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A Syndromic Neurodevelopmental Disorder
Caused by De Novo Variants in EBF3
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Early B cell factor 3 (EBF3) is a member of the highly evolutionarily conserved Collier/Olf/EBF (COE) family of transcription factors. Prior
studies on invertebrate and vertebrate animals have shown that EBF3 homologs are essential for survival and that loss-of-function mu-
tations are associated with a range of nervous system developmental defects, including perturbation of neuronal development and
migration. Interestingly, aristaless-related homeobox (ARX), a homeobox-containing transcription factor critical for the regulation of
nervous system development, transcriptionally represses EBF3 expression. However, human neurodevelopmental disorders related to
EBF3 have not been reported. Here, we describe three individuals who are affected by global developmental delay, intellectual disability,
and expressive speech disorder and carry de novo variants in EBF3. Associated features seen in these individuals include congenital hy-
potonia, structural CNS malformations, ataxia, and genitourinary abnormalities. The de novo variants affect a single conserved residue
in a zinc finger motif crucial for DNA binding and are deleterious in a fly model. Our findings indicate that mutations in EBF3 cause a
genetic neurodevelopmental syndrome and suggest that loss of EBF3 function might mediate a subset of neurologic phenotypes shared

by ARX-related disorders, including intellectual disability, abnormal genitalia, and structural CNS malformations.

An estimated 7.6 million children are born annually with
congenital neurodevelopmental disorders, encompassing
several clinically and biologically heterogeneous condi-
tions including intellectual disability, autism spectrum
disorder (ASD), and epilepsy.' The underlying disease-
causing mechanism remains elusive when a genetic disor-
der lacks strong unique features to stratify the affected
individuals for traditional phenotypically driven gene
discovery. The advent of whole-exome sequencing (WES)
has provided a powerful tool for discovering disease-associ-
ated genes by identifying mutations in a population of
individuals presenting with rather non-specific clinical
features.*®

We have identified three individuals with a previously
unrecognized genetic syndromic disorder characterized
by global developmental delay (3/3), hypotonia (3/3), in-
tellectual disability (3/3), mild facial dysmorphisms (3/3),
facial weakness (3/3), expressive speech disorder (3/3),
ataxia (3/3), perseverative social behaviors (1/3), motor ste-
reotypies (1/3), decreased pain response (2/3), structural
CNS malformations (2/3), and genitourinary malforma-
tions (2/3) (Figure 1 and Table S1). These three individuals
all have de novo EBF3 (MIM: 607407; HGNC: 19087)
missense variants that affect the same amino acid residue

(Argl63) in the Zn>* finger Collier/Olf/Ebf (COE) motif
and are predicted to be putatively deleterious by SIFT and
PolyPhen-2 models (Figure 1A and Table S2). The coinci-
dental occurrence of three de novo variants affecting the
same residue in individuals with similar phenotypes from
a total WES cohort of 7,595 individuals is highly unlikely
and remains statistically significant after correction for
the size of the targeted exome (p = 2.1 x 10~%).””? Prior
statistical models examining observed versus expected
functional coding variation revealed that EBF3 undergoes
selective restraint, a process where selection has reduced
functional variation, suggesting that mutations are more
likely to be deleterious.'”'" Statistical analysis comparing
the observed to the expected functional variation across
the genome for EBF3 resulted in a Residual Variation Intol-
erance Score (RVIS) of —0.646, where RVIS < 0 indicates
that there is less common functional variation than pre-
dicted.'® Furthermore, in a model of de novo mutations
for ASD and intellectual disability, the statistical analysis
identified EBF3 as one of ~1,000 genes that significantly
lack functional variation in non-ASD individuals but are
enriched with de novo loss-of-function mutations in
affected individuals.'' Similarly, analysis of the ExAC
(Exome Aggregation Consortium) Browser revealed that
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A Probands with de novo variants in EBF3 ::l?_::e 1. Probands and Phenotypic Fea-
Gender Features MRI brain|  Variant POSI',FhTef no| (&) Summary of phenotypic features, brain
R R A e MRI findings, gerhlehvanants, and SIFT and
Proband[ . [expressive speech disorder, intellectual [, -~ | c.488G>A dilreotgggllf/ Eg?cihviﬁilztgr:gggg?; ng;;};e ;r};rleggpgﬁ;
1 dlsablll}y, dysmorphic facies, genital p.Arg163GIn damaging and p.Arg163Leu variants )
anomalies . :
global developmental delay, hypotonia, ] (B) Proband 1. Representative images show
Proband expressive speech disorder, intellectual c488G>A |deleterious/f ) mild facial dysmorphisms including
female | 7~ : s H abnormal probably : :
2 disability, dysmorphic facies, genital p.Arg163GIn damaging oval-shaped myopathic facies, short ante-
anomalies, pain insensitivity verted nostrils, and overfolding of the su-
Proband global developmental delay, hypotonia, c488G>T deleterious/ perior helices, (ii) mid-sagittal T1-weighted
3 female | speech disorder, intellectual disability, normal . Arg 163Leu probably and (iii) axial T2-weighted images depict-
dysmorphic facies, pain insensitivity damaging ing vermian hypoplasia (white arrows)

B Proband 1, dysmorphic facies, abnormal MRI brain, and pedigree

and reduced cerebellar hemispheres vol-

ume (white asterisk), and (iv) a pedigree
showing the de novo p.Arg163GlIn variant.
(C) Proband 2. Representative images
show (i) mild facial dysmorphisms includ-
ing triangular myopathic facies and
overfolding of the superior helices, (ii)
mid-sagittal T1-weighted and (iii) axial
T2-weighted images depicting vermian hy-

poplasia (white arrows) with normal cere-
bellar hemispheres, and (iv) a pedigree

showing the de novo p.Arg163Gln variant.
(D) Proband 3. Brain MRI shows (i) mid-
sagittal T1-weighted and (i) axial T2-
weighted images depicting normal cere-
bellar vermis and hemispheres. A pedigree
(iii) shows the de novo p.Arg163Leu variant.
(E) A representative axial T2-weighted im-

£ d
p.Arg163GIn/+

E Normal MRI brain

age from the normal brain MRI of a 23-
month-old control individual is shown

for comparison. Note the typical cerebellar
hemispheres and vermian structures.

were identified for probands 2 and 3,

EBF3 has a high probability of loss-of-function intolerance
(pLI = 1.0), given that 23.2 loss-of-function variants were
expected given the gene’s size and GC content but only
one loss-of-function variant was observed.'” Together,
these statistical findings provide strong evidence that the
recurrent de novo variants in EBF3 cause the observed neu-
rodevelopmental disorder.

