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ARTICLE

Clustered mutations in the GRIK2
kainate receptor subunit gene underlie
diverse neurodevelopmental disorders
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Summary

Kainate receptors (KARs) are glutamate-gated cation channels with diverse roles in the central nervous system. Bi-allelic loss of function
of the KAR-encoding gene GRIK2 causes a nonsyndromic neurodevelopmental disorder (NDD) with intellectual disability and develop-
mental delay as core features. The extent to which mono-allelic variants in GRIK2 also underlie NDDs is less understood because only a
single individual has been reported previously. Here, we describe an additional eleven individuals with heterozygous de novo variants in
GRIK2 causative for neurodevelopmental deficits that include intellectual disability. Five children harbored recurrent de novo variants
(three encoding p.Thr660Lys and two p.Thr660Arg), and four children and one adult were heterozygous for a previously reported variant
(c.1969G>A [p.Ala657Thr]). Individuals with shared variants had some overlapping behavioral and neurological dysfunction, suggest-
ing that the GRIK2 variants are likely pathogenic. Analogous mutations introduced into recombinant GluK2 KAR subunits at sites within
the M3 transmembrane domain (encoding p.Ala657Thr, p.Thr660Lys, and p.Thr660Arg) and the M3-S2 linker domain (encoding
p-1le668Thr) had complex effects on functional properties and membrane localization of homomeric and heteromeric KARs. Both
p-Thr660Lys and p.Thr660Arg mutant KARs exhibited markedly slowed gating kinetics, similar to p.Ala657Thr-containing receptors.
Moreover, we observed emerging genotype-phenotype correlations, including the presence of severe epilepsy in individuals with the
p.Thr660Lys variant and hypomyelination in individuals with either the p.Thr660Lys or p.Thr660Arg variant. Collectively, these results
demonstrate that human GRIK2 variants predicted to alter channel function are causative for early childhood development disorders
and further emphasize the importance of clarifying the role of KARs in early nervous system development.

Introduction N-methyl-p-aspartic acid receptors (NMDARs), and kainate

receptors (KARs).! Each family of ionotropic glutamate re-
Fast glutamatergic signaling in the central nervous ceptors (iGluRs) serves a variety of roles in the CNS that
system (CNS) is transduced by three structurally related ion-  include phasic postsynaptic depolarization (AMPARSs), in-
otropic receptors referred to as e-amino-3-hydroxy-5- duction of some forms of long-term synaptic plasticity
methyl-4-isoxazole propionic acid receptors (AMPARs), (NMDARs), and modulation of neuronal excitability and
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the balance between circuit excitation and inhibition
(KARs). In addition to their discrete functions in the adult
CNS, iGluRs can play critical roles in neuronal and circuit
maturation during the earliest periods of development. For
example, NMDAR activation is necessary for the formation
of topographic maps during axon pathfinding” and in the
establishment of mature synaptic contacts.” KAR signaling
also is required for development of appropriate circuit and
synaptic function in the hippocampus.

KARs subserve diverse functions in the mature central
and peripheral nervous systems that encompass modula-
tion of presynaptic neurotransmitter release and intrinsic
neuronal excitability and establishment of appropriate
synaptic connectivity in early development.*” Five KAR
genes, GRIKI-5 (MIM: 138243-138245, 600282, and
600283), encode the subunit proteins GluK1-GluKS5.'
Like other iGluR subunit proteins, KAR subunits are
modular structures that each contain an extracellular
N-terminal domain (NTD), a ligand-binding domain
(LBD), three transmembrane domains (TMDs) and a re-
entrant P loop, and an intracellular C-terminal domain.®
The GluK1-3 subunits have a relatively low affinity for
glutamate and can form homomeric cation channels,
whereas the higher-affinity GluK4 and GluKS subunits
co-assemble with low-affinity subunits to generate recep-
tors with a wide range of biophysical properties.” Diversity
in KAR function is increased through assembly with the
neuropilin and tolloid-like proteins-1 and -2 (Netol and
Neto2) auxiliary proteins, which alter fundamental aspects
of receptor pharmacology, gating, and neuronal trafficking
and targeting.”®

