
to determine if loss of Pcdh7 in the sensorial layer alters a secreted fac-
tor that comes from the lateral ectoderm, at the neural crest border

Image of Fig. 3


Fig. 4. Pcdh7MO-induced neural crest apoptosis begins at stage 13 and is evident by stage 15. Embryos were injected with Pcdh7MO, together with LacZ mRNA, fixed at stages 11–17,
stained for β-galactosidase, and immunostained for activated Caspase 3. At stage 11 (panel A), mainly background staining is observed. By stage 13 (panel B), embryos exhibit staining
for activated Caspase 3, that includes both nuclei and cell bodies (arrowheads). At stage 15 (panel C) and continuing through stage 17 (panel D), the neural crest exhibits strong
Caspase 3 staining throughout the cells on the Pcdh7MO-injected side, indicating that the cell death caused by Pcdh7MO coincides with the timing of neural crest specification. A, B, C,
D show caspase immunofluorescence; A′B′C′D′ show the β-galactosidase staining; while A″, B″, C″, D″ are the corresponding overlays. The injected side of the embryo is to the right.
Results of at least 6 embryos are quantified in F. * indicates a statistical significant difference between the injected and uninjected sides at each stage (p b 0.001). Abbreviations: np,
neural plate.
region that normally expresses Pcdh7. To address this question, we first
verified that knockdown of Pcdh7 does indeed disrupt the sensorial
layer at the lateral border of the neural crest. Therefore, we examined
injected embryos for proper expression of the nuclear protein p63,
whichmarks sensorial layer cells in Xenopus and is required for epithe-
lial development (Koster et al., 2004; Lu et al., 2001). As shown in Fig. 5A
and B, immunostaining for p63 reveals that both Pcdh7MO- and
Pcdh7ΔE-injected embryos lose expression of p63 in the sensorial
layer on the injected side, suggesting that the inner layer is disrupted
lateral to the neural plate. To confirm that the inner layer is disrupted,
we also immunostained embryos for β-catenin, a component of
adherens junctions. On the uninjected side of the embryos,β-catenin lo-
calizes to the cell membranes of the sensorial layer at the lateral neural
crest border, consistent with participation in cadherin-mediated cell-
cell adhesion. In contrast, the Pcdh7ΔE-injected side of the embryos ex-
hibits reduced β-catenin staining at the cell membranes, indicating that
the sensorial layer cell junctions are disrupted (Fig. 5C, D). Furthermore,
the outer epidermal layer appears thicker, with an increase in
pigmented cells, as well as disorganized. This is confirmed by in situ hy-
bridization for epidermal keratin, which demonstrates that the ecto-
derm in Pcdh7ΔE-injected embryos is thicker and disordered. Thus,
these results verify that loss of Pcdh7 at the lateral neural crest border
disrupts the ectodermal sensorial layer; furthermore, loss of Pcdh7
may result in the mis-sorting of sensorial layer cells to the outer layer.