Clinical data were obtained after written informed con-
sent was provided and procedures were followed in accor-
dance with the ethical standards of the participating
institutional review boards on human research and in
keeping with national standards. The NIH Undiagnosed
Diseases Program (UDP) under protocol 76-HG-0238,
“Diagnosis and Treatment of Patients with Inborn Errors
of Metabolism or Other Genetic Disorders,” approved by
the National Human Genome Research Institute Institu-
tional Review Board, identified a de novo c.488G>A
(p-Arg163GIn) missense change in EBF3 (GenBank:
NM_001005463.2) for proband 1 by exome sequencing
(Supplemental Note and Table S3). Sequence changes
c.488G>A (p.Argl63Gln) and c.488G>T (p.Argl63Leu)

respectively, by clinically based exome
sequencing performed in the Baylor
Genetics Laboratory, certified by the
Clinical Laboratory Improvement Amendments (Supple-
mental Note and Table S3). Sanger sequencing of the
parental samples to confirm segregation revealed de novo
variants for all three probands. Paternity was confirmed
by the inheritance of rare SNPs from the parents. Sample
swap was excluded. Neither of the changes is present in
the EXAC Browser.'” The clinical phenotypes of these indi-
viduals and their EBF3 variants are depicted in Figure 1,
described in the Supplemental Note, and summarized
below.

Proband 1 is a 7-year-old male Pacific Islander of Chinese
and Japanese descent and has a de novo c.488G>A
(p-Argl63GIn) missense change in EBF3. No significant
findings were revealed during previous targeted genetic
testing, karyotype analysis, or chromosomal microarray
analysis; SNP array analysis showed no anomalous regions
of homozygosity or significant copy-number variants
(CNVs). His prenatal history is significant for decreased
fetal movements, and he was born at full term at 38 weeks
of gestation by caesarean section with a birth weight of
3.4 kg (25™-50™ percentile). His clinical features include
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congenital hypotonia, facial weakness, global develop-
mental delay, expressive speech disorder, dysarthria,
dysphagia, gastroesophageal reflux disease, strabismus,
ataxia, dysmorphisms including myopathic facies and
overfolding of the superior helices, hockey-stick palmar
creases, short anteverted nostrils, micropenis, and cryptor-
chidism. Brain MRI obtained at 7 years of age revealed
small inferior posterior cerebellar lobes and hypoplasia of
the posterior vermis with mild prominence of the ventri-
cles and sulci (Figure 1B).

Proband 2 is a S5-year-old female of African American
descent and has a de novo c.488G>A (p.Argl63Gln)
missense change in EBF3. Her prenatal history is signifi-
cant for decreased fetal movements, and she was born at
full term at 40 weeks of gestation via induced vaginal deliv-
ery for oligohydramnios with a birth weight of 3.35 kg
(25"-50"™ percentile). Her clinical features include
congenital hypotonia, facial weakness, global develop-
mental delay, expressive speech disorder, apraxia, dysar-
thria, dysphagia, strabismus, ataxia, perseverative social
behaviors, dysmorphisms including triangular-shaped
facies and overfolding of the superior helices, abnormal
palmar creases, fifth-finger clinodactyly, and mild reduc-
tion in volume of the labia majora. She is reported to
have marked insensitivity to pain such that she does not
cry when she falls or receives vaccinations. Brain MRI
obtained at 18 months of age revealed hypoplasia of the
anterior and posterior vermis (Figure 1C).

Proband 3 is a 3-year-old female of English, Irish,
German, and Polish descent and has a de novo
c.488G>T (p.Argl63Leu) missense change in EBF3. Her
prenatal history is significant for delivery at 39 weeks of
gestation by caesarean section due to breech position and
a birth weight of 2.7 kg (tenth percentile). Her clinical
features include congenital hypotonia, facial weakness,
global developmental delay, expressive speech disorder,
dysphagia, motor stereotypies, and dysmorphisms includ-
ing a triangular facies, small feet, and torticollis. She has no
genitourinary abnormalities. At present, she speaks only
one word, achieved ambulation late, and has a pincer
grasp. She is reported to have marked insensitivity to
pain such that she does not cry when she falls or receives
vaccinations. Brain MRI obtained at 1 year of age was
normal, and follow-up at 2 years of age was also normal
(Figure 1D; a normal brain MRI axial image from a 23-
month-old unaffected individual is included in Figure 1E
for comparison).

All three probands presented here have neurodevelop-
mental disorders composed of intellectual disability, global
developmental delay, ataxia, and motor incoordination
(Figure 1 and Supplemental Note). Consistent neurological
abnormalities in these probands include congenital hypo-
tonia, facial weakness, dysphagia, and pronounced expres-
sive speech disorder with dysarthria. Two probands also
have decreased pain sensitivity. Brain anomalies are pre-
sent in two of the three probands and include vermian hy-
poplasia with or without reduced cerebellar hemispheres.

No other structural brain anomalies have been noted.
Both probands with brain anomalies (1 and 2) have the
de novo p.Arg163GlIn variant. In contrast, proband 3 has
the de novo p.Argl63Leu variant and lacks brain anoma-
lies. Probands 1 and 2 have genitourinary defects, but pro-
band 3 does not. A variety of dysmorphic features were also
observed in the three probands (Figure 1 and Supplemental
Note).

The recurrent de novo variant at the same nucleotide
(c.488G>A [p.Argl63Gln]) is potentially due to the loca-
tion of nucleotide 488 in a CpG-dinucleotide island.
CpG-dinucleotide islands are mutational hotspots under-
lying over one-third of de novo missense variants associ-
ated with human diseases.'>'* Given that paternal age
was >40 years old for both probands with the p.Arg163GIn
variant, other potential mechanisms are the selfish sper-
matogonial selection process proposed to underlie the
association between advanced paternal age and neurode-
velopmental disorders,'” unrecognized side effects of the
mutation resulting in recurrent de novo variants, or a selec-
tion bias for consistent neurodevelopmental phenotypes.

EBF3 is a downstream transcriptional target of aristaless-
related homeobox (ARX) and is thought to be transcrip-
tionally repressed by ARX. Gene-expression analysis
performed on mouse Arx-mutant medial ganglionic
eminence (MGE) showed that Ebf3 had the highest in-
crease in expression levels with the deletion of Arx.
Furthermore, in vitro assays confirmed that Arx directly re-
presses Ebf3 expression, indicating that ARX and EBF3
share a strong molecular interaction in regulating y-ami-
nobutyric acid (GABA)ergic interneuron development
and migration.'®!’

