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ABSTRACT

Cell migration requires dynamic regulation of cell-cell signaling and cell adhesion. Neural crest (NC) cells
are highly migratory cells, which undergo an epithelial-mesenchymal transition (EMT) to leave the neural
epithelium and migrate throughout the body to give rise to many different derivatives. We have identified
a Lim-domain only (Lmo) protein, Lmo7a, expressed in early NC cells that controls both actin cytoskeletal
dynamics and Wnt signaling during NC migration. In embryos deficient in Lmo7a, many NC cells fail to
migrate away from the dorsal midline, and form aggregates. Unlike the majority of NC cells that appear to
migrate normally, cells that aggregate in Lmo7a-deficient embryos mislocalize paxillin (Pxn) and have
reduced levels of phosphorylated focal adhesion kinase (pFAK). Lmo7a loss-of-function also disrupts
canonical Wnt signaling such that after the onset of NC cell migration, Wnt responses and nuclear 3-
catenin levels increase in the cells that aggregate. However, this increase in Wnt signaling appears
secondary to the defect in migration. Similar to mutants for other Wnt regulators in NC cells, the NC cells
in Lmo7a-deficient aggregates exhibit gene expression signatures of pigment cell progenitors, but also
express markers of Schwann cell progenitors, suggesting a role for Lmo7a in pigment-glial specification.
We propose that Lmo7a modulates cell adhesion to facilitate both robust NC cell migration and a subset

of lineage decisions.
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INTRODUCTION

During embryonic development, cell migration and lineage specification must be tightly coordinated. Many
of the mechanisms driving progenitor cell migration also regulate differentiation toward specific lineages
(McBeath et al, 2004; He et al, 2018). In vertebrates, this is particularly true for mesenchymal cell
populations such as migratory neural crest (NC) cells, which emerge from the neural ectoderm and
disperse to generate an extraordinary variety of cell types throughout the body including neurons, glia,
pigment cells, cartilage, and bone. Despite extensive studies of both intrinsic and extrinsic factors that
specify these different fates, how the acquisition of distinct NC lineages relate to their migratory behaviors
remains largely unclear (Kalcheim and Kumar, 2017).

NC cells are induced at the neural plate border during neural tube closure through a combination
of Wnt, BMP, FGF, and Notch signaling (Stuhimiller and Garcia-Castro, 2012). They subsequently
undergo epithelial-mesenchymal transition (EMT) and migrate away from the dorsal midline along distinct
trajectories throughout the embryo (Kerosuo and Bronner-Fraser, 2012; Mayor and Theveneau, 2013).
Among these migratory paths, are cranial NC cell streams that populate the pharyngeal arches (PAs) to
form the facial skeleton, as well as distinct lateral and medial pathways in the trunk in which NC cells form
pigment cells in the skin or sensory neurons and glia in peripheral nerves, respectively. Some in vivo
lineage tracing and in vitro clonal analyses have suggested that these fates depend entirely on the
migratory environments and final destinations of NC cells (Fraser and Bronner-Fraser, 1991; Dupin et al,
2010; Baggiolini et al, 2015). Other experiments have provided evidence for early lineage specification in
premigratory NC and a link between initial position, migratory path, and cell fate (Stemple and Anderson,
1992; Schilling and Kimmel, 1994; Krispin et al 2010). In recent years, the advent of single cell
transcriptomics has given us a more detailed picture of the degree to which NC cell fates are both
dynamic and heterogeneous during migration (Morrison et al, 2017; Lukoseviciute et al, 2018; Soldatav et
al, 2019).

Canonical Wnt signaling plays important roles in inducing NC cells, promoting their migration, and
driving lineage decisions at later stages. Tight regulation of signaling levels is vital for proper initiation of
migration (Maj et al, 2016; Hutchins and Bronner, 2018; Ahsan et al., 2019) and also biases cells toward

pigment versus glial cell fates through regulation of genes such as Sox70/Foxd3 and Pax3/7, respectively
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(Dorsky et al., 1998; Minchin and Hughes, 2008; Curran et al, 2010). We previously demonstrated novel
roles for Ovol1a and Rbc3a/DmxI2 in promoting NC migration, due at least in part to changes in
responses to Wnt signaling (Piloto and Schilling, 2010; Tuttle et al, 2014). Both are specifically expressed
in premigratory NC cells, and loss-of-function of either gene disrupts the migration of subsets of NC cells,
which form aggregates in the dorsal midline and acquire pigment cell fates. Ovol1a is a direct Wnt target
(Li et al, 2002), while Rbc3a/DmxI2 controls Wnt receptor trafficking, and both alter the localization of
cadherins (such as Cdh2) important for migration. These results establish a link between adhesive
mechanisms that govern NC migration, Wnt signaling, and the decisions that lead toward specific cell
fates.

In a microarray screen to identify genes downregulated in ffap2a/g-deficient zebrafish embryos,
we discovered the Lim-domain-only 7 gene Imo7a (Hoffman et al. 2007, Tuttle et al., 2014). Lim-domain
proteins vary in structure and cellular function and include the Lim-domain-only (Lmo) subclass. Lmo1-4
contain no annotated functional domains apart from multiple Lim domains and function as nuclear
transcriptional co-regulators important in cancer progression (Matthews et al, 2013; Sang et al, 2014).
Lmo4 promotes EMT of NC and neuroblastoma cells through direct binding to Snail and Slug transcription
factors (Ochoa et al, 2012; Ferronha et al, 2013). A protein containing four and one-half Lim domains
(FHL2) interacts with B-catenin (3-cat) to either increase or decrease levels of TCF/LEF dependent
transcription, depending on the cellular context (Martin et al, 2002; Hamidouche et al, 2008). Other Lim-
domain family members contain multiple functional domains and have more divergent roles.

