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Abstract

Background—The buccopharyngeal membrane is a thin layer of cells covering the embryonic
mouth. The perforation of this structure creates an opening connecting the external and the
digestive tube which is essential for oral cavity formation. In humans, persistence of the
buccopharyngeal membrane can lead to orofacial defects such as choanal atresia, oral synechiaes
and cleft palate. Little is known about the causes of a persistent buccopharyngeal membrane and
importantly how this structure ruptures.

Results—We have determined that Xengpus embryos deficient JINK signaling, using antisense
and pharmacological approaches, have a persistent buccopharyngeal membrane. JNK deficient
embryos have decreased cell division and increased cellular stress and apoptosis. However,
altering these processes independently of JNK did not affect buccopharyngeal membrane
perforation. JINK deficient embryos also have increased intercellular adhesion and defects in e-
cadherin localization. Conversely, embryos with overactive JNK have epidermal fragility,
increased E-cadherin internalization and increased membrane localized clathrin. In the
buccopharyngeal membrane, clathrin is colocalized with active JINK. Further, inhibition of
endocytosis results in a persistent buccopharyngeal membrane, mimicking the JNK deficient
phenotype.

Conclusions—The results of this study suggest that JNK has a role in the disassembly adherens
junctions via endocytosis that is required during buccopharyngeal membrane perforation.
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INTRODUCTION

The primary or embryonic mouth is the first connection between the external and the
digestive system in the anterior of the embryo (for reviews see (Dickinson and Sive, 2007;
Soukup et al., 2013)). This structure undergoes several morphological changes during its
formation, the last of such changes is the perforation of a 1-2 cell layer that covers the oral
cavity. This covering is called the oral or buccopharyngeal membrane and it must rupture to
create an oral cavity that is open to the external environment (Waterman, 1977; Waterman
and Schoenwolf, 1980; Dickinson and Sive, 2006; Soukup et al., 2013). Initially, this
opening is necessary for ingestion of fluids that is necessary for proper lung and digestive
tract development (Greenough, 2000; Wagner et al., 2008). Later the embryonic mouth
opening allows for eating and breathing in all vertebrates. In humans, defects in the
perforation of the buccopharyngeal membrane causes a condition known as persistent
buccopharyngeal membrane (Verma and Geller, 2009). While rare on its own, this condition
is also thought to be an underlying cause of other more common orofacial defects such
choanal atresia and oral synechiaes (Gartlan et al., 1993; Kwong, 2015). These defects can
be isolated or can occur as part of several different syndromes and may also lead to cleft
palate (Tomlinson et al., 2006; Turksen et al., 2012; Mascarella et al., 2015). In humans born
with defects in the buccopharyngeal membrane, air and/or food cannot freely pass in the oral
passages which can in turn cause embryonic distress and feeding problems. In the worst
cases, asphyxiation and death of the newborn infant can result from such blockages in the
oral cavity. We know very little about why these human defects occur during embryonic
mouth development and moreover what regulates buccopharyngeal membrane perforation or
rupture. Therefore, we have turned to Xenopus laevis to better understand mechanisms
driving this final step of embryonic mouth development.

Previous work (Dickinson and Sive, 2009) and a small screen in the lab (unpublished)
identified c-Jun N-terminal kinase (JNK) signaling as a candidate regulator of
buccopharyngeal membrane perforation. JNK is a member of the MAPK (mitogen-activated
protein kinase) family that regulates a large range of biological processes such as apoptosis,
cell division, migration, tissue integrity and homeostasis (for examples see (Davis, 2000;
Dong et al., 2001; Karin and Gallagher, 2005; Dush and Nascone-Yoder, 2013)). Further,
JNK phosphorylates an ever increasing list of proteins in the cell that range in function from
transcriptional regulation to basic cellular dynamics (Bogoyevitch and Kobe, 2006). For
example, among the best characterized roles for JINK is that it phosphorylates c-Jun and
thereby promotes activator protein-1 (AP-1) mediated transcription (Shaulian, 2010). JINK
can also phosphorylate proteins associated with cellular junctions such as beta-catenin and
z0-1 as well as focal adhesions such as paxillin (Huang et al., 2003; Huang et al., 2004;
Yamauchi et al., 2006; Lee et al., 2009). In the embryo, JNK is known for its role in the
Wnt-PCP pathway (Kuhl, 2002; Pandur et al., 2002) (Kuhl, 2002; Pandur et al., 2002). For
example, in Xengpus, Wnt/PCP signals mediates convergent extension, kidney development
and regeneration through JNK signaling (Yamanaka et al., 2002; Sugiura et al., 2009;
Cizelsky et al., 2014).

While JNK activation via Wnt signals has been shown to be important for facial
morphogenesis (Geetha-Loganathan et al., 2014; Zhu et al., 2016), a role for this protein has
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not been specifically associated with the buccopharyngeal membrane in any vertebrate. This
may be due in part to the difficulty in viewing the buccopharyngeal membrane in most
vertebrates (Dickinson, 2016) as well as the devastating effects of completely knocking out
JNK in the embryo (Sabapathy et al., 1999). The embryonic mouth of mice hypomorphic for
JNK1 and JNK2 have not, to our knowledge, been examined. However, we do know that
these mice have defects in epidermal morphogenesis (Weston et al., 2004). Interestingly, the
buccopharyngeal membrane is at least in part composed of cells that are continuous with and
resemble the epidermis in Xenopus. For example, the structure is comprised of cells that
have typical epidermal adherens junctions, a subset of the cells are epidermal multiciliated
cells and the buccopharyngeal membrane cells maintain barrier function as does the
epidermis (manuscript in prep). For this reason we have proposed that the buccopharyngeal
membrane is essentially an epidermal structure and its perforation relies on similar signals
that regulate epidermal morphogenesis. Thus, it is possible that a more general role for INK
in epidermal development may also explain the requirement of this essential signal during
buccopharyngeal membrane perforation.

In the present study, we take you through a detective story in our pursuit to uncover how
JNK regulates buccopharyngeal membrane perforation. First, we uncovered several roles for
JNK signals in the embryo, including cell proliferation and maintaining cell survival and
homeostasis. However, these processes did not seem critical in embryonic mouth
development. Rather, we determined that JNK signals are also required for changes in
intercellular adhesion in the epidermis and this requirement is also important for
buccopharyngeal membrane perforation. We propose that INK remodels the intercellular
junctions via endocytosis which is necessary for buccopharyngeal membrane perforation.

1. Decreased JNK function results in embryonic mouth defects

Inhibition of JINK signaling using a well studied pharmacological inhibitor SP600125
(Bennett et al., 2001), resulted in the failure of the embryonic mouth to form. More
specifically, treatment with the JNK inhibitor (100 um) from stage 37/38-40 resulted in a
buccopharyngeal membrane that did not perforate at the appropriate stage (stage 40) in 95%
of the embryos (n=20, 2 experiments; Fig. 1 A-C). Concentrations ranging from 50-100 pm
were effective in causing a persistent buccopharyngeal membrane when the media and
inhibitor was refreshed one time at stage 39. Earlier treatments also resulted in embryonic
mouth defects but these may be due to JINK’s role in other processes during orofacial
development (Jacox et al., 2016) and are not shown.

The JNK inhibitor targets all INKs, however, we knew from studies in mice, chick and cell
lines that INK1 is a major effector in epidermal development, PCP signals and craniofacial
development. Therefore, we focused on a role for INK1 in our more targeted approaches.
We used a INK1 MO that has been validated and utilized in at least three studies in Xenopus
(Yamanaka et al., 2002; Liao et al., 2006; Dush and Nascone-Yoder, 2013). Results revealed
86.2% of the INK1 morphants (injected at the one cell stage with 40-60 ng of INK1MO)
had a persistent buccopharyngeal membrane. Control morphants injected with 40-60 ng at
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one cell stage did not display defects in buccopharyngeal membrane perforation (n=65, 3
experiments; Fig. 1 D, E).

