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De Novo Mutations in EBF3 Cause
a Neurodevelopmental Syndrome

Hannah Sleven,1,20 Seth J. Welsh,2,20 Jing Yu,1 Mair E.A. Churchill,2,3 Caroline F. Wright,4

Alex Henderson,5 Rita Horvath,6 Julia Rankin,7 Julie Vogt,8 Alex Magee,9 Vivienne McConnell,9

Andrew Green,10,11 Mary D. King,12,13 Helen Cox,8 Linlea Armstrong,14 Anna Lehman,14

Tanya N. Nelson,15,16 Deciphering Developmental Disorders study,4 CAUSES study,14

Jonathan Williams,17 Penny Clouston,17 James Hagman,2,18,* and Andrea H. Németh1,19,*

Early B cell factor 3 (EBF3) is an atypical transcription factor that is thought to influence the laminar formation of the cerebral cortex.

Here, we report that de novo mutations in EBF3 cause a complex neurodevelopmental syndrome. The mutations were identified in two

large-scale sequencing projects: the UKDeciphering Developmental Disorders (DDD) study and the Canadian Clinical Assessment of the

Utility of Sequencing and Evaluation as a Service (CAUSES) study. The core phenotype includesmoderate to severe intellectual disability,

and many individuals exhibit cerebellar ataxia, subtle facial dysmorphism, strabismus, and vesicoureteric reflux, suggesting that EBF3

has a widespread developmental role. Pathogenic de novo variants identified in EBF3 include multiple loss-of-function and missense

mutations. Structural modeling suggested that the missense mutations affect DNA binding. Functional analysis of mutant proteins

with missense substitutions revealed reduced transcriptional activities and abilities to form heterodimers with wild-type EBF3. We

conclude that EBF3, a transcription factor previously unknown to be associated with human disease, is important for brain and other

organ development and warrants further investigation.
Neurodevelopmental disorders are increasingly found to

have a genetic component by next-generation sequencing

(NGS) technologies. Despite these successes, many individ-

uals still remain undiagnosed as a result of a lack of

functional data to support gene-variant pathogenicity in

combination with the rarity of individual gene mutations.

Deciphering Developmental Disorders (DDD) is a large

UK-wide collaborative recruitment network in which

genome-wide microarrays and exome sequencing have

been performed on families affected by severe undiag-

nosed developmental disorders.1–3 Stringent genome-

wide levels of significance were developed to enable robust

gene discovery,1,4 but reducing the rate of false positives

could cause previously unknown disease-associated genes

to be missed as a result of lower significance levels.

Methods for quickly prioritizing variants in these genes

are essential as NGS becomes integrated into clinical prac-

tice and the number of variants of uncertain significance

increases dramatically. Here, we report that mutations in

early B cell factor 3 (EBF3 [MIM: 607407]) cause a neurode-
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velopmental disorder. The mutations were initially missed

as a result of low significance levels but were found on re-

analysis of the DDD dataset by a simplified variant-priori-

tization strategy combined with functional investigations.

Subsequently, two additional individuals were identified in

the parallel Canadian Clinical Assessment of the Utility of

Sequencing and Evaluation as a Service (CAUSES) study.

Mutations in EBF3 are of particular interest because this

gene encodes a transcription factor that is thought to be

involved in lamination of the cerebral cortex.

Individuals 1–6 (IDs 272588, 280219, 265391, 262955,

263361, and 279995, respectively) in the DDD study

were identified as part of an ongoing search for ataxia-asso-

ciated genes. In the first 4,293 DDD families, 343 subjects

were identified to have cerebellar ataxia (HP: 0001251).

Families were recruited from around the UK, and written

consent was obtained from all participating families. The

DDD study received UK research ethics committee (REC)

approval (10/H0305/83 granted by the Cambridge South

REC and GEN/284/12 granted by the Republic of Ireland
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REC). The exome sequencing and initial bioinformatics

pipeline for DDD individuals has been reported previ-

ously.1,3 In brief, fragmented genomic DNA was used for

targeted pull-down with a custom Agilent SureSelect 55

MB Exome Plus and 75-bp paired-end reads sequenced

on an Illumina HiSeq. Average sequencing depth (ASD, ra-

tio of sequenced bases to targeted bases) was 903 across

the whole targeted sequence or 933 across autosomal tar-

gets only. Alignment was performed with the Burrows-

Wheeler Aligner (v.0.59), and realignment around indels

was performed with the Genome Analysis Toolkit

(GATK).5 Putative de novo mutations were identified

from exome data with DeNovoGear software. The func-

tional consequence of each variant was assessed according

to the most severe consequence from the Ensembl Variant

Effect Predictor (VEP).

