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Established Facts

o Loss-of-function EBF3 mutations have been associated with an autosomal dominant neurodevelop-
mental disorder.

o Most affected cases have intellectual disability or autistic features.

o Cerebellar anomalies are described in 30% of the cases.

Novel Insights

o We describe 2 novel mutations in this syndrome.

« Intellectual disability was not observed in these 2 cases.

o Both cases showed short left superior longitudinal fasciculus and marked asymmetry of the inferior
longitudinal fasciculus in 3D-tractography study

Keywords tions in EBF3 have been reported in an autosomal dominant
EBF3 - Autism - ADHD - Neuroimaging - Tractography neurodevelopmental syndrome characterized by hypoto-
nia, ataxia, and developmental delay (sometimes described
as "HADD"s). We report 2 unrelated cases with novel de novo
Abstract EBF3 mutations: c.455G>T (p.Arg152Leu) and ¢.962dup (p.
Early B cell factor 3 (EBF3) is a transcription factor involved in  Tyr321*) to expand the genotype/phenotype correlations of
brain development. Heterozygous, loss-of-function muta- this disorder; clinical, neuropsychological, and MRI studies
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were used to define the phenotype. IQ was in the normal
range and diffusion tensor imaging revealed asymmetric al-
terations of the longitudinal fasciculus in both cases. Our re-
sults demonstrate that EBF3 mutations can underlie neuro-
developmental disorders without intellectual disability.
Long tract abnormalities have not been previously recog-
nized and suggest that they may be an unrecognized and
characteristic feature in this syndrome.

© 2021 S. Karger AG, Basel

Introduction

The early B cell factor (EBF) family is composed of 4
proteins in mammals: EBF1-4. These proteins contain 4
cardinal domains: a Rel-like DNA-binding domain; the
immunoglobulin, plexins, transcription factors-like/
transcription factor immunoglobulin (IPT/TIG) domain;
an atypical helix-loop-helix motif, and a carboxy-termi-
nal domain that contributes to DNA recognition, ho-
modimerization and gene expression [Siponen et al,
2010; Treiber et al., 2010]. The DNA-binding domain, a
zinc finger coordination motif, also participates in dimer-
ization and transactivation; the function of IPT/TIG has
not been determined yet, but it might regulate
protein:protein interactions via homo- or heterodimer-
ization; the helix-loop-helix motif is involved in dimer-
ization, and the carboxy-terminal domain has a critical
role in transcriptional activation [Garel et al., 1997; Liao,
2009; Green and Vetter, 2011a]. The EBF family of tran-
scription factors is implicated in various aspects of neural
development [Garel et al., 1997; Garcia-Dominguez et al.,
2003; Green and Vetter, 2011a]. In particular, EBF3 is in-
volved in neurogenesis. Its orthologs in Xenopus (xebf3)
and mouse (Ebf3) participate in neuronal differentiation
and migration, and in muscle development [Pozzoli et al.,
2001; Yamazaki et al., 2004; Green and Vetter, 2011b]. In
2017, over 20 cases with heterozygous loss-of-function
mutations and intellectual disability, autism and/or glob-
al developmental delay were described [Blackburn et al.,
2017; Chao et al., 2017; Harms et al., 2017; Lopes et al.,
2017; Sleven et al., 2017; Tanaka et al., 2017; Murcia Pi-
enkowski et al., 2019]. A series of cases is also present in
the Deciphering Developmental Disorders database
[Firth et al., 2009]. The mutations cause an autosomal
dominant syndrome, with features including hypotonia,
ataxia, and delayed development syndrome - MIM#
617330. This supports the role of EBF3 in human brain
development. However, the clinical features are broad
and include strabismus, dysmorphic features and genito-
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urinary abnormalities, suggesting more pleiotropic ef-
fects.

