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Purrose. To functionally evaluate novel human sequence-derived candidate genes and
variants for unsolved ocular congenital cranial dysinnervation disorders (0CCDDs).

Mernops. Through exome and genome sequencing of a genetically unsolved human
oCCDD cohort, we previously reported the identification of variants in many candidate
genes. Here, we describe a parallel study that prioritized a subset of these genes
(43 human genes, 57 zebrafish genes) using a GO CRISPR/Cas9-based knockout assay
in zebrafish and generated F2 germline mutants for 17. We tested the functionality of
variants of uncertain significance in known and novel candidate transcription
factor-encoding genes through protein binding microarrays.

Resurts. We first demonstrated the feasibility of the GO screen by targeting known oCCDD
genes phox2a and mafba. Approximately 70% to 90% of gene-targeted GO zebrafish
embryos recapitulated germline homozygous null-equivalent phenotypes. Using this
approach, we then identified three novel candidate oCCDD genes (SEMA3F, OLIG2,
and FRMD4B) with putative contributions to human and zebrafish cranial motor
development. In addition, protein binding microarrays demonstrated reduced or abol-
ished DNA binding of human variants of uncertain significance in known and novel
sequence-derived transcription factors PHOX2A (p.(Trp137Cys)), MAFB (p.(Glu223Lys)),
and OLIG2 (p.(Argl56Len)).

This work is licensed under a Creative Commons Attribution 4.0 International License. -.
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Concrusions. This study nominates three strong novel candidate oCCDD genes (SEMA3F,
OLIG2, and FRMD4B) and supports the functionality and putative pathogenicity of
transcription factor candidate variants PHOX2A p.(Trp137Cys), MAFB p.(Glu223Lys),
and OLIG2 p.(Argl56Leu). Our findings support that GO loss-of-function screening in
zebrafish can be coupled with human sequence analysis and protein binding microar-
rays to aid in prioritizing oCCDD candidate genes/variants.

Keywords: congenital cranial dysinnervation disorder, cranial nerve, eye movement,
zebrafish, incomitant strabismus

uman exome and genome sequencing have facili-

tated Mendelian gene discovery but generate numer-
ous candidate genes and variants, only a subset of which are
pathogenic. Moreover, heterogeneous loci and alleles hinder
the identification of recurrently mutated genes or alleles.
Targeted modeling can assess functionality but is often
limited in throughput and applicability across disparate
genes and phenotypes. This disconnect between candi-
date disease gene identification and functional validation
remains a barrier to gene discovery for phenotypes includ-
ing the ocular congenital cranial dysinnervation disorders
(oCCDDs).

The oCCDDs are characterized by congenitally restricted
eye or eyelid movement and result from maldevelop-
ment of the oculomotor (CN3), trochlear (CN4), or
abducens (CN6) motor neurons and axons (Figs. 1A, 1B).
Some oCCDDs include congenital ptosis, Marcus Gunn
jaw-winking syndrome (MGJWS), congenital fibrosis of
the extraocular muscles (CFEOM), and Duane retraction
syndrome (DRS). Congenital ptosis is characterized by eyelid
drooping and can result from CN3 maldevelopment. In
MG]JWS, congenital ptosis transiently improves with specific
jaw movements because of synkinetic miswiring by the
motor trigeminal nerve (CN5). CFEOM results from malde-
velopment of CN3 and in some cases also CN4 or CNG6
and is typified by nonprogressive restriction of vertical
eye movement with variable ptosis and variable restrictions
of horizontal gaze. In DRS, CN6 maldevelopment causes
limited abduction and variably limited adduction, and the
globe retracts on attempted adduction because of synkinetic
miswiring by CN3.

Some oCCDDs are caused by monoallelic or biallelic
loss of function (LOF) of transcription factors. Biallelic
PHOX2A LOF causes CFEOM in humans and absence of
CN3/CN4 motor nuclei in mice.! Monoallelic MAFB LOF
causes DRS in humans and absence of CN6 motor nuclei
in mice, with secondary aberrant innervation by CN3 of
the lateral rectus muscle, which is normally innervated
by CN6.2 Although these and other mechanisms explain
some oCCDDs, many remain genetically undefined. We
recently reported exome/genome sequencing of a large
human oCCDD cohort, which yielded many candidate genes
and variants of uncertain significance whose pathogenicity
remain untested.’?

Targeted in vitro or in vivo modeling can enhance
functional understanding of candidate genes/variants. For
instance, candidate variants in transcription factors can be
assessed by universal protein binding microarrays, a high-
throughput method that tests DNA binding capacity of wild-
type or variant transcription factors.*> Additionally, oCCDD
genetics and pathophysiology can be elucidated with animal
models including zebrafish (Danio rerio). Zebrafish have
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advantages over mammals, including fecundity and rapid
external development.® Moreover, 69% of human genes and
82% of human disease-associated genes in Online Mendelian
Inheritance in Man (OMIM)’ have fish orthologs; some of
these human genes are represented as duplicated paralo-
gous genes in fish® Zebrafish are amenable to gene edit-
ing and live imaging, and their ocular motor neurons are
detected by 24 to 30 hours post-fertilization (hpf) and
innervate their target muscles by 72 hpf.” Zebrafish lack
eyelids and the CN3 branch that innervates them, but their
cranial nerve anatomy and eye movements are otherwise
conserved.®®

Zebrafish ocular motor development has been character-
ized through transgenic reporters including a 7Tg(isl1:GFP)
line labeling all cranial motor neurons and their axons
except CN6,'° and an HGj4A mnr2b/hlxb9lb enhancer trap
line labeling CN6 motor neurons and axons (Fig. 1C).!
As in mammals, phox2a~/~ fish have absent or malformed
CN3 and CN4 nuclei,'>"** and mafba/~ fish have absent or
hypoplastic CN6 nuclei.’>~!” Thus zebrafish are an excellent
model for moderate-throughput testing of oCCDD candidate
genes.

Standard homozygous null zebrafish are derived in the F2
generation and require six months to generate. Prior studies
have expedited this timeline by generating GO mutants using
simultaneous injection of multiple high-dose CRISPR guide
RNAs redundantly targeting one gene.'®-2! This approach is
reported to reproduce homozygous null-equivalent pheno-
types in >90% of embryos with <18% toxicity. Because the
cranial motor system is conserved between zebrafish and
humans and there are existing transgenic lines labeling the
ocular cranial motor system, oCCDDs represent a unique
model for testing the GO knockout approach. Here we
report the successes and limitations of functionally assessing
human candidate oCCDD genes using moderate-throughput
CRISPR/Cas9 GO LOF screening in zebrafish, and testing
functionality of transcription factor candidate variants by
protein binding microarrays (Fig. 1D).

METHODS

Additional details for the following sections are provided in
Supplementary Methods.

Human Consenting and Phenotyping

Our study was approved by the Boston Children’s Hospi-
tal (BCH) Institutional Review Board (IRB 05-03-036R)
and complied with ethical recommendations of BCH and
the Declaration of Helsinki. Research participants or legal
guardians provided written informed consent. Phenotypes
were obtained from review of clinical records and from
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A Human ocular and trigeminal motor nerves B CNinvolvement in oCCDDs and zebrafish lines used to screen for phenotypes
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Ficure 1. Human and zebrafish cranial motor nerves and study workflow. (A) In the human brainstem, motor neurons cluster into cranial
motor nuclei, whose axons form the CNs. The oCCDDs can arise from defective formation, identity, and/or axonal projections of three
of these motor neuron populations (CN3, CN4, and CN6) that collectively innervate seven extraocular muscles to orchestrate eye/eyelid
movement. CN3 innervates the 10, IR, LPS, MR, and SR muscles. CN4 innervates the SO muscle, and CN6 innervates the LR muscle. CN5
normally innervates the muscles of mastication (not shown) but can also aberrantly innervate the LPS muscle in MGJWS. (B) Summary of CN
pathology in humans or mice with specific oCCDDs, and the zebrafish reporter lines used to analyze them. To model oCCDDs in zebrafish,
our study leveraged the HGj4A mnr2b/blxb9lb line for DRS candidate genes and the 7g(isl1:GFP) line for CFEOM, congenital ptosis, and
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MGJWS genes. (C) Zebrafish wild-type ocular and trigeminal motor nerves visualized in the Tg(isl1:GFP) (a) or HGj4A reporter line (b).
Left-lateral view; right-dorsal view. (¢) Summary of oCCDD-relevant CNs that are present in zebrafish and labeled by each reporter line. (a, )
As in humans, zebrafish CN3 innervates the 10, IR, MR, and SR muscles. However, the CN3 branch to the IO muscle cannot be visualized
with the Tg(isl1:GFP) transgenic line. Additionally, unlike humans, zebrafish lack the LPS muscle and its corresponding CN3 subdivision.
Zebrafish have bilateral CN4 motor nuclei and nerves (left and right). CN4 exits the brainstem dorsally and travels ventrally to innervate the
contralateral SO muscle. At 72 hpf, wild-type zebrafish CN4 is variably defasciculated. Zebrafish have anterior and posterior trigeminal motor
nuclei bilaterally, which extend axons for the motor trigeminal (CN5) nerve that innervates the muscles of mastication (not shown). (b, ¢)
The HGj4A line labels the CN6 motor neurons and their axons. Zebrafish have anterior and posterior CN6 motor nuclei bilaterally, which
extend CNG6 nerves that target the LR muscles. (D) Workflow for the identification and screening of known and novel oCCDD candidate
genes and variants. We reported steps 1-3 in our previous study describing exome/genome sequencing of our human oCCDD cohort?® and
performed steps 4-7 in the present study. (E) Demographics of the 46 human probands whose 43 distinct human candidate genes were
tested in the zebrafish screen. Percentages of probands are shown with oCCDDs that are (a) syndromic or isolated, (b) sporadic or familial,
(o) fitting various oCCDD subdiagnoses, or (d) fitting various modes of inheritance. (e) The types of variants fitting modes of inheritance
defined in d are provided. AD, autosomal dominant; AR, autosomal recessive; CFEOM, congenital fibrosis of the extraocular muscles; CN,
cranial nerve; CN3, oculomotor/cranial nerve 3; CN4, trochlear/cranial nerve 4; CN5, trigeminal motor/cranial nerve 5; CNG, abducens/cranial
nerve 6; DNV, de novo variant; DRS, Duane retraction syndrome; hpf, hours post-fertilization; 10, inferior oblique muscle; IR, inferior rectus
muscle; LPS, levator palpebrae superioris muscle; LR, lateral rectus muscle; MGJWS, Marcus Gunn jaw-winking syndrome; MR, medial rectus
muscle; oCCDD, ocular congenital cranial dysinnervation disorder; Ptosis, congenital ptosis; SO, superior oblique muscle; SR, superior rectus
muscle; XLR, X-linked recessive. Pink, CN3; light green, CN4; dark blue, CN5; dark green, CNG6; partially transparent brown, extraocular

muscle; dashed line, nerve that is present in zebrafish but not labeled with the transgenic reporter line.

participant questionnaires and updates. Clinically acquired
brain magnetic resonance imaging (MRI) scans were
reviewed retrospectively.