Variants in genes encoding iGluRs give rise to neurode-
velopmental disorders (NDDs) of diverse presentation
and phenotype. Pathogenic missense variants in human
NMDAR subunit genes now number in the hundreds and
lead to a variety of neurological disorders of childhood
that include autism spectrum disorders (ASDs), intellectual
disability (ID), and epilepsies.” Far fewer disease-causing
missense variants in AMPAR and KAR subunit genes have
been reported to date. Several genes in these two receptor
families are under strong evolutionary constraint based
on the paucity of loss-of-function (LoF) variants in gno-
mAD.'? Nonsynonymous variants in AMPA receptor sub-
unit genes can underlie ASD and other neurodevelopmen-
tal abnormalities.''"'* GRIK2, which encodes the GluK2
KAR subunit, is among the most intolerant to LoF (proba-
bility of intolerance to heterozygous predicted loss of func-
tion variation [pLI] of 0.998) in the iGluR family of subunit
genes. Bi-allelic presumed LoF variants in GRIK2 cause
nonsyndromic ID with additional clinical features.'>'® In
a previous study, we identified a de novo missense variant
in GRIK2 in a child with neurodevelopmental dysfunction
that included ID, ataxia, and speech impairment.'”

We report here a set of de novo, missense variants in
GRIK? in eleven individuals with neurodevelopmental ab-
normalities and additional comorbidities. The variants
cluster in two critical functional domains: the pore-form-

ing M3 transmembrane helix and the adjacent M3-S2
gating linker. Five of the probands have a GRIK2 variant
identical to one reported previously that is predicted to
cause an alanine to threonine change at position 657 in
M3 (c.1969G>A [p.Ala657Thr]; GenBank: NM_021956.
5).17 The other variants have both functional and
biochemical consequences on GluK2-containing KAR
signaling in vitro as described in this study. This work there-
fore provides insight into a growing body of NDDs arising
from KAR dysfunction and establishes an autosomal-domi-
nant GRIK2-related phenotype.

Subjects and methods

Subjects

All probands were identified by either clinical or research investi-
gations for determination of the underlying etiology of their
NDDs and were included in the study following direct communi-
cation by researchers or through GeneMatcher.'® Pediatricians,
neurologists, and clinical geneticists at participating centers car-
ried out standard neurological assessments, magnetic resonance
imaging (MRI), and assessment of exome sequencing data. Trio
exome sequencing of the probands and their parents was per-
formed as follows: probands A657T.2 and A657T.6, exomes were
captured by BGI-Europe (Copenhagen, Denmark) via Agilent Sure-
Select XT Human All Exon V5 (Agilent Technologies, Santa Clara,
CA, US) and sequenced on an Illumina HiSeq4000 sequencer (Illu-
mina, San Diego, CA, US); proband A657T.4, Agilent SureSelect
Human All Exon V5 followed by sequencing on Hiseq2500 (Illu-
mina) at Leiden Clinical Genetics, the Netherlands; proband
A657T.5, exome was captured by the Exeter Genomics Laboratory,
UK, with the Twist Biosciences Human Core Exome Kit and was
sequenced on an Illumina NovaSeq6000; proband T660K.2,
exome sequencing was performed in-house at Tartu University
Hospital, Estonia; proband T660K.3, Agilent SureSelect QXT
CREv1 Kit followed by sequencing on NextSeq500 (Illumina) at
Victorian Clinical Genetics Services, Australia, as part of the
Australian Genomics Acute Care study; proband T660R.1, Agilent
SureSelect CREv1 Kit followed by sequencing on NextSeq at
Greenwood Genetic Center, South Carolina; and proband
1668T.1, a TruSight One Panel on a NextSeq 500 (Illumina) at HO-
pital Pitié-Salpétriere, Paris, France. Other exome sequencing was
performed by GeneDx (Gaithersburg, MD, US) or Blueprint Ge-
netics (Helsinki, Finland).'”*° Variant allele frequencies were as-
sessed with the gnomAD dataset,'” and the variants are classified
according to the American College of Medical Genetics and Geno-
mics (ACMG) guidelines for variant interpretation.”' All parental
or legal guardians provided consent for this study and publication
of clinical and genetic data. Procedures followed were in accor-
dance with the ethical standards of the national and institutional
responsible committees on human experimentation.