Candidate variants were identified through filtering as

previously described3 according to the frequency of the

alternate variant in the population (minor allele frequency

< 1%) and the function of the variant (protein altering,

loss of function, or change in gene dosage), but genes

known to be associated with a developmental disorder

were not excluded (see Gene2Phenotype in the Web

Resources). In total, 2,928 variants in 2,175 genes were

further prioritized according to a combination of Cadd_

sum and PubMed scores. The former is calculated on the

basis of the Combined Annotation Dependent Depletion

(CADD) Phred score, a tool for assessing pathogenicity.6

The latter is a method for mining PubMed to identify the

50 most recent publications on the specific genes in which

variants are present in the dataset under consideration by

using phenotype search keywords. The program obtains a

quantitative measure of the presence in the literature for

each keyword. Using the relevant keywords (ataxia, cere-

bellar, cerebellum, cortex, intellectual, and neuron), we

identified high PubMed and Cadd_sum scores for EBF3

and other genes in which de novo mutations were present

(Figure 1). We validated the method by identifying

numerous genes known to be associated with ataxia,

including CACNA1A (MIM: 601011), SPTBN2 (MIM:

604985), and ITPR1 (MIM: 147265), and by generating

comparative scatterplots with different keyword searches

(Figure S1). Having identified two individuals with EBF3

de novo variants of interest in the initial DDD ataxia data-

set (individual 1 [272588] with a missense mutation and

individual 2 [280219] with a splice mutation), we used

an iterative process of re-interrogating the entire DDD

data without referring to phenotype and found four

more individuals, including two with only a formal diag-

nosis of intellectual disability (ID). The p value for EBF3

as a gene with potentially pathogenic de novo variants

within the first 4,293 families in the DDD study was

2.93 3 10�6, well above the p < 7 3 10�7 cutoff level of

genome-wide significance.7 Therefore, variants in the

gene had not been identified as disease causing and, prior

to the current analysis, were neither published nor re-

ported back to the referring clinicians.
The Americ
Subsequently, two additional siblings (individuals 7

[67-1] and 8 [67-4]) out of a total of 65 probands with ID

were identified in an independent exome sequencing

study, the Canadian CAUSES project (see Web Resources).

Individuals were enrolled with written informed consent

of their caregivers under two institutional-review-board-

approved protocols (H15-00092 and H09-01228, Univer-

sity of British Columbia). All procedures followed were in

accordance with the ethical standards of the responsible

committee on human experimentation.

Inbrief, the exome capture for each familymember of the

triowas performedwith peripheral-bloodDNAand theAgi-

lent All Exon V5þUTR, and sequencing was performed on

the Illumina HiSeq 2500. A customized bioinformatics

pipeline, coupled with visual validation (Integrative Geno-

mics Viewer) and prioritization, identified variants of

interest: Bowtie 28 was used for fast gapped-read align-

ment to the reference human genome (UCSC Genome

Browser hg19), Picard was used to sort and mark duplicate

reads, GATK was applied for indel realignment, SAMtools

and BCFtools were used to call and filter SNVs and

indels, and snpEff9 annotated Ensembl 75 transcripts.

Functional variants were then filtered against the public

databases dbSNP, NHLBI Exome Sequencing Project

ExomeVariant Server, and ExomeAggregationConsortium

(ExAC) Browser, and a list of rare functional variants

compatiblewithMendelian inheritance patternswas anno-

tated with the use of custom scripts, ANNOVAR, Ensembl

VEP, OMIM, Human Gene Mutation Database, ClinVar,

DECIPHER, Leiden Open Variation Database, NCBI Gene,

Residual Variation Intolerance Score,10 dbNSFP, and the

Loss-of-Function Transcript Effect Estimator (see Web Re-

sources). The variant found in individuals 7 and 8 is absent

from the ExAC Browser, and importantly, no other plau-

sible variants of interest are shared by the siblings.

The neurodevelopmental phenotype in the eight indi-

viduals ranges from mild to severe ID (Table 1), such that

some children require special education and others remain

in mainstream school; behavioral disturbances have been

reported in some. Six have obvious ataxia, but cerebellar

abnormalities were revealed by brain imaging in only indi-

viduals 1, 4, and 5 (Figure S2; Table 1). The individuals with

splice mutations were not submitted to DDD with a diag-

nosis of ataxia, but on individual review, both were noted

to have poor balance. Most have mild facial dysmorphism

(e.g., wide nasal bridge, hypertelorism, synophrys, and

deep-set eyes), but there does not appear to be an obvious

facial ‘‘gestalt’’ (Figure S3). Additional features that occur in

more than one individual include extra-ocular abnormal-

ities (strabismus in four individuals and one Duane abnor-

mality) and renal dysfunction (vesicoureteric reflux and

recurrent urinary-tract infections in three individuals).

Four children have proportionate short stature.