Prioritization, Cosegregation Analysis, and
Classification of Human Sequence-Derived Alleles
for Screening in Zebrafish

In our previously reported human oCCDD study, which
was performed in parallel with the current zebrafish
study, we leveraged human genetics to identify novel
oCCDD candidate genes/variants through phenotyping and
exome/genome sequencing of a large cohort of human pedi-
grees with oCCDDs.? In the current study, we used these
human sequence-derived variants to prioritize candidate
genes for the zebrafish screen based on conservation in
zebrafish, recessive inheritance, novelty to oCCDD pheno-
type association, and/or predicted LOF of variants (Fig. 1D,
Supplementary Table S1). Of the 43 human genes we prior-
itized for the zebrafish screen, 14 were among the 80 genes
prioritized and highlighted in the previously reported study,
whereas 29 human genes were identified but were not high-
lighted.? Sanger validation and familial cosegregation analy-
sis are shown for candidate variants in genes that (1) yielded
cranial motor phenotypes in both GO and F2 mutants in our
zebrafish screen and/or (2) encoded transcription factors
tested by protein binding microarray (Supplementary Table
S2). Variants were classified using criteria from the Ameri-
can College of Genetics and Genomics and Association for
Molecular Pathology?? and the Clinical Genome Resource®?
(Supplementary Methods).

GO Screening and F2 Germline Validation in LOF
Zebrafish Models of Prioritized Genes

Zebrafish studies were conducted in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research. GO targeting experiments consisted
of microinjecting single cell-stage embryos with four high-
dose (1 ug/ul) guide RNAs redundantly targeting each gene
at multiple sites predicted to result in nonsense-mediated
decay, with the goal to generate full-gene knockouts.? When
available, guide RNAs were selected that each targeted sepa-
rate exons to increase the probability of full-gene knockout
for multiple isoforms. In most cases of human gene dupli-
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cation in zebrafish, we targeted each paralog through an
independent GO targeting experiment. Exceptions to this
were as follows: (a) For the MAFB human gene, only the
mafba fish gene was targeted because this zebrafish gene
had been demonstrated to have CN6 maldevelopment in
germline knockout models,?* and because targeting of this
gene was intended to be a proof-of-principle of GO targeting
efficacy. (b) For the HOXA10 human gene, one of the dupli-
cated zebrafish genes encodes a pseudogene, so only the
non-pseudogene paralog was targeted. (¢) For the FOXG1,
ARX, and SCNI1IA human genes, only the most conserved
paralog was targeted because of pandemic-related restric-
tions in fish facility access. At 72 hpf, injected GO fish were
assessed by stereomicroscope for gross phenotypic changes
in cranial motor neuron nuclei and/or nerves. For genes
whose targeting induced putative phenotypes in at least a
subset of injected fish, we performed two additional GO
experimental replicates and F2 germline mutant validation
and visualized with confocal imaging (Fig. 1D).

Protein Structural Mapping and Universal Protein
Binding Microarray Testing of Transcription
Factor Candidate Variants

Two-dimensional protein structural maps were generated
for genes/variants validated through the zebrafish screen
and/or protein binding microarrays along with previously
reported oCCDD-associated variants (Supplementary Meth-
ods). Protein binding microarrays were used to assess DNA
binding capabilities and predicted motif logos for wvari-
ants of uncertain significance in the DNA binding domains
of known (PHOX2A, MAFB) or novel (OLIG2, LMX1A)
transcription factor-encoding candidate genes relative to
their wild-type counterparts (Fig. 1D; Supplementary Meth-
ods).>? See Supplementary Methods for protein binding
microarray variant selection criteria.

RESULTS

Prioritization of Human Sequence-Derived
oCCDD Candidate Genes for Screening in
Zebrafish

For GO LOF targeting and anatomic screening in zebrafish,
we chose 43 human candidate genes among 46 probands



from our previously reported analysis of exome/genome
sequences of 467 oCCDD pedigrees (Fig. 1D).> Three of
the 43 genes had rare variants of interest in two probands
(ACTR1B, KCNAB1, FOXC1; Fig. 1D, Supplementary Table
S1), two had well established roles in oCCDDs before
this study (PHOX2A, MAFB), and four had only occasional
reported association with human oCCDDs (ARX, COL25A1,
DYRK1A, KIFBP). Thirty-seven were novel oCCDD candi-
dates, seven of which were highlighted in our previous
report.?

Summaries of the oCCDDs, modes of inheritance, and
nature of the candidate variants in these 46 probands are
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Ficure 2. GO zebrafish targeting of phox2a. Representative images obtained by stereomicroscope (A-C) and confocal microscopy
(D-F) of uninjected (A, D), scramble-injected (B, E), or phox2a-targeting guide-injected GO 7g(isl1:GFP) zebrafish at 72 hpf. Stereomi-
croscope images for each treatment group correspond to the confocal images obtained from the same fish in the panel below. Because
residual motor neurons from CN3 and/or CN4 could not be definitively assigned to either of these specific motor neuron nuclei, CN3/CN4
were labeled as a single entity in Guide-targeted fish. Note apparent absence (C) or paucity (F) of CN3/CN4 motor neurons following
phox2a GO mosaic knockout. (G) Barplots showing the percentages of zebrafish exhibiting wild-type-like (“WT-like”), malformed, or absent
CN3/CN4 motor nuclei, as scored under the dissecting stereomicroscope in GO zebrafish at 72 hpf. Total numbers of fish in each group are
given above the corresponding bar. Data are shown from three experimental replicates. Pearson’s 3 x 3 x?2 test with 4 degrees of freedom;
P values and x? values provided for each replicate. (H) Kaplan-Meier survival curves demonstrating the relative survival probabilities of
scramble-injected (blue line) and guide-injected (pink line) zebrafish over the first 72 hours of life. “Number at risk” below the plot provides
the counts of surviving embryos in each group taken every 24 hpf over a 72 hpf period. Relative survival probabilities of phox2a-targeting
and scrambled gRNA-injected embryos were compared by the log-rank test. Displayed data were derived from a single experimental replicate,
but measurements were taken for three experimental replicates, all of which showed the same trend.

provided (Fig. 1E). Probands predominantly had syndromic
(60.9%) and sporadic (71.7%) oCCDDs, most of which
were DRS (45.7%) or CFEOM (39.1%). Most candidate vari-
ants were identified under autosomal dominant/de novo
models (63.1%), and most were missense (78.3% across
all inheritance models) with fewer putative LOF variants
(21.7%).

The zebrafish orthologs of these 43 human genes
were subjected to a GO CRISPR/Cas9 editing pipeline in
zebrafish. Fourteen of the human genes had two highly
homologous zebrafish paralogs (CELF5, DBX1, DYRKIA,
FOXC1, FRMD4B, MXRAS, NAV2, NTN1, PPP1R14B, SDK1,
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Ficure 3. GO zebrafish targeting of mafba. (A-H) Representative images obtained by stereomicroscope (A-D) and confocal microscopy
(E-H) of uninjected (A, E), scrambled guide-injected (B, F), or mafba-targeting guide-injected (C, D, G, H) GO HGj4A zebrafish at 72 hpf.
Two images are provided for guide-injected fish, demonstrating variability in GO targeting outcomes. Stereomicroscope images for each
treatment group correspond to the confocal images obtained from the same fish in the panel below. Motor neurons in the abducens nucleus
(dashed white circled region) appear absent by stereomicroscopy (C, D) or variably reduced (G, H) by confocal microscopy, and abducens
nerves appear thin (G; blue arrow) or absent (G, H; red arrows) compared to normal (E, F; white arrows) by confocal microscopy. (I) Bar
plots showing the percentages of zebrafish exhibiting wild-type-like (W7-like), malformed, or absent CN6 motor neuron nuclei, as scored
under the dissecting stereomicroscope in GO zebrafish at 72 hpf. Total numbers of fish in each group are given above the corresponding
bar. Data are shown from three experimental replicates. Pearson’s 3 x 3 x? test with 4 degrees of freedom; P values and x? values provided
for each replicate. (J) Kaplan-Meier survival curves demonstrating the relative survival probabilities of scramble-injected (blue line) and
guide-injected (pink line) zebrafish over the first 72 hours of life. Number at risk below the plot provides the counts of surviving embryos in
each group taken every 24 hpf over a 72 hpf period. Relative survival probabilities of mafba-targeting guide-injected and scrambled-injected
embryos were compared by the log-rank test. Displayed data were derived from a single experimental replicate, but measurements were
taken for three experimental replicates, all of which showed the same trend.
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SEMA3F, SEMA5B, SLC12A5, TLE3), and thus 57 zebrafish
genes were targeted. Each zebrafish paralog was targeted
independently.