Constructs and image preparation

The rat cDNA constructs used in this study were obtained from the
sources described previously unless otherwise stated.'” The rat
GluK2a isoform was used as a template for generating
GluK2(T660K), GluK2(T660R), and GluK2(1668T) mutants with a
PCR-based approach, and mutations were confirmed by
sequencing of the open reading frames by the Northwestern
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University Sanger Sequencing Facility (Chicago, IL, US). Structural
images were generated in Pymol 2.3.3.

Cell culture and electrophysiology

Human embryonic kidney cells expressing T-antigen, clone 17
(HEK293-T/17) from the American Culture Collection (Manassas,
VA, US) were cultured in Dulbecco’s modified Eagle’s medium
(Corning Cellgro, Manassas, VA, US) supplemented with 10%
heat-inactivated fetal bovine serum (Gemini Bio-Products, West
Sacramento, CA, US), 100 mg penicillin, and 100 mg/mL strepto-
mycin (Corning Cellgro) at 37°C with 5% CO,. HEK293-T/17 cells
were transfected with TransIT-LT1 (Mirus Bio, Madison, WI, US)
according to the manufacturer’s protocol. Media was supple-
mented with 1-naphthyl acetyl spermine trihydrochloride
(NASPM, 20 uM) following transfection. Receptor plasmid DNAs
were co-transfected with an enhanced green fluorescent protein
(eGFP) construct at ratios of 1:4 [GluK2(A657T)] or 1:6
[GluK2(T660K), GluK2(T660R), and GluK2(1668T)] for GluK2
and eGFP cDNAs, respectively. For all GluK2 variants, the transfec-
tion ratio was 1:3:0.5 for GluK2, Neto2, and eGFP and 1:3:0.5 for
GluK2, GluKS, and eGFP cDNAs, respectively.

Whole-cell voltage-clamp recordings were performed 1-3 days
after transfection. The external solution contained 150 mM
NaCl, 2.8 mM KCl, 2 mM CaCl,, 1 mM MgCl,, 10 mM glucose,
and 10 mM HEPES (pH 7.3). The internal solution contained
110 mM CsE 30 mM CsCl, 10 mM Cs-HEPES, 5 mM EGTA,
4 mM NaCl, and 0.5 mM CaCl, (pH 7.3). Cells were voltage
clamped at —70 mV. We fast-applied glutamate (10 mM) via
three-barreled theta glass attached to a Siskiyou MXPZT-300 solu-
tion switcher (Siskiyou Corporation, Grants Pass, OR, US) for 1 s to
determine peak current amplitude and desensitization and to
generate concentration-response relationships. Cells were
excluded from analysis if 10%-90% rise times were greater than
3 ms. Glutamate applications of 1-2 ms for deactivation were
confirmed by recording of the junction potential after each exper-
iment. We best-fit current decays in response to either 1-2 ms or
1 s applications with either an exponential function or the sum
of two exponential functions to generate a weighted mean Tqes
by using the formula [(r1 x amplitudel) + (72 x amplitude2)]/
[amplitudel + amplitude2]. The tau values are the time constants
from the exponential fits, and the amplitudes are the estimated
contributions of each component to the total peak current ampli-
tude. The degree of desensitization was calculated as the inverse of
the ratio between the current amplitude at the end of the 1 s appli-
cation and the peak amplitude. The time courses of recovery from
desensitization were fit with a one-phase association exponential
function. Desensitization-concentration response curves were
fitted with logistic functions with variable Hill slopes. Analyses
of current amplitudes and kinetics were carried out with Clamp-
fit10 (Molecular Devices, Sunnyvale, CA, US). The half-maximal
effective concentration (ECsg) values and recoveries from desensi-
tization were calculated from fitting data to logistic curves in
GraphPad (San Diego, CA, US).