Next, to elucidate whether disrupting the sensorial layer, via
Pcdh7 knockdown, also alters the expression of a required secreted
signal from the ectoderm, we examined the expression of Wnt11b,
which was reported to be expressed in the non-neural ectoderm
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Fig. 5. Pcdh7 knockdown disrupts the sensorial layer. Embryos were injected with Pcdh7MO, together with LacZ mRNA (A, A′), or the dominant-negative Pcdh7ΔE, together with GFP
mRNA (B, B′), then fixed, sectioned and immunostained for the sensorial layer marker p63. While p63 is observed in sensorial layer nuclei on the uninjected side of the embryos
(arrowheads in A and B), disrupting Pcdh7 via either morpholino or dominant-negative results in loss of sensorial layer cells on the injected side. In C and D, embryos were injected
with Pcdh7ΔE and LacZ mRNA, then fixed, sectioned and immunostained for β-catenin, which localizes to the cell membranes on the uninjected side of the embryo (arrowheads in C);
in contrast, the injected side exhibits reduced β-catenin staining (D), and an increase in the pigmented outer layer (arrows in D′). To confirm that the ectoderm is disrupted, Pcdh7ΔE-
injected embryos were subjected to in situ hybridization for epidermal keratin at stage 20 (E, F). The injected side of the embryos reveals a thicker, disorganized ectoderm (arrows in
E) as compared to the uninjected side (F). Abbreviations: np, neural plate; nc, notochord; psm, presomitic mesoderm; nt, neural tube.
and required for neural crest differentiation (De Calisto et al., 2005).
As revealed by in situ hybridization, Wnt11b is expressed in the sen-
sorial layer at the neural crest border; furthermore, double in situ hy-
bridization reveals that the cells expressing Wnt11b co-express
Pcdh7 (Fig. 6A, B). Given the overlap of Pcdh7 and Wnt11b, we
then asked whether Pcdh7 is required for expresssion of Wnt11b.
Results indicate that in Pcdh7MO morphants, Wnt11b expression is
reduced on the injected side, as compared to CMO-injected embryos
(Fig. 6C, D). Thus, Pcdh7 is required for proper differentiation of the
sensorial layer and for expression of Wnt11b at the lateral neural
crest border. This suggests that loss of Wnt11b in Pcdh7 morphants
contributes to neural crest apoptosis. To examine this directly, we
asked whether the neural crest apoptosis in Pcdh7MO morphants is
rescued by ectopically expressing Wnt11b. As compared to control
embryos injected with the Pcdh7MO and LacZ mRNA, embryos co-
injected with Pcdh7MO plus Wnt11b mRNA exhibit a substantial de-
crease in the number of apoptotic cells on the injected side (Fig. 7).
These results indicate that loss of Wnt11b in the sensorial layer in
Pcdh7MO-injected embryos is at least partially responsible for the
neural crest apoptosis we observe.

As Pcdh7 knockdown results in apoptosis and consequently reduc-
tion in Snail2 expression, we next asked whether ectopic expression
of Snail 2 is sufficient to prevent the Pcdh7MO-induced apoptosis of
the cranial neural crest. To test this possibility, embryos were co-
injected with the Pcdh7MO and Snail2 mRNA and assayed for
Caspase-positive apoptotic cells. Indeed, ectopic expression of Snail2
was sufficient to prevent neural crest apoptosis in Pcdh7 morphants,
as analyzed at stage 17. Snail2 has previously been implicated in the in-
trinsic apoptosis pathway, leading to the regulation of Bax/Bcl-2 apo-
ptotic proteins (Tribulo et al., 2004; Zhang et al., 2006; Zhang and
Klymkowsky, 2009). Therefore, to test whether loss of Pcdh7 caused
the neural crest cells to die via the intrinsic apoptotic pathway, and to
confirm the role of Snail2 in this pathway,we askedwhether ectopic ex-
pression of the anti-apoptotic protein Xenopus Bcl2l1 (Bcl-xL) could
also rescue Pcdh7MO-induced neural crest apoptosis. Results indicate
that co-injecting Pcdh7MO and Bcl2l1 also rescues apoptosis of the pro-
spective neural crest. In contrast, ectopic expression of Wnt11b, Snail2
or Bcl2l1 alone has no obvious effect on cranial neural crest apoptosis.
Altogether, these results suggest that one role of Wnt11b may be to
maintain Snail2 expression in the neural crest, without which the cells
undergo apoptosis.