Lmo7, despite its name, contains a calponin homology (CH) domain, a PDZ domain, and a single
Lim domain. In mammals, multiple functions have been described for Lmo7, including promoting
expression of myogenic transcription factors in skeletal muscle cells (Holaska et al, 2006; Dedeic et al,
2011) and regulating afadin-nectin-E-cadherin junctions in epithelial cells (Ooshio et al, 2004) and in the
cuticular plate of the cochlea (Du et al, 2019). Interestingly, its function in myogenesis requires entry into
the nucleus and transcriptional regulation, while its epithelial functions involve interactions with the actin
cytoskeleton and membrane-associated proteins. Lmo7 also influences cancer cell metastasis, such as
the expression of myocardin-related transcription factors through regulation of Rho-dependent actin

dynamics at the cell membranes of breast cancer cells (Nakamura et al, 2005; Hu et al, 2011, Teixeira et
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al, 2014). A paralog of Lmo7, LIMCH1, regulates cell migration through roles in focal adhesion (FA)
formation and actomyosin dynamics (Lin et al, 2017). Lmo7 can localize to FAs and act as a shuttling
protein to mediate integrin signaling in HeLa cells and mouse embryonic fibroblasts (Holaska et al, 2006;
Wozniak et al, 2013). Both LIMCH1 and Lmo7 are associated with poor prognosis in human lung cancer
(Karlsson et al, 2018), and expression of Lmo7 (also called PCD1) is associated with increased
metastasis in numerous human cancers (Kang et al, 2000; Furuya et al, 2002; Sasaki et al, 2003).

Here, we show that zebrafish Lmo7a promotes NC migration and modulates lineage decisions
through interactions with canonical Wnt signaling, similar to Ovol1a and Rbc3a/DmxI2. Lmo7a is
expressed in premigratory NC cells where it localizes to cell membranes, and loss-of-function leads to
aggregation of subsets of NC cells at the dorsal midline. These cells show elevated nuclear 3-cat as well
as altered paxillin (Pxn) localization and reduced phosphorylated focal adhesion kinase (pFAK).
Furthermore, analysis of gene expression in these NC cell aggregates reveals that the cells adopt
identities of pigment and glial progenitors, but not other NC lineages. Our results suggest that Lmo7a has
a dual role in promoting migration of NC cells and regulating lineage decisions through modulation of

canonical Wnt signaling and cell adhesion dynamics.
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Figure 1: Imo7a expression and domain structure. (A-B) Whole mount in situ hybridization (ISH) for Imo7a mRNA
(dorsal views, anterior to the left). Expression in premigratory NC cells at 12 hpf (A) and migratory NC cells at 16 hpf (B).
(C-D) Whole mount ISH at 48 hpf (C) and 72 hpf (D) (lateral views), shows expression in the notochord and somite
boundaries. (E) The Imo7a genomic locus consists of 33 exons. The full-length protein contains calponin homology (CH),
PDZ, and Lim domains. (F) An antisense morpholino targeted the first exon, while CRISPR and CRISPRi gRNAs targeted
exons 1,4,6, and 7. (G) Sequences for two CRISPR deletion alleles generated in Exon 16 compared to WT sequence.
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RESULTS

Lmo7a is expressed in and required for migration of subsets of NC cells

Zebrafish Imo7a was identified in a microarray screen of tfap2a/g-deficient embryos, which lack NC cells
(Hoffman et al., 2007; Tuttle et al., 2014). Whole mount in situ hybridization (ISH) first detected Imo7a
expression in cranial NC cells at 12 hours post-fertilization (hpf), just prior to the onset of NC cell
migration (Figure 1A). Expression persisted at 16 hpf in migrating NC cells in the PAs and between the
eyes (Figure 1B), but was no longer detected at 24 hpf. At later embryonic stages (48-72 hpf), expression

was restricted to the notochord and somite boundaries (Figure 1C, D).
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Figure 2: Imo7a knockdown disrupts migration of subsets of NC cells. (A-B, D-I) Whole mount live confocal images of 24 hpf
sox10:nEOS embryos. (A-B) NC aggregates form along the dorsal midline in Imo7a trans-heterozygous mutants, in contrast to WT
siblings. (C) Percentages of embryos displaying >10 NC cells at the dorsal midline in various Imo7a gene perturbations. (D,G)
Embryos injected with 4 ng of control morpholino (MO), (E,H) Embryos injected with 4 ng of antisense MO targeting /mo7a (F,l)
Embryos injected with dCas9 mRNA and 4 gRNAs targeting the coding region of Imo7a. NC cell aggregates at the dorsal midline
(arrowheads). (A, D-F) Lateral views. (B, G-l) Dorsal views. Scale bars = 100 um (A,B,D,G). PA=Pharyngeal Arch, OV=0Otic
Vesicle
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Figure 3: Lmo7a localizes to the plasma membrane and requires the CH domain in NC. (A-C) Whole mount live
confocal images of WT sox10:lyn-TdTomato embryos injected with sfGFP-Imo7a fusion mRNA. sfGFP-Lmo7a puncta
at the plasma membrane of NC cells (arrowheads).(lateral views, anterior to the left). (D-G) Whole mount live confocal
images of 24 hpf sox710:nEOS embryos (dorsal views, anterior to the left). (D) Imo7a MO-injected embryos display large
NC aggregates. Both full length mRNA (E) and mRNA lacking the Lim domain (F) reduce the number of NC cells in
aggregates, while mRNA lacking the CH domain (G) does not. (H) Quantification of phenotype severity based on
median number of NC cells at midline/embryo (n = 8 embryos per condition). (I) Schematics of rescue transcripts.
Tg(sox10:lyn-tdTomato)For (H): Medians: MO = 104 cells/embryo, MO+full mRNA = 43.5 cells/embryo, MO+noLim
mRNA = 30 cells/embryo, MO+noCH mRNA = 115 cells/embryo. Line indicates median, boxes indicate IQR, whiskers
indicate IQR*1.5, point indicates outlier. Kruskal-Wallis ANOVA: p-value <0.0001. Posthoc Wilcoxon tests (BH
corrected) p-values: ***<0.001; ****<0.0001, ns>0.05. Scale bars = 20 um (A) and 100 um (D).

