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Abstract

Anencephaly is a fatal human neural tube defect (NTD) in which the anterior neural tube remains
open. Zebrafish embryos with reduced Nodal signaling display an open anterior neural tube
phenotype that is analogous to anencephaly. Previous work from our laboratory suggests that
Nodal signaling acts through induction of the head mesendoderm and mesoderm. Head
mesendoderm/mesoderm then, through an unknown mechanism, promotes formation of the
polarized epithelium which is capable of undergoing the movements required for closure. We
compared the transcriptome of embryos treated with a Nodal signaling inhibitor at sphere stage,
which causes NTDs, to those treated at 30% epiboly, which does not cause NTDs. This screen
identified over 3,000 transcripts with potential roles in anterior neurulation. Expression of several
genes encoding components of tight and adherens junctions was significantly reduced, supporting
the model that Nodal signaling regulates formation of the neuroepithelium. mRNAs involved in
Whnt, FGF, and BMP signaling were also differentially expressed, suggesting these pathways might
regulate anterior neurulation. In support of this, we found that pharmacological inhibition of FGF-
receptor function causes an open anterior NTD as well as loss of mesodermal derivatives. This
suggests that Nodal and FGF both promote anterior neurulation through induction of head
mesoderm.
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Introduction

Neural tube defects (NTDs) are the second most common birth defect in humans, ranging
between 1.2-124 per 10,000 births, depending upon geographic location (Zaganjor et al.,
2016). The most common NTDs are anencephaly and spina bifida. Anencephaly occurs
when the anterior neural tube fails to close and is characterized by partial or complete
absence of the cranial vault and cerebral hemisphere (Detrait et al., 2005). Spina bifida
occurs when there is defective closure of the neural tube in the spinal column (Detrait et al.,
2005).

In many cases, human NTDs have been linked to underlying genetic factors. Studies in
model organisms such as mice, chicks, zebrafish, and frogs have been used to identify
potential genes that may be linked to the human defects. For instance, in mice, there are over
250 different models with NTDs and over 200 genes that are known to cause NTDs upon
misexpression (Copp et al., 2013; Greene and Copp, 2014; Harris and Juriloff, 2010). These
genes are being tested for relationships to human NTDs, but in most cases, this link has not
yet been found.

Mechanisms of neurulation vary between anterior and posterior regions of the embryo.
Primary neurulation forms the anterior portion of the neural tube down to the sacral region
and secondary neurulation forms the neural tube posterior to this, including the neural tube
of the tail (Smith and Schoenwolf, 1997). Only disruptions in primary neurulation result in
NTDs (Copp et al., 2003). Basic morphological events of primary neurulation are similar
across species, beginning with formation of the neural plate from columnarization of
ectodermal cells. Next, the lateral edges of the neural plate thicken and the neural plate goes
through convergent extension and other movements, which assist with bending, extension,
and closure to form the neural tube (Colas and Schoenwolf, 2001; Lowery and Sive, 2004).

Primary neurulation varies slightly at different axial levels of the same embryo. For instance,
in mice, spinal neurulation at the cervical/hindbrain boundary occurs via bending only at the
medial hinge point (MHP) at what will become the ventral-most part of the neural tube. In
the region of the lower spine, neurulation occurs via bending the MHP as well as two dorsal
lateral hinge points (Shum and Copp, 1996; Ybot-Gonzalez et al., 2007). These variations
are also reflected by genetics. In mice, knockout of some genes results in anencephaly, while
loss of others result in spina bifida or even craniorachischisis, where primary neurulation
fails along the whole length of the embryo (Copp et al., 2003). Therefore, study of the
genetics involved at each axial level is necessary to completely understand the mechanisms
of neurulation.

Previous work in our laboratory found that zebrafish with decreased Nodal signaling display
a phenotype analogous to that of humans with anencephaly (Aquilina-Beck et al., 2007;
Ciruna et al., 2006). This phenotype is characterized by an open anterior neural tube, a lack
of anterior mesendodermal/mesodermal tissue, decreased membrane localization of the cell
adhesion protein N-cadherin in the mesoderm, and disrupted organization of the cells within
the neural tube. Our initial characterization of Nodal deficient mutants enabled us to propose
a three step model for zebrafish anterior neurulation. In the first step, Nodal signals induce
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the head mesendoderm/mesoderm during early- to mid-blastula stages. Second, the
mesendoderm/mesoderm interacts with the overlying neuroectoderm. This interaction
probably begins between shield and tailbud stages (6-10 hpf), as neuroepithelium
morphology is already abnormal at neural plate stage (10 hpf) in Nodal mutants (Aquilina-
Beck et al., 2007). Third, this mesendodermal/mesodermal signal support formation of a
polarized neuroepithelium. This neuroepithelium is then competent to undergo all of the
cellular and tissue level changes needed for closure of the anterior neural tube. Consistent
with this model, an open neural tube phenotype is present only when Nodal signaling is
inhibited before late-blastula stages, the same time Nodal is inducing mesendodermal/
mesodermal tissues and before the formation of neuroepithelium (Araya et al., 2014; Gonsar
etal., 2016).

In this study, RNA-sequencing was used to identify genetic factors involved in zebrafish
neurulation. This screen identified over 3,000 transcripts that were differentially expressed
between embryos that would have a closed versus open neural tube. We found genes
potentially involved in (1) mesendoderm/mesoderm induction (2) signaling from the
mesendoderm/mesoderm to the neuroectoderm, and (3) adhesion between neural tube cells.
These transcripts fell into several subgroups including genes involved in several
developmentally important pathways (Nodal, BMP, Wnt (canonical, PCP, and Ca++), and
FGF as well as genes encoding components of protein complexes involved in
neuroepithelium formation (adherens junctions, tight junctions). Previous studies have found
that Nodal and FGF act synergistically in complex feedback loops to induce and maintain
mesodermal tissues (Mathieu et al., 2004). We found that pharmacologic inhibition of FGF
receptor (FGFR) function resulted in open anterior neural tubes. FGF signaling was required
for neurulation up to early gastrula stages (6.0 hpf), during the time when the mesodermal
germ layer is being induced. Further, presence of NTD in FGF signaling deficient embryos
correlated with decreased notochord, a mesoderm-derived tissue. Thus, we propose that FGF
signaling acts with Nodal to induce the mesodermal tissues required for anterior neurulation.

Identification of over 3,000 genes potentially involved in anterior neurulation

This study compared the transcriptome of developing zebrafish embryos that would have a
closed neural tube to the transcriptome of those that would have an open neural tube. To do
this, we used the drug SB505124. SB505124 blocks function of Nodal and Activin
receptors, the Activin receptor-Like Kinases (ALKS) 4, 5, and 7, by binding to their ATP
binding site (DaCosta Byfield et al., 2004; Hagos et al., 2007) at different stages of
development. Our previous studies found that embryos treated with SB505124 starting at
developmental stages approximately 40 minutes apart resulted in different neural tube
phenotypes (Gonsar et al., 2016). Treatment with SB505124 beginning at sphere stage (mid-
blastula, 4.0 hpf) resulted in an open neural tube, as indicated by an elongated or divided
pineal anlage (Figure 1). In contrast, treatment beginning at the 30% epiboly stage) (late-
blastula, 4.7 hpf) resulted in a closed anterior neural tube, as indicated by a normal, oval
pineal organ at the dorsal midline of the (Figure 1). Hereafter, embryos treated at sphere will
be referred to as Open Neural Tube (ONT) and those treated at 30% epiboly will be referred
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to Closed Neural Tube (CNT), even though they were typically assayed at stages before
anterior neurulation was completed.

Although the differences in neural tube phenotype were the focus of this study, there were
many other phenotypic differences between embryos treated at sphere and 30% epiboly. For
instance, embryos treated at the earlier stage had a greater loss of mesodermal tissue, as
indicated by the shorter tail and fewer number of somites (Figure 1). Our previous studies
found that embryos with a greater loss of mesendoderm/mesoderm had an increased chance
of having an open anterior neural tube (Gonsar et al., 2016). In case changes in gene
expression within mesendoderm/mesoderm or other tissues are important for anterior
neurulation, our RNAseq experiments used whole embryos.