GO Screen and F2 Zebrafish Modeling for Human
Sequence-Derived oCCDD Candidate Genes

To pilot the GO LOF zebrafish assay, we targeted the
known oCCDD genes phox2a and mafba (Figs. 2, 3). GO
targeting of both genes recapitulated known germline LOF
phenotypes. GO-targeted fish had grossly absent (phox2a:

Downloaded from iovs.arvojournals.org on 03/31/2025

69.0%, mafba: 78.9%) or malformed (phox2a: 10.9%, mafba:
8.6%) CN3/CN4 or CN6 motor neuron nuclei, respec-
tively, with absence or thinning of the corresponding
cranial nerves (Figs. 2A-G, Figs. 3A-D). Targeting of each
gene had no significant impact on survival (Fig. 2H,
Fig. 3]).

Encouraged by these results, we performed GO targeting
of the remaining 55 zebrafish oCCDD candidate genes (41
human genes; Supplementary Table S1). These included 32
zebrafish candidate genes (23 human genes, nine of which
were duplicated in fish) for CFEOM, ptosis, or MGJWS and
23 zebrafish candidate genes (18 human genes, five of which
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Ficure 4. GO mosaic and F2 germline zebrafish targeting of sema3fa. (A-E) Initial sema3fa targeting experiments were performed in
GO embryos. Representative images obtained by confocal microscopy (A-C) of uninjected (A), scrambled guide-injected (B), or sema3fa-
targeting guide-injected (C) GO 7g(isl1:GFP) zebrafish at 72 hpf. Note defasciculated CN3 (yellow arrow) and failed CN3 nerve extension
toward extraocular muscles (yellow stars) relative to uninjected and scramble-injected CN3 (white stars). CN3, cranial nerve 3 (oculomotor);
yellow arrow, increased defasciculation of CN3 nerve; yellow star, failed extension of CN3 nerve toward target extraocular muscles; white
star, typical CN3 branches toward extraocular muscles. (D) Bar plots showing the percentages of zebrafish exhibiting wild-type-like (W1-like)
or defasciculated CN3 nerve(s), as scored under the dissecting stereomicroscope in GO zebrafish at 72 hpf. Total numbers of fish in each
group are given above the corresponding bar. Data are shown from three experimental replicates. Pearson’s 2 x 3 x? test with 2 degrees
of freedom; for each of three experimental replicates, x* = 129.19, P < 2.2e7 16, x? = 74.61, P < 2.26’16; x% =525, P = 4.0e" 12, (E)
Kaplan-Meier survival curves demonstrating the relative survival probabilities of scramble-injected (blue line) and guide-injected (pink line)
zebrafish over the first 72 hours of life. Number at risk below the plot provides the counts of surviving embryos in each group taken every
24 hpf over a 72 hpf period. Relative survival probabilities of sema3fa-targeting and scrambled gRNA-injected embryos were compared by
the log-rank test. Displayed data were derived from a single experimental replicate, but measurements were taken for three experimental
replicates, all of which showed the same trend. (F, G) Representative images from wild-type or F2 germline sema3fa~~ (c.869_873delTGAGA,
p-(Glu290GlyfsTer8)) mutants (arrows and stars as per A-C).

were duplicated in fish) for DRS. In preliminary results from
one pilot injection experiment per gene, GO mutants for 17
novel zebrafish candidate oCCDD genes (16 human genes)
appeared to have at least mild malformation of cranial motor
nuclei/nerves in at least a subset of GO embryos visual-
ized by stereomicroscope (Supplementary Table S4). The
ocular cranial nerve anatomy of these 17 fish were then
examined at higher resolution with confocal microscopy
of additional GO targeting replicates and F2 germline
mutants. The oCCDD phenotype was confirmed in three
putative novel oCCDD candidate genes: sema3fa, olig2,

Investigative Ophthalmology & Visual Science
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and frmd4bb (Figs. 4-6, respectively; Supplementary Figs.
S1, S2).

In GO sema3fa mosaic null mutants, CN3 nuclei were
present and appeared grossly intact. However, CN3 axons
had increased defasciculation in 94.8% of fish and failed
to project to their target extraocular muscles (Figs. 4A-
D). There was a statistically significant association between
treatment group and the proportions of fish with CN3
defasciculation but no statistically significant difference
in survival (Figs. 4D, 4E). Under the stereomicroscope,
axonal defasciculation was visible but poorly resolved and
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Ficure 5. GO mosaic and F2 germline zebrafish targeting of olig2. (A-H) Initial o/ig2 targeting experiments were performed in GO embryos.
Representative images obtained by stereomicroscope (A-D) and confocal microscopy (E-H) for Uninjected (A, E), Scrambled guide injected
(B, F), or olig2-targeting Guide-injected (C-D, G-H) GO HGj4A zebrafish at 72 hpf. Two images are provided for guide-injected fish, to
demonstrate variability in GO targeting outcomes. Stereomicroscope images for each treatment group correspond to the confocal images
obtained from the same fish in the panel below. Motor neurons in the abducens nucleus (dashed white circled region) appear absent by
stereomicroscopy (C, D) or variably reduced (G, H) by confocal microscopy, and abducens nerves appear thin (G; blue arrow) or absent (G,
H; red arrows) compared to normal (E, F; white arrows) by confocal microscopy. (I) Bar plots showing the percentages of zebrafish exhibiting
wild-type-like (WT-like), malformed, or absent CN6 motor neuron nuclei, as scored under the dissecting stereomicroscope in GO zebrafish
at 72 hpf. Total numbers of fish in each group are given above the corresponding bar. Data are shown from three experimental replicates.
Pearson’s 3 x 3 x? test with 4 degrees of freedom; x? = 114.34, 95.77, 102.24 for each of three experimental replicates; P < 2.2e7 16,
(J) Kaplan-Meier survival curves demonstrating the relative survival probabilities of scramble-injected (blue line) and guide-injected (pink
line) zebrafish over the first 72 hours of life. Number at risk below the plot provides counts of surviving embryos in each group taken every 24
hpf over a 72 hpf period. Relative survival probabilities of olig2-targeting and scrambled gRNA-injected embryos were compared by the log-
rank test. Displayed data were derived from a single experimental replicate, but measurements were taken for three experimental replicates,
all of which showed the same trend. (K, L) Representative images from wild-type or F2 germline olig2~/~ mutants (c.496_499delAGTT,
p-(Ser166ValfsTer93)); key as noted for A-H).
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Figure 6. GO mosaic and F2 germline zebrafish targeting of frmd4bb. (A-E) Initial frmd4bb targeting experiments were performed in
GO embryos. Representative images obtained by confocal microscopy (A-C) of uninjected (A), scrambled guide-injected (B), or frmd4bb-
targeting guide-injected (C) GO HGj4A zebrafish at 72 hpf. Motor neurons in the abducens nucleus (dashed white circled region) have reduced
dispersion through the columns of the abducens nuclei (C), and abducens nerves appear stalled and fail to target the lateral rectus muscles
(C; white arrows and yellow stars) compared to uninjected and scrambled (A, B; white arrows and wbhite stars). (D) Bar plots showing
the percentages of zebrafish exhibiting wild-type-like (W7-like) or malformed CN6 motor neuron nuclei, as scored under the dissecting
stereomicroscope in GO zebrafish at 72 hpf. Total numbers of fish in each group are given above the corresponding bar. Data are shown
from three experimental replicates. Pearson’s 2 x 3 x? test with 2 degrees of freedom; for each of three experimental replicates, x> = 52.6, P
< 2.26’16; x?=618,p < 2.2e710; ¥2 =348 P=3.0e"8. (E) Kaplan-Meier survival curves demonstrating the relative survival probabilities
of scramble-injected (blue line) and guide-injected (pink line) zebrafish over the first 72 hours of life. Number at risk below the plot provides
counts of surviving embryos in each group taken every 24 hpf over a 72 hpf period. Relative survival probabilities of frmd4bb-targeting and
scrambled gRNA-injected embryos were compared by the log-rank test. Displayed data were derived from a single experimental replicate,
but measurements were taken for three experimental replicates, all of which showed the same trend. (F, G) Representative images from
wild-type or F2 germline frmd4bb~~ mutants (c.1687_1697delGATGAAATGAA, p.(Asp563ProfsTer25)).