119 Lmo7a contains CH, PDZ and Lim domains (Figure 1E). Two deletions in Imo7a, -5 bp and -35
120 bp, were generated by CRISPR-Cas9 gene editing using a guide RNA targeting exon 16 just upstream of
121 the PDZ domain (Figure 1F, G). Trans-heterozygous mutants carrying the Tg(-4.9so0x10:nEOS) transgene

122 (hereafter referred to as sox10:nEOS, which labels the nuclei of pre-migratory and migrating NC cells)

123 appeared largely normal but NC cells formed small aggregates (5-10 cells/aggregate; ~10-20


https://doi.org/10.1101/2020.05.30.125468

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.30.125468; this version posted May 31, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

124 cells/embryo) at the dorsal midline of the neural tube extending along the anterior-posterior (A-P) axis
125 from the midbrain-hindbrain boundary to the anterior spinal cord (Figure 2A,B). Such aggregates closely
126 resemble the phenotypes of rbc3a™ and ovol1a-deficient embryos (Piloto et al, 2010 ; Tuttle et al., 2014).
127 Similar to Imo7a mutants, knockdown of Imo7a using an antisense morpholino targeting the

128 translation start site (Imo7a-MO) (Figure 1H) in sox10:nEQOS fish resulted in NC aggregates (5-30

129 cells/aggregate; ~50-100 cells/embryo) at the dorsal midline in ~93% of injected embryos compared to
130 sibling embryos injected with a control MO (Figure 2D-E,G-H). Aggregates became distinct by 18 hpf

131 while other surrounding NC cells migrated away from them and ventrally into the PAs at approximately
132 the same rate as WT cells (Suppl Movie 1-2). CRISPR inhibition (CRISPRIi) produced similar NC cell

133 aggregates in ~64% of injected embryos (Figure 2F,l). With CRISPRI, expression of Imo7a at 12 hpf was
134 nearly undetectable (Figure S1). These results provide independent confirmation that Lmo7a function is
135 required for subsets of NC cells to migrate.

136

137 Lmo7a localizes to NC cell membranes and its function requires the calponin homology domain
138 Lmo7 was previously shown to function at the membrane in epithelial cells where it interacts with

139  adherens junctions and/or focal adhesions (FAs), and in the nucleus in muscle cells, where it binds the
140  transcription factor Emerin (Ooshio et al, 2004; Wozniak et al, 2013; Holaska et al, 2006). To determine
141 the subcellular localization of Lmo7a in NC cells, we generated a fusion construct encoding superfolder
142 GFP (sfGFP) fused to the N-terminus of Lmo7a, sfGFP-Imo7a. This mMRNA was injected at the 1-cell

143 stage into Tg(-4.9s0x10:lyn-tdTomato) embryos (hereafter referred to as sox70:lyn-tdTom) to mark NC
144 cell membranes. At 18 hpf, the sFGFP-Imo7a fusion protein was restricted to bright puncta that co-

145 localized with sox10:lyn-tdTom, with little to no expression detected in cell nuclei (Figure 3A-C), indicating
146 a potential role at the membrane.

147 Lmo7a contains CH, PDZ and Lim domains, all implicated in protein-protein interactions (Figure
148 1G). To test requirements for these domains in NC cell migration, rescue experiments were performed in
149  an Imo7a-MO background. Co-injection of Imo7a-MO with mRNA encoding full-length Imo7a significantly
150 reduced the severity of the migration phenotype as quantified by the number of NC cells that failed to

151 migrate away from the midline by 24 hpf (MO median = 104 cells/embryo, MO+/mo7a-full median = 43.5
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152 cells/embryo; p<0.001) (Figure 3D, E, H). Next, mRNAs encoding full-length Imo7a lacking either the Lim
153 or the CH domain were co-injected with Imo7a-MO. Interestingly, removal of the Lim domain caused no
154  significant change in the ability of injected Imo7a mRNA to rescue the Imo7a-MO phenotype (MO+Imo7a-
155 noLim median = 30 cells/embryo; p<0.0001) while Imo7a lacking the CH domain failed to rescue

156 (MO+Imo7a-full median = 115 cells/embryo; p=0.35) (Figure 3F, G, H). The CH domain mediates

157 interactions with the actin cytoskeleton. These data suggest that the CH domain but not the Lim domain is
158 required for Imo7a’s function in early NC cell migration, further supporting a role for Lmo7a at the

159 membrane in NC cells and potential interactions with the cytoskeleton.

160

B tg(B-act:Paxillin-EGFP) NC cells in Imo7a-deficient
embryos have aberrant

accumulation of focal

WT 18 hpf

adhesion components
Based on its membrane
localization in NC cells and
known roles in FAs (Holaska
et al, 2006; Wozniak et al,
2013), we hypothesized that
Lmo7a likely plays a role in

FAs essential for proper

| WT 24 hpf || Imo7a MO 18 hpf ||

Figure 4: Imo7a knockdown results in abnormal NC cell morphology and 7, filopodial dynamics and
aggregation of paxillin complexes. (A-F) Whole mount live confocal images o

Tg(sox10:lyn-tdTomato, B-actin:paxillin-EGFP) double transgenic embryos. (A-C) NC

cells at 18 hpf display long cytoplasmic protrusions (filopodia) and localization of Pxni 73 migration. To test this idea we
EGFP along the plasma membrane (arrowheads) in WT. (D-F) NC cells in dorsal

midline aggregates in embryos injected with Imo7a-MO. Cells are rounded and . . .
accumulate Pxn-EGFP in the cytoplasm. (G-l) Whole mount live confocal images of 74 next examined filopodial
transgenic B-actin:paxillin-EGFP embryos injected with mCherry-Imo7a mRNA.

mCherry-Lmo7a puncta colocalize with Paxillin-EGFP in WT NC cells at 24 hpf (I . :
(arrowheads). Scale bar = 15 ym 175 extension and FA formation.