To identify transcripts potentially involved in different steps of neurulation, ONT and CNT
embryos were snap frozen at three stages important for neurulation: shield stage (6.0 hpf),
when neuroectoderm induction initiates, tailbud stage (10.0 hpf), when the neural plate starts
to fold, and 7 somite stage (around 12.0 hpf), when the closed neural rod is formed in the
forebrain (Grinblat et al., 1998; Kimmel et al., 1995). Thus, there were a total of six
experimental conditions (ONT frozen at 6, 10, and 12 hpf and CNT frozen at 6, 10, and 12
hpf). Three independent biological replicates for each experimental condition were
sequenced, and the average transcript number for each condition was used as the expression
level. Differentially expressed mMRNAs were analyzed by comparing transcripts between
ONT and CNT embryos at each of the three stages. These mMRNAs were then identified by
mapping the raw reads to NCBI’s RefSeq Danio rerio mRNA sequences. Only mRNAs that
differed in expression by 50% or more between the ONT and CNT samples and had at least
100 total counts in one collection point with a false discovery rate of < 0.05 were considered
significantly different between ONT and CNT samples.

After all criteria were applied, a total of 3,187 transcripts were significantly differentially
expressed between the CNT and ONT embryos (Table 1). Expression differences were
viewed as ratios of counts in CNT embryos divided by counts in ONT embryos. Thus,
CNT/ONT ratios of > 1 indicated higher expression in CNT embryos while ratios of < 1
indicated higher expression in ONT embryos. For six genes, differential expression results
from RNA-sequencing were compared to those produced using relative, reverse transcriptase
polymerase chain reaction (RT-PCR). The CNT/ONT expression ratio matched between
RNAseq and RT-PCR in all cases, with the exception of fgf8aat shield stage (Supplemental
Table 1).

Nodal signals act as morphogens, and the response of target cells depends upon both the
dose of Nodal they receive and the length of exposure to the Nodal signal (Gritsman et al.,
2000; Hagos and Dougan, 2007; Robertson, 2014; Rogers and Schier, 2011). Since ONT
embryos had greater inhibition of Nodal signaling than CNT embryos, our screen should
have identified several Nodal downstream genes. Consistent with our screen functioning as
designed, several Nodal target genes were differentially expressed (Table 2). For instance,
Cyclops and Squint, two of the three zebrafish Nodal ligands, promote the expression of the
transcription factor genes mix/1 and sox32. MixI1 and Sox32 then promote expression of
sox17, which leads to endoderm formation (Alexander and Stainier, 1999). As expected for
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genes positively regulated by Nodal signaling, all three of these genes had CNT/ONT ratios
of > 1 (Table 2). Since SB505124 blocks ALK receptor function, we did not expect to see
differential expression of ALK transcripts. Consistent with this, none of the ALKSs involved
in Nodal signaling were differentially expressed (data not shown). However, acvrZ/ mRNA,
which encodes a component of the ALK receptor complex, was differentially expressed,
suggesting there may be some transcriptional regulation of receptor function.

Our data also contained genes known to cause NTDs in mice and humans, suggesting these
genes might have a conserved role in neurulation (Table 3) (Copp and Greene, 2010; Copp et
al., 2013). For instance, of four genes with loss-of-function mutations associated with

human anencephaly, three were differentially expressed in our screen (Lemay et al., 2015).

Identification of candidate signaling pathways

One of the main goals for this study was to identify potential signals that could act
downstream of Nodal to induce or maintain mesendoderm/mesoderm or to mediate the
interaction between the mesendoderm/mesoderm and the neuroectoderm. Since these signals
would be involved in promoting neural tube closure, we expected their associated genes
would be decreased in ONT embryos compared to CNT embryos. Genes mapping to four
pathways fit these criteria: the Nodal (Table 2, Figure 2), Wnt (Canonical, PCP, and Ca++)
(Figure 3), BMP (Figure 2), and FGF (Figure 4) signaling pathways.

BMP signaling works in a gradient to specify the dorsoventral mesodermal tissues, with high
BMP signaling causing ventral fates and low causing dorsal fates (De Robertis, 2009).
Differential expression of genes in the BMP pathway suggests signaling is increased in
embryos with open neural tubes (Figure 2). Several genes encoding negative regulators of
the BMP pathway had CNT/ONT > 1 (chd, fsta, nogl), while several genes encoding
positive regulators had a CNT/ONT < 1 (bmp7a, bmpZa, smadl, smad6a).

The Wnt family of secreted signals has several distinct downstream pathways, all of which
have roles during development. Differential expression of genes common to all three Wnt
signaling pathways did not suggest a clear role for Wnt signaling in anterior neurulation
(Figure 3). For instance, zebrafish have 14 genes encoding Frizzled (Fzd) proteins, the
receptor component common to all of the Wnt pathways. Four genes encoding some 7zd
genes were higher in embryos with closed neural tubes at shield stage, while others were
lower (Figure 3).

Canonical Wnt signaling is involved in many events during development, including dorsal-
ventral axis induction, organ development, tail formation, and neural patterning (Komiya
and Habas, 2008). The RNAseq data suggest inhibition of canonical Wnt signaling could be
important for anterior neurulation. Genes encoding positive regulators (bambia) or
downstream effectors (/efZ, tcf7/2, tcf7/1d) had CNT/ONT ratios < 1, demonstrating lower
expression when the neural tube is closed. In contrast, dkk1b, which encodes a secreted
inhibitor of the canonical Wnt pathway, had a CNT/ONT ratio > 3 at shield and tailbud
stages. Further, dkk1bis expressed in the dorsal, anterior mesendoderm at these stages,
placing it in the right place and time to be involved in regulating anterior neurulation in
addition to its known role in head development (Komiya and Habas, 2008). Consistent with
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our screen, overexpression of the zebrafish Nodal signal Squint caused expanded akk1b
expression, while loss of Nodal signaling caused reduced expression (Hashimoto et al.,
2000).

The Wnt/PCP pathway is essential for neurulation through its role in polarizing the cells of
the neuroepithelium (Cai and Shi, 2014; Ciruna et al., 2006; Tawk et al., 2007; Wallingford
and Harland, 2002). The Wnt/Ca++ pathway shares many components with the PCP
pathway, including being activated by the same subset of Wnt ligands (Wnt4-7, 11) (Li et
al., 2005). Our screen did not give a clear prediction for these two related pathways, as some
positive components were expressed more highly in ONT and others in CNT embryos
(Figure 3).

Inhibition of FGF signaling caused defects in the anterior neural tube

Of the candidate pathways, we chose to further test the potential role of FGF signaling in
anterior neurulation. The RNAseq data in part supported higher FGF signaling in embryos
with closed neural tubes, as fgfZ7was expressed more highly in CNT embryos at shield
stage and fgf8a was expressed more highly at tailbud and 7 somite stages (Figure 4).
However, other aspects of the RNAseq data support an association between decreased FGF
signaling and anterior neurulation. For example, FGFR-like proteins lack the intracellular
kinase domain and are therefore thought to inhibit FGF signaling. At tailbud and 7 somite
stages, two fgf receptor-like genes, fofr/1b, fgfr/la, had CNT/ONT ratios > 1 (Figure 4).

To test the function of FGF signaling in neurulation, we used the small molecule SU5402 to
inhibit the tyrosine kinase activity of FGFR (Londin et al., 2005; Mathieu et al., 2004;
Mohammadi et al., 1997; Raible and Brand, 2001; Rentzsch et al., 2004; Sun et al., 1999).
Initiation of treatment occurred at mid blastula to mid gastrula stages and continued until the
embryos were fixed at 24 hpf.

There was significant variation in effectiveness among different batches of SU5402, however
all batches caused similar phenotypes, which we organized into four classes based on their
phenotype at 24 hpf (Supplemental Table 2, Table 4, Figure 5). Class | embryos had a
slightly truncated tail, normal somites, and no apoptosis. Class Il embryos had a more
severely truncated, immotile tail, absent or misshapen somites, small eyes, and apoptosis in
the head and tail. Class 111 embryos had very small tail, no or misshapen somites, malformed
eyes, and apoptosis in the head and tail. Class IV embryos were composed of a head and a
tail with very little tissue in the trunk of the embryo. There was a strong relationship
between severity of phenotype and stage when treatment was initiated (Table 4, Figure 5).
Class | embryos were found only in the group treated at the latest developmental time point
(70% epiboly, 8.0 hpf) (Table 4, Figure 5). The majority of embryos with inhibitor treatment
starting between dome (4.3 hpf) and shield (6.0 hpf) stages fell into class Il (Table 4, Figure
5). Embryos with treatment starting at the earliest time point, sphere (4.0 hpf), fell into
classes Il and V.