required manual focus adjustment through z-planes to visu- GO olig2 mutants had grossly absent (71.0%) or severely
alize by eye. This was poorly captured by stereomicro- malformed (22.4%) CNG6 nuclei with few residual motor
scope imaging of a single z-plane (Supplementary Fig. S3A). neurons and absence or thinning of the CNG6 nerves,
F2 germline semana*/* mutants (c.869_873delTGAGA, reminiscent of mafba-null mutants (Figs. 5A-I). There
p-(Glu290GlyfsTer8)) also had increased CN3 defascicula- was a statistically significant association between treat-
tion and failed extension toward CN3 target extraocular ment group and the proportions of fish with each CNG6
muscles relative to sema3fa™" fish (Figs. 4F, 4G). phenotype, but no statistically significant difference in
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Ficure 7. The oCCDD proband-derived candidate variants in transcription factors disrupt DNA binding. (A-C) Two-dimensional structural
mapping of human variants. (A) Variants in PHOX2A associated with CFEOM. (B) Variants in MAFB associated with DRS and/or co-occurring
phenotypes. (C) Variant in OLIG2 associated with DRS. References for Figure 7 are provided in Supplementary Methods and Results. Aster-
isks represent variants above schematics that were identified and reported in our sequenced human oCCDD cohort! and are functionally
tested for the first time in this work: PHOX2A p.(Trp137Cys), MAFB p.(Glu223Lys), and OLIG2 p.(Arg156Leu). Variants below schematics
are previously reported as follows: (A) Filled circles represent previously reported PHOX2A variants associated with CFEOM: IVS1, G>A,
+1 (c.217+1G>A)2; IVS2, G>A, —1(c.406-1G>A)%3 ; p.(Ala72Val)2’3; p.(Asn76Lys)4 ; p.(Gln90Ter).S (B) -Previously reported MAFB variants
associated with DRS and colored as follows: blue denotes isolated DRS®; magenta denotes DRS =+ hearing impairment = intellectual disabil-
ity6'7; black denotes DRS + focal segmental glomerulosclerosis + hearing impairment®; green denotes focal segmental glomerulosclerosis
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+ DRS?; purple denotes contiguous gene deletions with variable neurodevelopmental anomalies &= DRS.!? Variants are mapped using the
following transcripts: ENST00000298231.5 (PHOX2A), ENST00000373313.3 (MAFB), and ENST00000382357.4 (OLIG2). (D-F) Transcription
factor binding site motif logos for PHOX2A (D), MAFB (E), and OLIG2 (F). Top: logos from the JASPAR database of transcription factor bind-
ing profiles derived from high-throughput sequencing SELEX (HT-SELEX) experiments for either the wild-type human protein (PHOX2A and
OLIG2) or orthologous mouse protein (Mafb). Middle and bottom: Protein binding microarray (PBM) experiment motifs derived from univer-
sal protein binding microarrays for the reference DNA binding domain (PBM REF, middle) and for the mutant DNA binding domain (PBM
MUT, bottom). (G-I) For 8-mers resembling the wild-type motif, E-score comparison between reference and mutant DNA binding domain for
PHOX2A (G), MAFB (H), and OLIG2 (I). Red dots correspond to 8-mer sequences that contain the labeled International Union of Pure and
Applied Chemistry code-based k-mers, which are selected to closely resemble each motif logo. Y, C or T nucleotides; R, A or G nucleotides;
W, A or T nucleotides; M, A or C nucleotides; K, G or T nucleotides; N, any base. (J-L) The 8-mer E-score comparison for the k-mers labeled
in G-I across the replicate protein binding microarrays. (J) Reference versus p.(Trp137Cys) PHOX2A variant. PHOX2A p.(Trp137Cys) led to a
significant drop in E-scores for 8-mers resembling the wild-type motif (P < 10~?; one-sided Mann-Whitney U test) to a level indistinguishable
from E-scores of the GST negative control (P > 0.9; two-sided Mann-Whitney U test). (K) Reference versus p.(Glu223Lys) MAFB variant. The
E-scores for the 8-mers recognized by the wild-type MAFB showed significantly lower values for the mutant DNA binding domain (P < 1077;
one-sided Mann-Whitney U test), but the E-score distribution for the mutant was still higher than that of the GST-negative control (P < 10~¢;
two-sided Mann-Whitney U test), suggesting partial loss of binding. (L) Reference versus p.(Arg156Leu) OLIG2 variant. OLIG2 p.(Arg156Leu)
led to a significant reduction in mutant E-scores for 8-mers recognized by wild-type OLIG2 (P < 10~1%; one-sided Mann-Whitney U test)
to a level similar to that of the GST-tagged negative control (P > 0.1; two-sided Mann-Whitney U test). Orange, reference protein; gray,
mutant/nonreference protein; yellow, GST-tagged negative control. * P < 1 x 10~7; one-sided Mann-Whitney U test. ** P < 1 x 109;
two-sided Mann-Whitney U test. BHLH, basic helix-loop-helix domain; BZIP, basic leucine zipper domain; CFEOM, congenital fibrosis of the
extraocular muscles; CTRL, GST-negative control protein; DRS, Duane retraction syndrome; GS, glutathione S-transferase tagged negative
control protein; HD, homeodomain; MUT, mutant/nonreference; N-ter, N-terminal region; PBM, protein-binding microarray; REF, reference

(nonmutant) sequence; rep, replicate.

survival (Figs. 5I, 5J). Like GO mutants, F2 germline
olig2”~ mutants (c.496_499delAGTT, p.(Ser166ValfsTer93))
had grossly absent or malformed CN6 motor neuron nuclei
with absent or thin CN6 nerves (Figs. 5K, 5L).

Finally, CN6 nuclei were universally present but
malformed in 60.0% of frmd4bb-targeted GO mutants, with
reduced motor neuron dispersion through the CN6 motor
nuclei. Additionally, CNG nerves failed to reach their target
lateral rectus muscles (Figs. 6A-D). There was a statistically
significant association between treatment group and the
proportions of fish with CN6 phenotypes, but no statistically
significant difference in survival (Figs. 6D, GE). F2 germline
frmd4bb~”~ mutants  (c.1687_1697del GATGAAATGAA,
p-(Asp563ProfsTer25)) had phenotypes consistent with
their GO counterparts, including malformation of CNG6
motor neuron nuclei and failed CNG6 nerve extension
toward target extraocular muscles relative to frmd4bb*/*
fish (Figs. OF, 6G). These phenotypes were also visible but
poorly resolved by stereomicroscope and required manual
adjustment of the focus through z-planes; thus phenotypes
were poorly captured by stereomicroscope imaging of a
single z-plane (Supplementary Fig. S3B).

Functional Testing of Transcription Factor
Candidate Variants by Protein Binding Microarray

Our sequenced human oCCDD cohort included four
pedigrees, each of which harbored a variant of uncer-
tain significance in the DNA binding domain of one
of four transcription factors. Pedigree 160 harbored
c.411G>C (p.(Trp137Cys), ENST00000298231.5) in
PHOX2A, a known CFEOM gene; Pedigree 232 harbored
¢c.667G>A (p.(Glu223Lys), ENST00000373313.3) in MAFB,
a known DRS gene; Pedigree ENG_ET harbored c.467G>T
(p.(Arg156Leu), ENST00000333337.3) in OLIG2, a novel
DRS candidate gene; and Pedigree 90 harbored ¢.742G>T,
(p.(Ala248Ser), ENST00000342310.7) in LMXIA, a novel
DRS candidate gene. Interestingly, PHOX2A, MAFB, and
OLIG2 but not LMX1A vyielded the correct cranial motor
nucleus/nerve phenotype after LOF CRISPR targeting in
zebrafish. To couple the gene-level testing of our zebrafish
screen with functional testing of these variants of uncer-
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tain significance, we mapped the variants relative to other
reported variants in these proteins (Figs. 7A-C) and assessed
transcription factor-DNA interactions by protein binding
microarray (Figs. 7D-L).

For each variant, we performed universal protein bind-
ing microarray experiments®2° for a pair of reference (REF)
and mutant (MUT) DNA binding domains on the same array
and generated transcription factor binding site motif logos
(Figs. 7D-F). For a quantitative view of each experiment,
we analyzed the distribution of E-scores (rank-based enrich-
ment score per DNA 8-mer ranging from -0.5 to 0.5, in
which 0.5 indicates highly specific binding to that 8-mer,
Figs. 7G-L).

PHOX2A p.(Trp137Cys) led to complete loss of binding
to the wild-type PHOX2A motif, indicated by the degener-
ate motif logo for the mutant (Fig. 7D), and to a significant
drop in E-scores for 8-mers resembling the wild-type motif
to a level indistinguishable from that of the negative control
(Figs. 7G, 7).

Interestingly, MAFB p.(Glu223Lys) did not completely
prevent transcription factor recognition of the wild-type
motif (Fig. 7E). Nevertheless, the E-scores for the 8-
mers recognized by the wild-type MAFB showed signifi-
cantly lower values for the mutant DNA binding domain
(Figs. 7H, 7K). The E-score distribution for the mutant was
still higher than that of the negative control (Fig. 7K), which
is indicative of partial loss of binding. This is consistent with
the observation that the variant still permits the DNA bind-
ing domain to recognize the wild-type motif (Fig. 7E).

OLIG2 p.(Argl56Leu) led to a complete loss of binding to
the wild-type OLIG2 motif, characterized by the degenerate
mutant motif (Fig. 7F), and significant reduction in mutant E-
scores for 8-mers recognized by wild-type OLIG2 to a level
similar to that of the negative control (Figs. 71, 7L). These
data support that the tested missense variants may have a
deleterious effect on protein function, but more data will be
needed over time, including testing additional pathogenic
and benign variants once their clinical impact has been
established.

Finally, the motif generated from LMX1A (p.(Ala248Ser)
was identical to the wild-type LMX1A motif, suggesting that
this variant does not lead to complete loss of motif binding.
However, the variant did lead to a very mild reduction in
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Variants in known oCCDD genes

PHOX2A MAFB
Pedigree 160 Pedigree 232
Syndromic sporadic CFEOM Isolated familial DRS

¢.411G>C, p.(Trp137Cys) ¢.667G>A, p.(Glu223Lys)

Variants in novel candidate oCCDD genes

SEMA3F

Pedigree ENG_CMK
Syndromic sporadic CFEOM
¢.1889C>A, p.(Ser630Ter)

OLIG2

Pedigree ENG_ET
Isolated familial DRS
¢.467G>T, p.(Arg156Leu)

+/-

U FRMD4B
Pedigree ENG_OA
Syndromic sporadic DRS
¢.380A>G, p.(Lys127Arg)