176 We utilized a double
177  transgenic line expressing both a fluorescent paxillin (Pxn) fusion protein under the control of a ubiquitous
178 promoter, Tg(B-actin:Pxn-EGFP) as well as sox10:lynTdTomato to facilitate live, time-lapse imaging of

179 Pxn-based adhesion complexes in NC cells. Embryos were imaged from 16-19 hpf, when cranial NC cells
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Figure 5: Imo7a-deficient NC aggregates have decreased levels of phosphorylated focal adhesion kinase. (A-H) Whole
mount confocal images of immunostaining with anti-pFAK antibody (red) and DAPI (blue) in sox10:lynEGFP transgenic embryos
(green). (A-D) Migratory cells in Ctrl MO-injected embryos show many bright pFAK puncta along their membranes. (E-H)
Aggregate NC cells in Imo7a MO-injected embryos show fewer pFAK puncta in their membranes. (I) Dots represent the mean
number of puncta per cell in 5 cells per embryo. (Ctrl MO n=7 embryos, mean=13.1 puncta/cell/embryo; Imo7a MO n=5 embryos,
mean=6.2 puncta/cell/lembryo). T-test p-value = 0.0029. Line indicates mean. Error bars indicate +SD. Scale bars = 20 pm.

180 migrate into the PAs. In WT embryos, NC cells dynamically change morphology as they migrate,

181 extending and retracting filopodia. Transient accumulations of Pxn-EGFP were visible along the

182 membranes of these NC cells during migration (Figure 4A-C). In contrast, in Imo7a-deficient embryos, NC
183 cells in aggregates that remained at the midline maintained a rounded morphology with few to no

184 filopodial projections and contained large aggregates of Pxn-EGFP that appeared cytoplasmic (Figure
185  4D-F; Suppl Movie 3). To investigate if Lmo7a colocalizes with Pxn, we injected mCherry-Lmo7a mRNA
186 into WT tg(B-actin:Pxn-EGFP) embryos. Overlap of mCherry-Lmo7a puncta and Pxn-EGFP puncta was
187  observed at the membranes of migratory WT NC cells (Figure 4G-l). These observations suggest that in
188 Imo7a-deficient embryos, Pxn-FA complexes fail to form properly at the membrane and that NC cells
189 consequently fail to extend directional projections that facilitate migration.

190 To investigate if this Pxn accumulation is indicative of changes in FA dynamics, we examined
191 localization of phosphorylated Focal Adhesion Kinase (pFAK) using a polyclonal anti-pFAK (pY576)

192 antibody. At 18 hpf, many bright puncta can be seen along the membranes of migrating NC cells in

193 embryos injected with a control MO (Ctrl MO) (Figure 5A-D). While some puncta can be seen in the

194 membranes of midline aggregate NCs in Imo7a-MO-injected embryos (Figure 5E-H), the number of
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7XTCF:EGFP| C

Imo7a MO

Imo7a MO

Figure 6: Imo7a knockdown increases canonical Wnt signaling in NC midline aggregates. Whole mount live confocal
images of double transgenic Tg(sox10:lyn-tdTomato; 7XTCF:EGFP) embryos at 24 hpf. (A-C) In WT embryos, EGFP is detected
in migratory NC cells around the midbrain, anterior hindbrain and PAs 1 and 2. (D-F) In Imo7a MO injected embryos EGFP is
detected in NC aggregates at the dorsal midline regardless of anterior-posterior position. (G-l) At higher magnification, most cells
within each aggregate are positive for EGFP. (A-F) Lateral views. (G-l) Dorsal view. Scale bars = 150 pm (A-C) 25 pm (G-l)
and 15 pm (J-N) . PA=Pharyngeal Arch, OV=0tic Vesicle

195 puncta per cell was significantly lower than controls (Ctrl MO mean = 13.1/cell/lembryo, Imo7a MO mean
196 = 6.92/cell/lembryo, p=0.0029) (Figure 5I).

197

198 Lmo7a deficiency elevates canonical Wnt signaling in NC cell aggregates

199 We have previously shown that Ovol1a and Rbc3a/DmxI2 regulate NC cell migration, at least in part, by
200 regulating canonical Wnt signaling (Piloto et al. 2010; Tuttle et al. 2014). To investigate if the NC

201 migratory defects observed in Imo7a-deficient embryos also alter Wnt signaling, we examined a canonical
202  Wntreporter line, Tg(7xTCF:EGFP). In WT embryos, cranial NC cells in PA1 and PA2 as well as over the
203 midbrain expressed the Wnt reporter at 24 hpf (Figure 6A-C). In contrast, most of the NC cells within

204 aggregates in Imo7a-deficient embryos were TCF-GFP-positive, regardless of their A-P position (Figure

205 6D-F). Levels of Wnt responses varied dramatically between cells within an aggregate (Figure 6G-I).
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Figure 7: NC aggregates adopt a bipotential pigment/glial cell fate. (A-H) Whole mount confocal images of in situ hybridization
chain reaction (HCR) for NC lineage markers in transgenic Tg(sox10:lyn-tdTomato) embryos. (A-D) In WT embryos, dix2a is
expressed in NC cells within the PAs and mitfa expression is observed in many NC cells outside the PAs. (E-H) In Imo7a MO-
injected embryos, dix2a expression is unaffected, but mitfa expression marks NC aggregates at the dorsal midline. (I-M) Whole
mount confocal images of HCR for NC lineage markers. (I) NC aggregates in Imo7a MO-injected embryos express both the glial
progenitor marker foxd3 (J) and the melanocyte progenitor marker mitfa (L), and some cells co-express both markers (M). (N-Q)
Whole mount confocal images of HCR for NC lineage markers in Imo7a MO-injected double transgenic Tg(sox10:lyn-EGFP;
7XTCF:nls-mCherry). Both mCherry+ and mCherry- NC cells in midline aggregates express mitfa. Scale bars = 100 pym (A) 15
pm (1) and 20 pm (N).

206 To confirm the apparent increase in canonical Wnt signaling, we analyzed the subcellular

207 localization of B-cat in WT and Imo7a-deficient NC cells at 24 hpf (Figure S2A-H). Similar to our previous
208 results for Ovol1a and Rbc3a, in Imo7a-deficient embryos, NC cells in the midline aggregates displayed
209 increased levels of B-cat in the nucleus as compared to WT NC cells (Figure S2I).