EBF3 is an extremely interesting candidate for a role in ID

and ataxia. The ortholog in Xenopus, xebf3, is thought to

regulateneuronaldifferentiationduringprimaryneurogen-

esis,11 and inmice, Ebf3 is highly expressed inCajal-Retzius
an Journal of Human Genetics 100, 138–150, January 5, 2017 139



Figure 1. PubMed Score versus Cadd_sum Score
Shown are x-y plots to prioritize genes associated with ataxia. The Cadd_sum score is on the x axis, the PubMed score is on the y axis, and
the Loess regression line is shown in blue. Known genes are highlighted in yellow, and a selected few known ataxia-related genes are
labeled with gene symbols. EBF3 is shaded red. Only de novo variants are presented in this analysis. The PubMed score was calculated
as follows: all genes on the variant list were searched in PubMed for keywords ‘‘[gene name] AND (ataxia [title/abstract] OR cerebellar
[title/abstract] OR cerebellum [Title/Abstract] OR cortex [title/abstract] OR intellectual [title/abstract] OR neuron [title/abstract]).’’ The
returned top 50 articles were searched for the occurrence of the searched keywords (ataxia, cerebellar, cerebellum, cortex, intellectual,
and neuron), and the PubMed score was calculated as the sum of the occurrence. The assumption is that the PubMed score captures
the relevance between the phenotype and a given gene as supported by the literature. The Cadd_sum was calculated as follows: all var-
iants on the list were assigned a CADD score through the CADDweb service.6 For de novo variants, only those where an alternative allele
was called in the child but in neither parent were counted (the collection is denoted as denovo_v), and the Cadd_sumof a given genewas
calculated on a max per-individual level. (We believe only the most damaging de novo variant of a given gene contributes to the
observed phenotype. In fact, for any individual in the cohort, no two or more de novo variants were found on the same gene.) If we
have M individuals [1. m . M], G genes [1 . g . G], and V variants [1.v. V], the Cadd_sum of a gene g for de novo cases is given
by the following formula:

PM
mfMaxv˛g;v˛m;v˛de novo vðCADDðvÞÞg. The method has been validated with other keyword searches

(Figure S1) and demonstrates that for Cadd_sum scores greater than 10, there is a linear increase in the PubMed score. The correlation
between the PubMed score and the Cadd_sum score, which is observed only when relevant phenotype terms are used in the PubMed
search, as well as the successful annotation of known ataxia-related genes with high specificity, demonstrates the method’s efficacy
in the discovery of pathogenic genes in the cohort.
(C-R) cells12 during corticogenesis. C-R cells are thought to

influence both laminar and areal specification of the devel-

oping cerebral cortex, andbothEBF3 and thehighlyhomol-

ogous EBF2 are implicated in the migration of C-R cells;13

moreover, EBF3 has been shown to heterodimerize with

EBF2.14 There is good evidence that EBF2 plays a role in Pur-

kinje cell migration and cerebellar patterning,15 but there

are no specific data on the role of EBF3 in cortical or cere-

bellar development, although it is expressed throughout

the brain from at least 11.5 days after conception in mouse

embryos.16 EBF3 is also highly expressed in the olfactory

epithelium.17 Data from CORTECON, an expression atlas

from neural stem cells, show a bi-phasic pattern of EBF3

expression.18 Data on the peripheral expression of EBF3

are limited, but it appears to be low, at least in adults.

EBF3 is a direct target of the transcription factor ARX,19,20

which has been implicated in neurodevelopmental disor-

ders both with and without structural brain anomalies, as

well as in genital abnormalities.21,22 In addition, genome-
140 The American Journal of Human Genetics 100, 138–150, January
wide association studies on late-onset dementia have impli-

cated EBF3 as a risk factor in Alzheimer disease.23 Somatic

mutations in EBF3 have been identified in glioblastoma

and pancreatic cancer, suggesting that it might also func-

tion as a tumor suppressor.24

EBF3 is one of a family of highly homologous transcrip-

tion factors. The first of the encoding gene family to be

analyzed in detail (and the earliest from an evolutionary

perspective) was early B cell factor 1 (EBF1 [MIM:

164343]), whose expression and function have been stud-

ied extensively in the B cell lineage. EBF1 has been shown

to be an atypical transcription factor that binds to a palin-

dromic site within the early-B-cell-specific Cd79a promoter

and drives expression of Ig-a, a transmembrane protein

that is essential for display of the pre-B cell receptor (pre-

BCR) and the BCR on the B cell plasma membrane.25,26

EBF1 contains a DNA-binding domain (DBD) (Figure 2A)

whose function is dependent on the coordination of a

zinc ion by a single histidine and three cysteines within
5, 2017



Table 1. Summary of Clinical and Molecular Findings in Individuals with EBF3 Mutations

DDD Study CAUSES Study

Individual 1
(272588)

Individual 2
(280219)

Individual 3
(265391)

Individual 4
(262955)

Individual 5
(263361)

Individual 6
(279995)

Individual 7
(67-1)

Individual 8
(67-4)

cDNA c.488G>C c.530C>T c.355þ1G>C c.579G>T c.280_283del c.554þ1G>A c.616C>T c.616C>T

Protein p.Arg163Pro p.Pro177Leu p.? p.Lys193Asn p.Glu94Lysfs*37 p.? p.Arg206* p.Arg206*