Surface biotinylation

HEK293-T/17 cells were maintained and transfected with GluK2a
cDNA as described above. The cells were washed with ice-cold PBS
three times and incubated with 0.5 mg/mL biotin (Thermo Fisher,
Waltham, MA, US; #21335) in cold PBS for 30 min at 4°C with
gentle agitation. The biotin solution was aspirated and replaced
with 100 mM glycine in cold PBS and agitated for 5 min at 4°C.

Following biotin quenching, 550 mL TEEN-TX (50 mM Tris,
1 mM EDTA, 1 mM EGTA, 150 mM NaCl, 0.1% Triton X-100)
with protease inhibitor cocktail (Thermo Fisher, #78430) was
added to each well. The cells were sonicated briefly three times
and centrifuged at 21,000 g for 10 min. An input fraction (50 pl)
was saved from each well and added to 12.5 pl Laemmli sample
buffer (Bio-Rad, Hercules, CA, US) containing p-mercaptoethanol
and boiled at 95°C for 5 min. Streptavidin beads were pre-blocked
by incubation of 40 mL Streptavidin Sepharose bead slurry (Milli-
pore Sigma, Burlington, MA, US; #17-5113-01) with PBS plus 1%
Triton X-100 and 1% normal goat serum and rotated at 4°C for
30 min. The remainder of each cell lysate (450 pl) was added to
the pre-blocked streptavidin beads and rocked for 2 h at 4°C.
Following incubation, 50 pl of the supernatant fraction was saved
and added to 12.5 pl Laemmli sample buffer (Bio-Rad) and boiled
at 95°C for 5 min. The beads were washed with ice-cold PBS + 1%
Triton X-100 for 3 min with three repetitions and then boiled in
40 pl Laemmli sample buffer (Bio-Rad) at 95°C for 5 min. Samples
were resolved by SDS-PAGE as described below with 10 pl from
each input, supernatant, and bead fraction.

Immunoblotting

Protein extracts were obtained from HEK293-T/17 cells and
resolved by SDS-PAGE. The proteins were transferred to Immobi-
lon-P PVDF membranes (Millipore Sigma, Billerica, MA, US) and
blocked for 1 h at room temperature (5% milk and 0.1% Tween
20 in TBS [TBS-T]). Primary antibodies (rabbit a-GluR6/7, 1:1,000
[Thermo Fisher, #PA1-37780] and mouse a-actin, 1:500 [Millipore
Sigma, #A4700]) were diluted in blocking solution and incubated
at room temperature for 1 h or overnight at 4°C. Secondary anti-
bodies were diluted in blocking solution and incubated at room
temperature for 1 h and imaged by the Pierce ECL substrate
(Thermo Fisher) or the near-infrared detection system (Li-Cor Bio-
sciences, Lincoln, NE, US; IRDye 800CW, 680RD). Individual band
density was quantified with Li-Cor ImageStudio software.

Statistical analysis

All statistical analyses were performed in GraphPad Prism 8 and
statistical significance was denoted as follows: *p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001. We corrected for family-
wise error rates in recordings used for multiple measurements
when determining p values that met statistical significance. Sum-
mary data are represented as mean =+ standard error of the mean
(SEM) from n cells. One-way analysis of variance (ANOVA) with
Tukey’s post hoc test was performed for comparisons of three or
more groups in which the data were normally distributed; a Krus-
kal-Wallis multiple comparison test was used if the data were
nonparametric.

Results

Genetic findings in individuals with heterozygous GRIK2
variants

The contribution of pathogenic alterations in GRIK2 to
NDDs in the human population is unknown. In the cur-
rent study, eleven probands with de novo, heterozygous
variants in GRIKZ2 at or near the c.1969G>A (p.Ala657Thr)
variant described in our earlier case study'’ were identified
through direct communication between research groups or
the GeneMatcher database.'® All missense variants are
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Table 1. Genetic characteristics of GRIK2 missense variants in
individuals with NDDs
GRIK2
Number of (GRCh38,