Consistent with an essential role for FGF signaling in neurulation, inhibition of FGF with
SU5402 signaling caused pineal phenotypes similar to those in Nodal signaling deficient
embryos (Table 5, Figure 5). Treatment starting at mid blastula stages (sphere, 4.0 hpf and
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dome, 4.3 hpf) caused an open elongated or divided pineal phenotype, suggesting an open
anterior neural tube. As the initiation of treatment moved later in development, the
percentage of embryos with NTD decreased, from 49% of embryos whose treatment started
at 30% epiboly (4.7) to only 8% of embryos whose treatment started at shield stage (6.0
hpf). A two-tailed Fisher’s exact test indicated an association between SU5402 treatment
initiation and neural tube phenotype as well as a significant sample size with P = 2.2 x
10716,

FGF deficient embryos have a correlation with notochord presence and neural tube
closure but not with hatching glands

Previous research found a correlation between several anterior mesendodermal/mesodermal
tissues and neural tube closure in Nodal deficient embryos. FGF signaling acts coordinately
with Nodal signaling to induce and maintain mesodermal tissue (Mathieu et al., 2004),
suggesting lack of mesodermal tissue could be the cause of the NTD in FGF-signaling
deficient embryos. As has been previously reported, expression of one-eyed pinhead (oep),
which encodes an essential component of the Nodal receptor complex, was reduced in a
concentration dependent manner in SU5402 treated embryos (Figure 6) (Mathieu et al.,
2004). In contrast, the level of expression of the nodal related 2 gene (nar2), which encodes
one of the zebrafish Nodal ligands, was not affected, although the shape of the nar2-
expressing tissue was altered at the highest inhibitor concentrations.

FGF and Nodal signaling deficient embryos with anterior NTD had similar morphological
phenotypes, suggesting they could have similar loss of mesodermal tissues (compare Figure
5 with Figure 1). However, one difference is that Nodal signaling deficient embryos lack
endoderm and mesendoderm in addition to mesoderm (Mathieu et al., 2004). This results in
some prominent morphological differences, such as cyclopia in Nodal deficient embryos and
two eyes upon loss of FGF signaling (Figures 1 and 5). To determine if the loss of
mesodermal tissue was related to the neural tube defect, we tested for a correlation between
failure in anterior neural tube closure and loss of mesoderm-derived notochord in FGFR
inhibitor treated embryos. The phenotypes of inhibitor treated embryos ranged from no
notochord to almost normal notochord (Table 6, Figure 7). Consistent with the loss of
mesoderm being a cause of anterior NTD in embryos with decreased FGF signaling,
inhibitor treated embryos had a strong correlation between notochord presence and neural
tube closure (two-tailed Fisher’s exact test, P = 2.2 x 10716), As expected, all inhibitor
treated embryos had normal mesendoderm-derived hatching glands (Supplemental Figure 1),
and there was no correlation between hatching gland presence and a closed neural tube (two-
tailed Fisher’s exact test, P = 1).

Loss of posterior neuroectoderm in embryos FGF signaling deficient embryos

Despite the similarities in their pineal and mesoderm phenotypes, FGF and Nodal signaling
deficient embryos had many differences in their neuroectoderm. Notably, the anterior-
posterior patterning of Nodal deficient embryos was largely normal, while FGF deficient
embryos had a concentration-dependent, progressive loss of posterior tissue (Figure 8). For
instance, nar;ndr2 double mutants, which had a severe loss of Nodal signaling, had an
overall morphology similar to Class 111 SU5402-treated embryos (Figure 8). However,
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patterning in their hindbrains were different. In the ndrZ;nar2 mutants, rhombomeres 1-5
were present and in the correct anterior-posterior orientation. In the Class 111 SU5402-treated
embryos, only one rhombomere, most likely the most anterior, was evident (Figure 8). In
contrast, the morphology of the brain in Nodal signaling deficient fish appeared to be more
disrupted. For instance, a left and right side of the neural tube could be distinguished in the
FGFR inhibitor Class 11 embryos, but in not the ndrZ;ndr2 mutants (Figure 8).

Other FGFR inhibitors cause phenotypes similar to SU5402

To verify the results using SU5402, we treated developing embryos with two other inhibitors
of FGFRs, PD161570 and PD173074 (Batley et al., 1998; Mohammadi et al., 1998;
Rodriguez et al., 2012; Shifley et al., 2012). These inhibitors cause similar phenotypes to
those produced from SU5402 treatment, including similar overall morphology, posterior
truncation of the neuroectoderm, and elongated and divided pineal organs (Figure 8, Table 7)

Differential expression of genes involved in cell adhesion

Cell-cell adhesion is responsible for organizing the developing neural tube into a polarized
epithelium and ultimately for the movements that close the neural tube. Formation of
epithelia is a progressive process. The first step in the formation of many epithelia is
interactions among Nectin proteins on opposing cells. Nectin interactions initiate the
formation of Cadherin based adherens junctions, which in turn seed the formation of
adjacent tight junctions. Our screen identified many adherens and tight junction genes with
known and unknown roles in neurulation (Figures 9 and 10).

Two Nectin genes (nectinlb, 3b) were differentially expressed at shield stage, although in
different directions (Figure 9). Nectin proteins also act as juxtracrine signals (Huang and

Lui, 2016). Several genes encoding proteins that act downstream of Nectin in juxtracrine

signaling (src, cdc42, baiapZ, iggap) had a CNT/ONT > 1 at shield stage, suggesting that
Nectin signaling could have a positive role in anterior neurulation.

Two cadherin genes (cdh7and cadhll) were expressed at lower levels at tailbud stage and
one (cah1l) at the seven somite stage in ONT embryos (Figure 9). However, there are no
reports of these genes being expressed in the developing neural tube. In contrast, cdh2/n-cad
MRNA, which encodes the central component of neural adhesion junctions, was not
differentially expressed. The majority of differentially expressed genes involved in tight
junction formation varied only at shield stage, with no genes being differentially expressed
at more than one time point (Figure 10). This suggests that transcription regulation could be
very dynamic at shield stages, but plays a lesser role at later stages.

Discussion

Comparison of the transcriptome between embryos with and without neurulation defects
identified over 3,000 candidate genes that could act downstream of Nodal signaling in
zebrafish anterior neurulation. In particular, there were several sets of differentially
expressed genes that mapped to the same signaling pathway, suggesting these pathways
could regulate neurulation. For instance, the pattern of differential expression suggests FGF
signaling could have a positive role in anterior neurulation, while Wnt signaling could have a
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negative or inhibitory role. In support of this, treatment of embryos with a FGF signaling
inhibitor caused open neural tube defects. Although previous studies suggest Nodal deficient
mutants have defects in cell adhesion within the neuroepithelium, genes involved in making
adherens and tight junctions were differentially expressed only at the onset of gastrulation,
when the neuroepithelium was being induced. This suggests that any defects in formation of
a polarized epithelium are due to post-transcriptional mechanisms. Finally, this screen
identified many genes that have not yet been linked to neurulation, thus providing many new
candidate genes that could be involved in human NTDs.

of RNAseq approach

RNA-sequencing has been proven to be a very useful approach for identifying candidates
involved in neurulation downstream of Nodal. Since few embryos are needed for
sequencing, this technique is very accessible. 30-60 embryos per sample in our study, and
around 100 embryos in other recent studies contained over 1 pg of high quality mRNA
(Harvey et al., 2013; Vesterlund et al., 2011). Also, the cost of RNA-sequencing has
decreased over the last few years, making sequencing of multiple samples more cost
effective. Therefore, RNA-sequencing has become a much more accessible technique and
will be very useful for a variety of future forward genetic studies. Importantly, since Nodal
signaling is involved in so many developmental events, we compared embryos that differed
by only 20 minutes in the timing of their Nodal inhibitor treatment. These closely related
treatments resulted in embryos that had many of the same phenotypes (cyclopic eyes,
reduced mesoderm, etc.), but differed in having open and closed anterior neural tubes and in
the severity of some of the other phenotypes, such as the extent of mesendoderm/mesoderm
loss. Although the function of most of the genes identified remains to be tested, the fact that
our first functional tests found a new signaling pathway (FGF) suggests that this approach
enriched for genes involved in anterior neurulation.

