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Abstract

De novo heterozygous variants in the brain-specific transcription factor Neuronal Differentiation
Factor 2 (NEUROD?2) have been recently associated with early-onset epileptic encephalopathy and
developmental delay. Here, we report an adolescent with developmental delay without seizures
who was found to have a novel de novo heterozygous NEURODZ2 missense variant, p.
(Leul63Pro). Functional testing using an /n vivo assay of neuronal differentiation in Xenopus
laevistadpoles demonstrated that the patient variant of NEUROD?2 displays minimal protein
activity, strongly suggesting a loss of function effect. In contrast, a second rare NEURODZ2 variant,
p.(Ala235Thr), identified in an adolescent with developmental delay but lacking parental studies
for inheritance, showed normal /n vivo NEUROD?2 activity. We thus provide clinical, genetic, and
functional evidence that NEURODZ2 variants can lead to developmental delay without
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accompanying early-onset seizures, and demonstrate how functional testing can complement
genetic data when determining variant pathogenicity.

Keywords
Neurod2; developmental delay

Introduction

Neuronal Differentiation Factor 2 (VEUROD?Z), encodes for a basic helix-loop-helix
(bHLH) transcription factor that is exclusively expressed in the brain and binds to highly
conserved enhancer box response elements in the promotor regions of target DNA [Longo
and others 2008; Uhlen and others 2015]. The protein is known to play a major role in
nervous system development and function, and is essential for neuronal survival and
synaptic transmission [Bormuth and others 2013; Chen and others 2016; Guner and others
2017; Olson and others 2001]. NEUROD?2 is important for neuronal differentiation,
maturation, and circuitry formation [Guzelsoy and others 2019; Hahn and others 2019;
Matsushita and others 2017; Pieper and others 2019]. Mice with a mixed C57BI/6 x 129/Sv
background lacking Neurod?2 display ataxia, motor deficits, and have a reduced seizure
threshold [Olson and others 2001]. They also have failure to thrive with early postnatal death
associated with low thyroid hormone levels, though this resolves with backcrossing to pure
129/Sv [Lin and others 2006]. Detailed regional analysis of the brains of null mice has
implicated NEUROD?2 in development and maturation of thalamocortical projections,
survival of cerebellar and hippocampal neurons, formation of inhibitory synapses in the
cerebellar cortex, maturation of hippocampal connectivity, and radial migration of cerebral
cortical neurons [Guzelsoy and others 2019; Ince-Dunn and others 2006; Olson and others
2001; Pieper and others 2019; Wilke and others 2012].

We previously reported two children with early-onset epileptic encephalopathy and
significant global development delay who had de novo heterozygous missense variants in the
DNA-binding domain of NEURODZ (OMIM# 601725) [Sega and others 2019]. Both
patients were non-responsive to multiple antiepileptic medications, one becoming seizure-
free with a ketogenic diet, the other with a vagal nerve stimulator. We also demonstrated that
the patient variants were dysfunctional by using an /7 vivo model of neuronal induction in
tadpoles.

Here we present an additional patient with a de novo missense variant in NEURODZ,
predicted to be damaging by /n sifico tools and confirmed in our /n vivo model. Her
characteristics are notable primarily for global development delay without the early-onset
epileptic encephalopathy of the previously observed phenotype. We also report another
patient with developmental delay and a rare missense variant with unknown inheritance in
NEURODZ. In this case, however, our /n1 vivo evidence suggests a normally functioning
protein, pointing to the importance of functional evidence to support a genetic diagnosis of
NEURODZ2-elated neurologic disease.
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Clinical Descriptions

Patient 1 is a 14-year-old female of maternal European/Native American and paternal
German/Irish descent with global development delay. She was born full term with bilateral
fifth finger clinodactyly and borderline short stature, but without other dysmorphic features.
She was diagnosed with failure to thrive in infancy, and since has experienced constipation,
childhood hypotonia, respiratory distress, and poor feeding requiring hospital admission.
She began crawling at 10-11 months, walking at 18 months, and spoke her first words at 2.5
years. While she does not carry a formal diagnosis of autism, she has pervasive
developmental disorder and sensory processing disorder among other learning disabilities.
Assessment of developmental milestones at age 12 years showed mild gross motor issues
while her handwriting (fine motor) was not markedly impaired. Verbal functioning at that
time was at or above average for her age. She had an average performance in language arts
but was far below average for visual motor/constructional tasks and math skills. Brain
magnetic resonance imaging (MRI) at 9 years of age was normal. Comparative genomic
hybridization array and focused genetic testing for Rett Syndrome, cystic fibrosis, and
Russell Silver Syndrome were all negative.

