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REPORT

Mutations in EBF3 Disturb Transcriptional
Profiles and Cause Intellectual Disability,
Ataxia, and Facial Dysmorphism

Frederike Leonie Harms,.23 Katta M. Girisha,%23 Andrew A. Hardigan,+23 Fanny Kortiim,!

Anju Shukla,?2 Malik Alawi,>67 Ashwin Dalal,® Lauren Brady,” Mark Tarnopolsky,” Lynne M. Bird,10.11
Sophia Ceulemans,!! Martina Bebin,!2 Kevin M. Bowling,3> Susan M. Hiatt,> Edward ]. Lose,!3
Michelle Primiano,’* Wendy K. Chung,'# Jane Juusola,!> Zeynep C. Akdemir,'¢ Matthew Bainbridge,'”
Wu-Lin Charng,'¢ Margaret Drummond-Borg,'® Mohammad K. Eldomery,'¢ Ayman W. El-Hattab,!?
Mohammed A.M. Saleh,20 Stéphane Bézieau,2! Benjamin Cogné,2! Bertrand Isidor,21.22 Sébastien Kiiry,2!
James R. Lupski,'¢ Richard M. Myers,?> Gregory M. Cooper,3* and Kerstin Kutsche!.*

From a GeneMatcher-enabled international collaboration, we identified ten individuals affected by intellectual disability, speech delay,
ataxia, and facial dysmorphism and carrying a deleterious EBF3 variant detected by whole-exome sequencing. One 9-bp duplication and
one splice-site, five missense, and two nonsense variants in EBF3 were found; the mutations occurred de novo in eight individuals, and
the missense variant c.625C>T (p.Arg209Trp) was inherited by two affected siblings from their healthy mother, who is mosaic. EBF3
belongs to the early B cell factor family (also known as Olf, COE, or O/E) and is a transcription factor involved in neuronal differentiation
and maturation. Structural assessment predicted that the five amino acid substitutions have damaging effects on DNA binding of EBF3.
Transient expression of EBF3 mutant proteins in HEK293T cells revealed mislocalization of all but one mutant in the cytoplasm, as well
as nuclear localization. By transactivation assays, all EBF3 mutants showed significantly reduced or no ability to activate transcription of
the reporter gene CDKN1A4, and in situ subcellular fractionation experiments demonstrated that EBF3 mutant proteins were less tightly
associated with chromatin. Finally, in RNA-seq and ChIP-seq experiments, EBF3 acted as a transcriptional regulator, and mutant EBF3
had reduced genome-wide DNA binding and gene-regulatory activity. Our findings demonstrate that variants disrupting EBF3-mediated
transcriptional regulation cause intellectual disability and developmental delay and are present in ~0.1% of individuals with unex-
plained neurodevelopmental disorders.

Intellectual disability (ID) is a common phenotype with
extreme clinical and genetic heterogeneity. Widespread
application of whole-genome and whole-exome sequencing
(WES) has greatly increased the identification of genetic
causes of non-syndromic and syndromic forms of ID."?
WES together with the freely accessible tool GeneMatcher,
which brings together clinicians and researchers with an
interest in the same gene, can improve the identification
of genes in which mutations cause disease.’

We investigated a family with three healthy and two
affected children, who both presented with global devel-
opmental delay, febrile seizures, and gait instability with
frequent falls. Both probands and one healthy sibling
were subjected to WES as described previously.*> We

initially hypothesized a Mendelian recessive trait. By em-
ploying our internal pipeline to prioritize potentially dis-
ease-causing mutations,”> we did not identify any rare,
potentially pathogenic biallelic variants in the affected sib-
lings (data not shown). WES data were then analyzed for
heterozygous variants (non-synonymous, frameshift, and
intronic variants at exon-intron boundaries ranging
from —10 to +10) absent in dbSNP138, the 1000 Genomes
Browser, the NHLBI Exome Sequencing Project Exome
Variant Server (EVS), and the Exome Aggregation Con-
sortium (ExAC) Browser,® shared by both affected subjects,
and absent in the healthy sibling. Exonic variants and
intronic alterations at exon-intron boundaries ranging
from —10 to +10, which were clinically associated and
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Figure 1. EBF3 Mutations Identified in Ten Individuals with ID
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(A) Schematic representation of the exon-intron structure of EBF3. Black bars represent exons, and black lines represent introns. Muta-
tions identified in the ID-affected individuals are indicated above the exon-intron structure.