FGF signaling is required for anterior neurulation in zebrafish

Our study suggests FGF signaling is required for anterior neurulation. Treating embryos
with the FGFR inhibitor SU5402 at or before early gastrulation stages (6.0 hpf) resulted in
open neural tubes. Other aspects of SU5402 phenotypes closely match those found by others
using SU5402 in zebrafish (Londin et al., 2005; Mathieu et al., 2004; Rentzsch et al., 2004),
those produced by two other FGFR inhibitors in our study, those found in zebrafish mutants
with a severe loss of FGF signaling (Roy and Sagerstrom, 2004), and those found in medaka
embryos that lack both maternal and zygotic FGFR1 mRNA (Shimada et al., 2008). Thus, it
is likely that the open anterior neural tube phenotype is caused by inhibition of the FGF
signaling pathway.

SU5402 was originally found as a specific inhibitor of FGFR1, but has since been shown to
act on a well-conserved region that is present in all four types of FGFR (FGFR1-4) (Johnson
and Williams, 1993; Mohammadi et al., 1997). The five zebrafish FGFR all fall into one of
these receptor types, so all FGF signaling is likely affected in the inhibitor treated embryos.

In support for a role for FGF signaling in neurulation, FGFR-1 KO mice die before
neurulation occurs. However, chimeric mice with a low level of FGFR1-/- cells have a
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number of neural tube defects including duplication of the spinal cord neural tube and spina
bifida. No defects were found in the anterior neural tube (Deng et al., 1997). However, mice
with a large percentage of cells lacking FGFR1 died, and so it is possible that this masked a
role for FGF signaling in anterior neurulation.

The penetrance of neural tube defects was high only when relatively high concentrations of
SU5402 were used (data not shown). The simplest possibility is that a low level of FGF
signaling is sufficient for anterior neurulation. FGF signaling has a well-established role
posteriorizing tissues during vertebrate development. Consistent with this, posterior tissues
were more sensitive to FGF signaling defects than anterior tissues [This study and (Ota et
al., 2009)]. Thus, a very high level of FGFR inhibition may be required to affect neurulation
in the forebrain. Another possibility is that a FGFR relatively insensitive to SU5402 is
involved in anterior neurulation. Zebrafish FGFR1a, FGFR1b, and FGFR4 all have one
amino acid difference from the SU5402 binding site in human FGFR1 (Johnson and
Williams, 1993; Mohammadi et al., 1997). Although these changes are all conservative, they
could affect inhibitor binding.

Potential roles for FGF signaling in anterior neurulation

Research in a number of vertebrate systems, including zebrafish, indicates that FGF and
Nodal signaling work coordinately to promote mesoderm development (Kiecker et al.,
2016). Since anterior mesendoderm/mesoderm are required for anterior neurulation, the
most likely cause of the NTD in the FGF signaling inhibitor treated embryos is the loss of
mesoderm. Consistent with this, most embryos with open neural tubes had only a small
amount of notochord present while embryos a closed neural tube had most of their
notochord tissue or a full notochord. Statistical analysis found a significant correlation
between notochord presence and a closed anterior neural tube. The expression patterns of fgf
and fgfrgenes are consistent with FGF signaling acting through the development of
mesoderm. Several genes encoding FGF ligands are expressed in the anterior mesendoderm/
mesoderm during the period when anterior neurulation is occurring, including fgf8aand
fgf17, which were differentially expressed in our screen. fgf8ais expressed in the cephalic
paraxial mesoderm, a tissue involved in promoting anterior neural tube closure, during
gastrulation (Gonsar et al., 2016; Thisse and Thisse, 2004). fgf17is expressed in the
presumptive dorsal mesoderm at sphere stage (Reifers et al., 1998; Shimizu et al., 2006;
Thisse and Thisse, 2004; Warga et al., 2013).

Using a similar approach, the requirement for Nodal signaling in anterior neurulation was
mapped to up to late blastula stages (4.3 hpf) (Gonsar et al., 2016). In this study, inhibition
of FGFR activity starting before the onset of gastrulation (6.0 hpf) caused anterior NTD.
This suggests that the requirement for FGF signaling occurs in part after the requirement for
Nodal signaling.

Work in zebrafish and other vertebrates suggests that FGF and Nodal signaling act in
complex feedback loops. For instance, in zebrafish, the genes 7973, fgf8 and fgfl17bcan be
induced by ectopic activation of Nodal signaling and expression is lost in the anterior
regions of embryos that lack Nodal signaling, suggesting FGF signaling is in part
downstream of Nodal (Cao et al., 2004; Mathieu et al., 2004). Our previous studies
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suggested that both mesoderm and mesendoderm were involved in anterior neurulation
(Gonsar et al., 2016). However, loss of FGF signaling affects only mesoderm, suggesting
that a severe loss of mesoderm is sufficient to cause an open neural tube.

Although there is a great deal of evidence suggesting FGF signaling is required for anterior
neurulation through its role in mesoderm development, we cannot rule out other roles for
FGF signaling. The two fgfgenes that were differentially expressed in our screen are not
exclusively transcribed in the mesendoderm/mesoderm. fgf8ais expressed in the forebrain
neural rod at ~5-9 somite stages as well as later in the neural tube while fgfZ7is expressed in
the presumptive telencephalon from 1-13 somite stages in zebrafish (Guo et al., 1999;
Heisenberg et al., 1999; Jovelin et al., 2010; Lun and Brand, 1998; Reifers et al., 1998;
Thisse and Thisse, 2004). The binding affinity of FGF17 for different FGFRs has not yet
been tested. However, modular scanning in zebrafish demonstrated that FGF8 binds FGFR1
and FGFR4 in vivo with affinities appropriate with them being FGF8 receptors (Ries et al.,
2009). Although not differentially expressed, fgfriaand fgfribare both are expressed in all
or almost all cells during cleavage stages up to early gastrulation. After this, expression
becomes more restricted, but persists in the anterior neural plate during gastrulation (Ota et
al., 2010; Ota et al., 2009; Rohner et al., 2009; Thisse et al., 2001). These data are consistent
with fgf8a, fgfl7, fgfrla and fgfrlbbeing part of the pathway that mediates mesendoderm/
mesoderm to neuroectoderm communication or acting within the neuroectoderm to promote
anterior neurulation.

Potential roles for other cellular interactions

Previous studies indicate the developing neural tube is disorganized in Nodal signaling
deficient embryos with an open neural tube (Aquilina-Beck et al., 2007; Araya et al., 2014).
The organization of the neural tube is mediated by adherens and tight junctions, which form
in a step wise fashion. Our RNAseq data suggest transcriptional regulation plays a role in the
regulation of adherens and tight junction genes only at the onset of gastrulation (shield
stage). This is consistent with earlier studies on Nodal-deficient embryos. For instance, N-
cadherin protein was decreased at the membrane of Nodal signaling-deficient embryos at
tailbud and early somite stages, but mRNA levels were normal (Aquilina-Beck et al., 2007).
Similarly, ZO1 (TJP1a), which is associated with both adherens and tight junctions, was
expressed at normal levels in embryos treated with SB505124 at similar stages to our study
(Araya et al., 2014).

There are several post-transcriptional regulatory processes that could be affected upon loss
of Nodal signaling. These include incorrect apical-basal polarity of the neuroepithelium,
negative regulation of adherens junctions by the canonical Wnt signaling pathway, and
failure of newly generated neural cells to intercalate into the neuroepithelium. Our RNAseq
data gives insight into only one of these. We found that expression of dkk1b, which encodes
a Wnt signaling inhibitor, was lower in embryos with open neural tubes. This suggests that
Whnt signaling could be increased when the neural tube is open. As Wnt signaling aets-in
competes with adherens junctions for the use of p-catenin (Nelson and Nusse, 2004),
increased Wnt signaling could disrupt the integrity or number of adherens junctions and
cause disorganization of the anterior neural tube.
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Methods

All methods using animals were approved by the University of Minnesota IACUC.