To show a specific requirement for JNK within the embryonic mouth tissues we performed
face transplants. In these transplants a small region of anterior ectoderm (including the
cement gland) and underlying endoderm was transplanted from JNK1 morphants (or control
morphants) to uninjected siblings at stage 24—26 as described previously (Dickinson and
Sive, 2009) (Fig. 1 F). Results showed that 100% of the embryos with JNK1 morphant tissue
in the oral region failed to form an embryonic mouth opening (n=9, 2 experiments, Fig. 1 G,
H). Control morphant tissue did not affect buccopharyngeal membrane perforation. To
complement these transplant experiments we also performed targeted JINK1 MO injections.
We injected 10 ng of morpholino into specific cells (D12) that give rise to head epidermis at
the 16 cell stage (Moody, 1987). In these embryos, where fluorescent INK1 MO containing
cells covered the face, we saw a persistent buccopharyngeal membrane in 100% of the
embryos (n=25, 2 experiments, Fig. 1 |, J). Together, these results indicate that when the
tissues that form the buccopharyngeal membrane are deficient in JNK, perforation of the
structure does not occur.

We would like to note that in all cases, where the buccopharyngeal membrane did not
perforate in the absence of JNK function, the shape of the mouth was more round. However
we know that the shape of the mouth does not govern buccopharyngeal membrane
breakdown based on two experiments. First, face explants with very small embryonic
mouths still form a perforated mouth. Second, when the face of the embryo is constrained so
that the mouth shape is altered, breakdown of the buccopharyngeal membrane can also still
occur (manuscript in prep). Wnt/PCP signals from the cranial neural crest acting through
JNK are required to shape the oral cavity in Xenopus (Jacox et al., 2016) which could
explain the embryonic mouth shape changes we observed.

Histological analysis of the buccopharyngeal membrane revealed a reorganization of cells
during perforation. Consistent with observations made in previous work (Dickinson and
Sive, 2006) the buccopharyngeal membrane is composed of two distinct layers at stage
37/38. The outer layer of cells appears continuous with the epidermis while the inner layer
appears continuous with the epithelium lining the oral cavity (Fig. 1LK—M). By stage 39,
these two layers become integrated and fewer cells are apparent (Fig. 1N). However, in
embryos treated with the JNK inhibitor, this reorganization of cells at stage 39 is not
observed in 90% of the embryos examined (Fig. 10, n=10, 2 experiments). When control
embryos reached stage 40, the buccopharyngeal membrane has disappeared (Fig. 1P).
However in 80% of the embryos with deficient INK function, we observed abnormal
arrangements of cells in the buccopharyngeal membrane (Fig. 1Q, n=10, 2 experiments).
These results suggest that INK is required for cellular reorganization during
buccopharyngeal membrane perforation.

In addition to the orofacial problems, decreased JNK function caused numerous other
defects in the whole embryo. Such defects included abnormal gut formation (as described in
Dush and Nascone-Yoder, 2013), a curved body axis, a smaller head, failure of the tail fin to
form, and skin blisters along the body (not shown).
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2. Active JNK is present in the buccopharyngeal membrane, epidermis and in actively
dividing cells throughout the embryo

To better understand the role of INK1 signaling during buccopharyngeal membrane
perforation we next examined whether active JNK1 protein was present prior to and during
this process (Fig. 1A). The activity of INKs depend on its phosphorylation state and
therefore we used a phospho-JNK (pJNKZ1) antibody as an indicator of where active JNK1 is
localized. At stage 37/38 pJNK appeared enriched in 1-8 cells in the buccopharyngeal
membrane (Fig. 2 B, C; two representative images from an n=15, 3 experiments). A few
hours later at stage 39, 100% of the embryos examined had 2-10 cells with pJNK
enrichment (Fig. 2 D, E; two representative images from n=15, 3 experiments). Finally, as
the buccopharyngeal membrane was perforating we noted embryos had 4-10 cells with
pJNK enrichment in the buccopharyngeal membrane (Fig. 2 F, G; two representative images
from n=15, 3 experiments). In sagittal sections of the head we also observed pJNK
enrichment in a subset of cells (Fig. 2 H). In all embryos examined there was no trend in the
location of the cells with higher thresholds of pJNK. This is consistent with the variability
we observed in the location and timing of the perforation.

In our pJNK labeling experiments we also noticed the presence of this phospho-protein in
several other locations in the embryos. Most conspicuously was the presence of pJNK in the
epidermis in both superficial and inner ectodermal cells (Fig. 2 H, I). Throughout the
embryo, pJNK also appeared in mitotic cells based on its colocalization with condensed
chromatin (Fig. 2 J-K”). In double labeling experiments with tubulin we noted that many
but not all epidermal multiciliated cells were enriched with pJNK and this protein was also
present in many axons in the brain as has been reported ((Hutchins and Szaro, 2013) not
shown). pJNK was also observed in the digestive tube consistent with its role in the
morphogenesis of this tissue (Dush and Nascone-Yoder, 2013). The specific pJNK labeling
pattern was absent in the epidermis of INK morphants (Fig. 2 L-M").

Our pJNK localization results suggest that INK signals are present in the buccopharyngeal
membrane prior to and during perforation. Further, JINK is also active in several other tissues
in the embryo, particularly the epidermis and dividing cells.

3. Cell division defects are present in the whole embryo with reduced JNK signals, but this
is not responsible for the buccopharyngeal membrane defects

Since we observed active JNK was present in mitotic cells throughout the embryo we first
wondered if JINK signals are necessary for cell division and second, whether defects in cell
division were the cause of the embryonic mouth defects. To determine if cell division was
affected we labeled JNK inhibitor treated and JINK1 morphants with a G2/M phase marker,
phospho-histone H3 (ph3). Results indicated that ph3 positive cells were not observed in
100% of the JNK inhibitor treated embryos in the head and embryonic mouth region (Fig 3
A, B; n=30, 3 experiments) and the epidermis (Fig. 3 C, D; n=30, 3 experiments). In half
JNK1 morphants, that is embryos injected with INK1 MO into one cell at the two cell stage,
we saw a notable reduction of ph3 positive cells in the morphant half compared to the
control half (n=12, 2 experiments, Fig. 3 E,F).
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It is conceivable that the dramatic loss of mitotic cells in the embryo was causing the
embryonic mouth defects. To test this we next inhibited cell cycle (independent of JNK) by
blocking DNA replication and synthesis using a combination of aphidicolin and
hydroxyurea (HUA) (Harris and Hartenstein, 1991). We wondered if HUA treatment from
stage 37/38—40 would mimic the JNK inhibitor and result in a delay or failure of
buccopharyngeal membrane perforation. Embryos were treated with 20mM hydroxyurea and
150 pm of aphidicolin (concentrations published in (Harris and Hartenstein, 1991)). Our
results indicated that the buccopharyngeal membrane perforated normally in 100% of the
HUA treated embryos (n=20, 2 experiments, Fig. 3G, H). These embryos did share some
similar characteristics with the JNK inhibitor treated embryos such as cardiac edema,
smaller eye and abnormal curvature of the body and blisters (not shown). Higher
concentrations resulted in death in some embryos and therefore these were not analyzed.
Consistent with the HUA treatments is that other mitotic inhibitors (Taxol and nocodazole)
applied from stage 34—40 did not prevent the buccopharyngeal membrane from perforating
even though there was dramatic effects on embryonic head development and shape of the
mouth (not shown). Together, these results indicate that decreased JNK signaling results in
major defects in cell division which could explain the smaller size and many other
developmental defects in the embryos with decreased JNK. However, this loss of cell
proliferation is not likely the cause of the failure in buccopharyngeal membrane perforation
in JNK deficient embryos.