Patient 2 is a 12-year-old boy with autism spectrum, attention deficit hyperactivity disorder,
sensory processing disorder, and developmental coordination disorder. He was adopted, and
therefore family history as well as parental samples were unavailable. Comparative genomic
hybridization array, karyotype, fragile X, and targeted Prader Willi testing were all negative.

Identification and Analyses of Patient Variants

Exome sequencing for Patient 1 and her parents was performed at the National Institutes of
Health (NIH) Undiagnosed Diseases Network (UDN) sequencing core and analyzed using
bioinformatics and variant interpretation pipelines as previously described [Lee and others
2014; Lee and others 2020] [PMID: 31607746, PMID: 25326637]. A de novo variant in
NEURODZ (NM_006160.3), ¢.488T>C, p.(Leul63Pro), which was not observed in
gnomAD was identified (Figure 1). She had a second de novo variant, in NSDZ2p.
(Gly840Val). NSD2 (OMIM# 602952) lies in a region associated with Wolf-Hirschhorn
Syndrome, a well-described syndrome with characteristic dysmorphisms and organ
malformations not found in this patient. Exome sequencing for Patient 2 also revealed a
novel missense variant in NEURODZ, ¢.703G>A, p.(Ala235Thr). As parental samples were
not available, we were unable to assess whether the variant was de novo, though the variant
was not observed in gnomAD, which raised the potential for pathogenicity. He also had rare
compound heterozygous variants in a second gene, TMEM 76 (OMIM# 610453), which is
associated with Sanfilippo syndrome Type C. As neither NSD2nor TMEM?76 appear to be
appropriate candidates for these two patients, we focused our attention on NEUROD?.

In order to determine pathogenicity of the individual variants, we tested them in an in vivo
Xenopus laevis model of NEUROD?2 function as previously described [Sega and others
2019]. Briefly, we injected wild type or patient variants of NEURODZ2 mRNA into only one
cell of fertilized X. /aevis eggs at the two cell stage. We then compared the induction of
ectopic neurons in the resulting tadpoles, with the side developing from the uninjected cell

Am J Med Genet A. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mis et al. Page 4
serving as an internal control. Analysis revealed that injection of the p.Leu163Pro mRNA
variant resulted in a defective ability to induce ectopic neurons in tadpoles as compared to
wild type NEUROD2 mRNA, while the p.Ala235Thr variant functioned similarly to wild
type (Figure 2).

Discussion

We had previously established the association of de novo NEURODZ variants with early-
infantile epileptic encephalopathy in combination with global developmental delay. Here we
report another individual with a dysfunctional de novo NEURODZ variant who presented
with global developmental delay but without seizures, thus expanding the phenotype of
disorders associated with this gene.

The variant reported here, p.(Leul63Pro), lies in the second helix of the bHLH domain and
is highly conserved across multiple species (Figure 1). Based on this location, we suspect
that this missense substitution affects the ability of NEUROD?2 to bind to target DNA,
though direct DNA binding assays are needed to test this hypothesis. It is also possible that
the variant could result in an unstable mRNA prone to degredation, although we believe this
is unlikely given that NEURODZ has only a single exon and mRNA decay typically requires
at least one intron [Hsu and others 2017; Kurosaki and others 2019]. Notably, however, the
ability of the p.(Leul63Pro) mRNA to induce neuronal differentiation was minimal but still
detectable. This activity falls between our two previously reported variants p.(Glu130GIn),
which had no detectable activity, and p.(Met134Thr), which had roughly 40% of the
maximal activity seen with wild type protein [Sega and others 2019]. This suggests that the
seizure phenotype seen with some NEURODZ2 variants is not exclusively determined by
level of protein activity and that other factors, such as epigenetics, modifier genes, or
environment, are likely at play. Similarly, although observing ectopic neuron expression is
an assay of protein function, our experience with this small number of patients suggests that
it cannot be used to predict specific patient phenotypes. It is also unclear whether patients
with NEURODZ2 variants who do not present with early-onset epileptic encephalopathy
remain at risk for developing seizures later in life.

Although Patient 1 is only the third reported patient with dysfunctional NEUROD?2 protein,
it is notable that all three had variants in the protein’s bHLH domain. Given that this is a key
functional domain and necessary for DNA binding, we suspect that variants in this region
have a higher likelihood of pathogenicity. The identification of further patients with de novo
missense variants in NEURODZ will help address key questions, such as the nature of
genotype-phenotype correlations and whether variants in other regions of the protein can
also lead to neurologic phenotypes. Given what is known about the key role of NEUROD?2
in cortical neuron development, migration, maintenance, and connectivity, it remains to be
seen precisely which functions are disrupted by which variants [Guzelsoy and others 2019;
Ince-Dunn and others 2006; Wilke and others 2012].