(B) Domain structure of EBF3, including the positions of the identified amino acid alterations. Amino acid numbers are given. Abbrevi-
ations are as follows: DBD, DNA-binding domain with an atypical zinc finger (ZNF; COE motif); IPT, Ig-like/plexins/transcription factors;

HLH, helix-loop-helix motif; and TAD, transactivation domain.

(C) Photographs of seven individuals show subtle yet distinct facial dysmorphism. All show a long face, tall forehead, high nasal bridge,
deep philtrum, straight eyebrows, strabismus, short and broad chin, and mildly dysmorphic ears. Consent for the publication of pho-

tographs was obtained for the seven subjects.

unknown in public databases, were retained. This analysis
identified 16 variants (Table S1). We used objective metrics
from the ExAC Browser to prioritize genes intolerant to
functional variation (pLI > 0.9 and high Z scores);® we
identified five genes with strong selection against various
classes of variants for segregation analysis in the family
(Table S1). Four variants were inherited from a healthy
parent and/or were present in two healthy siblings (Table
S2). The missense variant c.625C>T (p.Arg209Trp) in
EBF3 (MIM: 607407; GenBank: NM_001005463.2) was
confirmed in both affected siblings and was absent in the
father and all healthy siblings (Figure S1 and Table S2).
In leukocyte-derived DNA from the mother, the Sanger
sequence profile showed a very low signal for the mutated
base (thymine) superimposed on the wild-type sequence
(cytosine), suggesting that she had mosaicism for the
EBF3 variant (Figure S1).” By cloning the mutation-bearing
EBF3 amplicon and then Sanger sequencing the colony
PCR products, we confirmed the mother to be a mosaic car-
rier (18% and 4% of leukocytes and buccal cells, respec-
tively, were heterozygous for the EBF3 variant; Figure S1);
parenthetically, maternal mosaics are at greater recurrence
risk.” Given that EBF3 is relatively intolerant to functional
genetic variation (Table S1)®” and the variant p.Arg209Trp
was computationally predicted to be deleterious (Table S3),
we next submitted EBF3 to GeneMatcher and were
matched with eight other research groups.

In addition to the above family, eight unrelated affected
individuals with variants in EBF3 were identified through

WES'"'* by groups that independently submitted to
GeneMatcher. In addition to c.625C>T (p.Arg209Trp), we
found missense variants c.196A>G (p.Asn66Asp) in sub-
ject 4, c.422A>G (p.Tyrl41Cys) in subject 7, c.512G>A
(p.Gly171Asp) in subject 8, and ¢.530C>T (p.Prol77Leu)
in subject 6; 9-bp duplication c.469_477dup (p.His157_
[le159dup) in subject 10; nonsense variants ¢.907C>T
(p-Arg303*) in subject 9 and c.913C>T (p.GIn305%) in
subject 3; and splice-site mutation ¢.11014+1G>T in sub-
ject 5 (Figures 1A and 1B and Table S3). All variants were
computationally predicted to affect protein function
(Table S3) and were absent in the 1000 Genomes Browser,
EVS, and ExXAC Browser. All eight additional variants
were confirmed to have arisen de novo (Table 1). The
in-frame duplication and the five amino acid substitutions
affect highly conserved residues and are invariant among
EBF family paralogs (Figure S2). We note that the samples
from all individuals in this study were collected,
sequenced, and analyzed with the participants’ consent
and under the appropriate supervisory committees to pro-
tect human subjects at each research site contributing to
this study.

Clinical features consistent among all individuals with a
EBF3 mutation (10/10) were ID, speech delay, and motor
developmental delay. Ataxia was reported in 6/8, and
seizures were reported in 2/9. Brain imaging revealed cere-
bellar vermian hypoplasia in 2/8 (Table 1). Facial dysmor-
phism was mild, and commonly seen features included a
long face, tall forehead, high nasal bridge, deep philtrum,
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Table 1.