The first EBF3 mutations to be described in patients
with neurodevelopmental disorders were all de novo ex-
cept for 2 families; a first family with 2 affected siblings
with an inherited mutation from a healthy mother who
had mosaicism for the EBF3 variant and a second family
with affected mother and son, and no other affected indi-
viduals in the mother s family [Harms et al., 2017; Beec-
roft et al., 2020]. Missense, splice, frameshift, and non-
sense mutations were described in these cases, and the
majority of missense mutations are in or near the zinc-
finger motif of the DNA-binding domain. Most cases
were reported to have (1) intellectual disability or global
developmental delay, (2) ADHD or autistic features, (3)
motor delay or cerebellar ataxia, and (4) associated dys-
morphic features [Blackburn et al., 2017; Chao et al,,
2017; Harms et al., 2017; Lopes et al., 2017; Sleven et al.,
2017; Tanaka et al., 2017]. Structural brain abnormalities
are infrequent in these cases; vermis hypoplasia, delayed
myelination, and subtle migration disorders have been
previously reported in this syndrome. Overall, 50% of the
cases were reported to have normal standard 3T brain
MRIs [Firth et al., 2011; Chao et al.,, 2017; Harms et al.,
2017; Tanaka et al., 2017; D’Arrigo et al., 2020].

Here, we describe 2 cases with de novo EBF3 muta-
tions in which intellectual disability was absent, but the
individuals had autistic features and ADHD. In both in-
dividuals, standard brain imaging was normal, but diffu-
sion tensor imaging (DTI) tractography revealed asym-
metry of the superior and inferior longitudinal fasciculus.

Case Presentation

Identification of Mutations in the EBF3 Gene

We reviewed 390 cases of trio exome sequencing performed in
our department since 2014, searching for EBF3 mutations. All
studies were performed on patients with neurodevelopmental dis-
orders of probable genetic origin. We identified 2 unrelated cases
with novel mutations in EBF3.

Clinical Features of the Patients and Previous Diagnostic

Studies

Case 1

The individual is a 14-year-old male, the first child of healthy
parents of Spanish origin. There was no relevant family history.
Early motor delay was noted, but verbal development was normal,
with first clear words at 12 months. At age 6 neuropsychological
evaluation revealed a Full-Scale Intelligence Quotient (FSIQ) of 93
in WISC-IV, with very low attention abilities. School performance
and social interactions were good, but empathy was poor. There
were no stereotypies or restricted interests.
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Fig. 1. a, b 3D-tractography reconstruction in healthy control. a
Symmetric superior longitudinal fasciculus with a prominent
frontoparietal component colored in green of equal length (black
arrows). b Symmetric superior longitudinal fasciculus with a
prominent frontoparietal component colored in green of equal
length. ¢, d Facial appearance of Individual 1. Long face, upslant-
ing palpebral fissures, almond-shaped eyes, strabismus, deep phil-
trum, broad chin. e, f 3D-tractography reconstruction in Individ-
ual 1. e Short frontoparietal component of the left superior longi-
tudinal fascicle (arrow). f Enlarged right inferior longitudinal
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fascicle (dashed black arrow). g, h Facial appearance of Individual
2. Long face, tall forehead, arched eyebrows, upslanting palpebral
fissures, almond-shaped and deep-set eyes, strabismus, deep phil-
trum, wide mouth, thin upper lip, short and broad chin, chin dim-
ple. i, j 3D-tractography reconstruction in Individual 2. i Asym-
metry of the left superior longitudinal fasciculus. The frontopari-
etal component colored in green is short (black arrow) and the
frontal opercular fibers, colored in red, present a more horizontal
course. j Asymmetry of the right inferior longitudinal fascicle, sim-
ilar to case 1. Diffuse enlargement of the right tract (dashed arrow).
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Physical examination revealed a weight of 17 kg (50th centile),
height of 102 cm (45th centile), and OFC of 51 cm (50th centile).
Some dysmorphic features were observed: almond-shaped eyes
with upslanting palpebral fissures, a triangular face, bulbous nose,
and pointed chin (Fig. 1c, d ). The patient also exhibited severe
coordination problems, strabismus, and dysprosodic speech, with
good vocabulary and comprehension.

Routine laboratory screening including thyroid function and
neurometabolic tests were within the normal range. Sleep video-
EEG test and auditory evoked potentials displayed normal results.
Brain 1.5T MRI at age 4 and 3T MRI at age 14 did not reveal any
significant structural malformations. Conventional genetic stud-
ies (karyotyping and array-CGH analysis) revealed no abnormal-
ities.