The second variant that we studied, p.(Ala235Thr), displayed normal function in our assay,
leading us to suspect that this p.(Ala235Thr) variant was not the cause of the child’s
developmental issues and may have been inherited. It is regrettable that parental data is
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unavailable to confirm this suspicion, as allele segregation is an important part of classifying
variants. Patients who have been adopted or otherwise do not have access to biological
relatives exemplify the critical value of functional testing of individual variants.
Additionally, while all putatively damaging NEURODZ variants we have reported thus far
have been de novo, it is unclear if recessive or other inherited variants could be problematic.
Future research into NEUROD? roles and interactions could determine other possible means
to explore variants functionally, as we have employed only one means of testing specific
variants to date. With next generation sequencing increasingly utilized in clinical
diagnostics, more rare or novel variants of uncertain significance will be identified. In
parallel, functional assays, such as those performed here, will be increasingly important to
improve variant classification.

In summary, we provide evidence that heterozygous de novo NEURODZ variants may result
in developmental delay with or without associated seizures, thus expanding this newly-
described phenotype. As this is only the third patient reported in the literature with a
pathogenic NEURODZ variant, identification of additional patients will bring further
refinements of the clinical presentation, spectrum of pathogenic variants, and course of this
condition.
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Mouse MTKARLERSKLRRQKANARERNRMHDLNAALDNLRKVVPCY SKT QKLSKI ETLRLA
Chick MTKARLERSKLRROKANARERNRMHDLNAALDNLRKVVPCYSKTQKLSKIETLRLA

Xenopus MTKARIERSKVRRQKANARERNRMHDLNSALDNLRKVVPCY SKT QKLSKI ETLRLA
Zebrafish MTPARLERSKVRROKANARERTRMHDLNSALDNLLKVVPCYSKTOKLSKIETLRLA
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Figure 1:
Location of reported variants in NEURODZ. Top panel shows location of all reported

variants in relation to bHLH (green box) and NEURO bHLH (magenta box) domains.
Bottom panel shows close-up of variants found in the bHLH domain, demonstrating the high
degree of amino acid conservation across multiple species. Previously reported variants are
in black text, variants reported in this paper are in red text. Adapted from Sega and others,
20109.
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Figure 2:
Induction of ectopic neurons in vivo with NEUROD2 overexpression. Left panel with

neuronal beta-tubulin staining showing normal neuronal configuration (top) and ectopic
neuronal induction (bottom). Chart in right panel shows quantification of ectopic neuronal
induction for wild type NEUROD2 and both patient variants tested. “n” denotes number of
individual embryos scored for phenotype for the indicated variant. Bars at top denote
significance of difference as compared to wild type (n.s. = not significant, *** = significant).
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Variants and clinical summaries for patients reported with NEURODZ2 variants.

Patient source This report Sega et al, #1 Sega et al, #2
NEUROD?2 de
novo Variant p.(Leul63Pro) p.(Glu130GIn) p.(Met134Thr)

Variant location
notes

Second helix of
bHLH

Basic region of first helix of bHLH; Glu130 is
strictly conserved across all bHLH transcription
factors

Basic region of first helix of bHLH

Patient’s current
age, sex

14 years, female

6 years, female

5 years, male

Seizures

History of infantile spasms / hypsarrhythmia,
initial control achieved with ketogenic diet.
Currently on CBD oil, no seizures x 3 years.

History of infantile spasms /
hypsarrhythmia, initial control achieved
with vagal nerve stimulator, which
remains in place, no seizures x 4 years.

Intellectual delay

Pervasive
developmental
disorder, sensory
processing disorder.

Significant global intellectual delay. Nonverbal
but interactive.

Significant global intellectual delay.
Nonverbal but interactive.

Motor delay

Mild gross motor
delay

Significant fine and gross motor delay. Limited
us of arms and hands, requires turning at night.
Able to sit, unable to stand, but has some
mobility with specialized walker.

Fine and gross motor delay. Able to feed
himself with some help, unable to hold a
pencil. Walks and runs without assistance.

Brain MRI

Unremarkable

Bilateral increased T2 signal in putamina,
parietal periventricular white matter; thin corpus
callosum

Mild general cerebral volume loss;
absence of pituitary T1 bright spot
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