2.4. Wnt11b rescues Snail2 expression and cranial neural crest cell fate

To determine if Wnt11b is involved in maintaining Snail2 expres-
sion, we next asked whether Wnt11b rescues Snail2 expression in
Pcdh7MO-injected embryos. Therefore, embryos were co-injected
with Pcdh7MO andWnt11 mRNA, along with LacZ mRNA, and assayed
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Fig. 6. Wnt11b is disrupted in Pcdh7MO-injected embryos. Embryos were analyzed by in situ hybridization for Wnt11b (A) or double in situ hybridization for Pcdh7 and Wnt11b (B),
demonstrating that Wnt11b and Pcdh7 expression in the sensorial layer overlap at the neural crest border (arrows in B). To examine the effect of Pcdh7 knockdown on Wnt11b
expression, embryos were injected with Pcdh7MO, together with LacZ mRNA, fixed at stage 17/18, stained for β-galactosidase, and subjected to in situ hybridization for Wnt11b (C).
Results demonstrate that Pcdh7MO-injected embryos exhibit reduced Wnt11b expression on the injected side (top of photo in C), as compared to CMO-injected embryos (D).
for Snail2 expression by in situ hybridization. Results indicate that co-
injection of Pcdh7MO and Wnt11b mRNA not only rescues apoptosis,
but also rescues Snail2 expression. Similarly, co-injection of Pcdh7MO
Fig. 7. Ectopic expression ofWnt11b, Snail2 or Bcl2l1 rescues Pcdh7MO-induced neural crest ap
Bcl2l1, together with LacZ mRNA, then fixed at stage 17, stained for β-galactosidase, and im
determined for at least 6 embryos for each injection, demonstrating that Pcdh7-induced apo
Snail2 or Bcl2l1 mRNA alone results in few apoptotic neural crest cells. * indicates statistical sig
and Bcl2l1mRNA also rescues Snail2 expression in embryos, confirming
that Snail2 functions in the intrinsic apoptosis pathway (Fig. 8 and Sup-
plementary Table II).
optosis. Embryos were co-injectedwith Pcdh7MO andmRNA encodingWnt11b, Snail2 or
munostained for activated Caspase 3. The mean number of caspase positive cells was
ptosis is rescuable by co-injecting Wnt11b, Snail2 or Bcl2l1 mRNAs. Injecting Wnt11b,
nificant difference (p b 0.001) as compared to Pcdh7MO-injected embryos.

Image of Fig. 6
Image of Fig. 7


Fig. 8. Ectopic expression of Wnt11b or Bcl2l1 rescues Snail2 expression and cranial cartilage in Pcdh7MO-injected embryos. A–C) Embryos were co-injected with Pcdh7MO and mRNA
encodingWnt11b or Bcl2l1, together with LacZ mRNA, fixed at stage 17, stained for β-galactosidase, and analyzed by in situ hybridization for Snail2. Pcdh7MO (A) causes reduced Snail2
expression, which is rescued by eitherWnt11b (B) or Bcl2l1 (C). The injected side of the embryos is up and anterior is to the right in A–C. D) Pcdh7 knockdown results in cranial cartilage
defects. Embryos were injected with Pcdh7MO, together with GFP mRNA, sorted for GFP expression in the head, fixed at stage 46 and stained for cranial cartilage with Alcian Blue.
Pcdh7MO-injected embryos exhibit defects in the branchial basket (bb) cartilage that range mild (arrow, left panel), to moderate (arrow, middle panel). Similarly, Pcdh7ΔE -injected
embryos (arrow, right panel), exhibit bb defects, confirming the specificity of Pcdh7 knockdown. E) The Pcdh7MO-induced cranial cartilage defects are rescued by ectopic expression
of Wnt11b (left panel) or Bcl2l1 (middle panel). In comparison, CMO-injected embryos exhibit no cranial cartilage defects (right panel). The injected side of the embryo is to the right
in D and E. Abbreviations: bb, branchial basket; bh, basihyobranchial cartilage; ch, ceratohyal cartilage; m, Meckel's cartilage.
While the above results demonstrate that Wnt11b can rescue both
apoptosis and Snail2 expression in Pcdh7MO-injected embryos, we
next asked whether specification, and the subsequent differentiation
of the cranial neural crest, is also rescued. To investigate this, we exam-
ined whether Wnt11b is sufficient to restore the developmental fate of
the neural crest in Pcdh7-disrupted embryos, specifically to form the
cranial cartilage. Embryos were co-injected with Pcdh7MO and
Wnt11b mRNA, together with GFP mRNA as a tracer, then fixed at
stage 46 and stainedwith Alcian Blue to visualize cranial cartilage. Con-
sistent with our results demonstrating neural crest apoptosis, cranial
cartilage structures are absent or reduced in Pcdh7MO- or Pcdh7ΔE
-injected embryos, as compared to CMO-injected embryos. Cartilage de-
fects from either Pcdh7MO- or Pcdh7ΔE -injected embryosweremostly
mild to moderate, with a reduction or loss of the branchial basket the
predominant phenotype, at the posterior end of cranial cartilage
(Fig. 8D). Confirming the associated roles of Wnt11b and Pcdh7 in cra-
nial cartilage development, co-injecting Wnt11b with the Pcdh7
morpholino partially rescues these defects (Fig. 8E and Supplementary
Table III). Similarly, co-injecting Bcl2l1 with Pcdh7MO also rescues cra-
nial cartilage defects, indicating that preventing apoptosis and rescuing
Snail2 expression, via eitherWnt11b or the anti-apoptotic factor Bcl2l1,
results in cranial neural crest cells that migrate and develop normally.
Collectively, these results strongly suggest that one important role of
Pcdh7 at the neural crest border is to maintain sensorial layer tissue in-
tegrity required for proper Wnt11b expression, which then acts to
maintain Snail2 expression and neural crest survival.

