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ted with LEV.

SV2A encodes a neuronal synaptic vesicle glycoprotein essential for neurotransmitter release. Altered
SV2A function leads to epilepsy in animal models, yet only two reports of human variants have linked
SV2A to syndromic drug-resistant epileptic encephalopathies and epilepsy. SV2A is also the binding site
for the commonly used antiseizure medication levetiracetam (LEV). However, information about how
rare SV2A variants influence LEV response is lacking. Here, we report a two-year-old child with new-
onset epilepsy found to have a de novo heterozygous rare variant in SV2A (NM_014849.5:¢c.1978G>A;p.
Gly660Arg) who developed refractory status epilepticus after escalation of LEV treatment for initial base-
line seizure control. This report provides additional evidence that monoallelic pathogenic SV2A variants
cause epilepsy and that genetic variation in SV2A could lead to paradoxical seizure worsening when trea-

© 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The synaptic vesicle glycoprotein SV2A is essential for proper
regulation of calcium-dependent synaptic vesicle release and is
therefore necessary in regulating neurotransmission [1-3]. Fur-
thermore, SV2A is the target of the widely used antiseizure medi-
cation (ASM) levetiracetam (LEV) [4,5] and the only known
synaptic vesicle target of an ASM. Mice and chickens with homozy-
gous SV2A loss-of-function (LOF) have severe epilepsy and
decreased lifespan [6,7], and heterozygous SV2A LOF mice are ten
times more likely to develop epilepsy compared to wildtype litter
mates [6]. Additionally, both homozygous and heterozygous SV2A
LOF mice show decreased neuronal response when treated with
LEV [8]. However, the exact mechanism of this decreased response
is unknown. In humans, only two families with epilepsy linked to
SV2A variants have been reported. A homozygous SV2A variant
(NM_014849.5:c1148G>A:p.Arg383GIn) was found in a patient
with drug-resistant syndromic epileptic encephalopathy with
microcephaly, developmental delay/intellectual disability, move-
ment disorder, and growth retardation [9] (Table 1). More recently,
a heterozygous SV2A variant (NM_014849:c1708C > T:p.Arg570
Cys) was found in a patient and mother with epilepsy and poor
treatment response to LEV [10]. Here, we report a two-year-old
child with new-onset epilepsy and a de novo rare heterozygous
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variant in SV2A (NM_014849.5:c.1978G > A:p.Gly660Arg) who
developed refractory status epilepticus (SE) after treatment with
LEV.

2. Case report

A two-year-old ambidextrous and developmentally appropriate
female with two prior episodes of simple febrile seizures at one
year of age was transferred to the pediatric intensive care unit
(PICU) from an outside facility for difficult to control seizures.
Two weeks prior to arrival the patient developed a first unpro-
voked seizure characterized as generalized tonic-clonic (GTC)
movements without focality lasting one to two minutes (Fig. 1).
Five days later she had a second unprovoked seizure described as
irregular respirations, orolingual movements, and right arm flexion
lasting one to two minutes. She was diagnosed with epilepsy and
started on low dose LEV (27 mg/kg/day). The following week the
patient had another GTC seizure and developed frequent seizure
clusters following a sedated outpatient MRI brain. She was admit-
ted to an outside hospital for treatment of SE, received midazolam
(MDZ), started on valproic acid (VPA), and LEV was increased to
50 mg/kg/day. MDZ was weaned and the patient remained seizure
free for 24 h. She subsequently required reinitiation of MDZ due to
seizure recurrence, at which point she was transferred to our facil-
ity for higher level of care. MDZ was weaned, VPA and LEV contin-
ued, and clobazam (CBZ) initiated. Continuous EEG (cEEG)
monitoring revealed a high amplitude disorganized background,
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Table 1
Comparison of SV2A variant and clinical information.
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Serajee etal. 2015 Wang et al. 2019 This Report
Variant Information NM_014849.5:c.1148G>A, p.Arg383GIn NM_014849:c.1708C>T, p.Arg570Cys NM_014849.5: ¢.1978G>A, p.Gly660Arg
Zygosity hmz htz inherited from mother htz de novo
gnomAD Allele Frequency 2.39E-05 3.98E-06 3.98E-06
CADD score 23 31 32
Age of symptom onset 2 months 2 months 1 year (febrile seizures), 2 years (epilepsy)