Ficure 8. The oCCDD pedigrees with functionally validated candidate genes/variants and brain MR images of probands with homozygous
PHOX2A and SEMA3F variants. (A, G, H, T, U) Schematics of pedigrees segregating variants of uncertain significance in known or novel
candidate oCCDD genes. (B—F) Images from a 1.5T Siemens brain MRI of the pedigree 160 proband at four months of age that has CFEOM
and harbors a homozygous PHOX2A variant. (B) Sagittal T1 fluid-attenuated inversion recovery 4 mm-thick image reveals abnormal anatomy
of the corpus callosum with a somewhat down-slanted posterior body and splenium (long yellow arrow). (C) Axial turbo spin echo (TSE)
T2-weighted 4 mm-thick image shows diminutive medial rectus muscles (short double-beaded white arrow). (D) Axial TSE T2 weighted
4 mm thick image at the level of the midbrain and interpeduncular cistern does not show oculomotor nerves. (E, F) Coronal TSE T2-
weighted 4 mm-thick images with and without fat-suppression show asymmetric positioning of the optic nerves, higher on the right (Jong
white arrow), diminutive medial rectus muscles (short white arrows), and small superior oblique muscles (short yellow arrows). Because
of slice thickness and slice angle, the superior rectus muscles were not as readily assessed but also appeared slightly small. (I-S) The
ENG_CMK proband that has CFEOM and harbors a homozygous SEMA3F had MR imaging at 12 months of age obtained on a 3T Siemens
Skyra (I-M, O-S) and three months of age obtained on a 1.5T Siemens unit (N) variant. I, Midline sagittal T1 magnetization prepared
rapid gradient echo (MPRAGE) 1 mm-thick image demonstrates abnormal anatomy of the corpus callosum with a somewhat down-slanted
posterior body and splenium (long white arrow). (J) Axial 1 mm reformatted MPRAGE and (K) 2.5 mm-thick TSE T2-weighted images show
a small protuberance off or along the right side of the tectum (short white arrows) that appears hypointense on T1 and heterogeneous
on T2 with central high-signal and peripheral low-signal intensity. This lesion is of uncertain etiology but was present in retrospect on
an examination the previous year. (L) Axial 2.5-mm thick TSE T2-weighted image demonstrating a diminutive anterior commissure (long
yellow arrow) and slight underdevelopment of the right frontal and temporal opercula (short yellow arrow). (M) Reformatted 1 mm coronal
MPRAGE image shows asymmetry of the hippocampal formations and medial temporal lobes with the right side appearing mildly misshapen
(yellow asterisk). N, Axial 2.5 mm-thick T2-weighted image at the level of the midbrain does not show oculomotor nerves at the level of
the interpeduncular cistern; O, Axial 0.44 mm-~thick T2 Sampling perfection with application optimized contrasts using different flip angle
evolution (SPACE) image shows that the cisternal segments of the vestibulocochlear nerves are present but small (long white arrows) as
they course posterior and parallel to the facial nerves. (P, Q) T2 SPACE images through the inner ears show dysmorphic, thickened cochlear
modioli with stenotic cochlear apertures, more pronounced on the left (short yellow arrows). The apices of the cochleae appear mildly
flattened. (R) Sagittal oblique T2 space MRI shows marked stenosis of the left internal auditory meatus (white circle) with only one cranial
nerve visible instead of the expected four (facial, cochlear, and superior and inferior vestibular nerves). (§) Coronal 5 mm-thick T1-weighted
image of the brain at the level of the orbits shows small medial rectus (short white arrows) and inferior rectus muscles (short yellow arrows).
The superior rectus muscles are likely also small but are suboptimally assessed because of slice thickness.
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binding to the wild-type motif, a finding of unclear signifi-
cance (data not shown).

Additional Human Phenotyping of Pedigrees With
Variants in PHOX2A, MAFB, SEMA3F, OLIG2, or
FRMD4B

Additional cosegregation analysis and phenotyping are
shown for the human pedigrees who harbored vari-
ants in PHOX2A, MAFB, SEMA3F, OLIG2, and FRMD4B
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(Table; Fig. 8, Supplementary Table S2). The variants in these
genes were absent from the population and predicted to be
damaging.

The proband of syndromic sporadic Pedigree 160
harbored the homozygous PHOX2A variant shown above
to abrogate DNA binding (c.411G>C, p.(Trp137Cys);
Table; Figs. 8A-F). He had bilateral CFEOM with severe,
bilateral restrictions in vertical eye movements; absent hori-
zontal eye movements; severe, bilateral congenital ptosis
worse on the left side; exotropia; and right hypotropia. Brain
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MRI revealed characteristic PHOX2A-associated anomalies,
including indiscernible CN3 bilaterally and hypoplasia of the
extraocular muscles typically innervated by CN3/CN4. Addi-
tional subtle syndromic features included mild craniofacial
dysmorphisms and brain MRI findings consisting of asym-
metric CN2 positioning, corpus callosal anomalies, and a
prominent anomalous vessel that was likely venous in nature
and coursed lateral to the basilar artery.

Three affected members of Pedigree 232 and their
unaffected mothers harbored a partially penetrant
heterozygous MAFB variant shown by protein bind-
ing microarray to reduce DNA binding (c.667G>A,
p-(Glu223Lys); Table; Fig. 8G). The family segregated
three subtypes of DRS in twins and a maternal first cousin.
The proband had bilateral, exotropic DRS type III character-
ized by bilateral limitation of abduction and adduction and
globe retraction on attempted adduction. He required two
eye muscle surgeries to try to improve his eye alignment;
both lateral rectus muscles were recessed in each procedure.
His twin had bilateral, asymmetric esotropic DRS type I
with limited abduction and globe retraction on adduction
bilaterally, and their cousin had left-sided exotropic DRS
type II with mildly restricted adduction and globe retraction
on adduction, exotropia in upgaze, myopic astigmatism,
and a right head turn.

The proband of syndromic sporadic consanguineous
Pedigree ENG_CMK harbored a homozygous SEMA3F vari-
ant (c.1889C>A, p.(Ser630Ter), ENST00000002829.8) which
localizes to the Ig-like domain involved in ligand bind-
ing and is predicted to result in nonsense-mediated mRNA
decay (Table; Figs. 8H-S, Supplementary Fig. S4A, Supple-
mentary Table S5).” He had syndromic right-sided CFEOM
characterized by absent upgaze, limited downgaze, congen-
ital ptosis, and intermittent exotropia. Syndromic features
included bilateral sensorineural hearing impairment, mild
facial dysmorphisms, and contractures and shortening of the
fingers. Brain MRI revealed hypoplasia of CN3 bilaterally,
hypoplasia of CN3-innervated extraocular muscles, small
CNB8, stenotic internal auditory meati, dysmorphic cochleae,
corpus callosal anomalies, small anterior commissure, and
asymmetric hippocampal formations and medial temporal
lobes.

Two affected members of Pedigree ENG_ET harbored
a partially penetrant heterozygous OLIG2 variant
shown above to abolish DNA binding (c.467G>T,
p-(Argl56Leu); Table; Fig. 8T). The proband and her
daughter had DRS, and the proband’s unenrolled brother
and son had DRS by report. The proband had bilateral
esotropic type I DRS requiring two bilateral medial rectus
muscle recessions and characterized by impaired abduc-
tion and mildly impaired adduction bilaterally, left-sided
upshoot, and hypotropia. The daughter of the proband had
right-sided esotropic DRS type I with restricted abduction
and globe retraction on adduction. Of note, two unaffected
children of the proband also harbored the variant.

Finally, syndromic sporadic DRS proband ENG_OA
harbored a homozygous FRMD4B variant (c.380A>G,
p-(Lys127Arg), ENST00000398540.8) located in the Band 4.1
domain, which is involved in cytoskeletal-membrane link-
age (Fig. 8U, Supplementary Fig. S4B).?” She had left-sided
exotropic DRS type III characterized by impaired abduction
and adduction, globe retraction in adduction, and upshoot.
Syndromic features included hearing impairment, delayed
speech and walking, atrial septal defect, and gastrointestinal
abnormalities.

Downloaded from iovs.arvojournals.org on 03/31/2025

IOVS | March 2025 | Vol. 66 | No.3 | Article 62 | 15

Di1scuUsSION

Historically, linkage analysis and DNA sequencing of pedi-
grees segregating oCCDDs have led to the identifica-
tion of recurrently mutated genes.?®-3° More recently, our
exome/genome sequencing of 467 genetically unsolved
oCCDD pedigrees yielded many candidate genes/variants of
uncertain significance mutated in just one pedigree.> Here,
our functional evaluation of a subset of these genes/variants
of uncertain significance using a GO LOF zebrafish screen
and protein binding microarray further supports the oCCDD
involvement of five of these.

In zebrafish, GO and F2 LOF of known (phox2a, mafba)
and novel (sema3fa, olig2, frmd4bb) oCCDD genes led to
ocular cranial motor neuron developmental phenotypes.
In addition, protein binding microarray testing of candi-
date variants in transcription factors supported the func-
tional effects of human sequence-derived missense alleles in
known and novel candidate oCCDD genes PHOX2A, MAFB,
and OLIG2.

As in homozygous LOF germline models, GO targeting
of phox2a resulted in loss of CN3/CN4 motor nuclei in
zebrafish. Moreover, the PHOX2A p.(Trp137Cys) substitu-
tion resulted in CFEOM in a human proband and complete
loss of transcription factor-DNA binding in vitro. Although
missense alleles that localize to the DNA binding domain
and predicted LOF alleles have been reported as pathogenic
for PHOX2A-CFEOM,!*! the functional effects of these alle-
les were not demonstrated. Thus this is the first reported
PHOX2A-CFEOM candidate missense allele that localizes to
the DNA binding domain and is demonstrated to abolish
transcription factor-DNA binding.

GO targeting of the known DRS gene mafba resulted
in germline homozygous null-equivalent phenotypes. More-
over, MAFB p.(Glu223Lys) resulted in reduced tran-
scription factor-DNA binding, and the variant coseg-
regated with incomplete penetrance in a DRS pedi-
gree. Although reported human alleles have demonstrated
reduced penetrance for DRS and other MAFB-associated
phenotypes,?3?-3* functional tests of human MAFB-DRS
alleles have thus far demonstrated haploinsufficiency or
dominant negative consequences. Two DRS alleles have
been reported in the MAFB DNA binding domain, 3235
but their effects on DNA binding have not been
demonstrated.