Case 2

The individual is an 11-year-old male, who is the second child
of healthy parents of Spanish origin. There was no relevant family
history. Global hypotonia was observed in the first 2 years of life.
The patient walked unsupported at 19 months. Verbal develop-
ment was mildly delayed. Clinical examination revealed a weight
of 36 kg (50th centile), height of 148 cm (75th centile), and OFC of
52 cm (50th centile). Strabismus and dysmorphic features were
observed: arched eyebrows, almond-shaped eyes with upslanting
palpebral fissures, triangular face, bulbous nose, wide mouth and
pointed chin (Fig. 1g, h).

Physical examination showed significant difficulties in fine and
gross motor skills; during the evaluation, he was sociable and af-
fectionate. Overall communication was good, no difficulties in ex-
pression or comprehension were observed; his vocabulary and
prosody were normal. However, there were problems with the
pragmatics of language.

Conventional genetic studies (karyotyping and array-CGH
analysis) revealed no abnormalities. The neuropsychological eval-
uation demonstrated a General Ability Index of 89 and an IQ of 85
in Toni-2. Specific problems in working memory, attention abili-
ties, and cognitive empathy were noted. 3T brain MRI showed no
structural anomalies.

Materials and Methods

Genetic Analysis

Exome sequencing was performed using genomic DNA iso-
lated from whole blood from the proband and parents (MagNa-
Pure, Roche). Libraries were prepared using the Ion AmpliSeq™
Exome Kit (Life Technologies, Carlsbad, CA, USA) and quanti-
fied by qPCR. The enriched libraries were prepared using Ion
Chef™ and sequenced on PI™ Chip in the Ion Proton™ System
(Life Technologies) to provide >90% of amplicons with at least
20X coverage. Signal processing, base calling, alignment, and
variant calling were performed on a Proton™ Torrent Server us-
ing the Torrent Suite™ Software. Variants were annotated using
Ion Reporter™ Software, and pedigree analysis was performed
using the Genetic Disease Screen (GDS) trio workflow. Variant
filtering and prioritization were performed using an in-house
software program and a local database. Candidate variants were
visualized using IGV (Integrative Genomics Viewer). Candidate
variants were evaluated based on stringent assessments at both
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the gene and variant levels, taking into consideration both the
patient’s phenotype and the inheritance pattern. Variants were
classified following the guidelines of the American College of
Medical Genetics and Genomics (ACMG). A board of molecular
clinical geneticists evaluated each variant classified as pathogen-
ic, likely pathogenic, or variant of uncertain significance, and de-
cided which, if any, had to be reported. In every case, causal vari-
ants were discussed with the referring physician and/or clinical
geneticist. Identified variants were confirmed by Sanger sequenc-
ing.

Neuroimaging

DTI images were obtained with a 3T system (GE Medical Sys-
tem, Milwaukee, W1, USA) by using a SS-SE echoplanar diffusion-
weighted image sequence (TR:12,000; FOV: 240 mm; sections
thickness: 3 mm, 0 spacing; matrix 128 x 128; bandwith: 250; 1 nex;

diffusion encoding in 45 directions) with maximum b = 1,000 s/

mm?

3D tractography was performed in an off-line workstation by
using commercially available processing software as provided by
the manufacturer (Functool 3D Fiber Tracking, GE, France) based
on fiber assignment by contiguous tracking (FACT) method,
achieved by connecting voxel to voxel. The threshold values were
0.3 for FA and 45° for the trajectory angles, between the regions of
interest. DTT tracts were also co-registered to the 3D T1-weighted
data set.