Seizure types
Response to LEV
Other symptoms

myoclonic seizures, tonic spasms
no response
microcephaly, growth retardation, DD/ID,
optic atrophy, movement disorder

myoclonic seizures, spasms
development of spasms
mild DD

GTCs, focal seizures, status epilepticus
worsenig seizures with development of status epilepticus
hypotonia

CADD-Combined Annotation Dependent Depletion, GTC- generalized tonic-clonic seizure, hmz-homozygous, htz-heterozygous, DD-developmental delay, ID-intellectual

disability.

no PDR abundant multifocal spike and sharp
waves " :
- disorganized background soci:l::s;::aslhn;:;lt;fv::aels
EEG flndlngs burst suppressioncontinuous background slowing B B
bifrontal sharp waves
electrodecrement slow PDR for age
fast activity
no organized sleep structures
) GTC GTC GTC
Seizure types GTC Focal Electrographic multifocal and
Focal Focal Focal generalized
100 |
80 —
LEV Dose 60 —|
(mg/kg/day)
40 —
20 —
Day # 5 14 45

Fig. 1. Timeline of the patient’s clinical course in response to levetiracetam treatment. LEV-levetiracetam, PDR-posterior dominant rhythm, GTC-generalized tonic clonic.

bifrontal sharp waves, occipital spikes, and lack of posterior dom-
inant rhythm but no seizures (Fig. 2A). The following day, LEV was
maximized to 100 mg/kg/day with the goal of LEV monotherapy,
and MDZ was discontinued. On day three of admission, the patient
had a two-minute focal seizure. Lorazepam was administered and
CBZ was increased given good response to MDZ. She was trans-
ferred to the inpatient service and remained seizure free for 24 h
prior to developing frequent seizure clusters which evolved into
drug-resistant SE requiring transfer back to the PICU. cEEG
revealed electrographic SE (Fig. 2B) and MDZ infusion was
restarted. Due to lack of response to MDZ, she required escalation
to pentobarbital infusion. Burst suppression was achieved (Fig. 2C)
and she remained suppressed for 48 h. MDZ and pentobarbital
were weaned slowly over the next several days, but seizures
recurred and EEG showed lateralized periodic epileptiform dis-
charges and abundant multifocal epileptiform activity. The deci-
sion was made to continue MDZ infusion in preparation for in-
hospital initiation of the ketogenic diet.

Up until this point, the patient’s workup, including basic meta-
bolic and CSF studies were unrevealing. Magnetic resonance imag-
ing (MRI) of the brain showed increased T2/FLAIR hyperintensities
in the bilateral hippocampi attributed to ongoing seizure activity
(Fig. 3), and magnetic resonance spectroscopy was normal.

Autoimmune antibody workup from CSF and serum were negative
(Mayo Clinic Laboratories, Rochester, MN). Critical trio ES was per-
formed to evaluate for a genetic etiology of explosive onset drug-
resistant epilepsy. ES was negative for any variants in known epi-
lepsy genes but resulted with a de novo heterozygous rare variant
in SV2A (NM_014849.5:c.1978G>A:p.Gly660Arg, Fig. 4A). The
affected amino acid residue is fully conserved across species, sug-
gestive of evolutionary importance (Fig. 4B). Furthermore, the vari-
ants is rare with a gnomAD allele frequency of 3.979e-6, is
predicted damaging by multiple in silico algorithms (Muta-
tionTaster: 0.81, disease-causing; SIFT: 0.01, damaging; PolyPhen:
0.93, damaging), and has a Combined Annotation Dependent
Depletion (CADD) score of 32. With this information and a prior
report of a patient with a rare heterozygous SV2A variant with
worsening seizures while treated with LEV [10], LEV was discon-
tinued. At the same time the ketogenic diet was started. Seizures
stopped very quicky over the course of 48 h after LEV discontinu-
ation (Fig. 2D). She was subsequently discharged on the ketogenic
diet and VPA monotherapy due to sedative effects with CBZ. Her
pre-hospital discharge EEG improved and showed occasional mul-
tiform epileptiform activity and slow posterior dominant rhythm
for age. At her last neurology office visit at age three (one year after
hospital discharge), she is doing well but had two breakthrough
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Fig. 2. Sample EEG traces throughout the patient’s hospitalization. (A) EEG trace on day 17 showing occipital spikes. (B) EEG trace at the onset of refractory status epilepticus.
(C) EEG trace of burst-suppression. (D) Awake EEG trace after levetiracetam treatment was discontinued.