SEMA3F encodes a semaphorin involved in axon guid-
ance. Similar to proband ENG_CMK who had CFEOM, devel-
opmental delay, sensorineural hearing impairment, and an
MRI revealing small CN3 (and inability to resolve CN4),
absent CN8, and brain malformations, Sema3f”~ mice
have CN3 defasciculation and CN4 absence consistent with
CFEOM, as well as hearing impairment and brain malfor-
mations.>®37 Although our zebrafish LOF models also had
CN3 defasciculation, CN4 was grossly intact, suggesting
that this phenotype may have species-specific differences
(Supplementary Table S5). Interestingly, a single ClinVar
submitter reported a human proband with hearing impair-
ment and a SEMA3F missense variant of uncertain signif-
icance and unspecified zygosity localizing to the same Ig-
like domain as the variant harbored by proband ENG_CMK
(c.1849G>A, p.(Val617Met), Variation ID: 1064910; Supple-
mentary Fig. S4A), supporting putative association between
SEMA3F variants and hearing impairment.*® Notably, human
heterozygous SEMA3F missense variants of uncertain signif-
icance localizing to diverse SEMA3F protein domains were
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previously described in individuals with hypogonadotropic
hypogonadism with or without anosmia who were not
reported to have CFEOM, hearing impairment, or other
syndromic features in proband ENG_CMK (Supplementary
Fig. S4A).> Three of these reported SEMA3F variants were
tested functionally and led to impaired protein secretion
in vitro (p.(Thr29Met), p.(Pro452Thr), and p.(Thr724Met)).
Although one variant (p.(Ala652Ser)) localized to the
SEMAS3F Ig-like domain, its functionality was not tested.
Moreover, the proband harboring this variant also harbored
a variant in FGFR1 (p.(Arg209Cys)) which is reported
as likely pathogenic for hypogonadotropic hypogonadism
with or without anosmia in ClinVar (Variation ID: 548670),
suggesting that this is a possible alternative explanation
for the phenotype in this proband. Neither the ENG_CMK
proband nor his carrier parents were noted to have anos-
mia or hypogonadism, but these phenotypes may have
been missed in the proband due to his developmental
delays and evaluation before typical pubertal onset. Alter-
natively, this may be attributable to the distinct nature of the
proband’s homozygous nonsense variant, which is predicted
to induce nonsense-mediated mRNA decay. Additional stud-
ies are required to reconcile the differences in functional
consequences of variants among probands with SEMA3F
variants.

Our GO and F2 LOF studies and others’ published
morpholino knockdown studies’® support that olig2 LOF
results in loss of CN6 nuclei in zebrafish, consistent with
DRS. Moreover, OLIG2 is downstream of the known DRS
protein MAFB,'> and human GWAS has associated OLIG2
SNPs with DRS.#! By protein binding microarray, OLIG2
p-(Argl56Leu) resulted in a complete loss of transcription
factor-DNA binding, consistent with the LOF mechanism
tested by our zebrafish assay.

FRMD4B encodes a poorly characterized scaffolding
protein involved in processes including cytoskeletal dynam-
ics and protection against retinal dysplasia in mice.*? Though
LOF of zebrafish frmd4bb results in a CN6 phenotype,
FRMD4B is mutated in only one DRS proband in our cohort,
whose specific missense variant remains untested.

In summary, because this is the first report of a PHOX2A-
CFEOM missense variant in the DNA binding domain,
pathogenicity of the p.(Trp137Cys) PHOX2A allele remains
incompletely proven but is strongly suspected. Moreover,
although two MAFB-DRS missense variants in the DNA bind-
ing domain have been reported, reduced DNA binding has
not yet been demonstrated as a pathogenic mechanism.
Finally, because SEMA3F, OLIG2, and FRMD4B are each
mutated in a single pedigree in our cohort, additional human
alleles resulting in a similar phenotype are needed to prove
pathogenicity. However, these are now strong oCCDD candi-
date genes.

Identifying the primary downstream regulatory targets
of transcription factors PHOX2A, MAFB, and OLIG2 is
of great interest, as this could elucidate novel insights
into the neurodevelopmental pathways required for cranial
motor neuron development. Although bioinformatic tools
can predict regulatory targets from publicly available func-
tional datasets, their outputs are of uncertain relevance to
oCCDDs, because transcription factor regulatory networks
are often highly specific to cell type and developmental time
point. However, some published literature provides insights
into these networks. The OLIG2, PHOX2A, and MAFB genes
encode pleiotropic transcription factors that bind to specific
short noncoding DNA consensus motifs to activate or repress
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the expression of target genes in a cell-type specific fashion,
and all are critical to the development of specific pools of
cranial motor neurons. The developing embryonic hindbrain
is transiently segmented into eight rhombomeres defined
by the combined expression of HOX genes and additional
transcription factors. The abducens nucleus forms in rhom-
bomeres 5 and 6. The formation of these two rhombomeres
is dependent on the regional expression of Mafb and the
binding of MAFB to its consensus motif, the Maf recognition
element, to direct the downstream expression of Hoxa3 and
Hoxb3.)7%-47 In the absence of Mafb, these rhombomeres,
and thus the abducens nucleus, fails to develop.'>~!7 After
the establishment of rhombomeres 5 and 6, the differentia-
tion of abducens motor neuron progenitors is dependent on
the expression of the transcriptional repressor, Olig2, which
specifies both subtype identity and pan-neuronal properties
of developing motor neurons by controlling the expression
of downstream genes such as Is/l7 and Hb9.%® In the absence
of Olig2, these progenitors remain in the cell cycle and fail to
produce abducens motor neurons.’’ Phox2a and its paralog,
Pbox2b, are key to the generation and survival of a subset
of brainstem motor neurons and adrenergic neurons. Their
onset of expression is asynchronous, and in oculomotor
and trochlear progenitors, Phox2a is upstream of Phox2b.
In chick, Phox2a specifies oculomotor and trochlear cell
fate and orchestrates the formation of the corresponding
motor nuclei.®® Loss of Phox2a in mice,'? zebrafish,>* and
humans'? leads to the absence of oculomotor and trochlear
nuclei. Mouse embryonic stem cells can be differentiated
to oculomotor-like motor neurons through the expression
of Ngn2, Isl1, and Phox2a. Chromatin immunoprecipitation-
sequencing analysis revealed that the oculomotor-like cell
fate was programmed by the synergistic interaction of Isl1
and Phox2a, with the recruitment of Isl1-Phox2a complexes
to distinct genomic locations in a cell type-specific fash-
ion.>® Together, these foundational studies and the func-
tional evidence that we present here suggest the value of
additional elucidation of these regulatory network targets
through newer methods such as CUT&Tag and RNA-seq.
The GO screening method we use in the present study
has limitations. First, because phenotypes were screened at
72 hpf under the stereomicroscope, later-onset or less-robust
phenotypes may have been missed. Because many positive
hits from our screen were transcription factors with obvious
LOF phenotypes, focusing future screens on conserved tran-
scription factors with known cranial motor neuron expres-
sion may lead to improved success rates. Second, our screen
may not have captured LOF of all genes tested, because
phenotype induction depends on interspecies conservation,
mutant viability, and guide RNA and injection efficiencies
(guide RNAs were not prevalidated), and because knockout
of both paralogs of duplicated genes may be needed for
phenotypic manifestation. Moreover, because LOF was not
confirmed at the mRNA or protein levels, some may have
resulted in partial LOF, resulting in incomplete phenotype
manifestation. Third, the screen only examines the outcome
of biallelic LOF of the tested gene; by contrast, many of the
human varjants were monoallelic or missense and may act
through alternative non-LOF mechanisms. Finally, because
zebrafish lack eyelids and the levator palpebrae superioris
muscle that elevates them, we were able to assess three
ptosis and four MGJWS candidate genes for gross CN3 or
CNS5 abnormalities but not for ptosis-specific CN3 vulnerabil-
ities. Moreover, testing of DRS candidate genes in the HGj4A
line enabled assessment of primary CN6 abnormalities, but
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not of the additional CN3 misinnervation characteristic of
human DRS. For these collective reasons, we cannot defini-
tively exclude candidates that screened negative.

Despite these limitations, our study has identified three
strong novel oCCDD candidate genes and has demonstrated
functionality of candidate variants in transcription factors.
Our findings support that human sequence analysis can be
coupled with GO LOF screening in zebrafish and targeted
functional assays to aid in the prioritization of candidate
genes (Supplementary Files).
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Five additional supplementary tables accompany the manuscript. These have been
uploaded as a separate supplementary spreadsheet:

Supplementary Table 1. Human sequence-derived candidate genes and variants and their
conservation in fish.

Supplementary Table 2. Miscellaneous phenotypic and genetic details of human pedigrees.
Supplementary Table 3. Gene-targeting and scrambled guide RNAs, sequencing primers, and
genomic sequences targeted with zebrafish CRISPR screen.

Supplementary Table 4. GO mosaic versus F2 germline mutant phenotypes for novel oCCDD
candidate genes in zebrafish at 72 hpf.

Supplementary Table 5. Comparison of phenotypes in human, zebrafish, and mouse models of
SEMAS3F missense or loss of function variants.



SUPPLEMENTARY METHODS
Prioritization of human sequence-derived alleles for screening in zebrafish

In our previous study, we leveraged human genetics to prioritize novel oCCDD
candidate genes/ variants through phenotyping and exome/ genome sequencing of a large
cohort of human pedigrees with oCCDDs." Candidate genes/ variants were prioritized through
multiple modalities including allele frequency filtering, predictive scores, pedigree-based
analyses, identification of recurrently mutated genes and recurrent variants, annotation of
animal models in the Monarch database, de novo variant analyses, and gene ontology
analyses. In the present study, we further prioritized these candidate genes and variants based
on amino acid-level conservation between human and zebrafish, recessive inheritance, and/or
putative loss-of-function (LOF) consequences of the candidate variants (defined as stopgain,
stoploss, frameshift, or splice site variants). Several human pedigrees had additional novel
candidate genes/ variants which were not highlighted in our previous study, but which were also
prioritized for the zebrafish screen based on conservation in fish, published literature, in silico

predictors, and/or putative LOF consequences of the variant.