Clinical Features of Subjects with Mutations in EBF3

Family 1 Family 2 Family 3 Family 4 Family 5 Family 6 Family 7 Family 8 Family 9
Subject 1 Subject 2 Mother Subject 3 Subject 4 Subject 5 Subject 6 Subject 7 Subject 8 Subject 9 Subject 10
Mutation in EBF3" ¢.625C>T c.625C>T c.[625C=/>T] ¢.913C>T c.196A>G c.1101+1G>T ¢.530C>T c.422A>G c.512G>A c.907C>T c.469_477dup
(p-Arg209Trp) (p.Arg209Trp) (p-GIn305*) (p-Asn66Asp) (p-Prol77Leu) (p.Tyr141Cys) (p.Glyl171Asp) (p-Arg303*) (p-His157_
Ile159dup)
Origin of inherited inherited de novo de novo de novo de novo de novo de novo de novo de novo de novo
mutation (mosaicism)
Sex female male female male male male female male female female male
Age at 9 years, 3 years, 33 years 5 years, 16 years, 4 years, 2 years, 1 year, 13 years 25 years 3 years,
assessment 3 months 4 months 9 months 6 months 6 months 7 months 11 months 5 months
Birth weight 2,500 (-2) 1,780 (-3.5) NA 2,495 (-2) 3,500 (-0.2) 4,054 (+0.7) 3,033 (-0.7) 2,891 (-1) 3,068 (—0.6) 2,900 (—1) 3,190 (-0.7)
in grams (SD)
Birth length NA NA NA 45.7 (-2) 50.8 (+0.3) NA NA 48.2(-0.7)  49.5(0) NA 49 (-0.25)
in cm (SD)
OFC at birth NA NA NA 33.5(-1.3) NA NA NA 35.5(-0.25) NA NA 36 (+1)
in cm (SD)
Weight in kg (SD) 22 (-2) 11 (-2) NA 21 (+0.5) 45.8 (-2.2) 25.67 (+3.4) 13.3 (0) 10.6 (-1.5) 42.2(-1) 55 (-0.5) 12.4 (-1)
Length in cm (SD) 119 (-3) 91 (-2) NA 108 (—1.2) 168.6 (—0.8) 110.49 (+1)  90.2 (-0.2) NA NA 167 (+0.8) 95 (-1)
OFCincm (SD) 50 (-3) 48.3 (-2.5) NA 51.5 (1) 57 (+0.7) NA 49.75 (+1) 49.5 (+0.7) 519 (-1.7) NA 51 (+0.5)
Neurological Abnormalities
D + + - + + + + + + + +
Motor + + - + + + + + + + +
developmental
delay
Speech delay + + - + + + + + + + +
Ataxia + + - + + NA + - wide-based bent - NA
knee, dystonic gait
Seizures + + - - - - - - NA - —
Tone normal normal normal mild hypotonia normal truncal truncal hypotonia hypotonia as normal truncal
in early hypotonia hypotonia infant, dystonia hypotonia
childhood, now
normal now
Brain MRI normal ND ND Normal CVH normal normal normal normal ND CVH
Craniofacial Abnormalities
Long face + + + - + NA NA - + + -
Deep philtrum + + + - + NA + - + - -

(Continued on next page)
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Table 1. Continued
Family 1 Family 2 Family 3 Family 4 Family 5 Family 6 Family 7 Family 8 Family 9
Subject 1 Subject 2 Mother Subject 3 Subject 4 Subject 5 Subject 6 Subject 7 Subject 8 Subject 9 Subject 10
Tall forehead + + + - + NA + - + + -
High nasal + + + - + NA NA - + + -
bridge
Straight + + + - + NA NA - - - +
eyebrows
Strabismus + + - + + + + + + - +
Ears low set, low set, low set, — small ear lobes NA NA — normal NA low set
posteriorly ~ posteriorly  posteriorly
rotated, small rotated rotated
ear lobes
Short and broad  + + + - + NA NA - prominent chin broad chin -
chin
Other thick - - small mouth, thick vermillion  flat nasal relative hypertelorism facial asymmetry, upward-slanting  thin lower lip
vermillion of short philtrum, of upper and bridge macrocephaly, submucous cleft palpebral fissures,
upper and micrognathia  lower lips upward-slanting palate broad nasal bridge,
lower lips palpebral fissures, smooth philtrum,
long eyelashes, thin upper lip,
straight hair chin dimple
Other Findings
Additional - — - syndactyly of  dysarthria, pectus — - congenital complete (right) - bilateral talipes
clinical the second excavatum, thin heart disease and partial (left) equinovarus,
anomalies and third toes, and scooped nails, (atrial septal ~ syndactyly of the phimosis,

inguinal hernia
(repaired)

orchiopexy for
undescended
testicles, very
mild hypospadias,
strabismus surgery,
intoeing due to
femoral
anteversion,
attention deficit
disorder,
gastroesophageal
reflux, possible
eosinophilic
esophagitis

defect)

second and third
toes, limited facial
expression,
neurogenic bladder
(vesicostomy),
feeding difficulties,
swallowing of

semisolid food only,

mild scoliosis,
dysplastic right
kidney, bilateral

vesicoureteric reflux,

megacolon with
intractable

constipation, severe

hip and knee
contractures

recurrent lower
urinary-tract
infections,
constipation

Abbreviations are as follows: +, present; —, absent; CVH, cerebellar vermian hypoplasia; ID, intellectual disability; MRI, magnetic resonance imaging; NA, not available; ND, not determined; OFC, occipital frontal circum-
ference; and SD: standard deviation.
?According to mRNA reference sequence GenBank: NM_001005463.2.
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Figure 2. Structural Impact of EBF3 Missense Mutations

(A) Model of the DBD of an EBF3 monomer (cyan ribbon; affected residues are shown as sticks) bound to DNA (sticks). Hydrogen bonds
are represented by yellow lines. Major interactions of affected residues are shown in (B)-(F).