4. Decreased JNK signaling causes increased oxidative stress and apoptosis in the
epidermis, but this is not the cause buccopharyngeal membrane defects

To help us determine what might be causing the defects in the buccopharyngeal membrane
we next turned to a more unbiased approach where we used a microarray expression based
analysis of genes misexpressed upon decreased JNK function. However, the
buccopharyngeal membrane itself is very small with few cells and it is difficult to isolate.
We postulated that since the buccopharyngeal membrane is an epidermal structure, a role for
JNK in the buccopharyngeal membrane and surrounding epidermis may be similar. Thus, we
broadened our analysis and examined changes in expression of genes in the epidermis after
JNK inhibition hoping it would provide insight into the causes of buccopharyngeal
membrane defects. To do this we treated embryos from stage 14—-24 and then dissected the
epidermis of embryos from which RNA was isolated (n=40, 2 experiments). Using
Affymetrix gene chips and a bioinformatic analysis from 2 biological replicates we failed to
identify genes significantly changed in the JNK inhibitor treated embryos. However, the
statistical power may have been lost by the high variability between the two replicates.
Regardless, we manually collated a list of genes that appeared both enriched and depleted by
at least 2 fold consistently between the two experiments (a subset of these genes are shown
in table 1). Several of these genes were validated by RT-PCR in a separate experiment (not
shown, see asterisks in table 1). We then used DAVID online software to functionally
categorize the genes. From this analysis we found approximately 48 genes which appeared
enriched by 2 fold or more upon SP600125 treatment. Of these enriched genes the majority
were associated with metabolic pathways and mitochondrial function. Few genes (13)
appeared depleted by 2 fold or more, specifically in the epidermis of INK inhibitor treated
embryos. These depleted genes were categorized largely as stress response and nucleotide
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binding proteins. It is important to note that genes associated with epidermal specification
such as (grainyhead-like and EGF genes) were not altered in the epidermis by decreased
JNK function. Interestingly, the genes associated with mitochondrial function are often
upregulated during cell stress and apoptosis. Since JNK signaling has an established role in
these processes we decided to pursue them further.

One caveat in our expression analysis is the possibility that our epidermal isolation
procedure prior to the collection of RNA is the cause of cellular stress within the tissue.
Therefore, we performed in situ hybridizations in the whole embryo for one of the “stress
associated genes” isolated in the microarray analysis, gstp1. Results indicated that the
expression of this gsip did indeed qualitatively increase in 100% of the embryos exposed to
JNK inhibitor (n=10, 2 experiments, not shown) and JNK MO (n= 14, 2 experiments, Fig.
A, B). Together, our expression analysis indicates an increase in cell stress in the epidermis
that is independent of our experimental paradigm.

To further test whether cellular stress was indeed increased within the epidermis as well as
the buccopharyngeal membrane of embryos with deficient INK function we labeled live
embryos with MitoTracker Red CMXRos. This reagent fluoresces upon changes in
membrane potential of the mitochondria which occurs during cellular stress (Mugoni et al.,
2014). Embryos were treated with 100 um of JNK inhibitor (or DMSO alone) from stage
37/38-39.5 and then incubated in 0.1 um of the MitoTracker Red CMXRos and imaged live.
Results showed that in control embryos a non-homogenous pattern of fluorescent signal was
observed in both the buccopharyngeal membrane and flank epidermis. Specifically, in
control embryos there was a moderate level of fluorescence in many cells and an absence in
other cells. However, in the JNK inhibitor treated embryos there was no longer an absence of
signal in some cells and other cells appeared to have a higher intensity of fluorescence in
both the buccopharyngeal membrane and flank epidermis (n=20, 2 experiments, Fig. 4C-F).
This experiment corroborates our expression analysis and suggests a change in cellular stress
in at least some of the epidermal cells along the body as well as the buccopharyngeal
membrane when JNK signals are perturbed.

While our results thus far point to an increase in cellular stress in the epidermis and
buccopharyngeal membrane upon loss of JNK, we wanted to next test whether this was the
cause of the embryonic mouth defects. We hypothesized that if the increase in cellular stress
caused the defect in buccopharyngeal membrane perforation then increasing cellular stress
independently should mimic the effect of inhibiting INK. First, we treated embryos with
hydrogen peroxide, since it is a commonly used inducer of oxidative stress in many systems
(for example see (Mugoni et al., 2014)). Our results showed that treatment of embryos with
a 0.0015% H,0, from stage 37/38-40 resulted in smaller and sick appearing embryos
consistent with previous reports (Vismara et al., 2006). That is the heart rate seemed slower
and the embryos were less responsive to touch. However this treatment did not affect
buccopharyngeal membrane perforation (n=40, 4 experiments, Fig. 4 G, H). Higher
concentrations of H,0, often caused death of the embryo (not shown) and therefore was not
assessed. We also treated embryos with xenobiotic compounds shown to cause oxidative
stress in frog and fish larvae. Aroclor 1254, a mixture of polychlorinated biphenyl alcohols,
that has been shown to specifically increase Gstpl protein levels in Xenopus (Gillardin et al.,
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2009) and Bisphenol A, a specific endocrine disruptor (Xu et al., 2013). Similar to the H,0,
treatments, the embryos treated with either compound appeared sick but the embryonic
mouth formed normally (not shown). Therefore, while increasing cellular stress alone could
cause a generally “sick” embryo, it did not cause major orofacial defects over stage 37/38—
40.

From the results presented here we concluded that cellular stress is not causing the defect in
buccopharyngeal membrane perforation seen in JNK inhibitor treated embryos and thus may
be a consequence of other problems. One such problem could be an increase in apoptosis.
Certainly JNK has been shown to regulate apoptosis in many tissues and contexts (reviewed
in (Davis, 2000)). Further we identified a death associated gene upregulated in our
microarray screen upon JNK inhibition (see table 1). To further test whether decreased JINK
causes an increase in cell death we examined an established marker of apoptosis, cleaved
caspase 3 (CC3) by immunohistochemistry. In INK morphants that were injected in one cell
at the two cell stage, there was a considerable increase in CC3 positive cells in the half of the
face where JINK MO was present (Fig. 4 1, J, n=15, 3 experiments). Embryos treated with
the JNK inhibitor from stage 37/38—-40 also had a qualitatively obvious increase in CC3
positive cells in the face. The less dramatic increase (compared to the INK morphants) may
be due to a shorter period of INK deficiency (Fig. 4 K, L, n=30, 3 experiments). These
results indicate that indeed decreased JNK results in an increase in apoptosis in the face.

Our next goal was to determine if the increase in cell death in the face, as a result of
decreased JNK, causes the defect in buccopharyngeal membrane perforation. Here again our
rationale is that if increased cell death is the cause of the embryonic mouth defects then
inducing cell death independently should mimic the inhibition of INK with respect to
buccopharyngeal membrane perforation. Therefore, we induced cell death by exposing
embryos with UV or chemical agents known to increase apoptosis and necrosis in Xenopus.
First, the faces of embryos were irradiated for 10 minutes under a short wavelength UV
transilluminator. Controls were treated in the same way with the transilluminator turned off.
Results showed that the UV exposed embryos developed accumulations of necrotic cells in
the orofacial region (Fig. M,N arrows), and this treatment significantly increased the number
of CC3 positive cells (not shown). Regardless of such severe deformations in the face, the
buccopharyngeal membrane was observed to perforate in 100% of the embryos similar to the
controls (Fig. 4 M, N, n=30, 3 experiments). Longer exposure times often lead to severe
effects where tissues separated from the face (n=10, 1 experiment, not shown) and therefore
were not assessed. We observed similar results when embryos were treated with chemicals
shown to induce cell death in Xernopus (2% ethanol (Kot-Leibovich and Fainsod, 2009) and
methotrexate; (Wahl et al., 2015); not shown). These results suggest that increased apoptosis
is not the reason the buccopharyngeal membrane is failing to perforate in embryos deficient
in JNK signals.