Animal Care

Zebrafish (Danio rerio) were maintained in a fish facility with circulating water at 28.5 °C
and a 14:10 light:dark cycle using standard methods (Westerfield, 2000). For this project, we
used the wild-type strain Zebrafish Danio rerio (ZDR, Aquatica Tropical, Plant City, FL)
and Tg (flh:EGFP)C161 fish (Gamse et al., 2003). Embryos were obtained by natural
spawning of 2-10 adult fish. Embryonic stages were defined by morphology (Kimmel et al.,
1995).

Pronase Treatment

Embryos used in the RNAseq experiments were pronase treated to remove their chorions
before 2-(5-benzo [1,3] dioxol-5-yl-2-terbutyl-3H-imidazol-4-yl)-6-methylpyridine
hydrochloride hydrate (SB505124) inhibitor treatment or before snap freezing in liquid
nitrogen. A concentrated stock of previously frozen pronase (15 mg/mL, Roche) was
activated by incubation at 37 °C for at least 30 minutes. To make a working solution, the
pronase stock was diluted to a concentration of 2 mg/mL in embryo media (5 mM NaCl,
0.17 mM KCI, 0.33 mM MgSOy, 1 x 107°% methylene blue in fish water) to make a total of
17 ml. Water overlying embryos in a 2% agarose-coated, 100 mm x 20 mm Petri dish was
replaced the pronase solution. Embryos were incubated at 28.5 °C. After 4 minutes, embryos
were swirled around the Petri dish using a plastic transfer pipet. The embryos were placed
back into the 28.5 °C incubator and swirled every 30 seconds until approximately 75% of
the embryos were out of their chorions.

The pronase reaction was stopped by pipetting the embryos into a 2% agarose-coated fish
tank containing ~1 L embryo media. Embryos were transferred using a plastic pipet to 100
mm x 20 mm 2% agarose-lined Petri dishes containing at least 20 ml embryo media.
Embryos with were gently agitated with forceps until the chorion disassociated. Intact
embryos were maintained at 28.5 °C until they were at the appropriate stage for SB505124
treatment or snap freezing. Fire polished glass Sigma cote (Sigma-Aldrich) coated pipets
were used to transfer dechorionated embryos into 2.0 mL Eppendorf tubes for snap freezing.

SB505124 Treatment

For RNA-sequencing experiments, SB505124 from Sigma-Aldrich was used at a
concentration of 100 uM in 12 mL embryo media in a 15 mm x 60 mm Petri dish (DaCosta
Byfield et al., 2004; Hagos et al., 2007). For RT-PCR and whole mount in situ hybridization,
SB505124 from Tocris was used at a concentration of 20 uM, which caused a similar
phenotype to 100 uM of the Sigma drug, in a total of 30 mL embryo media in a 100 mm x
20 mm Petri dish. For both SB505124 stocks, Dimethyl Sulfoxide (DMSO) was used to
make the 10 mM stock solution of SB505124. SB505124 treatment/solution (12 mL for
Sigma-Aldrich and 30 mL for Tocris, with a final concentration of 1% DMSO) was added to
pooled groups of ZDR embryos at either sphere (4.0 hpf) or 30% epiboly (4.7 hpf) stages
and left on until the embryos were snap frozen in liquid nitrogen or fixed in 4%
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paraformaldehyde. Control embryos were treated with 1% DMSO in embryo media and
raised in parallel to inhibitor treated embryos. In addition, at least 20 embryos from each
treatment group were left in SB505124 until 24 hpf and scored for pineal phenotype by
whole mount in situ hybridization (WISH) to ensure that the embryos had the expected
neural tube phenotype. Phenotypes at 24 hpf between both SB50124 stocks were similar at
the concentrations used.

RNA Preparation

Whole embryos were treated with SB505124 starting at sphere or 30% epiboly stages until
they were frozen with liquid nitrogen at the shield, tailbud, or 7 somite stage. Three samples
for each treatment group at each stage were collected for a total of 18 samples for
sequencing. 30-60 embryos were frozen per biological replicate, with a greater number of
embryos in samples with earlier developmental stages or treated at sphere stage. Samples
were stored at =80 °C until RNA was isolated using the Qiagen RNeasy Mini Kit. Samples
were quantified using a NanoDrop Spectrophotometer to ensure at least 1ug of RNA was
present and were sent on dry ice to the University of Minnesota Biomedical Genomics
Center (UMGC, St. Paul, MN) for sequencing with an Illumina HiSeq 2500.

RNA-Sequencing

A fluorimetric RiboGreen assay was used to requantify the isolated RNA once received by
the UMGC. For each sample, an RNA integrity number (RIN) was generated by capillary
electrophoresis via the Agilent BioAnalyzer 2100. Only samples that had a RIN of 8 or more
and a mass of greater than 1 pg were considered high quality and made into lllumina
sequencing libraries through Illumina’s Truseq RNA Preparation v2 kit (RS-122-2001).
Briefly, to make these libraries, 1 pg of RNA went through two rounds of purification for
polyA containing mRNA using oligo-dT attached magnetic beads. mRNA was fragmented
and then primed with random hexamers. RNA fragments were reverse transcribed into first
strand cDNA, RNA template was removed, and a replacement strand was synthesized to
make ds cDNA. AMPure XP beads were used to separate the ds cDNA from the reaction
mix. cDNA ends were blunt ended and repaired. A single adenylate was added to the 3’ ends
and multiple RNA adaptor indexes were ligated. DNA fragments with adapter indexes were
PCR amplified. All libraries were validated, normalized, pooled, and size selected to
approximately 200 bp using Caliper’s XT instrument before sequencing.

Libraries were clustered on the HiSeq 2500 at 10 pM through hybridization to a paired end
flow cell. Next, the flow cell was sequenced using Illumina’s Rapid Run SBS chemistry.
When read 1 was completed, a 7 base pair index read was performed. In order to produce the
template for paired end read 2, library fragments were resynthesized in the reverse direction
and sequenced from the opposite end of the read 1 fragment.

For each cycle of sequencing, a base call (.bcl) file was generated by Illumina Real Time
Analysis (RTA) software. These base call files and run folders were exported to Minnesota
Supercomputing Institute (MSI) servers. Primary analysis and de-multiplexing were
performed using lllumina’s CASAVA software 1.8.2, which resulted in de-multiplexed
FASTQ files. FASTQ files were released to our account for bioinformatic analysis.
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Bioinformatics and Statistical Analysis

Reads from each sample were mapped to NCBI’s RefSeq database of mMRNA for Danio rerio
using NCBI’s megablast. After genes were identified, they were quantified resulting in
counts. Counts for each gene were upper quartile normalized to obtain accurate expression
levels. Normalized counts were fitted to a negative binomial distribution using DESeq v1.6.1
(Anders and Huber, 2012).

Differences between the counts for each gene in CNT and ONT embryos were determined
using an analysis of deviance in DESeq (command: nbinomGLMTest) which generated a P-
value (Anders and Huber, 2010; Anders and Huber, 2012). P-values were independently
filtered to restrict for genes with a 50% or greater change in expression and at least 100 or
more mean reads in either the open or closed neural tube sample at the time point being
analyzed (shield, tailbud, or 7 somite stage). The Benjamini-Hochberg method was used to
control the false discovery rate to 0.05 (Benjamini and Hochberg, 1995). Only mRNAs
meeting all of these criteria were further analyzed.

Lists of differentially expressed transcripts were put into DAVID for analysis to get tissue
expression as well as functional groups and pathways represented (Huang da et al., 2009a,
2009b). The Kyoto encyclopedia of genes and genomes (KEGG) pathways were accessed
through our DAVID analysis to visualize pathways represented and then through the KEGG
pathways website to visualize specific genes in our data in pathways of interest (Ogata et al.,
1999).