Results

Whole-exome trio analysis revealed a de novo mis-
sense mutation in exon 5 of EBF3: hgl9;
Chr10:131,757,228; NM_001005463.2; c.455G>T (p.Ar-
gl52Leu) in the first case. This is the first mutation at
position p.Argl52 to be reported and is located within
the DNA-binding domain of EBF3, where other mis-
sense mutations are located [Chao et al., 2017; Harms et
al., 2017; Sleven et al., 2017]; in silico predictors (SIFT,
PROVEAN, MutationTaster, REVEL, and LRT) de-
scribe it as pathogenic. A de novo frameshift mutation
in exon 10 of EBF3: hgl9, g.131665455dup; c.962dup
(p-Tyr321*) was present in Case 2. This mutation is pre-
dicted to cause loss of function, as reported in some oth-
er cases [Harms et al., 2017; Sleven et al., 2017; Tanaka
et al., 2017]. Neither of these mutations has been previ-
ously described in healthy controls according to inter-
national databases.

In Case 1, DTI tractography at age 14 revealed a short
left superior longitudinal fascicle and an enlarged right
inferior longitudinal fascicle (Fig. le, f). In the second
case, 3D tractography reconstruction demonstrated a
marked asymmetry of both superior and inferior longitu-
dinal fasciculus (Fig. 11, j).
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Table 1. Neuroimaging findings in patients with EBF3 mutations described as pathogenic

Reference Number  MRI findings Cases with abnormal
of cases brain MRI/cases with
performed and
available results*
This report 2 1 case: no significant structural malformations. DTI tractography: Short ~ 2/2

left superior longitudinal fascicle and an enlarged right inferior

longitudinal fascicle

1 case: no significant structural malformations. DTT tractography:
Marked asymmetry of both superior and inferior longitudinal fasciculi

Blackburn et al., 2017 1 Normal MRI

0/1

Sleven et al., 2017 2 Normal MRI

0/2

Chao et al., 2017 3 1 case: normal MRI

2/3

1 case: cerebellar vermis hypoplasia and reduced cerebellar hemisphere

volumes

1 case: cerebellar vermis hypoplasia

Tanaka et al., 2017 7 1 case: not available

3 cases: normal MRI

3/6

1 case: cerebellar vermis hypoplasia

1 case: small schizencephalic cleft in right temporal lobe and delayed
myelination at 2 years, later resolved

1 case: curvilinear tract-like signal abnormality in left frontal cerebral
white matter and protuberance of right optic papillae

Harms et al., 2017 10 6 cases: normal MRI

2 cases: not available

2/8

2 cases: cerebellar vermis hypoplasia

Decipher, 2020 18 7 cases: not available

2 cases: cerebellar dysplasia

5/5

1 case: dysplastic corpus callosum
1 case: delayed CNS myelination
1 case: cerebellar dysplasia and delayed CNS myelination

Beecroft et al., 2020 2 2 cases: not available

D’Arrigo et al., 2020 1

1 case: cerebellar hypoplasia (dandelion cerebellar sign) 1/1

* Numerator = represents cases with abnormal brain MRI. Denominator represents = cases with performed and available brain MRI

results.

Discussion

We report 2 novel mutations in EBF3. Attention defi-
cit and behavior problems were observed in both cases,
associated with some autistic features; neuropsychologi-
cal evaluation showed no intellectual disability. Facial
dysmorphism and some clinical features in both cases
were similar to others in the literature [Blackburn et al,,
2017; Chao et al.,, 2017; Harms et al., 2017; Lopes et al.,
2017; Sleven et al., 2017; Tanaka et al., 2017].

The clinical features reported to be associated with
EBF3 mutations include global psychomotor and lan-
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guage delay, hypotonia, intellectual disability, autism, be-
havioral problems, cerebellar ataxia, and dysmorphic fea-
tures [Blackburn et al., 2017; Chao et al., 2017; Harms et
al., 2017; Lopes et al., 2017; Sleven et al., 2017; Tanaka et
al., 2017]. Intellectual disability, attention/behavior prob-
lems and autistic features have been described in 28, 90,
43, and 57% of the cases, respectively [Blackburn et al.,
2017; Chao et al,, 2017; Harms et al., 2017; Sleven et al.,
2017; Tanaka et al., 2017]. The frequencies of the different
neurodevelopmental disorders in this syndrome are con-
ditioned by the selection of the populations studied in
described series. However, our cases and those in previ-
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ous reports demonstrate that the neurodevelopmental
phenotype does not necessarily include intellectual dis-
ability, but may include more prominent behavioral dis-
turbances such as autism and ADHD.