Variant probands chré) <DNA CADD PP2
p-Ala657Thr 6 101928516G>A ¢.1969G>A 32 D; 1.0
p-Thr660Lys 3 101928526C>A ¢.1979C>A 24.6 D; 1.0
p-Thr660Arg 2 102376401C>G ¢.1979C>G 28 D; 1.0
p.lle668Thr 1 102376425T>C ¢.2003T>C 29.9 D; 1.0

The table shows the four GRIK2 variants identified by the resultant change in
amino acid, the number of probands harboring that variant, the nucleotide
change in GRIK2, and the site of the variants in cDNA encoding GIuK2 protein.
Note that the six individuals with p.Ala657Thr variants include a child
described previously,'” who is referred to as proband A657T.1 in this study.
CADD scores predicted that all four variants are among the most deleterious
substitutions in the human genome.?? PP2 analysis predicted that the variants
are most likely damaging (D).”> CADD, combined annotation-dependent
depletion; NDD, neurodevelopmental disorder; PP2, PolyPhen2.

clustered in a region of GRIK2 that encodes critical func-
tional domains of the GluK2 KAR subunit (Table 1). Four
children and one adult harbored the previously reported
missense variant ¢.1969G>A (p.Ala657Thr);'” the individ-
ual with that variant described earlier is therefore referred
to as “A657T.1” in this report. We identified six additional
individuals with one of three GRIK2 variants implicated in
their NDDs: five children had variants at residue threonine
660 (three with c.1979C>A [p.Thr660Lys] and two with
¢.1979C>G [p.Thr660Arg]) and one child had a variant
at isoleucine 668 (c.2003T>C [p.lle668Thr]). All of these
variants arose de novo, were not present in gnomAD, and
were predicted to be damaging by in silico tools combined
annotation-dependent depletion (CADD)** and PolyPhen
(PP2).%* Bioinformatic analyses of other variants that are
not predicted to be causative for principal features of
NDDs in the probands reported here are available in the
supplemental notes, as is clinical information not directly
related to the neurodevelopmental, neurological, or
behavioral features described below.

Clinical phenotypes of individuals with a GRIK2
¢.1969G>A (p.Ala657Thr) variant
Four children and one adult harbored the p.Ala657Thr
variant identical to a 15-year-old female reported previ-
ously'” (proband A657T.1, Table 2), who exhibits ID,
speech and motor developmental delay (DD), ataxia, and
a short attention span. At 2-3 years of age, she began using
single words, and around 5 years, she was able to walk
short distances (with an ataxic gait and poor balance).
Proband A657T.2 is an 8-year-old male who started
walking without support at 18 months of age and speaking
when he was 2 years old. At 5 years of age, he was diag-
nosed with moderate ID with severe speech and mild mo-
tor DD. He was able to speak single words and was assessed
by his parents as having a developmental level roughly cor-
responding to a 2-year-old. His gait was unsteady without
assistance and did not follow a linear path when promp-
ted, but he could ride a bicycle with support wheels. No vi-

sual abnormalities were noted. The proband exhibited a
happy and social demeanor at times that devolved into
aggressive behavior when angry, which occurred when
presented with unexpected changes to daily routines. His
motor, speech, and social skills continue to develop slowly.
For example, he is unable to draw or write but can hold a
pencil between his thumb and index finger and recognizes
symbols. His speech continues to improve, but he still
cannot be understood by unfamiliar people. Finally, his so-
cial interactions with other children remain positive,
consistent with the happy demeanor noted at younger
ages. No seizures have been noted, and electroencephalo-
grams (EEGs) and MRIs have not been acquired.

Proband A657T.3 is a 13-year-old male with ID and
global DD. He exhibited early delays in gross and fine mo-
tor milestones, first sat up at 9 months of age, and began
walking at 19 months. Walking and running continue to
be uncoordinated and are accompanied by purposeful
but disorganized hand movements. Language develop-
ment was slow and included echolalia, and fewer than 10
words were used at 24 months of age. Currently his speech
is poorly articulated, slurred, and perseverative, but he can
communicate without devices. By 6™ grade, he had pla-
teaued at roughly a 1°' grade academic level. Neurological
assessments included attention deficit hyperactivity disor-
der (ADHD), anxiety, and impulsivity. A screening sleep
study showed possible epileptiform activity, and a subse-
quent screening EEG and overnight long-term monitoring
video EEG at ~10 years of age revealed sharply contoured
fronto-central epileptiform sleep features but no defini-
tively abnormal epileptiform discharges and no clinical
or electrographic seizures. He remains seizure free. An
MRI at 9 years of age was normal.