Background

Gender male male male female female female male female

Age at most recent
assessment

13 years 7 years 8 years, 4 months not available 8 years, 5 months 4 years, 8 months 14 years 9 years

Ethnicity white British mixed race (white
British and
Caribbean)

white British Irish English Irish Indian Indian

General

Age at onset neonate 9 months neonate neonate neonate neonate within first
months

within first year

Presenting features developmental
delay

developmental
delay, hypermobile,
ataxia

developmental delay,
hypotonia

developmental delay,
hypotonia, poor
feeding

hypotonia, poor
feeding

hypotonia hypotonia,
gross motor
delays

hypotonia, delayed
gross motor skills

Family history none none none none none none affected sibling affected sibling

Mother’s age at
conception (years)

21 38 18 32 not available 32 32 37

Father’s age at
conception (years)

29 42 18 40 not available 33 33 38

Consanguinity no no no no no no no no

Stature short stature
3 SDs below mean,
proportionate

normal, weight
75th percentile,
height 50th–70th

percentile

mild proportionate
short stature, height
and weight below
0.4th percentile,
no hormone
investigations

short stature,
proportionate

height, weight,
and OFC all
below 0.3rd

percentile

normal normal normal

Facial dysmorphism dolichocephaly,
prominent forehead
and occiput,
deep-set eyes

hypertelorism broad forehead,
straight eyebrows,
tubular-shaped nose,
broad nasal tip, small
mouth with a slightly
thin upper lip, and
low-set, posteriorly
rotated ears

broad deep forehead,
synophrys,
hypertelorism,
upslanting palpebral
fissures, irregular
dentition, downturned
mouth, short neck,
minimal facial
expression

deep-set eyes normal deep-set eyes,
thick eyebrows,

deep-set eyes, thick
eyebrows

(Continued on next page)
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Table 1. Continued

DDD Study CAUSES Study

Individual 1
(272588)

Individual 2
(280219)

Individual 3
(265391)

Individual 4
(262955)

Individual 5
(263361)

I dividual 6
( 79995)

Individual 7
(67-1)

Individual 8
(67-4)

Other abnormalities left cryptorchidism,
pectus excavatum,
tapering fingers, pes
planus, shortened
great toes

no fullness on backs of
hands, short tapering
fingers, clinodactyly of
fifth finger, short toes

bilateral moderately
severe vesicoureteric
reflux and fixed
talipes equinovarus,
severe FTT, severe
cyclical vomiting
from 9 weeks

vesicoureteric
reflux, recurrent
urinary-tract
infections,
neurogenic
bladder,
constipation

v sicoureteric reflux
a d renal dysplasia,
r urrent urinary-
t ct infections

no no

Neurology

Gait ataxia yes yes poor balance difficult to assess
because of talipes

yes y s (4 years) yes yes

Truncal ataxia yes yes, but not
prominent

no not apparent no y s yes yes

Hypotonia yes yes yes yes yes y s yes yes

Dysarthria yes mild no no yes n no no

Tremor (postural,
intention)

no not noted no no no n intention tremor no

Seizures or
abnormal EEG
and details

no no abnormal movements,
EEG inconclusive

EEG: intermittent slow
activity with occipital
sharp features, nil
epileptiform

single febrile
seizure

r ent episodes
s ggestive of
s zures are being
a alyzed by video
t emetry

no no

Microcephaly 75th–91st percentile 50th–75th percentile yes no no p ogressive
microcephaly

no no

OFC at birth not available not available not available not available not available 4 cm not available not available

OFC at latest
assessment (age)

56.2 cm (13 years);
50th–75th percentile

53.5 cm (5 years) 44.8 cm (7 years,
7 months); 0.4th

percentile

52.5 cm (8 years) 49 cm (5 years,
2 months)

4 cm (5 years) 54.5 cm
(12.5 years)

49.5 cm (4 years)

Additional features high-pitched voice high pain threshold no minimal facial expression no n no no

Eye Signs

Nystagmus no no intermittent on upgaze no no y s no no

Saccadic abnormalities no slow eye movements no no no n no no

Jerky eye
movements

no no no no no n no no

Additional features strabismus (esotropia) strabismus left convergent squint blue sclerae, absent
tears, left convergent
strabismus

strabismus D ane anomaly no no

(Continued on next page)
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Table 1. Continued

DDD Study CAUSES Study

Individual 1
(272588)

Individual 2
(280219)

Individual 3
(265391)

Individual 4
(262955)

Individual 5
(263361)

Individual 6
(279995)

Individual 7
(67-1)

Individual 8
(67-4)

Development

Head control not available not available not available 2 years not available 18 months not available not available

Sat independently not available 9 months unknown 30 months 12 months 2 years 8 months 8–9 months

Stood with support 2 years 19 months 2 years 4 years unknown no not available not available