Various mutations in ARX (MIM: 300382; HGNC:
18060) cause a diverse range of neurodevelopmental disor-
ders ranging from structural CNS malformations and
genitourinary abnormalities associated with premature
truncation mutations (MIM: 300004 and 300215) to infan-
tile spasms and epileptic encephalopathies associated with
polyalanine repeats (MIM: 308350, 309510, and 300419)
to isolated intellectual disability associated with missense
mutations or ARX duplications (MIM: 300419).'¢182*
Although the exact pathogenic nature of these ARX muta-
tions remains to be fully elucidated, the types of mutations
and CNVs suggest that haploinsufficient, gain-of-function,
and dominant-negative mechanisms exist for ARX-related
disorders.'®?"?%?5 Recent advances in sequencing tech-
nologies have revealed a growing number of putative
ARX transcriptional targets identified by gene-expression
analysis in Arx mouse models. At least three of the genes
regulated by ARX, including MAGEL2 (MIM: 605283 and
615547; HGNC: 6814),%°%” FOXP1 (MIM: 605515 and
613670; HGNC: 3823),%%?° and SOX8 (MIM: 605923
and 141750; HGNC: 11203),°°*! are associated with neu-
rodevelopmental disorders. These findings suggest that
the transcriptional cascade mediated by ARX represents a
pathway enriched with disease-associated genes in which
mutations cause neurodevelopmental syndromes with
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Figure 2. EBF3 .Arg163GIn  and
A Affected residue arginine 163 is highly conserved p,%rgw;Leu Impair Tpransgcriptionm Acti-
Protein Species Zn?* finger COE motif vation _ _ 2
EBEF3 H. sapiens HE I MCSRCCDEKESC (A) Affected residue Argl63 in the Zn**
. finger COE motif is highly conserved
EBF3 M. mus cu:lus HEIMCSRCCDEKKSZC across vertebrates and invertebrates.
ebf3 D. rerio HEIMCSRCCDIZKIEKS C| (B)Activation of reporter-gene expression
Knot D. melanogastery E VM C S RCCDZEXKTEKSZC in HEK293 cells was assessed as the ratio
B p.Arg163Leu is hypomorphic, p.Arg163GlIn abolishes activation of NanolLuc to firefly luciferase according

to the Promega NanoGlo Dual Reporter

ok

protocol and was measured on the TD
20/20 Luminometer. The cDNAs encoding

-, 100 WT EBF3 and the EBF3 p.Arg163Gln and
= _g 80 p-Argl63Leu variants had a stop codon to
9:’ [0} ensure that the proteins were untagged to
L 60 n=24 minimize off-target effects from a protein
g % tag. The cDNAs were subcloned into the
% © ¥Rk P < 0.001 mammalian expression vector, pcDNA-
TDI Q 40 DEST40. Two synthetic oligonucleotides
c 'O containing the imperfect palindromic
© 3 20 COE binding sequence were used to
Z 0 generate six concatamerized COE binding

sites in the NanoLuc vector, pNL3.1. The
pGL4.53 firefly luciferase vector was used
as an internal transfection control. Addi-
tional experimental controls included
EBF3 with deletion of the Zn*' finger
COE motif (denoted as ACOE). As transfec-
tion background controls, we either trans-

fected only the pNL3.1 with six COE
binding sites and pGL4.53 but no cDNA

expression vectors (denoted as “empty vector”) or did not transfect any vectors (denoted as “no transfection”). A 92-fold induction
was observed with WT EBF3 (black). However, EBF3 p.Argl163Leu caused only a 45-fold induction (blue), indicating a partial loss of
transcriptional activation. EBF3 p.Arg163GIn showed a very poor induction of transcription (red) similar in level to the transfection
background (gray) and that of EBF3 ACOE (magenta) controls, indicating severe loss of activity. Data represent the mean = SEM.
n = 24 (six replicates per four separate transfections per experimental condition); ***p < 0.001 via one-way ANOVA with Tukey’s

post hoc analysis; n.s., no significant difference.

phenotypic features overlapping ARX-related disorders,
such as EBF3.

Prior studies have shown that Ebf3 haploinsufficiency in
mice results in abnormal GABAergic interneuron migra-
tion and projection,®” indicating that EBF3 is a critical
regulator of inhibitory GABAergic neuronal development.
EBF3 and other members of the COE family are also tran-
siently expressed in Cajal-Retzius cells during corticogene-
sis, where these cells play an essential role in regulating
laminar and areal specification.’**” Furthermore, exten-
sive loss-of-function manipulations in well-conserved ho-
mologs of EBF3 in worms (unc-3, also known as CeO/E),
flies (knot, also known as collier), frogs (Xcoe2), and mice
(Ebf3) have consistently been shown to impair survival
and be deleterious to neuronal development, migration,
and function®*****

The EBF3 Arg163 residue affected in all three probands is
a highly conserved arginine across vertebrate and inverte-
brate species and is located in the Zn*" finger COE motif
(H-X3C-X,-C-X5-C) present in the amino-terminal DNA-
binding domain (Figure 2A). A prior mutational study of
the paralogous EBF1 showed that disrupting highly
conserved cysteine and histidine residues in the 14-aa
COE motif abolishes DNA-binding activity by destabilizing
the conformation of the Zn?' finger COE motif.** In
the same study, EBF1 p.Argl63Ala also affected DNA

binding.*®> To assess the functional consequences of
p-Argl63GIn and p.Argl63Leu on EBF3 activation of
gene expression, we performed a luciferase activity
assay by utilizing previously identified COE transcription
factor binding sites.***> To generate the EBF3 variants,
we utilized the human full-length cDNA clone for the
most abundant splicing isoform of EBF3 (full-length
ORF [GenBank: HQ258299] and mRNA [GenBank:
BC130479.1]). Site-directed mutagenesis was performed
for EBF3 in the pENTR223 Gateway compatible donor vec-
tor via either the Agilent QuikChange Lightning or the
NEB QS site-directed mutagenesis protocol.

We compared the transcriptional activity of the EBF3 var-
iants to that of two controls: wild-type (WT) EBF3 and EBF3
with deletion of the Zn** finger COE motif (ACOE). HEK293
cells were co-transfected with each individual EBF3 cDNA
expression construct in combination with nanoluciferase
(NanoLuc) and firefly luciferase vectors. Activation of re-
porter-gene expression in vitro was assessed as the ratio of
NanoLuc to firefly luciferase. A 92-fold induction was
observed with WT EBF3. However, EBF3 p.Argl163Leu had
only a 45-fold induction, suggesting that the variant is a
hypomorphic alteration. EBF3 p.Arg163GIn showed a very
poor induction similar in level to the transfection back-
ground and that of EBF3 ACOE controls, indicating that it
is a severe loss-of-function variant (Figure 2B).
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A High conservation between EBF3 and Knot

DBD H1 H2 H2'

4; IPT\—/r
EBF3 [

Knot

ransactivationI

1 62% ldentity
70% Similarity

Zn?* finger

B Generation of kn-T2A-Gal4 allele

MI15480

C Complementation testing of kn-T2A-Gal4
Kkncol-1 il BD;gBQ kn-T2A-Gal4
kncol-1 lethal
kn' lethal semi-lethal
Df(2R)BSC429 lethal semi-lethal lethal
kn-T2A-Gal4 lethal semi-lethal lethal lethal

D kn-T2A-GAL4 targets endogenous kn expression, 3rd instar wing disc

Knot WT

EBF3 WT

EBF3 p.Arg163GIn

EBF3 p.ArgR163Leu

Figure 3. Generation and Characteriza-
tion of the Fly kn-T2A-GAL4 Allele

(A) High conservation of protein structure
and amino acid sequence between human
EBF3 and fly Knot with 62% identity
and 70% similarity. Conserved domains
include the DNA-binding domain (DBD,
red), Zn** finger COE motif (pink), Ig-
like/plexins/transcription factors (IPT)
domain (cyan), helix-loop-helix dimeriza-
tion motif with a helices H1 (green) and
H2 or H2' (blue), and C-terminal transacti-
vation domain (yellow).