3. Discussion

3.1. Pcdh7 is required for proper formation of the sensorial layer

In Xenopus, the sensorial layer of the ectoderm forms early during
embryonic development by the radial intercalation of deeper cells dur-
ing gastrulation (Keller, 1991; Keller, 1980). These cells express Pcdh7
and disrupting Pcdh7 inhibits radial intercalation, disrupting the forma-
tion and differentiation of the inner layer (Bradley et al., 1998; Heggem
and Bradley, 2003). In frogs, the neural crest cells also arise from the
inner sensorial layer of the ectoderm, just lateral to the neural ectoderm.
We show here that the lateral domain of the presumptive neural crest
expresses Pcdh7 and that loss of Pcdh7 disrupts the lateral border sen-
sorial layer cells and results in neural crest apoptosis. We also see re-
duced, albeit not statistically significant, neural crest proliferation,
which may reflect the loss of neural crest cells by apoptosis. While we
cannot exclude the possibility that disrupting Pcdh7 in the neural
plate or epidermal ectoderm (further lateral to the neural crest bor-
der) also contributes to the loss of neural crest cells, we feel that this
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is unlikely: disrupting Pcdh7 in the neural or epidermal ectoderm
leads to altered cell sorting, but apoptosis is rarely observed
(Heggem and Bradley, 2003; Rashid et al., 2006). Apoptosis of the
neural crest is only observed when Pcdh7MO or Pcdh7ΔE is targeted
to the lateral neural crest border. We conclude that Pcdh7 is neces-
sary for maintaining tissue integrity at the lateral border and the se-
cretion of neural crest survival signals, such as Wnt11b.

3.2. Cadherin family members and neural crest development

The mechanism by which Pcdh7 functions to maintain the lateral
border is likely as a cell-cell adhesion molecule. As shown here,
disrupting Pcdh7 at the lateral neural crest border leads to a loss of
cell-cell adhesion between the sensorial layer cells, as evidenced by
the loss of β-catenin staining at the cell membrane and the general
disorganized appearance of the sensorial layer. The mechanism by
which Wnt11b expression is then lost in these cells is not clear, but
may involve altered cell sorting and a fate change in the sensorial
layer. This is supported by the loss of p63 expression in the sensorial
layer and the increase in the outer pigmented epithelial layer and in-
creased epidermal keratin staining observed (Fig. 5). Whether Pcdh7
acts homotypic or heterotypic, interacting with other cadherins, to
maintain the sensorial layer is not well understood. Previous results
demonstrate that Pcdh7-expressing ectodermal cells sort together in
a cohesive cluster, suggestive of a homophilic adhesion molecule
(Bradley et al., 1998). However, Pcdh7 has also been shown to inter-
act with connexin 43 and promote gap junction formation between
carcinoma cells and astrocytes (Chen et al., 2016). Altogether, these
results indicate that Pcdh7 plays a role in cell-cell adhesion and/or
cell communication within the sensorial layer, without which the
cells do not properly differentiate and lose expression of Wnt11b.