Walked
independently

5 years, 8 months 24 months >4 years no 32 months no 18 months 16 months

Speech 6 years, 6 months 20 months 3 years, slightly slurred,
needs speech and
language therapy

first single words by
7 years, <20 single
words by 10.5 years

40 single words
by 3 years

no speech first word at
19 months

first word after
2 years, 10 words
by 2.5 years

Current speech
ability

50 words, just putting
two words together

mild delay mild delay <20 single words sentences, some
echolalia

not applicable normal normal

School special (IQ 71) mainstream mainstream with 1:1
support

special special special mainstream mainstream

Other

Behavior no problems reported mild emotional
and behavioral
difficulties and
attention deficit

behavioral difficulties very placid no no attentional and
mild behavioral
challenges

attentional
challenges

Imaging described as cerebellar
cleft or absent vermis,
cerebellar atrophy
suggested from
comparison of scans at
ages 1 and 5 years,
atrophy of pontine
tegmentum

normal MRI first MRI non-specific
features and delayed
global myelination,
repeat normal

cerebellar arachnoid
cyst considered
unlikely to be of
clinical significance

subtle dysplasia
cerebellar cortex

normal MRI normal MRI normal MRI

Abbreviations are as follows: EEG, electroencephalography; and OFC, occipital frontal circumference.
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Figure 2. Schematic Representations of EBF3 and EBF3 Structure
(A) Structure of EBF3, including the position of the zinc knuckle within the DBD. Numbering refers to amino acids.
(B) Exon structure of EBF3. Numbering at the top refers to amino acid residues. Mutations identified in this study are shown in red with
arrows.
(C) Structure of mouse EBF1 (PDB: 3MLP) in complex with DNA (the dimer chain is hidden for clarity); it was created with CCP4mg.
Mouse EBF1 has 89% sequence identity with human EBF3 and 100% in the Zinc knuckle. The protein is shown as a blue-gray ribbon,
and the DNA is green. The five EBF3 missense variants are labeled and displayed as space-filling models.
(D) Close up of DNA-binding interactions of EBF3 missense variants (generated with PyMol). The protein is shown in green, and the
DNA is shown in orange and magenta. Depicted are the numerous interactions involving Pro177 and Lys193.

144 The American Journal of Human Genetics 100, 138–150, January 5, 2017



a 14-residue motif termed the ‘‘zinc knuckle,’’ which is

required for DNA binding.27,28

In vertebrates, there is 100% amino acid conservation

between EBF1 and EBF3 across the zinc knuckle and

very high homology (95% identity) across the rest of the

DBD (Figure S4A), strongly suggesting that the two factors

have similar DNA-binding properties and transcriptional

activity. EBF family proteins typically form homodimers,

which are essential for the recognition of palindromic

DNA-binding sites. Homodimerization requires the DBD,

the adjacent transcription factor-like/immunoglobulin-

like (TIG) domain (also known as the Ig-like/plexins/

transcription factors [IPT] domain), and the atypical he-

lix-loop-helix (HLH) domain. The C-terminal domain of

EBF1 is required for transcriptional activation of some,

but not all, target genes.29

The identified EBF3 variants (GenBank: NM_

001005463.2; GI: 347658909) are all de novo (neither

parent showed evidence of the alternative allele on Sanger

sequencing), although in two individuals, detailed inspec-

tion of the read depth of the parental samples showed very

low levels of alternative reads, suggesting germline mosai-

cism (Table S1). The variants include missense, splice,

frameshift, and stop-gain mutations (Figure 2B; Table 1).

None are present in the ExAC Browser. The missense Z

score for EBF3 is high (4.89), indicating intolerance to vari-

ation; the pLI score is 1.0, indicating very poor tolerance

for heterozygous loss-of-function alleles.30

The mechanism of pathogenicity of the frameshift

mutation (c.280_283del [p.Glu94Lysfs*37]) is almost

certainly loss of function because it is predicted to cause

nonsense-mediated decay (NMD). The stop-gain and

splice mutations are also highly likely to cause heterozy-

gous loss of function (haploinsufficiency), consistent

with the bioinformatic evidence. In individual 3

(c.355þ1G>C) and individual 6 (c.554þ1G>A), formal

proof that abnormal splicing occurs has not been possible

given the negligible expression in peripheral lympho-

cytes (data not shown). However, both splicing muta-

tions alter the invariant þ1G donor splice site and are

therefore predicted to drastically affect splicing ac-

cording to four splice prediction programs (Table S2).

c.355þ1G>C is predicted to cause skipping of exon 3,

which would result in a frameshift, p.Pro99Serfs*12,

and most likely NMD. However, it is also possible that

alternative donor sites could be used, resulting in intronic

inclusion. A potential donor site adjacent to position

c.355þ202 was identified; use of this cryptic site would

result in the inclusion of 202 nucleotides of intron 3,

again resulting in a frameshift at the protein level and

NMD. c.554þ1G>A is predicted to cause skipping of

exon 6, which would result in an in-frame deletion of

22 amino acids, p.Ser162_Asp184del, across the zinc

knuckle and again would lead to loss of DNA-binding ac-

tivity (Figure 2A). A potential donor site was identified

adjacent to position c.554þ155, and use of this cryptic

site would result in the inclusion of 155 nucleotides of
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intron 6, resulting in a frameshift at the protein level

and, again, most likely NMD.