Relative Reverse Transcription PCR

RNA-sequencing results were confirmed by relative reverse transcription polymerase chain
reaction (RT-PCR). Transcripts chosen for RT-PCR were of specific interest to us as
potential candidates in our model and covered genes found in each of the three time points.
Each time point had a transcript with a RNAseq CNT/ONT expression ratio > 1 and another
with a ratio < 1. We determined average expression of the transcripts relative to our two
reference genes over three replicates with a 95% confidence interval. RNA was isolated
from SB505124 treated embryos as previously described. Isolated RNA was reverse
transcribed into cDNA through Qiagen’s Omniscript Reverse Transcription Kit. Briefly,
1-1.5 pg of RNA was incubated with dNTPs, random nonamers, and RNase inhibitor for 60
minutes at 37 °C. Resulting cDNA was diluted 1:10 and added to a mixture containing 2x
Rotor-Green SYBR Green PCR Master Mix and primers (fgf8a forward 5’-
CGACGTTTGTGCCAAGCTTAT-3’, fgf8areverse 5’-TCTGCAGAGCCGTGTAGTTG-3’;
hatn10forward 5’-TGAAGACAGCAGAAGTCAATG-3’, hatnl0Oreverse 5’-
CAGTAAACATGTCAGGCTAAATAA-3’, logpern4 forward 5’-
TGAGCTGAAACTTTACAGACACAT-3’, loopern4 reverse 5°-
AGACTTTGGTGTCTCCAGAATG-3’, dkk1bforward 5’-
AAGAGTTCGTGTCCATCGCC-3’, dkk1breverse 5’-GGCCCTCTTTTAGGACAGGC-3,
szl forward 5’-GATGCGTTTACCCAACCTGC-3’, sz/reverse 5”-
GCAGCTCTCCTTTACTGCCA-3’, pcah8forward 5’-
GGAGGAGCTCAGAAACCTGG-3’, pcdh8reverse 5’-
GTGCGAGTGGCTGTAGAGTG-3’, cdh11 forward 5°-
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TAAGGACGAAATGGCCCACC-3’, cdhl1lreverse 5’-GGTCATTCTGCTGAAGCCCT-3,
pcdh10bforward 5°-AACCTCAATGCTTCCACGCT-3’, pcahl0breverse 5’-
TGTCCACTCGGAAGGAGCTA-3’, tbx1 forward 5’-CAAGCTCAACGCCGAACAAA-3’,
thx1reverse 5’-TCTGCCATTGGGTCCATTCC-3"). All tubes were put in the
RotorGene3000 with an inactivation step of 5 minutes at 95 °C followed by 40 2-step cycles
of denaturation for 5 seconds at 95 °C and annealing/extension for 15 seconds at 60 °C and
lastly a melting curve analysis from 60 to 95 °C. Results were analyzed using delta/delta CT
and the three independent replicates were normalized to the expressed repeat elements
hatn10and logpern4 (Manhauwaert et al., 2014).

Embryos were assayed for expression of orthodenticle homobox 5 (otx5) (Gamse et al.,
2002), collagen type 2 alphala(col2al) (Yan et al., 1995), cathepsin L 1b (cts/1b) (Vogel
and Gerster, 1997), ndr2 (Sampath et al., 1998), oep (Zhang et al., 1998), eph receptor Ada
(epha4a) (Xu, 1994), and early growth response 2b (egr2b) (Oxtoby and Jowett, 1993)
mMRNA using an established protocol (Thisse and Thisse, 2014). Briefly, whole embryos
were incubated with digoxygenin (DI1G)-labeled antisense RNA probe in hybridization mix
(50% formamide) at 70 °C overnight. DIG was detected by an anti-DIG antibody covalently
linked to Alkaline Phosphatase (AP). Cells expressing mMRNA of interest were visualized
after the addition of the AP substrates 4-nitro blue tetrazonium (NBT) and 5-bromo-4-
chloro-3-indolyl-phosphate (BCIP) which is converted into a purple product by the removal
of phosphate (Thisse and Thisse, 2014).

FGFR Inhibitor Treatments

The FGFR inhibitors SU5402, PD161570, and PD173074 (Tocris) were dissolved in DMSO
to make a concentrated stock solution. The stock solution was diluted with embryo media
and DMSO to obtain a working solution of SU5402 (6.75-675 uM-Supplemental Table 2),
PD161570 or PD173074 (100 uM to produce Class 1l embryos and 200-300 UM to produce
Class IV embryos) and either 1 or 2% DMSO. Embryos were maintained in embryo media
at 28.5 °C until treatment. Once desired treatment stage was reached, embryo media was
removed and replaced with the appropriate working solution. Control embryos were treated
and raised in embryo media with 1% or 2% DMSO. Embryos were raised at 28.5 °C and
then analyzed by light microscopy and WISH.

Statistical Analysis

Embryos were treated with SU5402 at time points ranging from mid blastula to mid gastrula
stages and scored for an open or closed anterior neural tube were analyzed witha 2 x 6
contingency table. The cells in the first dimension corresponded to the neural tube
phenotype and in the second dimension to the stage at initiation of SU5402 treatment. A
two-tailed Fisher’s exact test was used to determine association between neural tube closure
and timing of SU5402 treatment. Sample size was considered to be adequate when a
significant association (P < 0.05) was observed.

The relationship between FGF signaling deficiency effects on mesendodermal/mesodermal
tissue presence were tested by assaying SU5402-treated embryos for presence of hatching
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gland and notochord using WISH. Individual tissue presence, notochord or hatching gland,
was scored as follows: 0 equaled no tissue present, 1 equaled some tissue present, 2 equaled
most tissue present, and 3 equaled full tissue present. Separate 2 x 4 contingency tables with
the first dimension corresponding to neural tube closure and the second to tissue presence
scores were analyzed by a two-tailed Fisher’s exact test to determine if there was a
significant association between tissue presence and neural tube closure. All Fisher’s exact
tests were performed using R version 3.1.2 software.

Embryos were imaged using a Nikon Eclipse 80i microscope with a SPOT Insight Fire Wire
camera. Live embryos were mounted in methylcellulose on glass depression slides. Fixed
embryos were mounted in 100% glycerol on glass coverslips. Images were processed using
Adobe InDesign CS6 and image clarity adjustments were made using Adobe Photoshop CS6
(Adobe Systems Inc.).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Stage at SB505124 Exposure

sphere (4.0 hpf) 30% epiboly (4.7 hpf)

|

Phenotype at treatment

Phenotype at ~24 hpf

closed NT

otx5 Expression

Figure 1: ONT and CNT cause open and closed neural tube phenotypes, respectively.
Treatment with SB505124 at sphere stage always results in an open neural tube while

treatment at 30% epiboly stage always results in a closed neural tube. Top row: Lateral
views, animal pole to top. Middle row: Lateral views, anterior towards top. Bottom row:
Dorsal view, anterior towards top.
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Differential Expression Ratio

CNT / ONT
Gene Name Shield Stage | Tailbud Stage | 7 Somite Stage |
activin receptor type 1 like (acvr1l) 1.872 - -
bmp and activin membrane-bound inhibitor ) 0.644 )
homolog a (bambi) ’
bone morphogenetic protein 2b (bmp2b) - 0.653 -
bone morphogenetic protein 7a (bmp7a) - 0.602 0.626
chordin (chd) 1.874 - -
follistatin a (fsta) - 36.571 2.942
forkhead box H1 (foxh1) - 0.644 -
mix paired like homeobox (mixI1) 3.227 - -
noggin 1 (nog1) 5.089 6.115 1.576
smad homolog 1 (smad1) 0.469 - -
smad family member 6a (smad6a) 0.626 - -
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Figure 2: Differential expression of transcripts encoding components of the BM P and Nodal
signaling pathways.
A) Danio rerio Nodal/Activin and BMP signaling pathways. Blue stars indicate the
corresponding gene had higher expression in CNT embryos. Yellow stars indicate the
corresponding gene had lower expression in CNT embryos. B) Table of differentially
expressed genes in these pathways and the corresponding expression ratios from the RNA-