Fig. 3. Patient brain magnetic resonance imaging (A) Axial T2 FLAIR. (B) Coronal T2 FLAIR. Red arrows-bilateral hippocampal hyperintensity. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

seizures in the setting of weaning the ketogenic diet at which time
CBZ was restarted due to prior efficacy in seizure control.

3. Discussion

SV2A is a widely expressed synaptic vesicle glycoprotein impor-
tant in neurotransmission. However, the precise role of SV2A in
human disease remains to be elucidated, and thus far only two
families linking SV2A to epilepsy have been reported [9,10]. Here,
we report a third child with new-onset epilepsy and paradoxical
worsening of seizures resulting in drug-resistant SE after treatment
with LEV who was found to have a rare de novo heterozygous vari-
ant in SV2A (NM_014849.5:c.1978G>A:p.Gly660Arg). This report
provides further evidence linking SV2A to epilepsy in humans.

SV2A is expressed throughout the brain and functions in protein
trafficking and neurotransmitter release at the synapse [2,3,11,12].

More specifically, SV2A regulates the readily available synaptic
vesicle pool and synaptic vesicle size [11,13]. Physiologically,
SV2A is involved in calcium-dependent neurotransmitter exocyto-
sis and interacts with the synaptotagmin family of genes [3,9,11-
15]. Moreover, SV2A is the target for the widely used ASM LEV
and the only synaptic vesicle target of an ASM [4,5,16-18]. Studies
in animal models using both mice and chickens have shown that
SV2A LOF causes severe epilepsy and premature mortality [6,7].
Homozygous SV2A LOF mice, although viable at birth, quickly
develop severe seizures, growth retardation, and die within the
first 3 weeks of life [6]. Heterozygous SV2A LOF mice are ten times
more likely to develop seizures than wildtype litter mates and have
a physiologically lower seizure threshold [6]. Therefore, SV2A is
essential is normal brain function and both homozygous and
heterozygous LOF results in epilepsy in model organisms. Further-
more, both complete and partial SV2A LOF animals show decreased
responsiveness when treated with LEV [8], suggesting that LEV
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Fig. 4. Patient pedigree and SV2A variant information. (A) Family pedigree showing variant information. Note parents are homozygous wildtype and patient has heterozygous
de novo SV2A variant. (B) Conservation of the affected amino acid residue across species, (C) schematic of SV2A protein indicating genetic variants. Black variants- previously
reported, red variant- this report, blue squares- transmembrane domains. Note that the variant reported here affects transmembrane domain 10.

binding to its target site is impaired and that LEV is unable to exert
its downstream effects. Downstream effects include inhibiting
depolarization-induced neurotransmitter release and decreasing
neuronal calcium levels by affecting high-voltage activated cal-
cium channels [16-18].

Despite compelling studies of SV2A in animal models and
in vitro studies, only two prior reports have linked SV2A to human
disease. A homozygous SV2A variant (NM_014849.5:¢.1148G>A:p.
Arg383GIn) was reported in a patient with consanguineous par-
ents. The patient’s phenotype comprised syndromic drug-
resistant infantile-onset epileptic encephalopathy, microcephaly,
developmental delay/intellectual disability, movement disorder,
and optic atrophy [9] (Table 1). The patient’s epilepsy was unre-
sponsive to treatment with LEV. In vitro functional studies in
mouse hippocampal neurons expressing SV2A:p.Arg383GIn
showed altered synaptotagmin expression and impaired trafficking
as a potential mechanism of seizure activity [19]. Furthermore, a
heterozygous SV2A variant (NM_014849.5:c.1708C>T:p.Arg570
Cys) was identified in a child with infantile-onset myoclonic epi-
lepsy and her less severely affected mother with epilepsy [10].
The patient’s seizures were unresponsive to treatment with LEV,
and she developed an additional seizure type characterized by
spasm clusters after treatment with LEV that completely resolved
following LEV discontinuation.