(B) Asn66 forms a hydrogen bond with a DNA phosphate group (left), which is disrupted by the substitution (right). In addition, the
negative charge of aspartate at position 66 most likely leads to electrostatic repulsion of the phosphate group.

(C) Gly171 is part of the protein-DNA interface (left). Substitution of Gly171 with the negatively charged asparagine could lead to an
electrostatic repulsion of the DNA backbone (right).

(D) Pro177 is closely localized to Asn174, which forms a hydrogen bond with the DNA (left), and to the zinc finger (right). Replacement
of Pro177 with leucine could lead to a conformational change altering the position of Asn174 and possibly of the zinc finger, reducing
the DNA-binding capacity of EBF3. His157 and Cys161, Cys164, and Cys170 are invariant residues coordinating Zn>** (right). In-frame
duplication of the amino acids His157, Glu158, and Ile159 could cause a conformational change of the zinc finger, reducing the DNA-
binding capability of EBF3.

(E) Arg209 forms hydrogen bonds with the backbone of Cys198 and Asn197, the latter of which forms a hydrogen bond with the DNA
(left). Substitution at Arg209 leads to disruption of these hydrogen bonds, probably affecting the positioning of Asn197 (right).

(F) Tyr141 is localized within a loop that is not directly involved in DNA binding but rather in EBF3 dimer formation (one EBF3 mono-
mer is indicated by a pink ribbon, and the other is marked by a blue ribbon). Alteration of Tyr141 could lead to a conformational change

at the dimer interface, probably resulting in reduced stability of the EBF3 dimer and interfering with its ability to bind to DNA.

straight eyebrows, strabismus, and short and broad chin
(Figure 1C).

EBF3 encodes early B cell factor 3, which is one of four
members of the EBF transcription factor family (also
known as Olf, COE, or O/E). All EBFs consist of an N-termi-
nal DNA-binding domain (DBD), an Ig-like/plexins/tran-
scription factors (IPT) domain with yet unknown function,
a helix-loop-helix (HLH) domain, which is critical for
homo- and heterodimer formation, and a C-terminal
transactivation domain (TAD) (Figure 1B).'> EBF1 has
been discovered as a key factor for B cell differentiation'®
and olfactory nerve signaling.'” However, expression of
ebfl, ebf2, and ebf3 in early post-mitotic neurons during
embryogenesis suggests a role in neuronal differentiation
and maturation.'® Ebf3 acts downstream of the proneural
transcription factor neuroD in late neural differentiation
in Xenopus'® and is transcriptionally repressed by ARX,”’
variants in which cause a spectrum of developmental
disorders ranging from ID to brain-malformation syn-
dromes.”" Silencing, genomic deletion, and somatic point
mutations in EBF3 exist in diverse types of cancer,”* and
EBF3-mediated induction of cell-cycle arrest and apoptosis

suggests that EBF3 acts as a tumor suppressor by regulating
the expression of specific target genes and controlling
a potential anti-neoplastic pathway.'> All germline EBF3
missense variants affect the DBD (Figure 1B and Figure S2).
Interaction between the DBD and DNA is dependent on a
zinc-coordination motif, the zinc knuckle (COE motif),
located between His157 and Cys170 (Figure 1B and
Figure S2). Thus, the p.His157_Ile159dup variant most
likely affects DNA binding, as has been shown for the
EBF3 p.His157Asn mutant.****

We explored the structural impact of the five missense
mutations by using a homology model for the DNA-bound
configuration of the DBD of EBF3 with the DNA duplex
containing the EBF1 consensus sequence (Figure 2A).*°
The three-dimensional structure of the DBD of wild-type
and mutant EBF3 (amino acids 50-251) was obtained by
means of homology modeling with the web-based service
SWISS-MODEL.”® The crystallographic structure of EBF1
bound to DNA (PDB: 3MLP) at 2.8-A resolution was used
as a template.”” Molecular graphics were developed with
UCSF Chimera.”” Two of the five alterations, p.Asn66Asp
and p.Gly171Asp, were predicted to directly affect DNA