(B) Conversion of the MI15480 line with a
MiMIC transposable-element insertion in
the fourth coding intron of knot via
$C31-mediated RMCE for generation of
the kn-T2A-GAL4 allele, which expresses
GAL4 transactivator in the pattern of kn.
This allele also creates a loss-of-function
allele of knot by prematurely truncating
the transcript by a ribosomal skipping
signal (T2A) and a premature polyadenyla-
tion signal (pA).

(C) Complementation testing shows that
kn-T2A-GAL4 with both the amorphic
kn“"! and genomic deficiency Df{2R)
BSC429, encompassing the entire kn locus,
fails to complement the lethality. Comple-
mentation with hypomorphic kn’ is semi-
lethal with <10% viability.

(D) For expression analysis, yw/y; kn-T2A-

K
T
<
=
&)
?
2
35

GAL4/CyO, Kr-GAL4, UAS-GFP males were
crossed with yw; UAS-cDNA/TM3 Sb, Kr-
GAL4, UAS-GFP virgin females, and double
heterozygotes were selected by loss of GFP
expression. Images were acquired on a
Leica Sp8 laser-scanning confocal micro-
scope. The same settings for laser power
and detector gain were used for all geno-
types. Images were acquired as a z stack

with a z-step of 1 um and line average of
4 at 400 Hz with a 25x water objective at
1024 x 1024 pixel resolution. Maximum

intensity projections were created from the stack in ImageJ. Immunolabeling revealed that kn-T2A-GAL4 recapitulates the endogenous
knot expression pattern in third instar wing disc, as shown with the HA-tagged UAS fly lines for WT Knot, WT EBF3, and the EBF3
p-Arg163GIn and p.Argl63Leu variants. Images show HA (magenta) and DAPI (gray). The scale bar represents 100 pm.

To decipher the functional significance of the observed
de novo variants affecting residue Arg163, we turned to a
recently proposed method to test their pathogenicity
in vivo in flies.*® EBF3 is one of four COE homologs in
mammals, but Drosophila melanogaster has only one COE
transcription factor, knot, also known as collier (gene
symbol: kn [FlyBase: FBgn0001319]), which has 62%
identity with and 70% similarity to EBF3 (Figure 3A).
Prior studies in the fly have shown that loss of knot
function is detrimental to nervous system development
and that homozygous-null alleles of knot are embryoni-
cally lethal.*”***” We utilized rescue of the homozygous
embryonically lethal phenotype and the availability of so-
phisticated genetic tools to assess the human EBF3 variants
by taking advantage of a Minos-mediated integration
cassette (MiMIC) transposon inserted in the fourth coding
intron of knot (Figure 3B).*®*? Utilizing recombinase-medi-
ated cassette exchange (RMCE), we created a novel knot

allele that truncates the knot transcript and expresses
the yeast transactivator gene, GAL4, under the control
of the endogenous regulatory elements of knot (Fig-
ure 3B).>"°! Heterozygous kn-T2A-GAL4 flies are viable
and do not show any obvious phenotype. Complementa-
tion testing showed that the kn-T2A-GAL4 is a severe
loss-of-function or null allele causing homozygous embry-
onic lethality. kn-T2A-GAL4 also fails to complement the
lethality of the previously well-characterized amorphic
kn"! allele,*” the hypomorphic kn' allele,*” and a molec-
ularly defined deficiency allele, Df(2R)BSC429, which in-
cludes the kn locus®” (Figure 3C), confirming the specificity
of the kn-T2A-GAL4 mutation.

To assess the functional significance of the EBF3
p-Argl63GIn and p.Argl63Leu variants in flies, we gener-
ated several transgenic fly alleles by utilizing the pUASg-
HA-attB vector’” to express the human WT EBF3 and
variant cDNAs with a C-terminal hemagglutinin (HA) tag
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A kn-T2A-GAL4/+ > UAS-kn-WT-HA/+

Figure 4. WT EBF3 and knot Rescue
Lethality, but EBF3 p.Arg163GIn and

I . Elav

p.Arg163LeuFail to Rescue Lethality in Flies
(A-D) For expression analysis of third
instar brain and ventral nerve cord, yw/y;
kn-T2A-GAL4/CyO, Kr-GAL4, UAS-GFP
males were crossed with yw; UAS-cDNA/
TM3 Sb, Kr-GAL4, UAS-GFP virgin females,
and double heterozygotes were selected by
loss of GFP expression in the wandering
third instar larval stage. Images were ac-

B kn-T2A-GAL4/+ > UAS-EBF3-WT-HA/+

quired on a Leica Sp8 laser-scanning
confocal microscope. The same settings

for laser power and detector gain were
used for all genotypes. Third instar larval
brain images were acquired as a z stack
with a z-step of 1.51 um and line average
of 4 at 400 Hz with a 20x objective at
1024 x 1024 pixel resolution. Maximum
intensity projections were created from
the stack in ImageJ. Immunolabeling re-
vealed that kn-T2A-GAL4 drives expression
of HA-tagged UAS fly lines for WT Knot (A),

| Elav

WT EBF3 (B), EBF3 p.Arg163GIn (C), and
EBF3 p.Arglé63Leu (D) in the third instar
brain and ventral nerve cord (pan-
neuronal marker Elav in cyan; nuclei
labeled with DAPI in gray). The scale bar
represents 100 pm.

(E) Fly in vivo rescue analysis using the
UAS-GAL4 system. For generating the
rescue flies, w!'84; Df(2R)BSC429/Sp;
UAS-cDNA-WT-HA/+ males were crossed

D kn-T2A-GAL

3

3rd instar brain

4/+ > UAS-EBF3-p.Arg163Leu-HA/+

Both EBF3 WT and knot WT rescue lethality,
but EBF3 p.Arg163GIn and p.Arg163Leu fail to rescue

with yw; kn-T2A-GAL4/SMé6a virgin fe-
males to produce rescue animals with
Knot or EBF3 produced solely from the
UAS allele under the control of the kn-
T2A-GAL4 driver. The genotypes of the
rescued flies are yw/y; Df(2R)BSC429/kn-
T2A-GAL4; UAS-cDNA-HA/+ males and
w84, . DFf(2R)BSC429/kn-T2A-GAL4;
UAS-cDNA-HA/+ females. For each UAS-
¢DNA line, >550 adult flies were scored;
data represent the number of observed
rescue flies and the total number of flies
scored. UAS fly lines expressing WT Knot
or WT EBF3 rescued embryonic lethality
in viable adults. UAS fly lines expressing

- - EBF3 variant p.Arg163Gln or p.Argl63Leu

UAS allele # rescue flies total # flies completely failed to rescue the lethality

WT such that no rescue animals were observed

Knot 45 621 as adults or pupae.