Together, the results in this section indicate that decreasing JNK function results in increased
cellular stress and apoptosis throughout the embryo. Increasing these processes may be the
cause of some defects in the embryo that we see with JNK inhibition but are not the likely
cause of the failure of the buccopharyngeal membrane to perforate.
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5. Decreased JNK function results in maintained adhesion between cells and this could
cause a persistent buccopharyngeal membrane

In addition to its role in transcriptional regulation, JNK is also widely known to
phosphorylate cytoskeletal and junctional proteins to facilitate cell movement and adhesion
(reviewed in (You et al., 2013)). Therefore, we next wondered whether JNK was acting in
the epidermis and the buccopharyngeal membrane to modulate cellular dynamics that may
be necessary for the perforation of the structure. Again we turned our analysis to the
epidermis postulating that a better understanding of the role of JNK generally in this tissue
could lead us to understanding how this signal might be required in the embryonic mouth.

In our work with embryos with deficient JNK we noted that the epidermis did not break
apart during microdissection. For this reason the epidermis could be peeled from the
underlying tissues easily (not shown). On the other hand the epidermis of control embryos
broke apart more easily and thus peeled away in smaller fragments (not shown). We asked
whether this effect was due to a problem with the attachment of the cells to the extracellular
matrix. Therefore, we examined laminin and integrin after embryos were treated with the
JNK inhibitor and these two proteins were indeed present underlying the epidermis (not
shown). Therefore, we decided then to more thoroughly test whether decreased JINK
function alters intercellular adhesion within the epidermis.

To test whether INK inhibition results in maintained adhesion we used an explant spreading
assay whereby epidermis is explanted onto a fibronectin coated coverslip so that we could
observe the behavior of the epidermal cells (Fig. 5A). In 100% of the untreated control
epidermal explants the cells were observed to move away from the explant and spread out
(n=10, 2 experiments; Fig. 5 B). Conversely, 100% of the explants treated with the INK
inhibitor did not perform this behavior and rather remained tightly grouped together (n=10,
2 experiments; Fig. 5 C). While these results corroborate the idea that inhibition of INK
results in maintained adhesion in the epidermis, one caveat in this cell spreading assay is that
JNK signals are also known to be necessary for cells to migrate. Thus, the failed spreading
of the epidermis may in fact be an inability of the cells to move rather than maintained cell
adhesion. Therefore, we performed an EGTA mediated loss of adhesion assay that more
specifically tests intercellular adhesion. Embryos were treated with the JNK inhibitor or
DMSO and followed by a brief EGTA treatment (Fig. 5 D-H). The EGTA chelates calcium
and reduces cell adhesion. Results revealed that the epidermis of control embryos (treated
with EGTA) began to dissociate from the rest of the body after an average of 27 minutes
(Fig. 5 F). On the other hand, embryos exposed to the JNK inhibitor and EGTA took on
average 63 minutes longer to begin to dissociate (n=16, 2 experiments, Fig. 5 H; average
time to begin dissociation = 90min.). To determine whether such dissociation of the cells
correlated with changes in adherens junctions we next examined E-cadherin in these EGTA
adhesion assay experiments. Results revealed that in embryos treated with the INK inhibitor
and EGTA, the E-cadherin was maintained at the membrane similar to controls that were
untreated or treated with SP600125 alone (n=16, 2 experiments, Fig. 5 E-H see insets).
However, in the embryos that only received EGTA, the E-cadherin appeared to be
internalized (n=16, 2 experiments, Fig. 5F see inset). These results indicate that INK
inhibition can protect the cells from the anti-adhesive effects of EGTA.
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Our experiments thus far indicate that decreased JNK could enhance intercellular adhesion.
One mechanism by which this could be happening is that INK is required for junctional
remodeling. To test whether decreased JNK did indeed affect such remodeling we examined
E-cadherin. The FITC tagged morpholinos were injected into one cell at the two cell stage to
allow comparison within a single embryo. In this way the uninjected cells from one half of
the embryo serve as an internal control. Results revealed that in 80% of embryos examined,
we noted abnormal patches of cells that had an increase in E-cadherin at the membrane
(n=15, 3 experiments) that were never observed in the uninjected side of the morphant
embryos or in cells containing control morpholino (Fig. 5 1-J"). Thus, these results reveal
that INK deficiency results in abnormal accumulations of E-cadherin in the epidermis.

We next asked whether increasing active JNK would have the converse effect and result in a
decrease in cell adhesion and E-cadherin. To test this, we expressed a constitutively active
JNK (CA-JNK) in embryos. This construct was previously shown to increase active JINK
specifically in Xenopus (Yamanaka et al., 2002; Liao et al., 2006). We injected CA-JNK
mRNA in one cell at either the one cell stage or 8 cell stage. Embryos expressing the CA-
JNK in the head region often developed smaller heads and missing cement glands typical of
a ventralized embryo. This is consistent with previously reported effects of this CA-JNK
construct on Xenopus development (Liao et al., 2006). In the epidermis, the CA-JNK
expression resulted in fragility and pigment abnormalities (not shown). Further, in this tissue
E-cadherin localization was abnormal in at least some patches of cells in 100% of the
embryos expressing the CA-JNK compared to controls (n=12, 2 experiments). Specifically,
in control embryos, the E-cadherin was localized in a smooth line along the membrane (Fig.
5K, K’ see inset). However, in cells expressing the CA-JNK, the E-cadherin appeared
rough and less tight against the membrane but also small puncta were observed in the
cytoplasm (Fig. 5L, L” see inset and arrows). This change in localization is consistent with
a possible increase in the internalization of the E-cadherin via endocytosis. We therefore,
next examined clathrin, a protein necessary for cadherin mediated endocytosis (Royle,
2006). In the control epidermis, clathrin was observed faintly at the membrane and within
the cytoplasm (Fig. 5M,M"). In embryos expressing CA-JNK in the epidermis there was
abundant clathrin at the membranes that seemed to partly surround large vesicles (Fig. 5 N,N
"). These results suggest that increased JNK results in an increase in clathrin recruitment at
the membrane of epidermal cells.

The results in this section suggest the possibility that INK activity is necessary for the
endocytosis of proteins associated with the adherens junction and this could in part explain
the changes in intercellular adhesion in the epidermis.

Next we investigated whether decreased JNK could also affect cell junctions in the
buccopharyngeal membrane as it does in the epidermis. Based on our observations in the
epidermis, we predicted that inhibition of JINK would lead to maintained adhesion in the
buccopharyngeal membrane and prevent or delay its perforation. To extend this we
postulated that the buccopharyngeal membrane cells need to disassemble their adhesions in
order to reorganize and break apart from each other during perforation. To test these
predictions we first examined changes in the localization of E-cadherin during
buccopharyngeal membrane perforation. We observed that just before and during
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perforation, E-cadherin appeared to be unequally distributed in cells. Specifically, in some
cells it was enriched and conversely in others it was depleted at the membrane. Further, we
noted that in some cells, E-cadherin seemed enriched within the cytoplasm during
perforation. Such a dramatic dichotomy in localization was not as prevalent at any point in
the buccopharyngeal membrane when embryos were treated with the JNK inhibitor (n=30, 4
experiments, Fig. 6 A-G). Importantly, we did not observe high levels of E-cadherin within
the cytoplasm in these INK deficient embryos. To further test our prediction that INK is
required for endocytosis of E-cadherin during buccopharyngeal membrane perforation we
examined the endocytosis regulator, clathrin. Results indicated that clathrin was enriched in
4-10 cells of the buccopharyngeal membrane at stage 37/38 and 39 of normal embryos.
Such an enrichment was not observed in embryos treated with the JNK inhibitor prior to and
during perforation. In fact 80% of the embryos examined had three or less cells where
clathrin could be observed and these fewer cells were always less intensely labeled than cells
in the controls (n=10, 2 experiments, Fig. 6 H-M). Together, this data supports the idea that
endocytosis of adherens junction proteins could be one mechanism by which the
buccopharyngeal membrane cells decrease intercellular adhesion during perforation.