Several other cadherin family members are involved in neural crest
development, particularly during EMTandmigration. In avians these in-
clude N-cadherin, Cadherin-6B, Cadherin-7 and Protocadherin-1, while
in frogs these include Cadherin-11, Protocadherin 8 (paraxial
protocadherin) and Protocadherin-8-like (PCNS). Disrupting any of
these cadherins in embryos results in defects in neural crest emigration,
migration and/or ultimately cell fate, in concert with their roles in
promoting cell adhesion (Bononi et al., 2008; Borchers et al., 2001;
Coles et al., 2007; Nakagawa and Takeichi, 1995; Nakagawa and
Takeichi, 1998; Rangarajan et al., 2006; Schneider et al., 2014;
Shoval et al., 2007). However, as shown here for Pcdh7, proper
cadherin function may promote neural crest survival and migration
beyond strictly regulating adherens junctions. For example, in
Xenopus, Cadherin-11 promotes adhesion to fibronectin and affects
cranial neural crest motility by its involvement with small Rho-
GTPases (Abbruzzese et al., 2016; Becker et al., 2013; Kashef et al.,
2009; Langhe et al., 2016).

3.3. Wnt11b acts as a survival factor for the neural crest

Our results indicate that at least one function of an intact sensorial
layer at the neural crest border is as a source of the secreted factor
Wnt11b. A role for Wnt proteins in neural crest differentiation is well
established. There is strong evidence that canonicalWnt signaling is re-
quired for NC induction (Deardorff et al., 2001; LaBonne and Bronner-
Fraser, 1998; Steventon et al., 2009; Vallin et al., 2001). In contrast, neu-
ral crest specification and migration requires noncanonical Wnt signal-
ing, via Wnt11 and Wnt11b (De Calisto et al., 2005; Matthews et al.,
2008; Mayor and Theveneau, 2014; Ossipova and Sokol, 2011). In
Xenopus, Wnt11 is expressed in the neural plate, medial to the Snail2
expressing neural crest cells, while Wnt11b is expressed lateral to
the neural crest, overlapping with Pcdh7 expression. While both
Wnt11 and Wnt11b are expressed adjacent to the neural crest, nei-
ther appears to overlap the neural crest domain prior to neural
crest migration. Disrupting either Wnt11 or Wnt11b in Xenopus
does not alter neural crest induction or Snail2 expression, but does
result in a failure of cranial neural crest to migrate, with the cells
accumulating next to the hindbrain (De Calisto et al., 2005;
Matthews et al., 2008). This differs somewhat from our results, as
when Pcdh7 is inhibited and Wnt11b expression is downregulated,
neural crest cells undergo apoptosis. One possibility that could ac-
count for this disparity is that inhibiting Pcdh7 may affect the ex-
pression of additional factors secreted by the sensorial layer. Other
secreted factors reported to be in the ectoderm and implicated in
neural crest differentiation include Wnt7b, Wnt10a and BMP4
(Chang and Hemmati-Brivanlou, 1998; Garriock et al., 2007;
Steventon et al., 2009). Thus, in this scenario, disrupting the lateral
neural crest border via Pcdh7 knockdown results in a loss of
Wnt11b plus some additional factor(s), which then results in loss
of a survival and migration signal. However, that this loss is at least
partially rescued by ectopic expression of Wnt11b strongly implies
that Wnt11b is involved in more than just neural crest migration. A
role for Wnt11b as a survival factor has not previously been de-
scribed, although the related mammalian Wnt11 has been shown
to promote survival and migration of several cell types (Ouko et al.,
2004; Railo et al., 2008; Uysal-Onganer et al., 2010).