The American Journal of Human Genetics 100, 117-127, January 5, 2017 121



binding (Figures 2B and 2C). Pro177 is closely localized to
the zinc finger (His157, Cys161, Cys164, and Cys170) and
to Asnl74, which forms a hydrogen bond with DNA.
Replacement of Prol177 with leucine causes a conforma-
tional change, probably affecting the correct positioning
of the zinc knuckle and destabilizing the protein-DNA
complex (Figure 2D). Arg209 does not directly interact
with DNA but rather forms hydrogen bonds with the back-
bone of Cys198 and Asn197, the latter of which directly
interacts with DNA. The p.Arg209Trp change is expected
to alter the positioning of Asn197 and binding affinity
for DNA (Figure 2E). Tyr141 is localized within a loop
probably involved in EBF3 dimer formation. Alteration of
this residue could lead to a conformational change at the
dimer interface, resulting in reduced stability of the EBF3
dimer and interfering with its ability to interact with
DNA (Figure 2F).

To analyze the functional effect of the EBF3 mutations, we
transiently and efficiently expressed FLAG-tagged wild-type
and mutant proteins in HEK293T cells. By immunocyto-
chemistry followed by epifluorescence microscopy, we
confirmed exclusive nuclear localization of wild-type EBF3
(EBF3WT) (Figure 3A). In contrast, most mutant proteins
showed both nuclear and cytoplasmic distribution
(Figure 3A). We next performed a reporter gene assay (Lucif-
erase Reporter Assay System, Promega) to assess whether
EBF3 mutants still mediate transcriptional activation of
the target gene CDKNIA (p21).”* First, we analyzed dose-
dependent activation of EBF3W" on the pGL2-p21 pro-
moter-Luc construct and identified a maximum activation
with 6-8 ug DNA of EBF3"V " construct (Figure $3). In contrast
to p53, for which CDKN1A is a prototypical target gene, and
EBF3"', EBF3 mutants had significantly reduced or no abil-
ity to activate transcription of the reporter gene (Figure 3B).
Activation of the CDKNIA promoter was not significantly
reduced when EBF3“!' was co-expressed with mutant
p-Gly171Asp, p.Prol77Leu, or p.Arg209Trp (Figure S4). In
contrast, co-expression of EBF3"V" and each of the mutants
p-Asn66Asp, p.Tyr141Cys, p.His157_Ile159dup, p.Arg303*,
and p.GIn305* caused a significant reduction in reporter ac-
tivity by 40%-50% (Figure S4), suggesting a potential domi-
nant-negative impact of these variants on the wild-type
allele. The dominant-negative effect was also observed
when increasing amounts of the EBF3 mutant p.Asn66Asp
or p.GIn305* were expressed in the presence of a fixed
amount of EBF3"", demonstrating dose-dependent reduc-
tion in reporter gene activity (Figure S4). However, the
observed nonsense variants are predicted to undergo
nonsense-mediated mRNA decay in vivo, and our data also
suggest that the truncated protein p.GIn305%, if produced
in vivo, would only partially localize to the nucleus. Thus,
it remains unclear to what extent pathogenesis results
from dominant-negative or loss-of-function mechanisms.

To study the interaction between EBF3 mutants and chro-
matin, we performed in situ subcellular fractionation.*” We
treated transiently transfected HEK293T cells expressing
either EBF3W" or one of the mutants (p.Asn66Asp,

p-Tyr141Cys, p.Prol77Leu, p.Arg209Trp, or p.GIn305*) to
extract cytoplasmic proteins and then selectively extracted
non-tightly chromatin-bound proteins and free protein ag-
gregates within the nucleus. Detection of FLAG-tagged
EBF3 proteins by immunoblotting demonstrated that all
mutants were present in both the cytoplasmic and nuclear
fractions (Figure 3C). In contrast, EBF3"Twas absent in the
fraction containing cytoplasmic proteins and only barely
detectable in the nuclear fraction, indicating that it is
tightly associated with chromatin (Figure 3C).