To determine if INK could be necessary for changes for endocytosis during
buccopharyngeal membrane perforation we next examined whether active INK (pJNK)
localization correlated with clathrin protein of normal embryos. Results revealed that in all
embryos at stage 39-40 both higher levels of pJNK and clathrin appeared to overlap in at
least a subset of cells (n=10, 2 experiments, Fig. 6 N-P). Colocalization analysis of pJNK
and clathrin labeling showed a positive correlation (Fig. 6R) and that on average there was a
0.82 Pearson’s and a 0.80 Mander’s correlation coefficient (n=10, 2 experiments, Fig. 6S).
In embryos that showed a lower correlation we noted non-specific labeling of clathrin
outside the cells in the volume rendered images (Fig. 6Q). Taken together, these results
support the possibility that JNK signals may be required for endocytosis of E-cadherin
during buccopharyngeal membrane perforation.

Our data so far points toward a hypothesis whereby inhibition of INK increases cell
adhesion in the buccopharyngeal membrane by preventing E-cadherin internalization via
endocytosis. Therefore, our next goal was to determine if preventing endocytosis of E-
cadherin can cause the same persistent buccopharyngeal membrane. Our rationale again was
if changes in E-cadherin disassembly are the cause of the embryonic mouth defects when
JNK is deficient, then inhibiting endocytosis independently would mimic the inhibition of
JNK, with respect to buccopharyngeal membrane perforation. To test this we treated
embryos from stages 37/38-40 with two inhibitors of this process, chlorpromazine and
bafilomycin (Harada et al., 1997; Feng et al., 2002; Rejman et al., 2005). Treatment with
25uM chlorpromazine, which can inhibit clathrin mediated endocytosis, results in failure of
buccopharyngeal perforation (Fig. 6 T-U’, 100%, n=30, 3 experiments). Bafilomycin, is a
specific inhibitor of endocytic acidification, which is necessary for endocytic processing also
caused defects in buccopharyngeal membrane perforation. 90% of the embryos treated with
200 nm of this inhibitor had an intact buccopharyngeal membrane (Fig. 6 V,V’, n=30, 3
experiments). Together, these experiments indicate that endocytosis is indeed required for
buccopharyngeal membrane perforation. Thus, our results support the idea that junctional
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remodeling via endocytosis is required for buccopharyngeal membrane perforation and this
remodeling may be mediated by JNK signals.

Finally, we asked whether expressing CA-JNK in the buccopharyngeal membrane would
alter its development. When CA-JNK was injected into one dorsally fated blastomere at the
8 cell stage the active protein was expressed in one half of the face. In 100% of these
embryos we noted severe malformations on one side of the embryonic head, including a
smaller eye. Further, on the malformed side, of a subset of these embryos (33.3%), we also
observed that the embryonic mouth perforated before the uninjected side of the face (Fig. 6
W-X’, n=12, 2 experiments). These results further support the hypothesis that JINK signals
regulate adhesion during buccopharyngeal membrane perforation.

In summary, in this section we have shown a role for JNK signals in mediating cell adhesion
during epidermal development and that this role is also required for buccopharyngeal
membrane rupture.

DISCUSSION

In the present study we have added to the vast list of developmental processes regulated by
c-Jun N-terminal Kinase (JNK) signals, that is buccopharyngeal membrane perforation.
However, when we began this work we did not know which cellular process, (homeostasis,
cell death, cell division, migration or intercellular adhesion), this signal might regulate
during this last step in embryonic mouth formation. Therefore, we took an elimination
approach where our rationale was that if JNK’s role in a process is important for
buccopharyngeal membrane perforation then eliminating that process independently would
result in the same defect in the embryonic mouth. We systematically examined JNK’s
involvement in proliferation, apoptosis, cell stress and cell adhesion to finally uncover that
the latter, cell-cell adhesion was most important for buccopharyngeal membrane perforation.
Our goal was to narrow the possible list of roles for INK and provide us with a foundation
on which to further study the role of INK signals in embryonic mouth development.

Deficient JNK results in changes in cell proliferation, death and cellular stress that don’t
affect buccopharyngeal membrane perforation

In our experiments, we determined that deficient JNK results in a multitude of effects in
basic processes necessary for tissue growth and homeostasis. First, we observed an increase
in apoptosis throughout the face in the JNK morphants and JNK inhibitor treated embryos.
Indeed, JNK is well known for its context dependent role in promoting or inhibiting cell
death (reviewed in in (Davis, 2000)). Further, JINK signals are often thought to be necessary
in maintaining homeostasis (Karpac and Jasper, 2009) and therefore it is certainly plausible
that without JNK the cell has difficulty surviving. We also found that active JNK is enriched
in cells that appear to be in the midst of mitosis. Moreover, JNK deficiency results in a
significant loss of mitotically positive cells. In mammalian cells, INK has been shown
important in the assembly and recruitment of spindle pole proteins (Lim et al., 2015) and to
directly phosphorylate cell cycle regulators (Leppa and Bohmann, 1999; Gutierrez et al.,
2010a; Gutierrez et al., 2010b). Consistent with these findings is that Weston et. al (Weston
et al., 2004) showed that cell cycle markers were decreased in the epidermis of INK
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deficient mice. Both a decrease in cell proliferation and especially an increase in cell death
would be expected to result in significant stress to the growing embryo. Certainly, we found
that several genes associated with cellular stress were up-regulated in the epidermis of JINK
inhibitor treated embryos. JNK is well known as a stress activated protein kinase, and upon
ROS accumulation it is normally activated under many contexts (Shen and Liu, 2006; Son et
al., 2013). Such activation has been shown important for regulating processes that protect the
cell or organism (Goberdhan and Wilson, 1998; Wang et al., 2003). It is therefore possible
that without JNK activity the cell is not able to modulate oxidative stress responses which
could lead to developmental defects.

The increase in cell stress and cell death as well as the reduction in cell proliferation in
embryos with deficient INK would conceivably have dramatic consequences on the
developing embryo. Certainly we found that INK morphants or embryos treated with a INK
inhibitor shared several defects with embryos where cell death was induced or cell
proliferation was inhibited independently. For example, embryos treated with the INK
inhibitor or cell cycle inhibitors and cell death inducers were similarly smaller with a curved
axis and had heart edema and skin blisters. However, we also found that even in embryos
close to death from these treatments still formed a perforated buccopharyngeal membrane.
Thus, taken together our results suggest that while an increase in apoptosis and cellular
stress as well as decreased cell division has profound effects on various other aspects of
development these processes do not affect buccopharyngeal membrane perforation.