EBF3 WI 43 571
EBF3 p.Arg163GIn 0 557

EBF3 p Arg 163Leu 0 617 endogenous expression pattern of

- Knot in the wing imaginal disc of

under the control of upstream activating system (UAS)
elements. As an internal control, we assessed rescue with
the WT knot fly cDNA with a C-terminal HA tag under
the control of UAS. In conjunction with the kn-T2A-
GAL4 allele, the UAS-GAL4 system allowed us to express
the human EBF3 and fly knot cDNAs in the same endoge-
nous spatiotemporal pattern as knot. We determined that
kn-T2A-GAL4 recapitulates the previously characterized

third instar larvae for the UAS lines

encoding WT Knot, WT EBF3, and
the EBF3 p.Argl63GIn and p.Argl63Leu variants when
probed with anti-HA (magenta) (Figure 3D).*’

We also determined that kn-T2A-GAL4 drives expression
of WT Knot, WT EBF3, and the EBF3 p.Arg163GIn and
p-Argl63Leu variants when probed with anti-HA
(magenta) in a similar subset of neurons labeled with the
pan-neuronal marker Elav (cyan) in the third instar larval
brain and ventral nerve cord (Figures 4A-4D). These data
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suggest that the GAL4 produced by the fusion transcript is
expressed in the proper spatial and temporal expression
pattern.

To determine the in vivo functional consequences of the
EBF3 p.Argl163GIn and p.Argl63Leu variants, we utilized
the UAS-GAL4 system with the kn-T2A-GAL4 allele to
assess whether WT Knot, WT EBF3, and EBF3 p.Arg163GIn
and p.Argl63Leu are capable of rescuing the embryonic
lethality observed with complete loss of endogenous
Knot. We scored >550 adult flies per cDNA variant and
found that both WT EBF3 and WT Knot rescued the em-
bryonic lethality at near Mendelian expectations but that
both the EBF3 p.Argl63GIn and p.Argl63Leu variants
failed to rescue the lethality, and no adults or pupae were
observed (Figure 4E).

Together, the in vitro luciferase reporter-gene activation
assay and in vivo fly functional assessment demonstrate
that our probands’ de novo EBF3 variants result in a loss
of EBF3 function in activating transcription, which is
consistent with prior in vitro findings showing that
altering the charged Argl63 to neutral alanine abolishes
DNA binding.** Pathogenic mechanisms for these variants
could potentially be gain of function, haploinsufficiency
loss of function, and dominant negative. A gain-of-func-
tion mechanism is less likely given the luciferase data
and the near complete loss of activation of reporter-gene
expression. The normal development of heterozygous
kn®"! flies and the subtle morphological phenotypes dis-
played in mice with Ebf3 haploinsufficiency suggest that
haploinsufficiency might not solely contribute to the
observed phenotypes in our probands. However, the prior
findings in fly and mouse models are limited in the assess-
ment of the in vivo consequences of knot or Ebf3 haploin-
sufficiency to neural network activity and behaviors, and
we therefore cannot exclude haploinsufficiency on the
basis of these results from prior animal models.

Deletions of at least part of the EBF3 locus have been
observed in 59 of 21,770 samples in DECIPHER; they range
in size from 120 kb to 14.49 Mb and are associated with
syndromic neurodevelopmental features including cere-
bellar vermian hypoplasia, behavioral abnormalities, mo-
tor stereotypies, intellectual disability, delayed speech
and language, motor delay, seizures, and genitourinary ab-
normalities, which were observed in our three probands.**
The majority of these deletion CNVs were reported as
de novo in DECIPHER, but some were also inherited
from a reportedly unaffected parent, suggesting that the
parent might have somatic mosaicism for the CNV or
genetic modifiers of phenotypic severity. The smallest dele-
tion encompassing the entire EBF3 locus was 656 kb and
only included two genes in addition to EBF3.

In contrast, the Database of Genomic Variants (DGV) re-
ports no CNVs with deletion of the entire EBF3 locus in
54,946 samples from the general population.®®> However,
the DGV does report two individuals with deletion CNVs
(1.25 and 1.34 Mb) containing a breakpoint within the
EBF3 locus. Given that the full phenotypic range of EBF3

loss of function has not been elucidated, it remains to be
determined whether these reportedly unaffected individ-
uals carrying EBF3 deletion CNVs might represent the
milder presentation of EBF3 loss of function or are unaf-
fected carriers. Relative to those in reportedly unaffected in-
dividuals in the general population, the enrichment of
EBF3 deletion CNVs reported in affected individuals with
a range of neurodevelopmental phenotypes, together
with the phenotypic overlap between our probands and
de novo loss-of-function variants in EBF3, suggests that
haploinsufficiency of EBF3 is potentially pathogenic. Given
that EBF3 transcription factors function as homodimers
that bind to each other via their basic helix-loop-helix
domain, another potential mechanism for the loss of func-
tion observed with variants p.Arg163Gln and p.Argl163Leu
could be that they correspond to dominant-negative muta-
tions that poison the function of the WT protein. The auto-
somal-dominant mode of inheritance of these variants is
therefore most likely due to EBF3 loss of function via either
a dominant-negative or haploinsufficient effect.

Interestingly, EBF3 is a well-characterized transcriptional
target of ARX, and loss of ARX repression of EBF3 causes dis-
rupted inhibitory GABAergic neuronal migration in Arx-
deletion mouse models. Our findings suggest that EBF3
loss of function might mediate a subset of features seen in
ARX-related disorders associated with ARX gain of function,
specifically with regard to the shared features of intellectual
disability, abnormal genitalia, and structural CNS anoma-
lies. Additionally, the phenotypes of the three probands
are clearly similar and consistent with the functional results
for the EBF3 p.Argl163GIn and p.Argl63Leu variants. We
show that EBF3 p.Argl63Gln is a severe loss-of-function
variant and that p.Argl63Leu is a partial loss-of-function
variant. Determining possible genotype-phenotype corre-
lations related to residual activity of the variant protein is
limited by the small sample size. However, it is interesting
that probands 1 and 2 (who have the p.Arg163Gln variant
and minimal transcriptional activity) have structural
anomalies of the cerebellum, whereas proband 3 (who has
the p.Argl63Leu variant and partial transcriptional activ-
ity) has no structural brain or genitourinary abnormalities.
We also note that Harms et al.>® (in this issue of The Journal)
identify EBF3 mutations in individuals with similar neuro-
logical phenotypes. A larger sample size and longitudinal
monitoring of neurodevelopment would be beneficial to
determining the genotype-phenotype correlations be-
tween the EBF3 variants identified in the two studies. Our
findings further suggest that ARX target genes might repre-
sent an enriched population of disease-associated genes for
neurodevelopmental disorders given the diversity and het-
erogeneity of ARX-related disorders.