Our results suggest that the mechanism by which Wnt11b acts as a
survival factor in Xenopus is by maintaining Snail2 expression in the
neural crest. In support of this, neural crest apoptosis in Pcdh7 knock-
down embryos is rescued by ectopic expression of either Snail2 or
Wnt11b, with ectopic Wnt11b rescuing Snail2 expression (Figs. 7, 8).
Ectopic expression ofWnt11bwas previously reported to have no effect
on neural crest induction and Snail2 expression in early neurulas (De
Calisto et al., 2005). In our hands, we observed an increase in Snail2 ex-
pression in a proportion of embryos injectedwithWnt11b (Supplemen-
tary Table II and data not shown). Though the experiments are different,
our results may further point to a role for Wnt11b in regulating Snail2
expression after induction, during neural crest specification. In addition,
we cannot rule out a role forWnt11b in increasing neural crest prolifer-
ation aswell. Both Snail2 and Twist are anti-apoptotic and can positively
regulate expression of the anti-apoptotic protein Bcl2l1 as well as neg-
atively regulate pro-apoptotic caspase-9 expression, likely acting via
the NFkB signaling cascade (Inukai et al., 1999; Maestro et al., 1999;
Tribulo et al., 2004; Zhang et al., 2006; Zhang and Klymkowsky, 2009).
Morpholinos that inhibit Snail2 or Twist in early embryos result in
cranial neural crest apoptosis and cartilage defects that are similar
to those we observe upon inhibition of Pcdh7 (Tribulo et al., 2004;
Zhang et al., 2006; Zhang and Klymkowsky, 2009). In the case of a
Snail2 morpholino, this loss in neural crest is partially rescued by ec-
topic expression of either BMP4 or Wnt8, with the two together act-
ing synergistically, supporting the likelihood that several factors are
involved in neural crest survival (Shi et al., 2011). Wnt8, along with
Wnt3a, FGF3 and FGF8 are primarily expressed in the underlying
mesoderm (Betancur et al., 2010; Sauka-Spengler and Bronner-
Fraser, 2008; Stuhlmiller and Garcia-Castro, 2012). However, since
Pcdh7 is not expressed in mesoderm and disrupting Pcdh7 does
not affect the morphological integrity of the mesoderm, it is unlikely
that these factors are directly involved in the apoptosis observed in
Pcdh7 morphants (Heggem and Bradley, 2003; Rashid et al., 2006).
Thus, by disrupting Pcdh7, as reported here, we can directly discern
that the sensorial layer, lateral to the neural crest domain, plays an
important role in neural crest survival and differentiation. In our
model, Pcdh7 is required for the integrity of this layer, which se-
cretes Wnt11b, and possibly additional factors, required at or before
neural crest specification and prior to migration.

In the neural crest, Wnt11b is thought to function via the Frizzled 7
receptor (Fzd7). Fzd7 is expressed in a subset of premigratory NC cells
adjacent to the Wnt11b expression domain (De Calisto et al., 2005)
and interestingly, is a known survival factor for colon and breast cancer
cells (Simmons Jr. et al., 2014; Ueno et al., 2009). As Pcdh7 is expressed
in the lateral neural crest cells, where it likely overlaps the Fzd7



domain, we cannot rule out that Pcdh7 is also required for proper
reception of the Wnt11b signal by the lateral neural crest domain.