210 Imo7a-deficient NC cell aggregates co-express pigment and glia markers

211 Increased canonical Wnt signaling can drive NC cells toward pigment cell fates (Curran et al, 2010). To
212 determine if this is the case in NC aggregates in Imo7a-deficient embryos, we performed in situ

213 Hybridization Chain Reaction (HCR) for genes that mark different NC lineages at 24 hpf (Figure 7). In
214 Imo7a-MO injected embryos, expression of the skeletogenic marker dix2a was restricted to the PAs,

215 similar to WT, and was excluded from midline NC aggregates (Figure 7B, F). In contrast, all of these
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aggregates expressed mitfa, which labels melanocyte progenitors (Figure 7C, G). These results suggest
that elevated canonical Wnt signaling in NC cells that aggregate at the midline in Imo7a-deficient embryos
promotes their differentiation as pigment cells, similar to our previous results for Ovol1a and Rbc3a/
DmxI2.

However, surprisingly, NC aggregates in Imo7a-deficient embryos were also positive for foxd3
mRNA, which at this stage in WT marks Schwann cell precursors (Figure 71-M). Furthermore, many NC
cells within an aggregate clearly co-expressed both mitfa and foxd3. Wnt signaling promotes Mitf and
represses Foxd3 in the context of lineage specification (Curran et al, 2010) Therefore, to assess the Wnt
responses occurring in these apparent bipotential mitfa/foxd3 double-positive NC cells we examined their
expression of 7xTCF:nls-mCherry. Although expression is mosaic in the NC aggregates of Imo7a-
deficient embryos (Figure 7N-O), all mCherry- cells also expressed mitfa (Figure 7P). To investigate this
further, we treated Imo7a-deficient embryos with a canonical Wnt inhibitor, XAV939from 12-24 hpf, during
NC migration but after NC induction (Figure S3). While the treatments drastically reduced levels of the
Wht reporter (Figure S3A-F), they did not significantly alter either the number of NC cells that aggregate
at the midline (DMSO mean = 28.8, XAV939 mean = 19.9, p=0.11) (Figure S3G) or that express mitfa
(Figure S3H-M). These results suggest that elevated canonical Wnt signaling is unlikely to be the primary
cause of either aberrant NC migration or the fates of NC cells in the absence of Lmo7a function and may
instead be secondary to the cytoskeletal functions of Lmo7a.

234

B 235
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=
()
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©
@)

Cytoskeleton

Figure 8. Hypothetical model for Lmo7a functions in NC cells. (A) Lmo7a promotes proper
assembly of the Pxn-FA complex in coordination with a Cadherin-B-Cat complex
similar to a classical adherens junction. Both associate with elements of the actin
cytoskeleton. (B) In the absence of Lmo7a, the Pxn-FA complex fails to localize correctly and
accumulates in the cytoplasm. This also disrupts the Cadherin-B-Cat complex, resulting in
loss of directional migration and increased free B-Cat levels.
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237  DISCUSSION

238 NC cells integrate many signals as they migrate to arrive at their final positions and generate the correct
239 cell types. The gene regulatory network for NC specification and differentiation has been well studied, but
240  the relationship between NC migration and fate is still poorly understood (Kalcheim and Kumar, 2017).
241 Here we show novel roles for Lmo7a in regulating both NC migration and lineage specification through its
242 functions in modulating adhesion and canonical Wnt signaling. This is the first evidence for a role for

243 Lmo7 in NC development, and given the complex and modular nature of its function in other contexts, we
244 can hypothesize many potential mechanisms. In our model (Figure 8), Lmo7a serves to direct formation
245 of FAs in a similar manner to its previously described function in cultured cells (Holaska et al, 2006;

246 Wozniak et al, 2013). Loss of Lmo7a would then interfere with formation of the Pxn-FA complex at the
247 membrane, thereby disrupting the ability of NC cells to migrate in a coordinated manner. This is

248 consistent with its highly restricted expression to migrating NC cells as well as its subcellular localization
249 to the membrane where it regulates Pxn localization. We hypothesize that this loss of proper Pxn-FA

250 formation may disrupt a complex similar to the recently described NC Cadherin11-FA complex, which

251 includes Pxn and B-cat (Langhe et al, 2016), thereby increasing the amount of free B-cat in the cell and
252 consequently elevating canonical Wnt signaling (Figure 8). This would be consistent with previously

253 described roles for Lmo7 in regulating FA formation (Wozniak et al 2013) and in linking cadherins to

254  afadin-nectin junctions (Ooshio et al, 2004).

255

256 Lmo7a regulates NC cell migration and FA localization

257 Lmo7 has been implicated in muscle and epithelial development as well as cancer metastasis. The

258 mechanism of its function and its subcellular localization differ in each of these contexts. In muscle, Lmo7
259 interacts with transcriptional regulators in the nucleus, while in normal epithelia and breast cancer cells it
260 interacts with transmembrane signaling molecules and the actin cytoskeleton (Holaska et al, 2006;

261 Dedeic et al, 2011; Ooshio et al., 2004; Nakamura et al, 2005; Hu et al, 2011, Teixeira et al, 2014). A

262 large number of alternatively spliced Lmo7 transcripts have been identified, which further increases the

263 range of this multifaceted protein’s potential functions.
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264 We found that an sfGFP-Lmo7a fusion protein localized to the plasma membrane of zebrafish NC
265 cells, with no detectable expression in the nucleus. In addition,, injection of mMRNA encoding an Lmo7a
266 protein lacking the Lim domain rescued NC migration at similar levels to full length mRNA, while mRNA
267 lacking the CH domain did not. CH domains are well known to mediate interactions with the cytoskeleton
268 through binding with F-actin (Korenbaum and Rivero, 2002). Taken together these results strongly

269 suggest a role for Lmo7a at the membrane, perhaps similar to its role in connecting the cytoskeleton to
270  adherens junctions in epithelial cells (Ooshio et al, 2004).