The bioinformatic data also strongly support the patho-

genicity of the EBF3 missense mutations. These mutations

are located in regions that encode highly conserved resi-

dues within, or near, the zinc knuckle in both vertebrates

and invertebrates (Figure S4B; Figure 2C). They are pre-

dicted to affect DNA binding and possibly dimerization,

and most are predicted to be pathogenic by standard

pathogenicity prediction programs (Table S3). Similarly,

experimentally induced missense mutations affecting

the zinc knuckle of EBF1 have previously been shown

to markedly reduce DNA binding.28 Additionally, the

p.Arg163Pro substitution, which changes a key DNA con-

tact residue of the zinc knuckle,27,31 is predicted to disrupt

coordination of the zinc ion and DNA binding. The crys-

tal structure of the EBF-DNA complex shows that Pro177

forms van der Waals interactions with Phe191 and a

hydrogen bond with the main chain of Arg173, capping

off the C terminus of an a helix in the DBD. A more flex-

ible backbone (as in p.Pro177Leu) might destabilize this

region and alter DNA binding. Lys193 is involved in the

electrostatic network of interactions with the DNA phos-

phate backbone and the carbonyl oxygen of Ser65. The

neutral short residue in the mutant (in p.Lys193Asn) is

unlikely to compensate for loss of the positive charge of

the lysine (Figure 2D).

To determine the functional consequences of the EBF3

missense mutations, we took advantage of the mM2.21

cell system, which has proven insightful for mutations

in the closely related transcription factor EBF1 (Fig-

ure S5A).27,32,33 This assay provides a measure of the rela-

tive transactivation abilities of mutant and wild-type

EBF3 proteins across graded levels of expression. In brief,

the mM2.21 assay quantitatively measures the percentage

of surface mIgM expression as a direct readout of EBF3

function. Structural similarities between EBF1 and EBF3

suggest that they can substitute for each other (at least

partially) in transduced cells. We confirmed this by detect-

ing similar amounts of mIgM on the surface of mM2.21

cells after infection with retroviruses expressing either hu-

man EBF1 or EBF3 (Figures S5B and S5C). To assess the

relative transcriptional activities of FLAG-epitope-tagged

wild-type and mutant EBF3 proteins, we transduced

them into mM2.21 cells by using bicistronic retroviruses

that also express GFP. After 72 hr, cells were stained, and

GFPþ populations were examined for mIgM expression

by flow cytometry. Because EBF1 is known to have dose-

dependent transcriptional effects on its target genes,34 we

wanted to determine whether EBF3 function is similarly

dose dependent. To examine functional differences based

on EBF3 dosage, we gated transduced mM2.21 cells on

similar but non-overlapping low, medium, or high expres-

sion of GFP (each increasing by approximately 10-fold)

and assessed mIgM on each of these populations (Figures

3A and 3B; Figure S6). Wild-type EBF3 activated mIgM

similarly at low and medium expression (over a 10-fold
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Figure 3. Dose-Dependent Effects of
EBF3 on Function
Flow cytometric analysis of mIgM on plas-
macytoma cells in response to increasing
amounts of wild-type or mutant EBF3
(each by itself). The retroviral vector for
expression of FLAG-tagged EBF3was gener-
ated in two steps. First, primer sequences
encoding the FLAG tag, a Gly-Ala-Leu-Thr
spacer, and a linker SpeI site were ligated
into BS-KS(þ) to produce 50-GTCGACC
ATGGATTACAAGGACGACGACGATAAAG
GTGCTCTGACTAGT-30. EBF3 was ampli-
fied with the EBF3 cDNA clone (I.M.A.G.E
clone IRCMp5012D0321D, Source Biosci-
ence), Pfu Ultra II Fusion HS DNA polymer-
ase (Agilent Technologies), and primers 1
and 2 (Table S4). The amplified fragment
was digested with SpeI and NotI for liga-
tions into a similarly digested BSK-FLAG
vector to make BSK-FLAG-EBF3(wt). FLAG-
EBF3 was excised as a SalI-NotI fragment
and subcloned into the retroviral vector
MSCV-IRES-MCFP (S.J.W. and J.H., manu-
script in preparation), which was digested
with XhoI and NotI. Mutations were intro-
duced into EBF3 according to a protocol
based on that in Fitzsimmons et al.35 In
brief, each mutant sense or antisense
primer was used together with primer 1 or
2 to amplify EBF3 from BSK-FLAG-EBF3.
Fragments were gel purified, and 50 and 30