JNK modulates intercellular adhesion in the epidermis

We uncovered a role for JNK in the regulation of intercellular adhesion in the embryonic
mouth by first investigating its role in the epidermis. Specifically, through a series of
experiments we noted that decreased JNK resulted in an increase in intercellular adhesion.
For example, inhibition of JNK restricted epidermal cell spreading in vitro and also
prevented epidermal cells from dissociating in the presence of a calcium chelator. To
corroborate these observations, we also observed an accumulation of E-cadherin at the
membrane in epidermal cells of JNK morphants. Further, constitutively active INK appeared
to increase internalized E-cadherin and recruit the endocytosis modulator, clathrin to the
membrane. A role for INK in mediating cell adhesion is not new and has been shown in
cultured mammalian keratinocytes, intestinal epithelia and Drosophila (reviewed in in (You
et al., 2013)). For example, Lee and colleagues (Lee et al., 2009) showed that INK
modulates cell-cell adhesion by actively phosphorylating both beta-catenin and alpha-
catenin in keratinocytes. They also found that JINK inhibition results in the translocation of
E-cadherin and beta-catenin to the adherens junction and this correlates with the formation
of compact more adherent colonies in culture (Lee et al., 2009). Naydenov and colleagues
(Naydenov et al., 2009), also showed that decreased JNK could prevent low calcium induced
internalization of E-cadherin remarkably similar to our observations in the frog epidermis. In
Drosophila, decreased JNK signaling results in dorsal closure defects and genes encoding
proteins involved in cell adhesion are misexpressed (Ip and Davis, 1998; Jasper et al., 2001).
Interestingly, JNK has also been shown to be required for endocytosis. For example, elevated
JNK activation is associated with increased endosomal proteins such as Rabl11l in the
immune system (Lizundia et al., 2007) and the JNK scaffold protein JIP can associate with
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endosomal tubules (Marchesin et al., 2015). Thus, our work and others supports a general
role for INK in modulating cell-cell adhesion via endocytosis which would be essential for
many developmental and cellular processes such as cell migration, intercalation and cell
sorting.

JNK signals are necessary for modulating intercellular adhesion during buccopharyngeal
membrane perforation

Our results provide the first evidence that junctional remodeling is regulated, at least in part,
by JNK signals during buccopharyngeal membrane perforation. Specifically, enhanced INK
activity results in decreased adhesion and the buccopharyngeal membrane perforates earlier
while deficient function of JNK enhances adhesion and a persistent buccopharyngeal
membrane results. Our evidence supports the idea that like in the epidermis, INK is
necessary for decreasing E-cadherin at the membrane via endocytosis. Certainly, the
endocytic modulator, clathrin, is colocalized with pJNK in the buccopharyngeal membrane
of embryos and was decreased in embryos with deficient INK function. Further, we found
that blocking endocytosis results in a persistent buccopharyngeal membrane. The precise
mechanism by which JNK regulates changes in adhesion during buccopharyngeal membrane
perforation is still unknown from our work. However, we could speculate that, based on
other studies in epidermal cells, INK phosphorylates alpha and or beta-catenin (You et al.,
2013) which leads to adherens junction disassembly and the recruitment of endocytic
proteins.

The insight gained from our findings presented here could be helpful in understanding how
persistent buccopharyngeal membrane occurs in humans. Failure of the buccopharyngeal
membrane to rupture can result in the blockage of the embryonic airway that in turn can lead
to oral atresias and synechiaes that prevent proper fluid and air flow in the fetus and
newborn (Gartlan et al., 1993; Kwong, 2015). It would be interesting to test whether the
tissues associated with such oral blockages have dysfunctional JNK signals and increased
adhesion proteins. Certainly, atresias associated with the bile duct, ovary and esophagus are
abnormally enriched in adhesion proteins when compared to their surroundings
(Makrigiannakis et al., 2000; Sasaki et al., 2001a; Sasaki et al., 2001b; Tugay et al., 2003).
These results point to the possibility that defects in cell-cell adhesion could be a common
cause of birth defects associated with the blockages of tubes during development.

What is upstream of JNK in buccopharyngeal membrane perforation?

JNK is a member of the MAPK family and is a widely utilized effector protein for numerous
signals in the cell (Davis, 2000; Dong et al., 2001). For example, JNK signals are activated
by cytokines, growth factors, G protein coupled receptors and non-canonical Wnts. In
particular, specific Wnts can activate JINK during planar cell polarity signaling (PCP) which
drives a variety processes such as collective cell migrations, epithelial sheet movements and
wound healing (Yamanaka et al., 2002; Lee et al., 2012; Geetha-Loganathan et al., 2014).
PCP signals are also integrated with adherens junction remodeling to allow for such
coordinated cell movements (Ravni et al., 2009; Singh and Mlodzik, 2012; Nagaoka et al.,
2014). Thus, it is possible that JNK’s role in modulating adhesion in the buccopharyngeal
membrane is also integrated into PCP signaling. Certainly, Wnt/PCP regulates cellular
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reorganizations during oral cavity formation (Jacox et al., 2016). In addition to more
classical activation by non-canonical Wnts and other signals, JNK can also be activated by
biomechanical forces. For example, shear stress induces both stem cell migration and
endothelial cell alignment via JNK signals (Mengistu et al., 2011; Yuan et al., 2012). Pereira
and colleagues showed elegantly using a FRET sensor that JNK is activated upon
mechanical stretch in drosophila (Pereira et al., 2011). Interestingly our lab has preliminary
evidence that biomechanical forces have a role in buccopharyngeal membrane rupture. We
hope that future studies will lead to a more complete view of the regulation of JNK signaling
during this understudied process.

Conclusion and Model

The present study has lead us to hypothesize that INK is necessary generally for clathrin
mediated endocytosis of E-cadherin. JINK’s role is most likely an indirect one, via
phosphorylation of alpha and/or beta catenin and/or recruiting clathrin to the membrane.
Internalization of E-cadherin would then facilitate the remodeling of the adherens junctions
necessary for cellular rearrangements. In the epidermis, such remodeling might be necessary
during various events in epidermal morphogenesis that shape the embryo. In the
buccopharyngeal membrane, such remodeling of the adherens junctions has a unique
outcome; it allows for the rearrangement of cells necessary for perforation of the structure.
This is possible because the buccopharyngeal membrane is a structure that is without
mesoderm or neural crest derived cells and it is backed by the foregut space. Therefore,
when cellular movements and rearrangements occur, in concert with other processes such as
apoptosis, an opening to the foregut space can be achieved. We believe that this is not a
patterned process since the perforation begins in slightly different locations in different
embryos and there is no clear pattern of pJNK and clathrin labeling prior to and during
perforation. However future work is necessary to confirm this hypothesis. In the absence of
JNK function, the cell adhesions are not remodeled, thus the necessary cellular
rearrangements cannot occur and a persistent buccopharyngeal membrane results.

In conclusion the present study provides the first glimpse into the molecular regulation of
buccopharyngeal membrane rupture. We hope that this work will lead to a better
understanding as to why defects in this structure could occur in humans.

Experimental Procedures

Embryos and Chemical Treatments

Xenopus laevis embryos were obtained and cultured using standard methods (Sive et al.,
2000)(Sive et al., 2000) and this is approved by an IACUC protocol to A. Dickinson.
Embryos were staged according to Nieuwkoop and Faber (Nieuwkoop and Faber, 1967).
Embryos were treated with various chemicals including SP600125 (Sigma, S5567; 100mM
in DMSO), hydrogen peroxide (3%, from local pharmacy), ethanol (2%), Aroclor 1254
(48586, Supelco), combined Aphidicolin (A0781, Sigma, 100mM DMSO) and Hydroxyurea
(H8627, Sigma, 10mM DMSO0), Bafilomycin Al (B1793, Sigma, 100uM in DMSO) and
chlorpromazine (C8138, Sigma, 100mM in DMSQO). Inhibitor treatments were set up as
described (Kennedy and Dickinson, 2014) where 6—10 embryos were placed in 12 well
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culture dishes in 2 ml of frog embryo media (0.1X Modified Barth’s Saline (MBS)). Stock
solutions were added directly to each well, gently swirled and then the dish was placed in
the dark until the appropriate stage for further analysis. SP600125 treatments were refreshed
(since we noted significant precipitation) after 5-6 hours. The faces of embryos were imaged
by removing the body below the heart and placing embryos into a custom made hole in clay
as described (Kennedy and Dickinson, 2014).