To further test the hypothesis that the EBF3 variants
affect EBF3 DNA binding and gene regulation, we trans-
fected SK-N-SH cells with constructs encoding either
EBF3W"or p.Pro177Leu EBF3 (EBF3™77%) (Figure S5), stably
selected the cells for integration and expression, and then
performed RNA sequencing (RNA-seq). The SK-N-SH cell
line is derived from a neuroblastoma that has little to no
endogenous EBF3 expression, and we used it to minimize
any influence of endogenous EBF3 on our functional as-
sessments. Overexpression of EBF3"" or EBF3"77" resulted
in 679 or 377 transcripts, respectively, expressed differen-
tially between transfected and untransfected cells (false-
discovery rate [FDR] < 0.05; Figures 4A and 4B and Table
S4). Gene Ontology (GO) terms were identified with the
online tool g:Profiler’* with all GO term annotation
categories. Significantly enriched GO terms associated
with EBF3WT expression included various neuron- and
signaling-related pathways, supporting a role for EBF3 in
neurodevelopment. In contrast, EBF3"'7”" did not yield
as significant an enrichment in neuron-related pathways
(Figure S6). Overall, analyses of the SK-N-SH EBF3"" and
EBF3"™77" transcriptomes indicated that EBF3 targets a
wide variety of genes and that the p.Prol77Leu substitu-
tion alters EBF3-mediated gene regulation.

To determine whether the p.Prol77Leu substitution
affects EBF3 binding across the genome, we per-
formed chromatin immunoprecipitation coupled with
massively parallel sequencing (ChIP-seq®®) in both
EBF3W™. and EBF3"'"""-transfected SK-N-SH cells. EBF3"*
and EBF3"'”’" genome-wide binding sites were identified
by established methods.”” We identified 21,046 binding
sites for EBF3WT and 4,193 binding sites for EBF3777L,
4,081 of which were shared (Figure 4C), i.e., EBF3"177%
binds to a minor subset of EBF3"Y! binding sites. MEME-
Suite motif analysis40 with HOCOMO (v.10) identified an
enrichment of the canonical EBF zinc-binding motif in
called peaks from assays of both wild-type and mutant pro-
teins (Figure 4C). We then investigated whether differen-
tially expressed genes were closer to either EBF3"!' or
EBF3"177" binding sites. Consistent with the greater num-
ber of binding sites in EBF3"V", genes were more likely to
be closer to EBF3W' binding sites than EBF3"'””" binding
sites, but upregulated differentially expressed genes in
both EBF3Y! and EBF3"!7’! experiments were closer to
binding sites than were non-significant genes (Figure 4D),
indicating that EBF3"'”7" retains some regulatory function.
To determine whether EBF3W" proximal binding sites have
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Figure 3. EBF3 Mutants Show Impaired DNA Binding and Altered Subcellular Localization

(A) HEK293T cells were transiently transfected with EBF3 expression constructs, fixed, treated with permeabilization-blocking solution,
and incubated in mouse monoclonal anti-FLAG M2 antibody solution (1:200 dilution; clone F-3165, Sigma-Aldrich). After washing, cells
were incubated with Alexa Fluor 488 coupled to goat anti-mouse IgG (1:1,000 dilution; ThermoFisher) and embedded in mounting
solution (ProLong Diamond Antifade Mountant with DAPI, ThermoFisher). Cells were analyzed with the Olympus IX-81 epifluores-
cence microscope. Wild-type EBF3 (EBF3"V", green) was exclusively localized in the nucleus (blue), whereas the DNA-binding-deficient
mutant p.His157Ala (EBF3"574) and the disease-associated mutants p.Asn66Asp (EBF3N°P), p. Tyr141Cys (EBF3Y'*1€), p.Gly171Asp
(EBF3S171P) p His157_Ile159dup (EBF3M157-11594up) "p pro177Leu (EBF3F'77Y), p.Arg209Trp (EBF3R?%°W), and p.Arg303* (EBF3R303%)
were also located in the cytoplasm. Representative images are shown. Error bars represent 10 pm.

(B) EBF3 mutants show impaired activation of luciferase reporter expression under the control of the CDKN1A (p21) promoter. HEK293T
cells were transiently transfected with the expression construct(s) of interest, together with pGL2-p21 (CDKN1A) promoter-Luc*® and
PREN in a 1:1:3 ratio of pREN(2 pg):pGL2-p21 promoter-Luc(2 ug):pFLAG-CMV4-EBF3 or pFLAG-CMV4-p53V'(6 pg). pGL2-p21 pro-
moter-Luc encodes Photinus luciferase, and pREN is a derivate of the pFiRe-basic*’ encoding Renilla luciferase. Wild-type p53 was
used as an internal control. Dual luciferase assays were done with the extracts of transfected cells 48 hr after transfection. Data were
normalized to the activity of Renilla luciferase, and basal promotor activity for transfection with pFLAG-CMV4-cassetteA (control
vector) was considered to be 1. Compared to the empty vector (control; white bar), expression of EBF3VT (green bar) and p53 (black
bar) led to 4- to 5-fold elevated promoter activity. The DNA-binding-deficient EBF3"%7# mutant (yellow bar) and all disease-associated
EBF3 mutants (blue bars) showed strongly reduced or no activation of the luciferase reporter. The normalized luciferase activity (mean +
SD) of three independent experiments is depicted as the fold induction relative to that of cells transfected with a control vector. All com-
parisons are in reference to EBF3"", and p values were calculated with the two-sided Student’s t test (**p < 0.005, ***p < 0.0005).