fragments were combined and amplified
with primers 1 and 2 alone. PCR fragments
were digested with BglII and BstEII for liga-
tion into the similarly digested BSK-FLAG-
EBF3. Inserts were excised with SalI and
NotI for ligation into MSCV-IRES-MCFP.
The T7 epitope tag was added upstream of
wild-type EBF3 via subcloning of the SpeI-
NotI fragment of BSK-FLAG-EBF3 into
NheI-NotI-digested BSK-T73-CHD4.36 The
SalI-NotI fragment including T7-EBF3 was
subcloned into XhoI-NotI-digested MSCV-
IRES-GFP2a (provided by P. Marrack). All
plasmids were sequenced for confirmation
of the correct cloning and mutagenesis.
Culture of the mM2.21 plasmacytoma cell
line, infection with the retroviruses, and
detection of mIgM by flow cytometry
were described previously.33 Whole-cell ex-
tracts were obtained via sorting of GFPþ,
mCFPþ, or double-positive populations,
washing once in cold PBS (pH 7.5), and
then cell lysing for 15 min on ice in
a mixture of radioimmunoprecipitation
assay buffer (25 mM Tris-HCL [pH 7.6],
150mMNaCl, 1%NP-40, 1% sodiumdeox-

ycholate, and 1% SDS) containing 13 HALT and protease inhibitors (Thermo Fisher) and an additional 1 mM phenylmethylsulfonyl
fluoride, 1 mM Na3VO4, 5 mM NaF, 5 mM DTT, and 1 mg/mL Pepstatin A prepared fresh. Total protein concentrations were determined
by Bradford assay. For mIgM expression, p values comparing column mean differences for individual constructs across their expression
dosages were obtained via two-way ANOVA with Tukey’s correction for multiple comparisons. Similar analysis was performed to
compare main effects across the mean of each construct. ****p < 0.0001, ***p < 0.001, *p < 0.05. Significance was set to p < 0.05.
(A) Cells were sorted for low, medium, or high levels of GFP expression (a correlate for EBF protein level) across non-overlapping decades
representing 1-, 10-, and 100-fold expression. Histograms represent three independent experiments.
(B) Quantification and statistical analysis of mIgM expression on plasmacytoma cells in response to wild-type or mutant EBF3 across
increasing levels of expression. Error bars represent mean values 5 SD of three independent experiments.
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Figure 4. EBF3 Forms Multimers with
EBF3 Mutants In Vitro
Western blotting (WB, top four lanes) and
co-immunoprecipitation (co-IP, bottom
four lanes) of EBF3 in retrovirally infected
plasmacytoma cells. For western blots,
20 mg of total protein was mixed with 5%
2-mercaptoethanol and 13 Laemmli buffer
and resolved on a mini-PROTEAN or Crite-
rion 4%–20% TGX gel (Bio-Rad) at 80–
120 V for 1–2 hr. Proteins were then wet
transferred onto a 0.45 mm Amersham Pro-
tran nitrocellulose membrane (GE Health-
care Life Sciences) for 2.5 hr at 4�C, blocked
for 2 hr in 5% milk at room temperature,
and stained overnight with primary anti-
bodies in a 5% milk solution in 13 PBS
and 0.1% TWEEN. The next day, mem-
branes were washed three times with
13 PBS and 0.1% Tween20, stained with
horseradish peroxidase (HRP)-conjugated
secondary antibody for 1 hr at room tem-
perature, washed three times with 13 PBS
and 0.1% TWEEN, and then washed four
times with 13 PBS. Membranes were then
incubated with ECL-Plus WB substrate
(Thermo Scientific) for 5 min and imaged
on a Typhoon FLA9500 (GE Healthcare
Life Sciences). For co-IP, mM2.21 cells
were infected with listed constructs plus

empty-vector control or co-infected with retroviruses expressing N-terminal T7-epitope-tagged EBF3 together with N-terminal FLAG-
EBF3, -(R163P), -(P177L), or -(K193N). For all conditions, double-positive GFPþmCFPþ cells were sorted and whole-cell extracts were pre-
pared as described for WB. For each condition, 100 mg of total protein was incubated at 4�C overnight with 1 mL of antibody (anti-FLAG,
Rockland Rb-600-401-383; anti-T7, Novagen 69522-3). The next day, 25 mL of Protein A/G magnetic beads (Thermo Scientific) was
washed and added to each sample, incubated for 3 hr at 4�C, washed twice with lysis buffer and inhibitors, and then eluted with 13
Laemmli buffer and 5% 2-ME for 10 min at 90�C. Samples were loaded onto mini-PROTEAN gels (Bio-Rad). WB was performed as
described previously. Primary antibodies used were anti-EBF1(Abnova H00001879-M01), anti-b-actin (Abcam ab8227), anti-T7-TAG
HRP (Novagen 69048-3), and anti-FLAGM2 peroxidase conjugate (Sigma A8592). Secondary antibodies used were anti-mouse HRP con-
jugate (Promega w402b) and anti-rabbit HRP conjugate (Promega w401b). All primary antibodies were used at 1:1,000, and secondary
antibodies were used at 1:10,000. WB and co-IP images were generated from the same sample and represent two independent
experiments.
range). However, mIgM expression was significantly