sequencing data analysis.
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kinase (CaM kinase) Il g 1(camk2g1) ) Cat++
calcium/calmodulin-dependent protein 1.955 :; Activator
kinase Il beta 1 (camk2b1) * Ca++
dishevelled associated activator of 0.462 R Aclivator
marphogenesis 1b (daam1b) : PCP
dickkopf WNT signaling pathway inhibitor 1b 4704 3.167 . Inhibitor
(dkk1b) ; : Canoanical
frizzled class receptor 8b (fzd8b) 3.842 4.083 2.339 Activator Al
frizzled class receptor 10 (f2d10) 1.551 1.874 - Activator Al
frizzled class receptor 7a (fzd7a) 0.540 - = Activator Al
frizzled class receptor 3a (fzd3a) 0.534 - Activator All
glycogen synthase kinase 3 beta {gsk3b) 0.506 . Inhibitor
3 Canonical
Iymphoid enhancer-binding factor 1 {lef1) 0.655 = Activator
: Canonical
protein kinase, cAMP-dependent, catalytic, 1.583 . Activator
alpha, genome duplicate a (prkacaa) : C++
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transcription factor 7-like 1a (tcf7l1a) Activator
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ber 11, related {wnt11r) NA 1771
wingless-type MMTV integration site family, 0.666 . Activator
ber 5b {wnt5b) ) Ca++

Figure 3: Differential expression of transcripts encoding portions of the Wnt signaling pathway.
A) Danio rerio Wnt signaling pathway. Colored stars used as in Figure 2. B) Table of

differentially expressed genes in the Wnt pathway and corresponding expression ratios from
the RNA-sequencing data analysis.
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B Differential Expression Ratio
ONT /CNT
Gene Name Shield Stage | Tailbud Stage | 7 Somite Stage |
cAMP responsive element binding protein
3-like 3 like (creb3/3]) {401 0529 i
cAMP responsive element binding protein )
3-like 1 (creb311) 1.9 0.032
fibroblast growth factor 8a (fgf8a) 0.297 1.801 1.036
fibroblast growth factor 17 (fgf17) 2.405 - -
fibroblast growth factor 24 (fgf24) 0.488 - -
fibroblast growth factor receptor-like 1b )
(fafri1b) 2.778 5.537
fibroblast growth factor receptor-like 1a ) 4.444 1629
(fgfrl1a)

Figure 4: Differential expression of transcripts encoding portions of the FGF signaling pathway.
A) Danio rerio FGF signaling pathway. Colored stars used as in Figure 2. B) Table of

differentially expressed genes represented in the FGF pathway and corresponding expression
ratios from the RNA-sequencing data analysis.
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Live Embryos 24 hpf Pineal Phenotype
Oval Elongated Divided

Sphere
4.0 hpf

Dome
4.7 hpf 4.3 hpf

30% Epiboly

50% Epiboly
5.3 hpf

Shield
8.0 hpf 6.0 hpf

70% Epiboly

DMSO only
30% Epiboly
3.8 hpf

Figure 5. FGF signaling at or before the onset of gastrulation isrequired for anterior neural tube
closure.
Embryos were treated with SU5402 starting at time points indicated and then analyzed for

anterior neural tube phenotype by pineal morphology. First column: lateral views of whole
embryos with anterior to the left and dorsal to the top. Scale bar: 250 um. Second-fourth
columns: dorsal view with anterior to the top. Scale bar: 50 um. Refer to Table 5 for
quantitative data.
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DMSO dose of FGFR inhibitor SU5402

control low medium high

oep l oep I oep

normal normal s |l class Il
nd;. ndr’ { r‘
normal normal ss Il > class IV

Figure 6: Expression of the oep geneis decreased in embryos with deficient FGF signaling.
Embryos were treated with SU5402 starting at dome stage and then fixed at 75% epiboly

and assayed for expression of the Nodal receptor complex gene oep and the Nodal ligand
gene ndr2. oep expression has a dose dependent decrease in the midline tissue (white
arrows) and prechordal plate/anterior neuroectoderm (black arrowheads). In contrast,
expression levels of ndr2 remain high, although the shape of the midline tissue is disrupted
at the highest concentration. Scale bar: 100 pM.
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DMSO Control SU5402 Treated Embryos
Oval Pineal Elongated Pineal
Full nc Absent nc Some nc Most nc Absent nc Some nc Most nc
¥ f . a4 - ‘( ’; - . e | 3 3 J-: : ‘
100% 4% 31% 65% 6% 85% 9% —_—

Figure 7. Correlation between notochord presence and neural tube closurein FGF signaling
deficient embryos.

Embryos were assayed with the notochord marker co/2a1 to determine the amount of
notochord (nc) present and the pineal marker otx5 to report the neural tube phenotype.
Representative images of embryos treated at 30% epiboly with DMSO or the FGFR
inhibitor SU5402. Pineal phenotype is indicated but not shown. Dorsal views of deyolked
embryo trunks with anterior to the left. Scale bar: 150 um. Refer to Table 6 for quantitative
data.
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live embryo live embryo epha4da egr2b/otx5
e 3.0

normal
(DMSO)

class |
SuU5402

class Il
SuU5402

class Il
SU5402

class Il
PD161570

class Il
PD173074

class IV
PD173074

cyc;sqt
double

Figure 8: Comparison of embryostreated with a variety of FGFR inhibitorsreveals a common
phenotype of loss of posterior structures.

WT embryos were treated with the indicated FGFR inhibitor or vehicle alone (DMSO)
starting at dome stage and continuing until fixation at ~30 hpf. ndrZ; ndr2 mutants were
produced by natural spawnings. Embryos treated with PD161570 and PD173074 treatment
have phenotypes that similar to those caused by SU5402, including loss of hindbrain
rhombomerers (r’s, black arrows) that increases in severity with increasing phenotypic class
& inhibitor concentration. In contrast, narI;ndr2 mutants have no evidence of loss of
hindbrain tissues even though they have a similar shortening of the anterior-posterior axis as
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the FGFR inhibitor treated embryos and more disrupted morphology (compare region of the
midbrain/hindbrain boundary (MHB)). Pineal precursors are indicated by white arrowheads.
First column, lateral views. Second-fourth columns, dorsal views. Scale bars: First column
0.5 mm, remaining columns 0.1 mm. Refer to Table 8 and Supplemental Table 2 for
guantitative data.
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T -
FRG
Differential Expression Ratio
B CNT/ONT
Gene Name Shield Stage | Tailbud Stage | 7 Somite Stage
actinin, alpha 1 (actnt) - - 0.602
actinin alpha 3b (actn3b) 0.43; - -
BAI1 iated protein 2a (baiap2a) 2.57 -
cadherin 4 1.90¢ -
cadherin 7 - 1.566 -
cadherin 11 - 7.627 2.682
cadherin 17 0.563 - -
catenin, alpha 2 (ctnna2) 2.802 -
cell division cycle 42 (cdcd2) 1.508 -
h poietic cell-specific Lyn sub 1 1.782 -
(hels1; cortactin}
CREB bindii lein a (crebbpa) 0.658 -
FYN proto-oncogene, Src family tyrosine kinase a 3.163 =
(fyna)*
insulin receptor b (insrb) - - 0.562
1Q matif ining GTPase activating protein 1 1.758 - 0.633
(iggap1)
poliovirus receptor-related/nectin 1b (pvri1b) 0.495 -
poliovirus recept tin 3b (pvrl3b) 1.535 -
poliovirus receptor-related 2 like/nectin 21** - 1.532
protein tyrosine phosphatase, receptor type, . b 0.524 -
(ptprib)
snail family zinc finger 2 (snai2)® 1.698 -
synovial sarcoma, X breakpoint 2 interacting 2.080 -
protein (ssx2ip)
vinculin a (vela) 3.036 =
v-8rc avian sarcoma {Schmidt-Ruppin A-2) viral 1.767 -
oncogene homolog (sre)*

*promaote epithelial to mesenchymal transition, decrease adherens junction levels
**novel gene LOC560816