3.4. Pcdh7 and cranial neural crest cells

In Xenopus, the pharyngeal cranial neural crest forms from the bor-
der region between the hindbrain and the non-neural ectodermand be-
ginsmigration shortly before neural tube closure, migrating ventrally in
three streams towards the pharyngeal pouches to give rise to the cranial
cartilages. Neural crest cells from the most anterior pharyngeal stream
migrate around the developing eye into the mandibular arch to form
Meckel's cartilage. Neural crest in the second stream migrate to the
hyoid arch to form the ceratohyal cartilage, while cells in the posterior
streammigrate to the anterior and posterior branchial arches and differ-
entiate into branchial cartilage (Sadaghiani and Thiebaud, 1987).
Disrupting Pcdh7 in the cranial neural crest results in cranial cartilage
defects, primarily in the branchial basket cranial cartilage, as opposed
to Meckel's and hyal cartilages. This may indicate that themost posteri-
or branchial neural crest stream is more sensitive to Pcdh7 knockdown,
which is substantiated by the in situ hybridization results that show
highest Pcdh7 expression at the posterior end of the cranial neural
crest domain (Fig. 1). While we cannot rule out preferential targeting
of the Pcdh7MO or Pcdh7ΔE construct to the branchial arch neural
crest stream, we generally observed morpholino or Pcdh7ΔE/GFP posi-
tive cells well anterior to the pharyngeal arch neural crest region,which
makes this possibility less likely. Importantly, only neural crest-derived
cranial cartilages are altered in Pcdh7 knockdown embryos; the
basihyobranchial structure, which forms frommesoderm andprotrudes
central to the ceratohyal cartilage (Olsson and Hanken, 1996), was un-
affected (Fig. 8F).

It has been proposed that neural crest cells are especially sensitive to
perturbation, causing them to undergo apoptosis, as compared to neigh-
boring tissue. This sensitivity is likely due to themultiple genes required
for precisely coordinated secreted signals and tissue interactions, at
varying stages, from induction to EMT, migration, and ultimately to
final differentiation (Betancur et al., 2010; Driever et al., 1996;
Neuhauss et al., 1996; Schille and Schambony, 2017). This is supported
by the relatively high prevalence of neural crest defects in humans (1
per 300 to 2500 births) caused by genetic defects or prenatal exposures,
many of which result in apoptosis of the neural crest (Chappell Jr. et al.,
2009; McCarthy and Eberhart, 2014; WHO, 2004; Stanier and Moore,
2004). In the zebrafish embryo, neural crest cellswere reported to be es-
pecially sensitive to morpholino knockdown, as compared to genetic
knockouts of the same gene, and similar phenomena have been demon-
strated for siRNAs (Boer et al., 2016; Robu et al., 2007). This may be due
to non-specific effects of the morpholino, mosaic distribution of the
morpholino, or compensatorymechanisms that are specifically upregu-
lated in a genetic knockout, but not in a knockdown (Rossi et al., 2015).
Due to this potential increased sensitivity, we verified that the apoptosis
we observed in Pcdh7MO knockdown embryos is specific to inhibition
of Pcdh7 by rescuing the defects with full-length Pcdh7mRNA. Further-
more, we also utilized Pcdh7ΔE, a dominant negative version of Pcdh7
that lacks the extracellular domain and competes with the intracellular
domain of endogenous Pcdh7. Both Pcdh7MO and Pcdh7ΔE cause sim-
ilar neural tube closure and sensorial layer defects (Bradley et al., 1998;
Heggem and Bradley, 2003; Rashid et al., 2006). In this study, loss of
neural crest specificationmarkers, apoptosis and downstream craniofa-
cial cartilage defects were all recapitulated with the Pcdh7ΔE dominant
negative, strongly implying that the neural crest defects are specific to
loss of Pcdh7 function.

In sum, our results add Pcdh7 to the cadherin family members in-
volved in neural crest development in Xenopus, albeit in a unique
role. While Pcdh7 is expressed in a subset of neural crest cells, its
main function in relation to neural crest is to maintain tissue integrity
of the sensorial layer. Not only do neural crest cells derive from the sen-
sorial layer in Xenopus, but this layer, lateral to the neural crest domain,
is also responsible for critical secreted signals for neural crest develop-
ment. We show here that knockdown of Pcdh7 results in a loss of
Wnt11b from the sensorial layer and subsequent defects in cranial car-
tilage, demonstrating that Pcdh7 is a critical factor for neural crest sur-
vival and differentiation.