271 In breast cancer cells, Lmo7 functions to modify the cytoskeleton and promote transcription of
272 metastatic genes. Consistent with a similar structural role for Lmo7a in NC cells, we found mislocalization
273 and aggregation of Pxn, an essential scaffolding protein for FA formation. Directional FAs have been

274  observed in NC cells cultured in vitro (Toro-Tapia, et al, 2018), and proper FA-Integrin (Itg) signaling is
275 crucial for directed NC migration and cardiac outflow tract formation in vivo (Dai et al, 2013). LIMCH1, a
276 related protein with a very similar domain structure as Lmo7, controls cell migration by regulating FA

277  formation and actomyosin dynamics (Lin et al, 2017). Lmo7 itself has been shown to localize to FAs and
278 act as a shuttling protein to mediate Itg signaling in HeLa cells and mouse embryonic fibroblasts

279 (Wozniak et al, 2013). The essential nature of its CH domain in NC migration supports this notion, as CH
280  domains have been found to bind Pxn (Sjoblom et al, 2008). Our results suggest a role for Lmo7a in

281 promoting NC cell migration through regulation of FA dynamics. This requirement appears to be specific
282 to subsets of NC cells. This finding is similar to loss of Fscn1-dependant filopodia in premigratory NC

283 cells, which leads to a loss of ventrolateral migration of subsets of NC cells (Boer et al, 2015). The

284 selective loss of NC migration in Imo7a-deficient embryos reinforces the notion that requirements for

285 specific migratory regulators are heterogeneous in the NC and possibly lineage-specific. This is an

286 exciting avenue for research into the in vivo relationship between FAs and NC migration and lineage

287  decisions.

288

289 NC aggregates elevate Wnt signaling secondary to a loss of migratory capacity

290 After NC migration at 24 hpf, unmigrated NC aggregates in Imo7a-deficient embryos display high levels of

291 Whnt signaling as measured using both the transgenic Wnt reporter, Tg(7xTCF:EGFP) and nuclear 3-cat
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protein. This may have important consequences both for the migratory behaviors as well as the fates of
the cells. By this stage most wild-type NC cells as well as migrated NC cells in Imo7a-deficient embryos
have significantly downregulated Wnt signaling. In addition to its roles in NC induction and migration, Wnt
signaling also regulates the fate decision between pigment and glial lineages. Bipotential pigment/glial
progenitors downregulate foxd3 and upregulate mitfa in response to elevated Wnt, biasing them toward a
pigment cell fate (Curran et al, 2010). Surprisingly, despite high levels of Wnt signaling, the NC
aggregates in Imo7a-deficient embryos express both foxd3 and mitfa, often in the same cells. This is in
contrast to previous findings showing that when either rbc3a/dmxI2 or ovol1a are eliminated, NC cells
aggregate at the dorsal midline, upregulate responses to Wnt, and all become pigment cells.
Furthermore, chemical inhibition of Wnt signaling in Imo7a-deficient embryos fails to rescue NC migration
or prevent mitfa expression in aggregates, indicating that the increase in Wnt signaling is insufficient to
explain either aspect of the Imo7a-deficient phenotype. This is a negative result, and it is possible that the
timing or effectiveness of the Wnt inhibition was not sufficient to fully block the effects of increased Wnt
signaling. Comparative analysis with other known Wnt-regulatory mutants may help to disentangle the
effects on migration and lineage specification.

How these functions of Lmo7a in adhesion lead to specific effects on distinct NC derivatives is
less clear. Either Lmo7a functions to regulate the pigment/glial fate decision directly, or it may affect
migration of a subset of NC cells that is distinct from the populations affected by rbc3a/dmxI/2 and ovol1a.
NC aggregates in Imo7a-deficient embryos appear strikingly similar to loss of rbc3a or ovol1, yet distinct
in that they contain both pigment and glial progenitors (Piloto and Schilling, 2009; Tuttle et al, 2014). In
the case of ovol1a, the migration defect observed in NC cells showed a clearly correlates with elevated
Whnt signaling through downstream Wnt effector genes and adoption of pigment cell fate. Similarly, in the
case of rbc3a/ dmxl2, effects on trafficking of Frizzled-7 receptors correlates with elevated nuclear 3-cat
and pigment cell identity. However, our results with Imo7a call into question a direct connection between
NC aggregation, Wnt signaling and lineage specification. It is possible that this reflects either differential
premigratory positioning of cells affected in each context or some yet unknown secondary transcriptional
roles for one or more of these genes. Comparative transcriptomic analyses may help to resolve these

differences, and further elucidate the distinct roles of these novel regulators in NC development. Our
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320 results continue to underscore the complex nature of the manifold roles for Wnt signaling in NC
321 development.

322

323 Conserved roles for Lmo7 in coordinating cell migration and fate

324 Cells that undergo EMT and migrate require a spatiotemporal balance of several interconnected cellular
325 processes including signal transduction, actomyosin activity, and FA assembly/disassembly. Taken

326 together, our results suggest that Lmo7a forms a novel link between these processes in migrating NC
327 cells. While previous work has shown important roles for Lmo7 in regulating cell-cell junctions in epithelial
328  cells (Ooshio et al, 2004; Du et al, 2019) we propose novel roles for Lmo7a in Wnt signaling in NC cells
329  as well as in cell migration through regulation of Pxn-FAs (Figure 7). Similarly migration of mesenchymal
330  stem cells (MSCs) and their commitment to form osteoblasts are both regulated by cytoskeletal

331 reorganization through FAs and Itgs (Khang et al, 2012; He et al, 2016), under the control of canonical
332 Whnt signaling (He et al, 2018).

333 Mammalian Lmo7 has been shown to localize to FAs and influence Itg signaling in vitro (Holaska
334  etal, 2006; Wozniak et al, 2013) and its relative, LIMCH1, regulates FA formation and actomyosin

335 dynamics (Lin et al, 2017). Both are associated with increased cancer metastasis (Kang et al, 2000;

336  Furuya et al, 2002; Sasaki et al, 2003; Nakamura et al, 2005; Hu et al, 2011, Teixeira et al, 2014). While
337 mammalian Lmo4 has been implicated in NC and cancer EMT, by directly regulating Snail and Slug, it is
338 both structurally and functionally quite distinct from Lmo7 (Ochoa et al, 2012; Ferronha et al, 2013). Lmo7
339 may have gained a specific role in NC cells in regulating the association of Pxn and FAs with the actin
340 cytoskeleton during migration, as well as linking these to Cdh and -cat membrane/nuclear ratios, thereby
341 indirectly influencing Wnt signaling. Future studies should examine if LMOY plays a role in cell migration
342 in other embryonic cells in which it is expressed (e.g. axial mesoderm that forms the notochord) and as a
343 potential therapeutic target in cancer metastasis.