Sanger validation and cosegregation analysis of human sequence-derived variants

Sanger sequence validation was performed for candidate variants in genes that 1)
yielded cranial motor phenotypes in both GO and F2 mutants in our zebrafish screen, and/or 2)
encoded transcription factors that were prioritized for protein binding microarray testing. PCR
primers were designed using Primer3 v4.1.0% and assessed for specificity of amplification
relative to other sites in the human genome (build GRCh38) using BLAT.? Sanger sequencing
was performed for validation of variants in the probands and cosegregation analysis in

additional pedigree members, when available (Supplementary Table 2).


https://paperpile.com/c/99qLRq/1W1yE
https://paperpile.com/c/99qLRq/XFov
https://paperpile.com/c/99qLRq/3LsKB

Classification and computational prediction of human sequence-derived variants

Human variants were classified using criteria from the American College of Genetics and
Genomics and Association for Molecular Pathology (ACMG/AMP),* with additional classification
specifications from the Clinical Genome Resource (ClinGen) Variant Curation Committee
(ClinGen General Sequence Variant Curation Process v1.0;
https://www.clinicalgenome.org/site/assets/files/3677/clingen_variant-curation_sopv1.pdf;
Supplementary Table 1). Computational predictions of missense variant deleteriousness were

derived using REVEL.®

Guide RNA design and synthesis

Using CHOPCHOP®® (accessed November 2018 (v2) and February 2020 (v3)), the
eight highest-ranked guide RNAs (gRNAs) per target gene without predicted protein-coding off-
target sites were selected. gRNAs that were also represented in a published 4-guide lookup
table were prioritized.® When possible, gRNAs targeting coding sequences at least 50 bp
upstream of the penultimate exon-exon junction were selected to induce nonsense-mediated
mRNA decay.'® The top four remaining guides with the fewest predicted off-target effects and
highest predicted efficiencies were selected, and PAM sequences were omitted. Each of the
four guides was submitted to the Genscript scrambled sequence generator to identify non-
targeting scrambled guide control sequences. The first 2 nucleotides of gene-targeting and
scrambled guides were modified to start with “GG” and flanked with a 5" and 3’ sequence
(TAATACGACTCACTATA; GTTTTAGAGCTAGAAATAGC) to generate top-strand oligos for
annealing (Supplementary Table 3). The four top-strand gene-targeting or scrambled control
oligos per gene were pooled (final pooled concentration 0.2 uM) and annealed with a universal

bottom-strand ultramer (Integrated DNA Technologies, final concentration 0.2 uM) as


https://paperpile.com/c/99qLRq/stWU
https://paperpile.com/c/99qLRq/9pV7
https://paperpile.com/c/99qLRq/XSnXz+RNJt5+rsM9n
https://paperpile.com/c/99qLRq/Abs5V
https://paperpile.com/c/99qLRq/FxuSB

described." In vitro transcription was performed using the MEGAscript T7 Transcription Kit

(Thermo Fisher Scientific, Cat #AM1334) following the manufacturer’s protocol, except for

overnight incubation (<16 hours) to increase RNA yield. RNA was purified using RNA Clean and

Concentrator-5 kit (Zymo, Cat #R1016) following the manufacturer’s protocol, except for use of

an 8 uL elution volume to concentrate RNA.

Guide RNA/Cas9 complex formation and microinjection

Alt-R S.p. Cas9 Nuclease V3 (Integrated DNA Technologies, Cat #1081059) was diluted
to yield a 10 uM Cas9 solution in 20 mM Tris-HCI, 600 mM KCI, and 20% glycerol and stored at
-20°C. Cas9 solution and gRNAs were mixed for a final concentration of 5 uM Cas9, 1 ug/uL
gRNA. When guides were pooled, four gRNAs were mixed such that total gRNA concentration
remained 1 ug/uL. Cas9/gRNA mixture was incubated at 37° C for 5 minutes to generate
Cas9/RNP complexes. The yolks of single-cell stage embryos were microinjected with 0.5-1.0

nL of Cas9/gRNA mixture.

Zebrafish husbandry

Zebrafish experiments were approved by the BCH Institutional Animal Care and Use
Committee, and standard fish care was performed by the BCH Aquatic Resources Facility.
Zebrafish were maintained on a standard 14 hour light/10 hour dark cycle at 28.5°C. Before
being added to the system at 5 dpf, embryos and larvae were maintained in 10 cm dishes with
30 mL of sterile fish water and densities of 30-50 fish per dish. For embryos younger than 24
hpf, water was supplemented with 0.5 ppm methylene blue. To avoid long-term isolation,

individually genotyped adult fish were tagged with identifiable visible implant elastomers and


https://paperpile.com/c/99qLRq/3MQw9

housed in groups (Northwest Marine Technology, 2017)."2

GO screening and F2 germline validation in LOF zebrafish models of prioritized genes

Experiments targeting CFEOM, ptosis, and MGJWS or DRS candidate genes were
conducted in Tg(isl1:GFP)"® or HGj4A mnr2b/hixb9Ib™ reporter fish, respectively. The
Tg(isl1:GFP) reporter line was originally generated through transgenic introduction of a
linearized GFP-tagged islet1 promoter/enhancer sequence, and the HGj4A line was made by
Tol2 transposition-mediated enhancer trapping to introduce a GFP construct upstream of the
mnr2b/hixb9lb gene.

Zebrafish embryos were generated using timed incrosses of adult reporter fish. GO

targeting experiments consisted of microinjecting single cell-stage embryos with four high dose

(1ug/uL) guide RNAs redundantly targeting each gene.? Following injections, dead embryos

and debris were removed twice daily. Live embryos were incubated at 28.5°C and counted

every 24 hours until 72 hours post-fertilization (hpf). Sterile fish water with 0.2 mM N-

Phenylthiourea, 298% (Sigma-Aldrich, Cat #P7629-100G) was added at 24 hpf to inhibit

pigmentation/ melanization and replaced every 24 hours.

At 72 hpf, injected GO fish were assessed using the Nikon SMZ1500 fluorescent
stereomicroscope and NIS Elements AR 5.21.03 software to assess for gross phenotypic
changes in cranial motor neuron nuclei and/or nerves. To visualize abnormalities at multiple z
plane levels within each fish, we manually adjusted the focus level of the stereomicroscope
through multiple z planes that collectively encapsulated the anatomic regions of interest. Fish
were assessed for absent or malformed motor nuclei and aberrant axonal projections of CN3,

CN4, and CNS5 (Tg(isl1:GFP) fish) or CN6 (HGj4A fish). Preliminary GO fish phenotypes were


https://paperpile.com/c/99qLRq/geiGQ
https://paperpile.com/c/99qLRq/0OK5e
https://paperpile.com/c/99qLRq/Zyf8Z
https://paperpile.com/c/99qLRq/Abs5V

derived from single experimental replicates without detailed phenotyping. Two additional GO
experimental replicates and F2 germline mutant validations were performed for genes whose
targeting induced putative cranial motor nucleus/ nerve phenotypes in at least a subset of

injected fish; these additional experiments were performed with confocal imaging.

Zebrafish confocal image acquisition and processing

GO fish with putative cranial nucleus/ nerve phenotypes visualized under the
stereomicroscope and F2 germline fish were additionally phenotyped using confocal imaging.
GO0 mutants were phenotyped blindly relative to wild-type uninjected or scrambled guide RNA-
injected clutchmates. Imaging was performed on fish from at least three independent clutches
for both GO and F2 experiments. At 72 hpf, zebrafish were anesthetized and mounted dorsally
in 1% low melting point agarose (ThermoFisher Scientific, Cat #16520100) in fish water in
FluoroDishes (World Precision Instruments, Cat #FD3510). Fish were live imaged with a Zeiss
LSM980 series upright laser scanning confocal microscope with a 20X water dipping objective
(Cat #421452-9800-000). Images were acquired using Zen Software (Carl Zeiss Microlmaging
GmbH, Géttingen, Germany) with 1024x1024 pixels, scan speed of 5, and 1 uM z-stacks.

Three-dimensional confocal z-stack images were processed using Arivis Vision4D
software v4.0. The purpose of image processing was to improve standardization of
experimentally-matched images and, when necessary, to remove non-cranial motor
neuron/nerve anatomic structures that would otherwise obscure the pertinent anatomic features
highlighted within each mutant. Image processing consisted of: 1) rotating images so that key
anatomic structures were captured in a standard manner within a single 2-dimensional X-Y
plane of control and mutant fish imaged in the same experiment; 2) transforming pixels back to
their original dimensions for each image; 3) cropping and setting equivalent zoom levels for
experimentally-matched images so that the same anatomic structures were encompassed

within each; 4) creating a standard-sized scale bar in the 2D z-plane in which a standard



anatomic landmark was present for all experimentally-matched images; 5) digitally masking
extreme autofluorescence from the zebrafish eyes and skin, which would otherwise obscure the
cranial motor neuron/ nerve anatomy of interest; 6) for sema3fa images, manual cropping of
non-CN3 anatomic structures to show only the pertinent anatomy in processed images; 7)
generating a high-resolution 3D rendering of the final image. Raw unprocessed confocal images

are provided for GO and F2 fish (Supplementary Figures 1 and 2).

Protein structural mapping and universal protein binding microarray testing of transcription
factor candidate variants

For genes/variants that were positively validated through the zebrafish screen and/or
protein binding microarrays, 2D protein structural maps were generated based on domain
annotations in InterPro v101.0." Variants identified in our cohort were mapped relative to
variants previously reported in the literature or in ClinVar'® for isolated or syndromic oCCDD-
related phenotypes.