4. Materials and methods

4.1. In situ hybridization

In situ hybridizations were performed according to standard proto-
cols (Broadbent and Read, 1999; Harland, 1991). Digoxygenin- and
FITC-labeled riboprobes were generated from cDNAs encoding Pcdh7
(Bradley et al., 1998), Pax3 (Espeseth et al., 1995), Snail2 and Zic1
(Mayor et al., 1995; Milet et al., 2013) (kind gifts of C. Merzdorf), c-
myc (Bellmeyer et al., 2003) (kind gift of C. LaBonne), Twist and
Wnt11b (EXRC) and epidermal keratin (Kintner and Melton, 1987).
Sox2, Sox15, Six1 and Sox9 cDNAs were generated by PCR from a
stage 17 Xenopus cDNA library (Kintner and Melton, 1987) and cloned
into pBSSKII. Detection reagents for single in situs utilized BCIP/NBT
(Millipore), while double in situs were detectedwith BCIP andmagenta
phosphate or BM-purple (Sigma-Aldrich).

4.2. Microinjections

Synthesis and injection of mRNA encoding Pcdh7, Pcdh7ΔE, LacZ
and green fluorescent protein (eGFP) and the antisense Pcdh7
morpholino and control morpholino were as previously described
(Heggem and Bradley, 2003; Rashid et al., 2006). To minimize off-
target effects, 1 ng morpholino was injected per embryo. Constructs
encoding full-length Wnt11b or Bcl2l1 were obtained from EXRC and
Thermo Scientific, respectively, and 1 ng RNA was injected per embryo
for rescue experiments. Embryos were injected at the 4-cell stage and
fixed inMEMFA (100 mMMOPS, 2 mM EGTA, 1 mMMgSO4, 3.7% form-
aldehyde pH 7.4) at the indicated stages and stained for β-galactosidase
activity as previously described (Bradley et al., 1998).

4.3. Immunostaining

Morpholino- or Pcdh7ΔE -injected embryos were fixed, embedded
in OCT (Tissue-Tek), then cryosectioned. For activated Caspase-3 (Cell
Signaling Technology) embryos were fixed in Dent's (80% MeOH, 20%
DMSO), and stained at 1:200 overnight at 4 °C, followed by an
Alexafluor goat-anti mouse 568-conjugated secondary antibody (Mo-
lecular Probes). Sections were analyzed on a Zeiss Axioscope and im-
aged using ProgRes Capture Pro software. The average number of
caspase positive cells per section was determined for 6–12 embryos
per injection. Cells within the cranial neural crest domain (defined by
the region bounded by, but not including, the neural tube, epithelial/ec-
todermal boundary, and endoderm) were counted and compared be-
tween injected and uninjected sides of embryos, and with control
morpholino injected embryos. The most anterior third of each embryo
was sectioned and counted, correlating to the approximate boundary
of cranial neural crest. For sensorial layer staining, embryos were co-
injected with Pcdh7MO or Pcdh7ΔE, together with LacZ or GFP mRNA,
fixed in MEMFA, cryosectioned, treated in acetone and incubated in
anti-p63 (Oncogene Research Products) or anti-β-catenin (Sigma-Al-
drich) at 1:100 overnight at 4 °C followed by an Alexafluor goat-anti
mouse 568-conjugated secondary antibody. The t-test for independent
groups was used to determine statistical difference between conditions
(vassarstats.net).

4.4. Cartilage staining

To examine cranial cartilage, embryos were injected at the 4–8 cell
stage with the above constructs together with RNA encoding eGFP.

http://vassarstats.net


Embryos were sorted at stage 28 based on right/left cranial GFP expres-
sion, then fixed in MEMFA at stage 46 and dehydrated in ethanol. Carti-
lage staining was performed as described (Bellmeyer et al., 2003).
Briefly, embryos were stained for 3–5 days with Alcian Blue (0.04%
AlcianBlue in 30% acetic acid, 70% ethanol), then rehydrated bywashing
in a graded series of ethanol:potassium hydroxide solutions. Finally,
embryos were passed through a graded series of glycerol in 2% KOH so-
lutions. Ectoderm tissuewas removed by dissection to reveal the under-
lying cranial cartilage. Defects were judged as mild if the injected side
cartilage was reduced in size; moderate if morphological abnormalities
were observed; or severe if cartilage on the injected side was absent.
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