344

345

346
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Supplementary Movie 1. Migration of NC cells in WT embryo. NC cells labeled with Sox10:nEQOS.
Embryo imaged from 12-20 hpf at 5 min intervals. NC cells migrate away from the dorsal midline and into

the pharyngeal arches. Scale bar = 100 ym

Supplementary Movie 2. Migration and formation of aggregates in Imo7a-deficient embryo. NC
cells labeled with Sox10:nEOS. Embryo imaged from 12-20 hpf at 5 min intervals. Most NC cells migrate
away from the dorsal midline. Subsets of NC cells display non-directional movement and eventually

aggregate at the midline. Scale bar = 100 ym

Supplementary Movie 3. Paxillin accumulation in aggregate NC cells in Imo7a-deficient embryos.
NC cells labeled with Sox10:lyn-TdTomato and express Pxn-EGFP. Lmo7a MO-injected embryos imaged
from 16-19 hpf as NC cells aggregate at the dorsal midline. Some cells display accumulation of Pxn-
EGFP in the cytoplasm.

Materials and Methods

Zebrafish husbandry and transgenic lines

Embryos were obtained from natural breeding and staged as described in Kimmel et al, 1995. All
zebrafish lines were maintained according to standard protocols (Westerfield et al, 2000). Transgenic
lines used in this study include Tg(—4.Qsox10:nEOS)W18(Curran et al, 2010), Tg(-4.9sox10:lyn-
tdTomato)""***(Schilling et al, 2010), Tg(-4.9s0x10:lyn-EGFP)"®®(Schilling et al, 2010), Tg(-
7.2s0x10:EGFP)™¥(Wada et al, 2005;Hoffman et al, 2010), Tg(B-actin:Pxn-EGFP)™"(Goody et al, 2010),
Tg(7XTCF:EGFP)®(Moro et al, 2012), and Tg(7XTCF:nls-mCherry)®*(Moro et al, 2012). HCR, chemical
inhibition, and WNT-reporter analysis experiments were performed in double transgenic embryos derived
from crosses of Tg(7X TCF.'EGFP)’a" to Tg(-4.9sox1 0:Iyn-thomato)"1°4°. For Pxn-EGFP live imaging,
Tg(B-actin:Pxn-EGFP)™"" was crossed to Tg(-4.9sox10:lyn-tdTomato)" **° and double-transgenic progeny
were analyzed. For live imaging, embryos were mounted in 1% low-melt agarose dissolved in embryo
medium containing 1% tricaine. Images were taken on either a Nikon C1 confocal or a Leica SP8
confocal. Time-lapsed movies were made on a Nikon C1 confocal using a heated stage held at 28.5°C.

Images were processed using Imaged (NIH).
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In situ hybridization and hybridization chain reaction

A 291 bp clone corresponding to a retained intron in the Imo7a genomic locus, was obtained from
OpenBiosystems (EST BI845812) and used to generate an antisense DIG-labeled probe, which was then
used for ISH as previously described (Thisse and Thisse, 2008). foxd3, mitfa, and dix2a HCR probes
were ordered from Molecular Technologies (Los Angeles, CA) using the accession numbers
NM_131290.2, NM_130923.2, and NM_131311.2 respectively. Whole mount HCR was carried out as

described (Choi et al. 2014).

Immunohistochemistry

For B-cat staining, embryos were fixed in 4% paraformaldehyde (PFA) for 1.5 hours at room temperature,
permeabilized in PBS/1%Triton-x/1%DMSO for 1 hour at room temperature (RT), washed with
PBS/0.1%Triton-x/1%DMSO, and blocked with 5% Donkey Serum for 1 hour at RT. Embryos were then
incubated overnight at 4°C with 1:200 B-cat antibody (GeneTex) in block. For pFAK stains, embryos
embryos were fixed in 4% PFA for 1 hour at room temperature, permeabilized in acetone at -20°C for 5
minutes and then PBS/1%Triton-x/1%DMSO for 30 minutes at RT, washed with PBS/0.1%Triton-
x/1%DMSO, and blocked with 5% Donkey Serum/2% BSA for 1 hour at RT. Embryos were then
incubated overnight with 1:200 pFAK antibody (Invitrogen) in block. For concentrations and catalog

numbers of primary and secondary antibodies see supplementary table 8.

Molecular cloning

Coding sequences of Imo7a were amplified from cDNA isolated from 16 hpf zebrafish embryos. cDNA
was generated using Protoscript Il First Strand Synthesis Kit (New England Biolabs). Lmo7a rescue
constructs and Imo7a:sfGFP fusion constructs were generated by Gibson Assembly (Gibson et al, 2009)

into the pCS2+ vector. For primer sequences used see Supplementary Table 1.
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Morpholino and mRNA microinjections

Antisense morpholino oligonucleotide (MO) targeting Imo7a (5-TCGCCACTCCATCACCGGTCAACGT-
3’) and Control MO (Gene Tools) were dissolved in nanopure water prior to injection. For all mMRNA
injection experiments, mRNAs were transcribed in vitro using the mMessage mMachine kit (Ambion). All
injections were performed at the 1-cell stage, and a volume of 1 nl was injected in all cases. For XAV939
treatment experiments, Imo7a MO was injected at 3 ng/embryo because of DMSO and XAV939 toxicity.
For all other experiments, it was injected at 4 ng/embryo. Control MO was injected at 4 ng/embryo. In all

cases, 400 pg of mRNA was injected.