Accession Numbers

The accession numbers for the c.488G>A (p.Argl63Gln) and
c.488G>T (p.Argl63Leu) sequences reported in this paper are
ClinVar: SCV000328550 and SCV000328551, respectively.
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Supplemental Data

Supplemental Data include a Supplemental Note and six tables
and can be found with this article online at http://dx.doi.org/10.
1016/j.ajhg.2016.11.018.
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SUPPLEMENTAL NOTE
Proband #1 NIH Undiagnosed Diseases Program - de novo EBF3 chr10: 131755588C>T
(hg19): (NM_001005463.2: ¢.488G>A): p.Argl63GIn (R163Q)

Proband 1 is a seven-year old Pacific Islander male of Chinese and Japanese descent with
expressive speech delay, mild dysmorphic facial features, hypotonia, global developmental
delay, and genital hypoplasia.

His prenatal history was significant for maternal age of 33-years old and paternal age of
41-years old. Pregnancy was complicated by borderline hypertension and gestational diabetes,
but responded to diet management. Mother reported that fetal movement was decreased
compared to her previous pregnancy. There were no maternal exposures to drugs, alcohol, or
trauma. Birth history was significant for delivery at 38-weeks gestation by repeat Caesarean
section that was complicated by a loose nuchal cord wrapped once around the neck and a
fractured clavicle. Birth weight: 7 1bs, 9 ozs; birth length: 20.5 inches; OFC: 36.2, Apgar scores:
7, 8.

Newborn exam was significant for micropenis and bilateral undescended testes. He was
discharged in on day three of life. However, during the first 24-48 hours of life, he was reported
to have episodes of choking, back arching, and a dusky appearance during breastfeeding that was
followed by a period of decreased alertness. MRI brain was unremarkable for age per report.
Sepsis evaluation was unrevealing. These episodes of choking and back arching during
breastfeeding were attributed to gastro-esophageal reflux. His first-week of life was significant
for reportedly absent crying and generalized hypotonia.

His first-year of life was notable for dysphagia, hypotonia, strabismus, and

developmental delay. At nine-months of age he was only able to roll over and sit with support.



Therapies were initiated. By one-year of age, he achieved head control and dysphagia improved.
An endocrine evaluation at this time confirmed testicular failure and he underwent bilateral
orchiopexy. Repeat MRI of the brain at one-year of age was significant for mild prominence of
the ventricles and sulci per report.

Genetics evaluation at 2-years of age was significant for dysmorphic facial features
including myopathic facies with oval-shaped face, over-folding of the superior helices, bilateral
epicanthal folds, short anterverted nostrils, and downturned corners of the mouth. He also had
noticeable expressive language delay, generalized hypotonia, strabismus, and microphallus.
Targeted biochemical and genetic testing was negative for Allan-Herndon-Dudley, Mowat-
Wilson, Prader-Willi, and Rett syndromes. A complete metabolic evaluation was unremarkable.

At 7-years of age notable physical exam findings included astigmatism and hyperopia
without retinal or optic nerve abnormalities, isolated right peroneal neuropathy of uncertain
significance, and wide-based ataxic gait. Neuropyschiatric testing was significant for moderate
fine motor delay and significant expressive, greater than receptive, language delays. His overall
speech was limited verbally to approximately two words and approximately 100 signs. However,
non-verbal receptive and comprehensive skills tested close to normal. Repeat MRI of the brain
revealed bilateral small inferior posterior cerebellar lobes and posterior vermian hypoplasia with

mildly abnormal ventricles and sulci.



Proband #2 Texas Children’s Hospital - de novo EBF3 chr10: 131755588C>T (hg19):
(NM_001005463.2: c.488G>A): p.Argl63GIn (R163Q)

Proband 2 is a five-year old African-American female with expressive speech delay, mild
dysmorphic facial features, hypotonia, and global developmental delay.

Her prenatal history was significant for maternal age of 43-years old and paternal age of
47-years old. Pregnancy was uncomplicated, but mother reports reduced fetal movements
compared to her previous pregnancy. There were no maternal exposures to drugs, alcohol, or
trauma. An amniocentesis was performed due to advanced maternal age and the results were
normal. At 40-weeks gestation, oligohydramnios was noted on ultrasound but was absent on
prior ultrasounds. Birth history was significant for delivery at 40-weeks gestation by induced
vaginal delivery that was uncomplicated. Birth weight: 7 Ibs, 6 ozs; birth length: 20 inches; OFC:
33.5 cm, Apgar scores: 8/8.

Newborn exam was unremarkable except for some noted compression of the left ear and
left toes consistent with oligohydramnios. She was discharged in the first week of life.

Her first-year of life was notable for hypotonia, dysphagia, strabismus, and
developmental delay. Hypotonia was noted within the first three months of life due to delayed
head control and she continued to have poor head control at 9-10 months of age. She also had
significant difficulty with control of oral secretions and was unable to swallow solid foods at 12-
months of age. Therapies were initiated at 9-10 months of age.

Gross motor delays included the inability to sit without support until 12-months old,
inability to roll over until 10-11 months old, and did not crawl independently until 18-months
old. She achieved independent ambulation at 30-months old but continued to have a wide-based
ataxic gait with frequent falls. Fine motor delays included the acquisition of raking grasp at 11-

months old, pincer grasp at 30 months old, at 4-years of age she could assist with dressing



herself, and at 5-years of age she remains ambidextrous. Language delays included babbling at
11-months of age, first word at 11-months of age, and 2-3 word sentences at 4-years of age.
Now at 5-years of age she is able to speak in short sentences with apraxic speech. Additionally,
at 5-years of age she continues to have difficulty controlling her oral secretions and achieved
bowel-control but not bladder-control. Her social behavior is noteworthy at 5-years of age for a
short attention span, very curious and interactive, overly sociable with behavioral perseveration,
and decreased awareness of boundaries or consequences.

Interestingly, she is reported to exhibit decreased pain sensitivity based absent signs of
discomfort with vaccinations or falls until around 2-years of age and at 5-years of age is still
described by mother as "tough to pain". She is also noted to have significantly decreased
spontaneous facial expressions since birth that was most notably described as the inability to
smile with emotion or on command. Physical exam at 5-years of age was notable for mild
dysmorphic features including prominent forehead, triangular facies, facial hypotonia,
overfolding of superior helices, epicanthus inversus, and abnormal palmar creases. Mild
hypoplasia of the labia majora was noted.

Brain MRI was significant for a cleft in the superior cerebellar vermis, and reduced size

of the middle cerebellar vermis. Cerebellar hemispheres were unremarkable.

Proband #3 NYU Langone Medical Center- de novo EBF3 chr10: 131755588C>A (hg19):

(NM_001005463.2: c.488G>T): p.Argl63Leu (R163L)

Proband 3 is a 3-year old Caucasian female of English, Irish, German, and Polish descent
withexpressive speech delay, mild dysmorphic facial features, hypotonia, and global

developmental delay.



Her prenatal history was significant for maternal age of 32-years old and paternal age of
31-years old. Pregnancy was uncomplicated and no invasive prenatal tests were performed.
There were no reports of decreased fetal movements. There were no maternal exposures to drugs,
alcohol, or trauma. Birth history was significant for delivery at 39-weeks gestation by Caesarean
section due to breech position. Birth weight: 2.7 kg; Apgar scores: 7-9. Newborn exam was
normal. The proband was discharged home within the first week of life.