Figure 9: Differential expression of transcripts encoding portions of Adherens Junctions.
A) Schematic of an adherens junction. Colored stars used as in Figure 2. B) Table of

differentially expressed adherens junction genes and corresponding expression ratios from
the RNA-sequencing data analysis.
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Differential Expression Ratio
CNT/ONT
Gene Name Shield Stage | Tailbud Stage | 7 Somite Stage
achinin, alpha 1 (acini) - - 0.602
actinin alpha 3b (actn3b) 0.432 -
ash (absent, small, or homeotic) 1-like (ash1/)* 0.655
calenin, alpha 2 (ctnna2) 2.802
cell division cycle 42 (cdc42) .508
claudin 5a (cldn5a) 444
claudin 7b (cldn7b) 546
claudin d (cldnd) 2.891
claudin g (cldng) 2628
guanine nucleotide binding protein, alpha inhibiting activity 34
li tide 2b (gnaiZb
ietic cell-specific Lyn subsirate 1 (hcls1; cortactin) 1.782 -
inaD-like (inadl: paij = 0.633
junctional adhesit lecule 3b (jam3b) 0.631 =
Junctional adhesion molecule 2a (jam2a) 1.605
iated guanylate kinase, WW and FDZ domain 1617
containing 3 (magi3)
myosin, heavy chain 9a, non-muscle (myh9a) - 0.620
myasin, heavy polypeplide 2, fast muscle specific (myhz2) 0.370 =
partitioning defecti homolog beta (pard6b) 0.628
protein kinase, cAMP-dependent (pka), calalytic, alpha, genome 1.583
duplicate a (prkacaa)
protein kinase, cAMP-dep (pka), catalytic, alpha, g 1.638
duplicate b (prkacab)
prolein kinase C. beta b (prkcbb) 2.05
rotein kinase C, epsilon a (prkcea; nPKC) 0.57;
protein kinase C. delta a (prkcda; nPKC) .31
shroom family member 4 (shroom4) 028
h family ber 3 (sh 3) 0.584 -
slow myasin heavy chain 1 (smyhc1) - 7425
tight juncti fated protein 1-like (ljp1; zo-1)"*
tight ion protein 3 ({jp3; zo-3) 1.521
Wiskott-Aldrich syndrome (WASP)-like a (wasla: WASP) 0.589

*located at tight junctions, binding partners unknown
*LOC5B6060

Figure 10: Differential expression of transcripts encoding portions of the Tight Junction

pathway.

A) Schematic of a tight junction. Colored stars used as in Figure 2. B) Table of differentially

expressed tight junction genes and corresponding expression ratios from the RNA-
sequencing data analysis.
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Table 1:

Over 3,000 transcripts were significantly differentially expressed between embryos that would have closed and
open neural tubes.

Shield (6.0 hpf)  Tailbud (10.0 hpf) 7 somites (12.0 hpf)  All 3 stages
Total significantly differentially expressed 2,553 423 634 3,186
Higher expression CNT versus ONT embryos 1,427 288 290 1,792

*
Genes with significant differential expression had to have at least 100 average counts in at least one treatment group, had to differ in expression by
at least 50%, and have a false discovery rate of <0.05.
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Table 2:

Genes known to be affected by Nodal were differentially expressed in the RNA-sequencing screen.

Differential Expression Ratio CNT / ONT
Gene Shield (6.0 hpf)  Tailbud (10.0 hpf) 7 Somites (12.0 hpf)  References

sox17 8.63 - - (Alexander and Stainier, 1999; David and Rosa, 2001)
sox32 - - 1.90 (Dickmeis et al., 2001; Kikuchi et al., 2001; Sakaguchi et al.,
2001)

mixl1 3.23 - - (Alexander and Stainier, 1999; Kikuchi et al., 2001)

goosecold 6.12 2.04 - (Agius et al., 1999; Thisse et al., 1994)
noggini 5.09 6.12 1.58 (Ragland and Raible, 2004; Szeto and Kimelman, 2006)

follistatin a - 36.57 2.94 (Ragland and Raible, 2004; Szeto and Kimelman, 2006)

pitx2 - - 2.27 (Liang et al., 2000; Yan et al., 1999)
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Table 3:

Genes associated with NTDs in other vertebrates were differentially expressed in developing zebrafish.

Zebrafish Gene  Zebrafish Mouse Humans Citations
Direction of CNT/ONT ratio
plld >1 >1 - (Luo et al., 2005)
vcla >1 >1 - (Xu et al., 1998)
shroom3 <1 >1 >1 (Hildebrand and Soriano, 1999; Lemay et al., 2015)
brd2a >1 >1 - (Shang et al., 2009)
nflb >1 >1 - (Lakkis et al., 1999)
casp9 >1 >1 - (Kuida et al., 1998)
cited? >1 >1 - (Bamforth et al., 2001; Yin et al., 2002)
crebbpa <1 >1 - (Tanaka et al., 2000)
gliza <1 >1 - (Pan et al., 2009)
prkacab >1 >1 - (Huang et al., 2002)
ptchl <1 >1 - (Goodrich et al., 1997; Milenkovic et al., 1999)
cyp26al <1 >1 - (Niederreither et al., 2002)
grhl3 >1 - >1 (Lemay et al., 2015)
ptorsa >1 - >1 (Lemay et al., 2015)
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Embryos with later initiation of the FGF inhibitor treatment have less severe phenotypes.

Table 4.

Stage at Onset of SU5402 Exposure  WT  Classl  Classl|

DMSO Control
Sphere

Dome

30% Epiboly
50% Epiboly
Shield

70% Epiboly

298 0

0
51
270
276
267

249 0

o o o o o o
o O O o o o

ClassllI
0

23

26

o O o o

Class|V  Total
0 298
36 59

0 77

0 276
0 276
0 267
0 249

Genesis. Author manuscript; available in PMC 2019 July 10.

Page 36



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Kindt et al.

Initiating inhibition of FGF signaling at or before the onset of gastrulation causes open neural tubes.

Table 5.

Closed NT Open NT

Stage at Onset of SU5402 Exposure  Oval Pineal  Elongated Pineal

DMSO Control
Sphere (4.0 hpf)
Dome (4.3 hpf)
30% Epiboly (4.7 hpf)
50% Epiboly (5.3 hpf)
Shield (6.0 hpf)
70% Epiboly (8.0 hpf)

298 (100%) 0 (0%)

0 (0%) 4 (36%)
0 (0%) 17 (28%)
119 (51%) 74 (32%)
184 (67%) 28 (10%)
242 (92%) 22 (8%)
243 (100%) 0 (0%)

Divided Pineal
0 (0%)

7 (67%)

43 (72%)

39 (17%)

63 (23%)

0 (0%)

0 (0%)

Total
298

*

11
60
232
275
264
243

*
A total of 59 embryos were analyzed for pineal phenotype but only 11 embryos had detectable otx5 expression in the pineal.
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Table 6.

Notochord tissue increases with later initiation of FGF signaling inhibitor treatment.

Notochord phenotype
Stage at Onset of SU5402 Exposure
None Some Most Full Total

DMSO Control
Closed NT 0 0 0 108 108
OpenNT 0 0 0 0 0
30% Epiboly
Closed NT 2 17 36 0 55
Open NT 2 28 3 0 33
50% Epiboly
Closed NT 0 32 59 0 91
OpenNT 0 4 2 0 6
Shield
Closed NT 0 2 79 64 145
OpenNT 0 1 1 0 2
70% Epiboly
Closed NT 0 0 0 130 130
OpenNT 0 0 0 0 0
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Table 7.

Treatment with FGFR inhibitors PD161570 and PD173074 at dome stage caused open neural tubes in the
forebrain.

Phenotypic Class of Embryos Pineal Phenotype
Oval Elongated Divided Undetectable Total
DM SO control  Normal 33 0 0 0 33
PD161570
20 uM  Normal 0 0 0 0 0
50 uM  Normal & | 14 0 0 0 14
100puM 1 &I 9 0 0 0 9
200pM - I &IV 2 3 1 1 7
300 uM 1 1 0 0 2
400 & 600 pM IV & >IV 0 0 1 3 4
PD173074
20 UM Normal 6 0 0 0 6
50 uM  Normal & | 8 0 0 0 8
100puM 1 &1IT&I 19 1 0 0 20
200pM 1l & IV 3 2 1 2 8
250-400 UM IV 0 4 3 1 8
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