CRISPR and CRISPRi gRNA

For CRISPR-Cas9 injections, templates were generated using a different scaffold chimeric primer design
(Varshney et al, 2015) and multiple target-specific primers as described (Wu et al, 2018). gRNAs were
then synthesized using T7 MegaShortScript kit (Ambion). gRNAs were incubated with Cas9 protein (IDT)
at 37°C for 5 minutes and injected into embryos at the 1-cell stage. 150 pg gRNA and 800 pg Cas9
protein were injected.

For CRISPRI injections, templates for gRNAs were generated by PCR using the scaffold chimeric primer
design (Larson et al, 2013) and a target-specific primer containing a T7 promoter sequence. dCas9
mRNA was synthesized from the pT3T-nls-dCas9-nls plasmid (Rossi et al, 2015) using mMessage
mMachine kit (Ambion). dCas9 mRNA was coinjected with gRNAs targeting multiple sites along the

Imo7a coding region. 75 pg gRNAs and 450 pg dcas9 mRNA were injected.

Genotyping
The CRISPR-Cas9 induced A5 and A35 deletions were identified by PCR of gDNA isolated from
individual juvenile fish using primers targeting Exon16 of the Imo7a genomic locus. Heterozygous F1 fish

were incrossed to generate transheterozygous F2 fish.
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Quantitative RT-PCR

For gPCR, total RNA was extracted from biological triplicates of de-yolked CRISPRIi-injected and dCas9-
injected control embryos using trizol (Invitrogen) and purified using Direct-zol RNA Miniprep kit (Zymo).
cDNA was generated using Protoscript Il First Strand cDNA Synthesis kit (New England Biolabs). cDNAs
were diluted 1:20 and then gPCR was carried out in triplicate using the Luna Universal gPCR Master Mix
(New England Biolabs). 3 primer sets targeted different exon-exon junctions in the Imo7a coding region
and primers targeting rps13a as the control housekeeping gene were used for normalization. gPCR was
performed on a LightCycler 480 (Roche). Fold changes were determined by calculating AACT values for

each biological replicate. For gPCR primer sequences see Supplementary Table.

Chemical inhibition of Wnt signaling

For chemical inhibition of Wnt signaling, embryos were treated with GSK3-stabilizer XAV939 (StemCell
Technologies). At 12 hpf, embryos were selected for expression of sox10:lyn-tdTomato and 7xTCF:EGFP
and then placed in embryo media containing either 100 yM XAV939 in 0.5mM DMSO or 0.5mM DMSO

alone and incubated at 28.5°C for 12 hours.

Statistical analyses

For mRNA rescues, medians were compared using Kruskal-Wallis ANOVA and posthoc Wilcoxon tests.
For B-cat and pFAK stains, normal distribution assumptions were tested using Shapiro-Wilk tests and
means were compared using Welch’s two sample T-tests. Statistical tests were carried out using R, and
plots were generated in R using the ggplot2 package. Other R packages used include: plyr, dplyr,
reshape2, ggpubr, ggsignif, FSA, plotly, plotrix, and gridExtra. For R markdown files including all code

used for analysis and visual representation of data see Statistics Code.
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Figure S1: Relative expression of Imo7a in CRISPRi 774
embryos. Bar plots showing expression levels of Imo7a

based on gPCR using 3 different primer sets targeting
different segments of the coding region. Bars indicate 775
mean fold change of 3 biological replicates as compared

to mean WT expression. Fold changes calculated by

taking 2~ AACT for each replicate. Error bars indicate 776
mean +SD.
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Figure S2: Imo7a-deficient NC aggregates have increased nuclear localization of B-catenin. (A-H) Whole mount confocal
images of immunostaining with anti-B-cat antibody (red) and DAPI (blue) in 24 hpf sox10:EGFP transgenic embryos (green). (A-D)
In migratory NC cells in WT embryos, B-cat staining is both in the nucleus and cytoplasm. (E-H) Aggregate NC cells in Imo7a MO-
injected embryos display increased nuclear B-cat relative to cytoplasmic staining. (I) Nuclear B-cat levels for each cell were
quantified as the mean fluorescence intensity in the nucleus divided by the mean fluorescence intensity in the cytoplasm
in 10 individual cells per embryo. (WT n=10 embryos, mean=1.04; Imo7a MO n=8 embryos, mean=1.40). T-test p-value=7.913e-07.
Line indicates mean. Error bars indicate +SD. (J-Q) Whole mount confocal images of immunostaining with anti-B-cat
antibody (red) and DAPI (blue) in 12 hpf sox10:lynEGFP transgenic embryos (green). Premigratory NC cells in WT embryos (J-M)
and in Imo7a Mo-injected embryos (N-Q) both display low levels of B-cat staining in the nucleus. (R). (WT n=9 embryos,
mezza(r)1=0.63; Imo7a MO n=9 embryos, mean=0.70). T-test p-value=0.023. Line indicates mean. Error bars indicate +SD. Scale bars
= pum.
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Figure S3: Chemical inhibition of canonical Wnt signaling does not rescue migration or block mitfa expression in Imo7a-
deficient NC cells. (A-F) Whole mount live confocal images of 24 hpf Tg(sox10:lyn-tdTomato; 7XTCF:EGFP) double transgenic
embryos. (A-C) In Imo7a MO-injected embryos treated with 0.5mM DMSO, EGFP expression is strong throughout midline NC
aggregates. (D-F) In Imo7a MO-injected embryos treated with 100 pM XAV939, NC cells aggregate but lose EGFP expression.
Aggregation is slightly reduced, but the change is not significant (G). (H-M) Whole mount confocal images of HCR for mitfa in 24
hpf transgenic 7ZXTCF:EGFP embryos. (H-J) In Imo7a MO-injected embryos treated with 0.5mM DMSO, expression of mitfa
largely overlaps with EGFP expression. (K-M) In Imo7a MO-injected embryos treated with XAV939, mitfa expression persists
despite nearly complete loss of EGFP expression. For (G) DMSO mean = 29.9 cells/embryo, XAV939 mean = 18.8 cells/embryo.
T-test p-value = 0.11. Line indicates mean. Error bars indicate +SD. Scale bars = 100 um.
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