Her first-year of life was notable for dysphagia, hypotonia, strabismus, and
developmental delay. Occupational therapy was started at 3-weeks of age due to deficient
latching and torticollis. At 3-months old she was diagnosed with gastroesophageal reflux
(GERD) by upper gastrointestinal imaging series following an apparent life-threatening event
and was treated with omeprazole. Developmental evaluation at 5-months of age was notable for
significant hypotonia and global developmental delays. Gross motor delays include rolling over
from prone to supine at 3-months of age but unable to roll over from supine to prone until 10-
months of age. She was able to sit without support at 11-months of age and was able to put
herself into a seated position at 13-months of age. By 12-months of age, she was commando
crawling but did not pull to stand or cruise. Now at 30-months of age, she is ambulating
independently with a wide-based waddling ataxic gait and occasionally drags her feet when
fatigued. Language delays included babbling with consonant sounds but no words at 13-months
of age. She has near normal receptive language with minimal expressive language (only has one
or two words). She occasionally has flat affect with decreased facial expressions. Notably,
parents report that she appears to exhibit increased tolerance to pain.

Clinical examination at 13-months old revealed head circumference at 20™-%ile for

length, 10"-%ile for weight, difficulty controlling oral secretions, and torticollis. Heart murmur



was not heard. Spleen was not palpable, but liver was palpable. Mild dysmorphic features
include a prominent occiput, triangular facies, metopic ridge, low set ears, down-slanting
palpebral fissures, hypertelorism, beaked nose, facial hypotonia, small umbilical hernia, inverted
nipples, small hemangioma on the back, tapered fingers, and small feet. She had stereotypic
motor movements including bilateral writhing or piano tapping finger movements as well as
simultaneous asynchronous knee and hip flexion with kicking movements of both feet. The
stereotypies decreased in frequency at severity by 30-months of age.

At 2-years of age she had placement of myringotomy tubes due to conductive hearing
loss after chronic otitis media with effusion. She also had recurrent urinary tract infections (UTI)
and was diagnosed with urinary retention associated with incomplete bladder emptying and
vesicoureteral reflux grade 1. She was treated with Macrodantin for one year and had no further
UTIs. At 30-months of age the GERD has resolved and torticollis is minimal.

Due to the motor stereotypies MRI of the brain and 24-hour ambulatory EEG studies
were obtained at 13-months of age, both studies were unremarkable and appropriate for age.
Chromosomal microarray, urine organic acids, plasma amino acids, carnitine levels, creatine
kinase, acylcarnitine profile, Angelman/Prader Willi DNA methylation test and Pompe disease
testing were unrevealing. Pelvic X-rays were normal. Follow-up MRI of the brain was

unremarkable.



Table S1: Clinical Features of EBF3 Probands

Proband 1

Proband 2

Proband 3

Variant Chr10: 131755588C>T (hgl9): Chr10: 131755588C>T (hgl9): Chr10: 131755588C>A (hgl9)
NM_001005463.2 NM_001005463.2 NM_001005463.2
c.488G>A c.488G>A c.488G>T
p.Argl63GIn p.Argl63GIn p.Argl63Leu
de novo de novo de novo
Age (evaluation) | 7 year 4 month 5 years 3 year
Gender Male Female Female
Ethnicity Chinese and Japanese African-American English, Irish, German, and Polish
Prenatal findings | Reduced fetal movements Oligohydramnios, reduced fetal movements None

Birth growth Weight 71bs 90z Weight 71bs 90z Weight 2.7 kg

parameters Length 20.5 inches Length 20 inches
OFC 36.2 OFC 33.5cm

Growth HT 109.7 cm (25-%ile) WT 17.5 kg (41-%ile) WT 10-%ile

parameters at WT19.5 kg (25-%ile) HT 114.8 cm (91-%ile) HT 10-%ile

last exam OFC 52.5 (50-75-%ile) OFC 51 cm (85-%ile) OFC 20-%ile

Hypotonia Resolved to proximal weakness about age 4 /2 | Present since at least 3 months Present since at least 3 months
years

Coordination Ataxic wide based gait Ataxic wide based gait, dysmetria Ataxic wide based gait

Development Expressive language and Fine motor delays Global developmental delay Global developmental delay
(testing= 5 years, 10 months)

Speech delay Severe expressive, 2-3 single words Expressive delay, apraxic speech with short Severe expressive, 1 word

sentences at 5-years of age
Seizures None None None
Ophthalmologic Strabismus Strabismus, surgical correction of extraocular Strabismus, surgical correction of extraocular

movement dysfunction

movement dysfunction

Facial features

Oval shaped face, overfolding of superior
helices, short anterverted nostrils, downturned
corners of the mouth, hockey stick palmar
creases

triangular shaped face, facial hypotonia, overfolding
of superior helices, epicanthus inversus, abnormal
palmar creases

Prominent occiput, triangular facies, metopic ridge,
low set ears, down-slanting palpebral fissures,
hypertelorism, beaked nose, facial hypotonia, small
umbilical hernia, inverted nipples, small hemangioma
on back, tapered fingers and small feet.

Facial Weakness

Present

Present

Present

Behavior Stereotypic behaviors reported in the past. Full | Atypical social interactions — persistent eye gaze, Motor stereotypies, occasional flat affect
criteria were not formally evaluated. perseveration, occasional flat affect

Pain Insensitivity | None Present Present

MRI Mild prominence of ventricles and sulci, Vermian hypoplasia Normal

decreased cerebellar hemisphere volume,
vermian hypoplasia

GU

Micropenis, testicular failure

Mild underdevelopment of the labia majora

Grade 1 reflux




Table S2: EBF3 Variant Prediction Scores

Proband 1+2

Proband 3

Variant Chr10: 131755588C>T (hgl9): Chr10: 131755588C>A (hg19)
NM_001005463.2 NM_001005463.2
c.488G>A c.488G>T
p.Argl63GIn p.Argl63Leu
de novo de novo
SIFT (Score) 0.01 0
SIFT (prediction) Deleterious Deleterious
PolyPhen-2 (Score) 0.994 0.993
PolyPhen(Prediction) Probably Damaging Probably damaging

Mutation Taster
(Prediction)

Disease Causing

Disease Causing




Table S3: Sequencing Methods

Proband 1

Proband 2

Proband 3

Sequencing
laboratory

NIH Intramural Sequencing Center (NISC)

Baylor Genetics Laboratory

Baylor Genetics Laboratory

Sequencing type

Quad exome sequencing (Sanger sequencing of EBF3 in
proband, parents, and unaffected sibling)

Proband exome sequencing (Sanger sequencing of
EBF3 in proband and parents)
(https://www.bcm.edu/research/medical-genetics-
labs/index.cfm?PMID=21319)'

Proband exome sequencing (Sanger
sequencing of EBF3 in proband and
parents)
(https://www.bcm.edu/research/medical-
genetics-labs/index.cfm?PMID=21319)"