JNK Morpholinos and Constitutively Active JNK (CA-JNK)

Antisense JNK1 morpholino (TGCTGTCACGCTTGCTTCGGCTCAT, (Liao et al., 2006))
and photo-JNK1 morpholino (AGCCGAAGCPAGCGTGACAG) were purchased from Gene
Tools. A standard control morpholino provided by Gene Tools was used as a control.
Microinjections were carried out using an Eppendorf microinjector and a Zeiss stereoscope.
The plasmid containing the MKK7-JINK1A1 (pcDNA3 flagMKK7B2Jnk1al) fusion protein
(constitutively active INK (CA-JNK)) was obtained from Addgene (ID: 19726) (Lei et al.,
2002) and cloned into the pCS2+ expression vector. mRNA was created using the SP6
mMessage machine kit.

UV exposure

Embryos at stage 37/38—39 were placed face up in deep custom sized holes created in a clay
lined petri dish surrounded with cooled 0.1X MBS and 0.1% tricaine. The tops of petri
dishes were removed and a fan was used to create increased airflow aimed to reduce
localized heating. To induce cell death a short wavelength (312nm) transilluminator
(TC-312E Spectroline Select series UV transilluminator (Spectronics Corp)) was placed 15
inches above the petri dish.

Immunochemistry, phalloidin and mitotracker

Embryos were fixed in 4% paraformaldehyde (PFA) and then labeled whole or after
vibratome sectioning. To perform vibratome sectioning, fixed embryos were embedded in
5% low-melt agarose and sectioned using a 5000 Series Vibratome at 100-200um.
Antibodies utilized included: anti-phospho JNK-1 (Thr183/Tyr185,Thr221, Tyr223)
antibody (07175, Millipore 1:200), cleaved caspase 3 (Cell Signaling Technology, 9661,
1:1000), anti-phospho-Histone H3 (Ser10) (Millipore, 06-570, 1:1000), Clathrin (Abcam,
ab2731, 1:200) and E-cadherin, (DSHB, 5D3, 1:50). Appropriate secondary antibody (goat-
anti-rabbit Alexa or goat-anti-mouse Alexa Fluors 488 or 568 (Invitrogen, 1:500). F-actin
was labeled with Phalloidin (R415 or A12379, Life Technologies, 1:100). In some cases
propidium iodide (1:1000 for 1 hour at room temperature) was used as a counterstain as
Mitotracker Red CMXRos (ThermoFisher, M7512) was used in live embryos. Briefly,
embryos were incubated in at 0.05 pm Mitotracker for 1 hour and then washed 3X10min in
0.1X MBS. The faces of embryos were imaged by removing the body below the heart and
placing embryos into a custom made hole in 1% agarose that filled a well in a thick glass
slide. All fluorescent images were captured on a Nikon C1 or C2 confocal and processed
using Nikon Elements software and Photoshop in the VCU Biology Microscopy facility. All
images were adjusted for brightness and color balance in the same way to every pixel in the
image. Controls and experimental pictures were also always adjusted in the same way and
represent exactly what we could see during imaging. Colocalization analysis was performed
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in Nikon Elements software where pJNK and clathrin was labeled. Pearson’s and Mander’s
colocalization coefficients were determined for each image in the z-stack and then averaged.

Microarray Expression

Embryos were treated with SP600125 from stage 14 to 24 (this time point was used because
the epidermis is more easily dissected at this stage). The epidermis was removed from the
whole embryos using two glass needles created from pulled out glass capillary tubes. RNA
was isolated from pooled epidermal dissections from approximately 20 embryos for each
treatment and control using Trizol extraction and lithium chloride precipitation as described
(Dickinson and Sive, 2009). Microarray analysis was performed by the genome core at
University of Virginia using the Xenopus laevis Genome 2.0 Array GeneChip (# 901214,
Affymetrix). All microarray data preprocessing and analysis was done using R. Affy CEL
files were imported using the Affy package. Expression intensities were summarized,
normalized, and transformed using Robust Multiarray Average algorithm (Irizarry et al.,
2003). Probe sets were annotated using the GEO query package, and for each gene a linear
model was fit with empirical-Bayes moderated standard errors using the limma package in
R. The files generated by this analysis have been uploaded to GEO (GSE83672).

In situ hybridization

Histology

In situ hybridizations were performed as described (Sive et al., 2000), omitting the
proteinase K treatment. The plasmid used to generate the gstp probe was purchased from
GE Healthcare Dharmacon (clone: ID 3399306, XB-GENE-5846294).

Histology was performed as described (Dickinson and Sive, 2006) with some modifications.
Briefly, embryos were fixed in 2% PFA and 2% glutaraldehyde in PBT buffer for 24 hours
and then embedded in plastic resin (JB-4 Plus) and sectioned at 5um using a tungsten
carbide knife. Sections were stained with Giemsa at 1:20 for 1 hour followed by 10 second
0.05% acetic acid differentiation wash. Slides were dried and covered with Permount and
imaged on a Nikon compound microscope fitted with a digital camera (VCU Biology
microscopy core).

Cell spreading assays

To assess cell spreading capability, the epidermis was removed (as described above) and
explanted onto glass coverslips coated with fibronectin (fibronectin-bovine, ThermoFisher,
33010018, diluted to 50ug/mL in water) and held in place with a small piece of coverslip for
20-30min. The coverslip was removed and then the explants were treated with 100uM
SP600125 or DMSO for 24-48 hours at 15C.

EGTA induced cell dissociation

Embryos were treated at 15C in 100 um SP600125 from stage 32—41. This was followed by
a low calcium MBS wash (5 minutes) and 4mM EGTA treatment. When embryos visibly
appeared to have epidermis dissociating from the body the time was recorded. In another
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experiment all embryos were fixed after 30 minutes and labeled for E-cadherin and imaged
as described above.
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Key Findings
Decreased JNK signals cause a persistent buccopharyngeal membrane

Decreased JNK signals cause decreased cell proliferation and increased cell
death and oxidative stress but these problems do not cause a persistent
buccopharyngeal membrane.

JNK signals regulate intercellular adhesion in the epidermis and the
buccopharyngeal membrane.
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Figurel.
A) Schematic showing treatment paradigm. B) Frontal view of a representative Control

treated with 1% DMSO. C) Frontal view of a representative embryo treated with INK
inhibitor. D) Frontal view of a representative embryo injected with control morpholino at the
1 cell stage. E) Frontal view of a representative embryo injected with JINK1 morpholino at
the 1 cell stage. F) Schematic showing face transplant paradigm. G) Frontal view of a
representative control transplant. H) Frontal view of a representative embryo with JINK1
morphant tissue transplanted to its orofacial region. I) Frontal view of a representative
embryo with control morpholino injected into D12 blastomere at the 16 cell stage. J) Frontal
view of a representative embryo with JNK1 morpholino injected into D12 blastomere at the
16 cell stage. K) A schematic of the JNK inhibitor treatment paradigm and stages examined
by histology. L, M) Shows sagittal sections through the buccopharyngeal membrane just
prior to JNK inhibitor treatment at stage 37/38 (two representative images). N, O) Shows
sagittal sections through the buccopharyngeal membrane at stage 39 in controls (N) and INK
inhibitor treated (O). P, Q) Shows sagittal sections through the buccopharyngeal membrane
at stage 40 in controls (N) and JNK inhibitor treated. Abbreviations: perf. =perforated;
cg=cement gland, inj. = injected, MO=morpholino, st. = stage. Red dots outline the
embryonic mouth.
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Figure 2.
A-G) Frontal views of the buccopharyngeal membrane labeled with pJNK1 antibody (green)