The other key finding of this study was the abnormal
3D tractography with short left superior longitudinal fas-
cicle and marked asymmetry of the inferior longitudinal
fasciculus. This adds a new dimension to the investigation
of EBF3 in neurodevelopment, as this has not been re-
ported in humans, nor in animal models. Given the func-
tions of EBF3 in brain development, the low frequency of
structural brain abnormalities is intriguing; cerebellar hy-
poplasia, delayed myelination, and mild migration disor-
ders have been described in 30, 12, and 8% of the cases,
respectively, with performed and available MRI (Table 1)
[Firth et al., 2011; Chao et al., 2017; Harms et al., 2017;
Tanaka et al., 2017; D’Arrigo et al., 2020]. No macroscop-
ic malformations were observed in our cases either. How-
ever, 3D tractography reconstruction revealed the same
features in both boys.

The superior fasciculus are involved in language, at-
tention, and emotion [Conner et al., 2018], while the in-
ferior fasciculus function in emotional regulation and se-
mantic and visual processing [Herbet et al., 2018; Sali et
al., 2018]. Poor development of the left superior longitu-
dinal fasciculus has been described in autism and lan-
guage disorders [Verhoeven et al., 2012; Aoki et al., 2013;
Boets et al., 2018; Verly et al., 2019]. The asymmetric de-
velopment of the inferior longitudinal fasciculus has been
found in ADHD, language disorders, and autism [Roine
et al., 2015; Svatkova et al., 2016]. These abnormalities
have only been detected using DTI processing.

Analyzing the possible correlation between genotype
and phenotype according to previously published cases,
we found that 45% of the patients with missense muta-
tions in the DNA-binding domain had structural abnor-
malities in brain MRI, compared to 40% of the patients
with frameshift or nonsense mutations [Blackburn et al.,
2017; Chao et al., 2017; Harms et al., 2017; Sleven et al,,
2017; Tanaka et al., 2017]. When assessing the cognitive
status of the cases, 70% of the patients with missense mu-
tations in this domain showed some degree of intellec-
tual disability, paradoxically compared to 50% of the pa-
tients with other types of mutations. The presence of mu-
tations in other domains of this gene has been described
in more exceptional cases, of which 30% showed brain
structural abnormalities and/or intellectual disability.
Forty-four percent of the cases with intellectual disability
showed brain malformations, but the remaining 56% had
no notable alterations in MRIs, which suggests the pres-
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ence of possible cortical or white matter microstructural
defects.

White matter microstructure alterations have been
scarcely studied in genetic disorders. Most of the studies
with DTT have been reported in patients with microdele-
tions or other well-known syndromes. Thus, asymme-
tries in the inferior and superior longitudinal fasciculus
have been previously described in 22q11.2 microdeletion
syndrome [Jalbrzikowski et al., 2014], frequently charac-
terized by the presence of ADHD or autism spectrum dis-
orders [McDonald-McGinn et al., 2020]. In contrast, in
16p11.2 deletion syndrome, a more relevant involvement
has been reported in the uncinate and arcuate fasciculus
[Ahtam et al., 2019]; the selective involvement of the lan-
guage networks could explain the high frequency of lan-
guage disorders and autism in this syndrome [Miller et
al., 2015]. These findings are comparable to the results
observed in patients with Angelman syndrome, who
show the involvement of the uncinate, arcuate and infe-
rior longitudinal fasciculus [Peters et al., 2011]. Mah-
mood et al. [2010] demonstrated the participation of the
superior longitudinal fascicle in patients with nonverbal
Rett syndrome, but not in patients with preserved lan-
guage; this group points to DTT as a neuroimaging tech-
nique that may provide relevant information in the sever-
ity evaluation and phenotyping of these cases.

The anomalies we describe might be caused by micro-
structural cortical defects or by a disturbance in both ax-
onal and myelin development [Wahl et al., 2010; Poretti
etal.,, 2013]. The function of EBF3 in the developing hu-
man brain remains to be fully elucidated, and our study
illustrates that further work is required to determine if
structural connectivity is widely disturbed in individuals
with EBF3 mutations and to understand its developmen-
tal basis.
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