Capture and library

Illumina TrueSeq capture kit

Biotin-labeled VCRome 2.1 in-solution Exome

Biotin-labeled VCRome 2.1 in-solution

construction probes Exome probes
Sequencing INlumina HiSeq2000 Illumina HiSeq2000 Illumina HiSeq2000
platform

Sequence data
aligned to human
reference genome
(hgl9)

Novoaling (Novocraft Technologies, Selangor, Malaysia)

Human Genome Sequencing Center Mercury
analysis pipeline (http://www.tinyurl.com/HGSC-
Mercury)

Human Genome Sequencing Center
Mercury analysis pipeline
(http://www.tinyurl.com/HGSC-Mercury)

Analysis, sorting,
and filtering of
variants

Variants were analyzed, sorted and filtered with VarSifter
and a graphical java tool to view, sort, and filter variants”.
Variants were filtered based on allele frequencies in the
NIH-UDP cohort’ (<0.06) and variants were prioritized
using CADD® and Exomiser’. Primers
GAAACCAAGCAAGGCAAAAC and
AATTCTCCAAACTGCCTTGG were used for the
amplification of the region of genomic DNA around the
mutation in EBF3 (NM_001005463 c.488G>A; CADD
28.4). Sanger dideoxy sequencing of the PCR products
was performed by Macrogen (Rockville, MD, USA). The
sequences were aligned and analyzed using Sequencher
v.5.0.1 (Gene Codes, Ann Arbor, MI, USA). Mutation
interpretation analysis was conducted using Alamut 2.0
(Interactive Biosoftware, San Diego, CA, USA).

Variants were determined and called using the
Atlas2 suite to produce a variant call file®. For the
population comparisons we utilized data from the
Exome Aggregation Consortium (ExAC),
Cambridge, MA (URL:
http://exac.broadinstitute.org) [November 2015] and
Exome Variant Server, NHLBI GO Exome
Sequencing Project (ESP), Seattle, WA (URL.:
http://evs.gs.washington.edu/EVS/) [November
2015].

Variants were determined and called
using the Atlas2 suite to produce a variant
call file®. For the population comparisons
we utilized data from the Exome
Aggregation Consortium (ExAC),
Cambridge, MA (URL:
http://exac.broadinstitute.org) [November
2015] and Exome Variant Server, NHLBI
GO Exome Sequencing Project (ESP),
Seattle, WA (URL.:
http://evs.gs.washington.edu/EVS/)
[November 2015].




Table S4: Fly Genotypes Used in Study and Maintained at 21°C

Genotype Allele Source Reference
W kn ! /CyO Amorphic Drosophila Genomics and Genetic http://www.ncbi.nlm.nih.gov/pubmed/10477305
Resources
kn'/SM6a Hypomorphic | Drosophila Genomics and Genetic http://www.ncbi.nlm.nih.gov/pubmed/10375526
Resources
Genomic

w'''®: Df(2R)BSC429/CyO

deficiency allele
including knot

Bloomington Drosophila Stock

http://www.ncbi.nlm.nih.gov/pubmed/22445104

locus Center
Wildtype fly . .
M[UAS-kn.ORF.3xHA.GW]ZH-86Fb allele FlyORF http://www.ncbi.nlm.nih.gov/pubmed/24922270
V1] W' MifMIC}Hknot[MI15480]/SM6a MiMIC Bloommgt"g;t"esr‘)phﬂa Stock http://www ncbinlm.nih. gov/pubmed/21985007
. ) T2A-GAL4 Line MI15480 was converted to kn-T2A-GAL4 via
y[1] w* Mi{Trojan- Bellen Lab recombinase mediated cassette exchange as previously
GAL4.2}kn[MI15480-TG4.2]/SM6a 219,10
described”™ .
Y11 we; MIUAS o ansgenesis with he pUASAD vestor and migrared
EBF3.0RF.3xHA.GW]ZH-86Fb/TM3, Sh Bellen Lab ransg w p  nteg
Sor into the same 86Fb (chromosome 3) docking s1‘[e?ltlo3
minimize position effects on transgene expression .
o1 s U s
p.Argl63Gin.ORF.3xHA.GW] ZH- Bellen Lab ransgenesis with the pLASatis vector anc nteg
into the same 86Fb (chromosome 3) docking sites to
86Fb/TM3, Sb Ser Ce . .. . 11-13
minimize position effects on transgene expression .
[1] w*; MIUAS: EBFS. o ansgenesis and with he pUASatth vector migrared
p.Argl63Leu.ORF.3xHA.GW] ZH- Bellen Lab & p £

86Fb/TM3, Sb Ser

into the same 86Fb (chromosome 3) docking sites to
minimize position effects on transgene expression''™"”.




Table SS: Antibodies Used in Study

Antibody Dilution Source Reference
rat anti-Elav-7E8A10 1:50 Developmental Studies Hybridoma Bank http://www.ncbi.nlm.nih.gov/pubmed/8033205
Mouse anti-HA 1:200 Covance (Catalog #MMS-101P) n/a
DAPI 1:100 Thermo-Fisher (Catalog #D1306) n/a
Donkey anti-rat Alexa 647 1:300 Jackson ImmunoResearch (Catalog #712-605-153) n/a
Donkey anti-mouse Cy3 1:300 Jackson ImmunoResearch (Catalog #715-165-150) n/a

Table S6: Oligonucleotide Pairs Used in Study

Purpose Forward Sequence
or
Reverse
Site directed mutagenesis for EBF3 p.Argl163Gln Forward 5’-CACGAGATCATGTGCAGTCAATGCTGTGACAAGAAAAGTTG-3’
Site directed mutagenesis for EBF3 p.Arg163GIn Reverse 5’-AACTTTTCTTGTCACAGCATTGACTGCACATGATCTCGTGG-3’
Site directed mutagenesis for EBF3 p.Argl63Leu Forward 5’-ATGTGCAGCCTGTGCTGTGAC-3’
Site directed mutagenesis for EBF3 p.Argl63Leu Reverse 5’-GATCTCGTGGGTCAGCAG-3’
Concatamerized COE binding sequence Forward | 5’-CTAGCTCTCAGGATTCCCCAGGGAGGGGACACTCTCAGGATTCCCCA
GGGAGGGGACACTCTCAGGATTCCCCAGGGAGGGGACACCTAGGC-3
Concatamerized COE binding sequence Reverse 5’-TCGAGCCTAGGTGTCCCCTCCCTGGGGAATCCTGAGAGTGTCCCC
TCCCTGGGGAATCCTGAGAGTGTCCCCTCCCTGGGGAATCCTGAGAG-3’
Site directed mutagenesis for EBF3 deletion of the Zn** | Forward 5>-GGCAATAGAAACGAAACGCCC-3’
finger COE motif (ACOE)
Site directed mutagenesis for EBF3 deletion of the Zn** | Reverse 5’-GGTCAGCAGCACACGGCA-3’
finger COE motif (ACOE)
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