(C) EBF3 mutants are not tightly bound to chromatin. 24 hr after transfection of HEK293T cells with EBF3 expression constructs or
pPFLAG-CMV4-cassetteA (control vector), in situ subcellular fractionation was performed.*” Cells were incubated with CSK buffer con-
taining 0.1% Triton-X. The cytoplasmic extracts were removed, and proteins were precipitated. Cells were subsequently treated with
CSK buffer supplemented with 0.5% Triton-X. Nuclear extracts were removed, and proteins were precipitated. Total cell lysate (TCL),
cytoplasmic fraction (CF), and nuclear fraction (NF) were analyzed by SDS-PAGE and immunoblotting with a mouse monoclonal
anti-FLAG M2 peroxidase conjugate (1:50,000 dilution; Sigma-Aldrich). For control of equal loading, TCL was analyzed with mouse
anti-GAPDH antibody (1:10,000 dilution; Abcam). The mutant EBF3 proteins were present in both the CF and NF. In marked contrast,
EBF3"T was present in only minimal amounts in the NF, demonstrating exclusive nuclear localization and strong chromatin binding.
Data represent four independent experiments.

some functional transcriptional consequence that is site (TSS) within 50 kb of shared EBF3“" and EBF3"'77:
altered by the p.Prol77Leu substitution, we compared binding sites (n = 146). These genes had significantly
log, fold changes for EBF3"" and EBF3"7”" significantly (p = 0.0177) smaller log, fold changes in EBF3"!"”" sam-
differentially expressed genes with a transcription start ples than in EBF3W' samples, as quantified on the basis
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Figure 4. EBF3'77" Overexpression Shows Less Transcriptome Alteration and Whole-Genome EBF3 Occupancy Than EBF3WT

(A) Expression of EBF3"177" has less transcriptome alteration than EBF3"". We generated two SK-N-SH (ATCC HTB-11) EBF3V™- and two
EBF3"!77!_expressing stable cell-line seed stocks, each of which represented a pool of two transfections (1 x 10° SK-N-SH cells transfected
with 5 pg of respective overexpression construct). Replicates from these samples were grown and maintained independently under se-
lection (along with SK-N-SH controls), and then RNA was isolated and used to make sequencing libraries. RNA-seq libraries were prepared
with the Nextera DNA Library Sample Prep Kit according to established protocols.®" Libraries were sequenced on an Illumina HiSeq
2500. All statistical analyses were performed in R (v.3.2.1). RNA-seq reads were processed with aRNApipe.*” To perform differential
gene-expression analysis, we used the R DESeq2 package®® (v.1.8.2) with default Wald-test hypothesis testing with an adjusted p value
(FDR) cutoff of 0.05. GO term enrichment was performed with the online tool g:Profiler** with all GO term annotation categories. The
Venn diagram depicts genes identified as significantly differentially expressed between SK-N-SH cells (control) and EBF3"T and
EBF3P177L cells; 154 were shared between EBF3WT and EBF3"177" cells.

(B) A heatmap of DESeq2 variance-stabilized RNA-seq expression values compares SK-N-SH control (CTL), EBF3"", and EBF3"'7"" sam-
ples for genes determined to be significantly different between either EBF3" or EBF3"'77" cells and control SK-N-SH cells.

(C) EBF3"77L reduces genome-wide EBF3 binding sites determined by ChIP-seq (bottom). Available anti-EBF3 antibodies have been
found to have some degree of cross-reactivity with other EBF family members, which limits the interpretability of specific family member
binding sites.*® Therefore, we performed ChIP by using a high-affinity monoclonal anti-FLAG M2 antibody (Sigma) that targets the
C-terminal 3X-FLAG epitope of the EBF3 cDNA constructs. Libraries were sequenced on an Illumina NextSeq. ChIP-seq reads were
aligned with the Burrows-Wheeler Aligner to the UCSC Genome Browser (hg19), and peaks were identified for each replicate with
MACS2.1.0%® with an -mfold cutoff of [10, 30]. We merged replicate overlapping peaks with BEDTools*” to generate the final peak lists
used in downstream analyses. The most significant motifs with centrally enriched distribution for EBF3"" and EBF3"77" were identified
with MEME-Suite (top).