reduced at the highest levels of GFP, suggesting dose-

dependent inhibitory effects of EBF3 function at high

concentrations, consistent with a lack of tolerance of

high-level expression of the wild-type. In contrast to

the wild-type, the p.Arg163Pro substitution was inac-

tive across all amounts of GFP expression, suggesting

that disruption of the zinc knuckle motif ablates EBF3

function regardless of its expression level (Figures 3A

and 3B). Both p.Pro177Leu and p.Lys193Asn mutant

proteins activated Cd79a transcription and mIgM display

at high dosages. This was especially true for p.Pro177Leu,

which activated Cd79a expression to near wild-type

levels at the highest dosage measured (Figures 3 and 4).

These data suggest that neither p.Pro177Leu nor

p.Lys193Asn completely abolishes binding to the CD79a

promoter but instead probably reduces the affinity and

therefore requires larger amounts of protein to activate

transcription.

Binding of EBFs to DNA requires the formation of homo-

dimers. Because the genetic changes identified are hetero-

zygous, we wanted to determine whether wild-type EBF3

is capable of forming heterodimers with the mutant
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EBF3 constructs. To test this, we co-expressed wild-type

EBF3 together with each mutated protein (Figure 4). To

discriminate between wild-type and mutant proteins, we

tagged wild-type EBF3 with the bacteriophage T7 epitope

tag in a bicistronic retrovirus that also expresses M-Cherry

fluorescent protein (MCFP). mM2.21 cells were simulta-

neously co-infected with T7-EBF3 (MCFPþ) along with

wild-type or mutated EBF3 (GFPþ). Double-positive cells

were sorted and used for western blotting and co-immuno-

precipitation. As expected, double-positive wild-type EBF3

co-immunoprecipitated. Notably, wild-type EBF3 also co-

immunoprecipitated with each mutant protein. On the

basis of previous literature demonstrating the formation

of wild-type dimers, our co-immunoprecipitation experi-

ments suggest that heterodimers composed of wild-type

andmutant proteins are also formed and that the pathoge-

nicity of the missense substitutions might be due, in part,

to dominant-negative effects similar to those previously

reported for mutant Xenopus EBF2.37

Overall, the evidence from the bioinformatic, structural,

and functional data suggests that the phenotype of EBF3

mutations is caused by heterozygous loss of function.

Evidence in support of this interpretation includes the
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observation of partially overlapping phenotypes in indi-

viduals with heterozygous whole-gene deletions across

EBF3 (Patricia Maciel et al., personal communication)

and a high likelihood of haploinsufficiency as measured

by the ‘‘haploinsufficiency index.’’38 Moreover, haploin-

sufficiency of the B cell master regulator EBF1 results in

reduced or delayed expression of normal B cell develop-

mental markers, an inability to repress non-B lineage genes

during developmental progression, and increased DNA

damage and cell death (or tumorigenesis).39–41 Therefore,

it is likely that, similar to those reported for EBF1, the

human mutations result in reduced EBF3 activity, albeit

in different cell populations (i.e., cerebral cortex, cere-

bellum, and possibly elsewhere). Nevertheless, alternative

or additional pathogenic mechanisms—including the

formation of heterodimeric EBF3 complexes (composed

of wild-type and mutant EBF3), changes in DNA recogni-

tion, or abnormal EBF3-EBF2 heterodimerization leading

to dominant-negative impairment of function—should

be considered.

Recently, in an unpublished manuscript, Harms et al.42

have reported a series of different individuals who have

the same phenotype and carry EBF3 nonsense, missense,

and splice variants, including an identical mutation (en-

coding p.Pro177Leu). Interestingly, using a reporter assay

in HEK293Tcells, the authors found that several of themu-

tants caused a significant reduction of reporter activity,

suggesting dominant-negative effects. However, they also

note that the nonsense variants are likely to cause NMD,

suggesting heterozygous loss of function.

In conclusion, we present here an ID syndrome in

which other key findings are ataxia, facial dysmorphism,

and vesicoureteric reflux. The mechanism of action is

most likely related to a heterozygous loss of function,

which is likely to lead to a reduction in transcriptional

activation of EBF3 early in development. Dominant-nega-

tive effects could also occur. The effects on brain develop-

ment remain unknown, but EBF3 is highly expressed in

C-R cells, which are known to influence cortical lamina-

tion. There is no imaging evidence of cortical abnormal-

ities in the individuals presented here, which would

suggest that effects on cortical development are subtle.

However, some individuals had some imaging evidence

of cerebellar abnormalities, suggesting differing effects of

EBF3 on cortical and cerebellar development. The identifi-

cation of variants in EBF3 presents an opportunity to

investigate the role of this transcription factor in neuronal

development in much more detail. In this regard, both

cellular and animal models of EBF3 mutations will pro-

vide novel insights into the mechanisms that perturb

these complex systems.
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