at three different stages representing prior to and during perforation. White dots outline
“holes” or perforations. H) Sagittal section through the buccopharyngeal membrane and
surrounding face showing pJNK (green) and counterstained with propidium iodide. pJNK
can also be observed in the two layered epidermis, in the outer epidermis (OE) and inner
epidermis (IE). I) Flat mount of the epidermis labeled with pJNK antibody (green). J) The
mesoderm labeled with pJNK antibody (green). J*) Corresponding image to J where the
pJNK is labeled green and nuclei/DNA labeled with propidium iodide (red). White arrows
indicate examples of cells that appear to be undergoing mitosis. K) Magnified image of a
mesodermal cell labeled with pJNK antibody (green) K”) corresponding cell from K labeled
with propidium iodide to show DNA (red). K”) Cell corresponding to K showing a merge of
pJNK (green) and DNA (red). L) Embryos labeled with pJNK antibody (red) and showing
the fluorescein tagged control morpholino (green). L") Same image as L showing only the
pJNK labeling (red). M) Embryos labeled with pJNK antibody (red) and showing the
fluorescein tagged JNK1 morpholino (green) M”) same image as H showing only the pJNK
labeling (red). Abbreviations: pJNK1=phospho JNK1, st. =stage.
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| Control [ JNKinhibitor ]

foregut

foregut

|| section head

epidermis

| JNK1 Morphant

pH3

JNK1 MO
uninjected JNK1 MO
side injected side

| Cell Cycle Inhibition |
Control |H

Figure 3.
A-D) Shows phospho-histone H3 (ph3; red) marking mitotic cells and labeling of F-actin

with phalloidin (green) is used as a counterstain. White arrows indicate the embryonic
mouth. A-B) Sagittal section through the middle of the embryo at stage 37/38 after
treatment with DMSO/control (A) or JNK inhibitor (B). C, D) Epidermis at stage 37/38 after
treatment overnight with DMSO/control (C) or JNK inhibitor (D). E) Schematic showing the
morpholinos injected into one cell at the two cell stage and the key where the morpholino
can be seen in green and ph3 is labeled in red. F) Dorsal view of an embryo injected as
shown in E. G, H) Frontal views of embryos treated with DMSO (control; G) or cell cycle
inhibitors hydroxyurea and aphidicolin (HUA; H). Red dots outline the embryonic mouth.
Abbreviations; cg = cement gland, MO = morpholino, ph3= phospho histone H3, perf.
=perforated.
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| Control [[ JNK1 morphant || half JNK1 morphant |[ half JNK1 morphant |
A B ] inj. side | J

/ aS -
2 |gstp1 whole ISH |
Control | JNK inhib. st.38-39.5

[ Control |[ UNK1 inhib. st. 38-39.5 |

MitoTracker CMXRos

epidermis epidermis CC3/PI

UV st. 38

Figure 4.
A,B) Lateral view of representative controls (A) and JNK1 morphants (B) where gstZ

mMRNA (purple) was detected by in situ hybridization. C—F) Live Mitotracker CMXRos
labeling (red) after embryos were treated with DMSO (control; C, E) or JNK inhibitor. C, D)
Shows the buccopharyngeal membrane. E, F) Shows the epidermis. G, H) Frontal views of
the face of representative embryos untreated (G) or treated with hydrogen peroxide (H202;
H). Red dots outline the embryonic mouth. I, J) Transverse sections through the face of a
representative embryo injected with INK1 morpholino into one cell at the two cell stage.
Tissue containing the fluorescein tagged JINK1 morpholino is green and cleaved caspase-3
labeling (apoptotic marker) is in red. K, L) Frontal views of whole representative faces from
embryos treated with DMSO (K) or JNK inhibitor (L). Cleaved caspase-3 labeling is in
green and propidium iodide is used a counterstain (red). M, N) Representative images of
frontal views of faces of embryos exposed to UV. M) Control (not irradiated) and N)
Irradiated at stage 37/38. Red dots outline the embryonic mouth. Abbreviations; perf.
=perforated, MO= morpholino, BM = buccopharyngeal membrane, CC3=cleaved caspase 3,
Pl= propidium iodide.
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Figureb.
A) Schematic showing the steps in the cell spreading assay. B) 24 hours after explanting

epidermis and treating it with DMSO (control). C) 24 hours after explanting epidermis and
treating it with the JNK inhibitor. D) Schematic showing the treatment paradigm for the
EGTA adhesion assay. E) Control embryo treated with DMSO only. Inset shows E-cadherin
labeling confined to edges of cells. F) Representative embryo treated with DMSO followed
by EGTA. White arrows point toward regions where the tissue is dissociating. Inset shows
internalized E-cadherin. G) Embryo treated with JNK inhibitor alone. Inset shows E-
cadherin labeling confined to cell boundaries. H) Embryo treated with JNK inhibitor
followed by EGTA. Inset shows E-cadherin largely confined to the cell boundaries. 1) The
epidermis of a representative embryo showing the cells containing fluorescein labeled
Control MO (green) and E-cadherin labeled in red. 1") Corresponding image from | showing
only the E-cadherin labeling in red. 1”) Corresponding image from | showing only the E-
cadherin labeling in black and white. Insets show representative 1-2 cells at 2X
magnification. J) The epidermis of a representative embryo showing the cells containing
fluorescein labeled INK1 MO (green) and E-cadherin labeled in red. J*) Corresponding
image from J showing only the E-cadherin labeling in red. J”) Corresponding image from J
showing only the E-cadherin labeling in black and white. Insets show representative 1-2
cells at 2X magnification. Black arrows indicate groups of cells with higher levels of E-
cadherin at the membrane. K-L") E-cadherin labeling of epidermis from representative
embryos (stage 24-26) that were uninjected (K, K”) or injected with CA-JNK (L, L"). Prime
letters are the identical pictures in black and white. Insets show a 2 fold magnified image of
a cell from the images. White arrows show what appears as puncta of E-cadherin positive
bodies within the cytoplasm and arrowheads point to membranes with reduced E-cadherin.
Insets show representative 1-2 cells at 2X magnification. M—N") Clathrin labeling of

Dev Dyn. Author manuscript; available in PMC 2018 February 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Houssin et al. Page 28

epidermis from representative embryos (stage 24—26) that were uninjected (M, M”) or
injected with CA-JNK (N, N”). Prime letters are the identical pictures in black and white.
Insets show representative 1-2 cells at 2X magnification. White arrows indicate non-specific
staining where fluorescence is observed on top of the cell.
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Figure 6.
A) Schematic of the stages examined during buccopharyngeal perforation. B-G) Frontal

views of the buccopharyngeal membrane labeled with E-cadherin in control and INK
inhibitor treated embryos. White arrows point to examples of cells with an increase in
cytoplasmic labeling and white arrow heads indicate lower E-cadherin at the membrane.
White dots outline the holes or perforation. H-M) Frontal views of the buccopharyngeal
membrane labeled with clathrin in control and JNK inhibitor treated embryos. White dots
outline the holes or perforation. N-S) Colocalization experiment with phospho-JNK (green)
and clathrin (red). N) pJNKZ1 in green. O) Clathrin in red. P) Merge of pJNK1 and clathrin.
Q) Volume rendered image of pJNK and clathrin co-labeling rotated 45 degrees. R)
Scatterplot of pixels labeled in green vs red in the image shown in P. S) Bar graphs of the
average correlation coefficients for Pearson’s and Mander’s colocalization tests. T-X")
Frontal views of the entire faces (regular letters) or only the buccopharyngeal membrane at 2
fold magnification (prime letters) from representative embryos at stage 40-41. T,T")
Representative control embryo treated with DMSO. U, U”) Representative embryo treated
with chlorpromazine. V, V"). Representative embryo treated with Bafilomycin. W, W").
Representative uninjected embryo. X, X”) Embryo injected with CA-JNK. Abbreviations:
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perf. =perforated; cg=cement gland, CA-JINK= constitutively active INK. Red dots outline
the embryonic mouth.
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