(D) Significantly upregulated genes are closer to EBF3"T and EBF3"!7”" binding sites. A cumulative distribution function (CDF) plot of
EBF3"Tand EBF3"!77" shows the distance from the GRCh37 TSS to the nearest EBF3"Tand EBF3"'””" binding sites for genes identified as
upregulated or downregulated (FDR < 0.05, log, fold change > 0 and < 0, respectively) in comparison to background.

(E) EBF3"™T or EBF3"177L significantly differentially expressed genes with a TSS within 50 kb of shared ChIP-seq binding sites exhibit a
relatively greater absolute log, fold change in EBF3"' than the same genes in EBF3"'77" expression data. Linear regression of log, fold
changes for these genes (n = 146) exhibits a downward-skewed slope of 0.72 (blue line) in comparison to the null expectation of perfect
correg%c;rleence (slope = 1, dashed red line), indicating comparatively reduced alteration of expression for significant EBF3"" genes by
EBF3 .

124 The American Journal of Human Genetics 100, 117-127, January 5, 2017



of arandom sampling of 10,000 146-gene sets matched for
total count distributions from the EBF3"' and EBF3"'77"
DESeq2 results (Figure 4E and Figure S7). Thus, even
when binding occurs, the p.Prol77Leu substitution ap-
pears to lead to reduced transcriptional alteration.
Together, these findings are consistent with the notion
that EBF3 acts as a proximal regulator of transcription at
cis-regulatory sequences and support the hypothesis that
EBF3"'77" has reduced binding and regulatory function as
a result of partial disruption of the DBD.

Finally, we assessed the significance of the observed
enrichment of EBF3 mutations within affected individuals.
Although many submissions to GeneMatcher result from
assessments of individual families (precluding meaningful
rate estimation), we identified three cohorts that allow
quantification of mutation enrichment. Two individuals
described here were found in a Clinical Sequencing Explor-
atory Research study*' on a series of 375 unrelated families.
According to the Samocha et al.” estimated probabilities for
observing a de novo protein-altering mutation within EBF3
(10~*8%¢ per chromosome), the p value for observing two
such individuals in this cohort is ~1.9 x 10~*. Additionally,
five de novo protein-altering variants (two missense, one
frameshift, and two splice) in EBF3 have recently been re-
ported in a series of 4,293 families with individuals with
developmental disorders (p = 3.8 x 10~°), although neither
of these variants nor EBF3 was discussed or concluded to be
pathogenic.*” Both missense variants in this cohort are
located in the DBD of EBF3, and one (p.Prol77Leu) is
identical to a variant in this study, indicating mutational
recurrence. Finally, a meta-analysis of 6,206 trios with
autism, schizophrenia, ID, and/or epilepsy identified two
individuals (one with autism and one with ID) with
de novo disruptions of EBF3 (p = 0.042).** The lower rate
of EBF3 mutation in this last cohort is likely to be at least
partly due to the inclusion of 1,063 trios with schizo-
phrenia. The combined signal of enrichment of de novo
EBF3 mutations among individuals with neurodevelop-
mental disorders is highly significant (nine de novo EBF3
mutations in 10,874 individuals, p = 9.4 x 10~°).

In conclusion, our results show that de novo mutations
disrupting the regulatory functions of the conserved
neurodevelopmental transcription-factor-encoding gene
EBF3 lead to ID, ataxia, and facial dysmorphism. EBF3 mu-
tations are estimated to affect ~1 in 1,000 individuals with
otherwise unexplained neurodevelopmental disorders.
Our study furthermore underscores the importance of
data sharing and collaborative human genetics, for which
tools such as GeneMatcher® promote the assembly of
unique sample collections that enable the discovery and
analysis of genetic contributions to disease.

Accession Numbers

WES data from the two trios sequenced at HudsonAlpha have been
submitted to dbGAP and are available under study accession num-
ber dbGAP: phs001089.v1.pl and individual IDs SRX1716411,

SRX1716420, SRX1716424, SRX1716279, SRX1716280, and
SRX1716281. The RNA-seq and ChlIP-seq data described in this pa-
per have been submitted to GEO and are available under accession
number GEO: GSE90682.

Supplemental Data

Supplemental Data include seven figures and four tables and can
be found with this article online at http://dx.doi.org/10.1016/].
ajhg.2016.11.012.
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