The patient presented in this report is only the third case con-
necting a rare SV2A variant to human disease and the second
heterozygous patient. The patient has a de novo heterozygous vari-
ant (NM_014849.5:c.1978G>A:p.Gly660Arg) in transmembrane
domain 10 (Fig. 4C) that is predicted damaging based on multiple
lines of evidence, including amino acid residue conservation, allele
frequency, in silico prediction algorithms, and CADD score. Addi-
tionally, glycine to arginine substitutions in transmembrane
domains are among the most common disease-causing mutations
with implication on protein folding [20]. The patient’s phenotype
varies from the other two reported patients in that she has a his-
tory of febrile seizures but did not develop epilepsy until age two
and achieved early milestones appropriately. Her seizure types
included GTCs and focal seizures compared to the other two
patients who developed spasms and myoclonic seizures [9,10]
(Table 1). Furthermore, the response to LEV differed in that

treatment with LEV paradoxically induced increased seizures in a
dose-dependent manner that resulted in refractory SE requiring
midazolam and pentobarbital infusions to induce burst suppres-
sion. Her seizures resolved and her EEG markedly improved with
discontinuation of LEV and initiation of the ketogenic diet
(Fig. 3D). By comparison, the first child with a heterozygous SV2A
variant developed a new seizure type with initiation of LEV that
completely resolved after LEV discontinuation [10]. The precise
reason why the patient responded to initiation of the ketogenic
diet, on which she was also discharged from the hospital, is
unknown and likely a combination of factors not directly involved
with SV2A. Nevertheless, she additionally responded to benzodi-
azepines, which should also be considered in patients with SV2A-
related epilepsy.

The precise reason for this paradoxical seizure worsening in our
patient is not understood. However, there are several possibilities.
Given that complete SV2A LOF in animal models and humans cause
a severe phenotype with intractable epilepsy [6,9], LEV may inac-
tivate the second functional allele in patients with a heterozygous
SV2A LOF variant, temporarily mimicking a bilallelic LOF and thus
resulting in severe paradoxical increase in seizure frequency and
new seizure types. This paradoxical response appears fully reversi-
ble after LEV discontinuation. Another possibility is that LEV does
not simply act as an antagonist of SV2A but that LEV binding to
SV2A instead inhibits abnormal bursting in epileptogenic circuits,
a function that when lost in LOF animals leads to severe epilepsy
[5]. The severe seizure phenotype in SV2A LOF mice additionally
supports the hypothesis that SV2A influences seizure generation
and propagation. Alternatively, a third possibility is that LEV bind-
ing to dysfunctional mutant SV2A causes abnormal neuronal firing,
leading to seizure generation. Further functional studies are
needed to elucidate a potential mechanism.

Since the implementation of LEV as a widely used antiseizure
medication effective for many seizure types in most epilepsy
patients, it has been noted that a few select patients lack a
response. To investigate this, Lynch et al. 2009 [21] studied the role
of common SV2A single nucleotide polymorphisms with an allele
frequency of 0.08 to 0.19 in the response to LEV treatment. While
a statistically significant association between common SV2A vari-
ants and LEV response was not found, no conclusions about rare
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SV2A variants can be drawn from the design of this study. Addition-
ally, no association between common SV2A variants and predispo-
sition to epilepsy was found [21-23]. Importantly, the variant
identified in our patient as well as the bi-allelic and heterozygous
variants previously described are exceedingly rare with gnomAD
allele frequencies of 3.979e-6, 2.39e-5, and 3.979e-6, respectively
(Table 1). Taken together, these observations provide evidence that
rare variants in SV2A variants are linked to certain genetically-
based epilepsy syndromes.

4. Conclusion

We provide additional evidence for a role of SV2A in human dis-
ease by describing a rare heterozygous variant in association with
epilepsy and paradoxical worsening of seizures when treated with
LEV. Further cohort studies of patients with SV2A variants are
needed to elucidate the spectrum of SV2A-related epilepsy. Addi-
tionally studies are needed to elucidate the impact of pathogenic
SV2A variants on neuronal function and LEV response in order to
determine optimal treatment regimens for patients with SV2A-
related epilepsy.
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