As described previously,'” protein binding microarrays were used to assess DNA binding
capabilities of variants of uncertain significance in the DNA binding domains of known
(PHOX2A, MAFB) or novel (OLIG2, LMX1A) transcription factor-encoding candidate genes
relative to their wild-type counterparts. Human candidate variants were nominated for testing by
protein binding microarray based on the following criteria: 1) the gene was tested in the
zebrafish assay, 2) the variants localized to the DNA binding domain of a transcription factor, 3)
the transcription factor class is known to express well in protein purification experiments, 4) and
if the transcription factor-encoding gene had prior oCCDD association, the oCCDD phenotype in
the human pedigree in the current cohort was consistent with that previously ascribed to the
gene. On this basis, we selected the following four variants for testing by protein binding
microarray: ¢.411G>C (p.(Trp137Cys), ENST00000298231.5) in PHOX2A, a known CFEOM

gene; c.667G>A (p.(Glu223Lys), ENST00000373313.3) in MAFB, a known DRS gene;


https://paperpile.com/c/99qLRq/863K2
https://paperpile.com/c/99qLRq/GouCi
https://paperpile.com/c/99qLRq/5Rotp

c.467G>T (p.(Arg156Leu), ENST00000333337.3) in OLIG2, a novel DRS candidate gene; and
C.742G>T, (p.(Ala248Ser), ENST00000342310.7) in LMX1A, a novel DRS candidate gene.

For protein binding microarray experiments, gBlock Gene Fragments encoding the DNA
binding domains of human PHOX2A, MAFB, and OLIG2 were synthesized as double-stranded
DNA fragments purchased from Integrated DNA Technologies. These fragments were cloned
into a Gateway cloning-compatible entry vector, pPDONR-221 (Invitrogen, Cat#12536017).
Mutations PHOX2A-p.(Trp137Cys), MAFB-p.(Glu223Lys), OLIG2-p.(Arg156Leu), and LMX1A-
p.(Ala248Ser) identified from human oCCDD exome or genome sequences were introduced into
the vectors using QuickChange site-directed mutagenesis (Agilent, Cat#200519) and mutagenic
PCR primers optimized according to the QuickChange primer design manual. Sequence
verification was performed using Sanger sequencing through the Harvard Medical School
Biopolymers Facility to confirm correct mutagenesis. Subsequently, wild-type and mutant
constructs were cloned into N-terminal GST-tagged Gateway-compatible pDEST15 vectors
(Invitrogen, Cat#11802014) and confirmed again by Sanger sequencing.

Wild-type and oCCDD mutant transcription factor DNA binding domain proteins were
expressed using PUREXxpress in vitro transcription/translation Protein Synthesizer Kits (NEB,
Cat#E6800L) in the same batch. Protein expression and correct size were validated by Western
blot using rabbit anti-GST primary antibody (Sigma, Cat#G7781) and goat anti-rabbit secondary
antibody (Pierce, Cat#31460). Protein concentration was quantified from the Western blots
using GST protein standards (Pierce, Cat#20237) and analyzed with ImageJ software.®

Protein binding microarrays were prepared by following a standard double-stranding
primer extension reaction with ThermoSequenase DNA Polymerase (Cytiva, Cat#E790000Y),
unlabeled dNTPs (NEB, Cat#N0447S), and fluorescently labeled Cy3-dUTPs (Cytiva,
Cat#PA53022). Arrays were then scanned for Cy3 signal at 523 nm with a 500 Ip filter and
analyzed using the Double Stranding Analysis pipeline. Wild-type and oCCDD mutant DNA

binding domains were assessed using a custom-designed Universal Protein Binding Microarray


https://paperpile.com/c/99qLRq/zkWSp

(8 x 60K GSE format, AMADID #030236; Agilent Technologies, Inc.) in phosphate-buffered
saline (PBS) buffer.

Wild-type and mutant PHOX2A proteins were assayed at a concentration of 400nM on
the PBM. Wild-type and mutant MAFB and OLIG2 proteins were assayed at a concentration of
600nM on the PBM. Each wild-type DNA binding domain and its corresponding mutant were
tested in a separate chamber on the same array. Following protein binding, arrays were
incubated with Alexa Fluor 488-conjugated anti-GST antibody (Invitrogen, Cat#A-11131) for
fluorescent detection. Protein binding microarrays were then scanned using a GenePix 4400A
microarray scanner. GPR files were generated using GenePix Pro 7.0 software at settings of
500, 400, and 300 PTM. Analysis of GPR files was performed using the Bulyk Lab PBM
Universal Analysis Suite.

Motif logos were generated from protein binding microarray results using the Seed-and-
Wobble method, as described previously.'®?° Briefly, the top-scoring protein binding microarray
8-mer was used to generate a seed sequence. For each nucleotide within the seed, an E-score
was derived from testing the relative preference of each possible nucleotide substitution at that
site. For each nucleotide, scores were then converted to substitution probabilities using the

Boltzmann distribution and shown as motif logos.

Figure generation

Figure schematics were created with BioRender.com using an academic license through
Boston Children’s Hospital. Licenses for main figures: WL27S2W9EK, KL27S1KJPP,
YS27S1KMPL, CW27S1KPJZ, WS27S1KTPI, ZS27S1KWD4, ZY27AL149W, AG27ANNNS5T.
Licenses for supplementary figures: UJ276VPQKO, GI276VPOCW, YV27819I1A,

MT277FWIXW.
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SUPPLEMENTARY FIGURES

Supplementary Figure 1. Unprocessed GO confocal images

GO targeting

phox2a

mafba

sema3fa

olig2

frmd4bb

For each tested gene (named on the far left side of the figure), uninjected (left), scramble guide-injected (middle), and gene-targeting guide-injected
(right) zebrafish on the appropriate reporter line backgrounds were imaged using confocal microscopy. Unprocessed confocal images are shown here
and demonstrate autofluorescence of the skin and eyes, which in some cases obscure anatomical structures of interest. While non-ocular
abnormalities were observed in some mutants (e.g., malformation of spinal and vagus motor neurons in mafba and olig2 mutants), these were not the

primary phenotypes assessed by our screen.

10



Supplementary Figure 2. Unprocessed F2 confocal images

Germline F2 validation

semad3fa

olig2

frmd4bb

For each tested gene (named on the far left side of the figure), wild-type (left) and homozygous null (right) mutant zebrafish on the appropriate reporter
line backgrounds were imaged using confocal microscopy. Unprocessed confocal images are shown here and demonstrate autofluorescence of the
skin and eyes, which in some cases obscure anatomical structures of interest. While non-ocular abnormalities were observed in some mutants (e.g.,

malformation of spinal and vagus motor neurons in mafba and olig2 mutants), these were not the primary phenotypes assessed by our screen.
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Supplementary Figure 3. Stereomicroscope images of sema3fa- and frmd4bb-targeted GO fish

GO0 targeting-sema3fa

A Uninjected Scramble Guide

CN3

CN3
CN4 CN4

CN4 CN4 CN4 CNa

B Uninjected Scramble

For each tested gene (named on the far left side of the figure), uninjected (left), scramble guide-injected (middle), and gene-targeting guide-injected
(right) zebrafish on the appropriate reporter line backgrounds were imaged in a single z-plane on the stereomicroscope. While phenotypes including
axonal defasciculation (sema3fa) or condensation of the columns of the motor nuclei and shortened nerves (frmd4bb) were visible under the
stereomicroscope, these appeared more subtle than the obvious motor neuron loss phenotypes and required manual adjustment of the focus up and

down in z-space to visualize. For this reason, confocal imaging was required to encapsulate the phenotypes of these mutants.
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Supplementary Figure 4. 2D protein structural mapping of SEMA3F and FRMD4B

A SEMA3F
Pedigree ENG_CMK
Syndromic sporadic CFEOM
c.1889C>A, p.(Ser630Ter) *Ser630Ter
SP SEMA PSI Ig-like
118 |31 545 547 599 608 697 | || 785
BThr29Met o OVal617Met o
DAla652Ser OPro722Leu
o
B FRMD4B
Pedigree ENG_OA
Syndromic sporadic DRS
¢.380A>G, p.(Lys127Arg)
*Lys127Arg
B41 FERM-C CUPID
1 55 256 260 366 395 529 1034

2D structural mapping of human variants. A: Variants in SEMA3F associated with CFEOM and/or other SEMA3F-associated phenotypes. B: Variants in
FRMD4B associated with DRS. Key: *Variants above schematics and colored in black were initially identified and reported in our sequenced human
oCCDD cohort' and LOF of these genes is tested for the first time in zebrafish in this work: A) SEMAS3F ¢.1889C>A, p.(Ser630Ter) with CFEOM +
sensorineural hearing loss + developmental delay + brain malformations + mild facial dysmorphisms + shortening and contractures of the fingers, and
B) FRMD4B ¢.380A>G, p.(Lys127Arg) with DRS + hearing impairment + delayed speech and walking + atrial septal defect + gastrointestinal
abnormalities. A) -Variants below schematic are previously reported heterozygous SEMA3F missense variants, colored as follows: dark blue denotes
reproductive system phenotype + anosmia/ hyposmia + obese/ overweight; light blue denotes +/- reproductive system phenotype +/- anosmia/
hyposmia +/- obese/ overweight; lime green denotes reproductive system phenotype + anosmia/ hyposmia; cyan denotes reproductive system
phenotype; dark green denotes reproductive system phenotype + obese/overweight.'® Note that three italicized variants from this reported SEMA3F
case series (SEMAS3F p.(Thr29Met), p.(Ala652Ser), and p.(Arg699Trp)) also carried variants of uncertain significance in additional genes known to be
associated with the probands’ conditions (CHD7 and IGSF10; FGFR1; and TACRS3, respectively). The probands’ specific alleles in each of these three
genes had each been reported in the literature in at least one additional unrelated proband with similar phenotypes. Magenta denotes hearing
impairment (ClinVar Variation ID: 1064910).'® Variants are mapped using the following transcripts: ENST00000002829.8 (SEMA3F),
ENST00000398540.8 (FRMD4B). Abbreviations: B41- band 4.1 domain, CFEOM- congenital fibrosis of the extraocular muscles, CUPID- cytohesin
ubiquitin protein inducing domain, DRS- Duane retraction syndrome, FERM-C- FERM C-terminal PH-like domain, Ig-like- immunoglobulin-like domain,

PSI- plexin semaphorin integrin homology domain, SEMA- semaphorin domain, SP- signal peptide region.
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