The A657T.4 proband is a 7-year-old male who was
referred to a pediatrician at the age of 18 months because
of general hypotonia. He began physiotherapy at
11 months because of delayed motor development and
began walking unaided at the age of 27 months. At the
age of 3 years, he was diagnosed with ASD. His language
development was slow; he began using words at 4 years
of age and his current use of speech is equivalent to that
of a 3-year-old. Articulation problems predominate and
make communication challenging, particularly with peo-
ple unfamiliar with his speech. His reading skills are appro-
priate for his age and his writing ability is progressing.
Development of both gross and fine motor skills continues
to be slow, and he has difficulty with balance. Socially, he
functions at the level of a 2-year-old and has a happy
demeanor. No seizures were reported, and no abnormal-
ities were observed on an MRI at 18 months of age or an
MRI with MR spectroscopy at 24 months of age. Metabolic
assessments were normal.

Individual A657T.5 is a 6-year-old female who was diag-
nosed with global DD within 9 months of age. She was able
to sit at around 18 to 20 months, crawl at around 18 to
24 months, and walk at the age of 5 years. She has an ataxic
gait and holds her arms out when walking. Hand flapping
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Table 2.

Clinical features of individuals harboring GRIK2 missense variants

Seizure
onset
Age (age in
Proband (years) Sex Diagnosis Motor dysfunction Hypotonia Hypertonia Visual impairment months) Myelination
A657T.1* 15 F ID, DD ataxia resolved N.O. N.O. N.O. normal
A657T.2 8 M 1D, DD uncoordinated gait N.O. N.O. N.O. N.O. N.R.
A657T.3 13 M ID, DD uncoordinated gait N.O. N.O. hypermetropia N.O. normal
astigmatism
A657T.4 7 M ID, DD, ASD imbalance resolved N.O. N.O. N.O. normal
A657T.5 6 F ID, DD ataxia N.O. N.O. N.O. N.O. N.R.
A657T.6 37 F ID, DD imbalance N.O. truncal N.O. N.O. normal
and limbs
T660K.1 5 M global DD not ambulatory truncal limbs nystagmus 8 abnormal
T660K.2 2 M global DD not ambulatory N.R. N.R. nystagmus 7 abnormal
T660K.3 2 F global DD not ambulatory truncal limbs CVI 8 abnormal
T660R.1 4 F global DD limited function truncal N.O. CVI 27 abnormal
(standing only)

T660R.2 12 M 1D, DD ataxia resolved N.O. strabismus N.O.¢ abnormal
1668T.1 12 M ASD N.R. N.O. N.O. N.R. N.O. N.R.

F, female; M, male; ASD, autism spectrum disorder; CVI, cortical visual impairment; DD, developmental motor and speech delay; ID, intellectual disability; N.O.,

not observed; N.R., not reported.

3proband A657T.1 was reported in an earlier study'” and is included for comparative purposes.
bProband A657T.6: autistiform behaviors were observed, but ASD was not formally diagnosed.
“Proband T660R.2: definitive seizures have not been observed, but the child did exhibit a single event during which he became unresponsive and his eyes deviated

upward.

occurs in response to sensory input. She tolerates changes
to her routine well and is generally quiet with more vocal-
izations in familiar environments. Prolonged, idiopathic
periods of screaming earlier in development have lessened
in frequency. At the age of 5, she began to talk and now can
string a few words together. Her vision and hearing are
normal. No seizures have been noted and an MRI has not
been acquired.

Unlike the other individuals in this report, individual
A657T.6is a 37-year-old female adult assessed during child-
hood for ID and delayed speech and motor development
when she first entered school. The ¢.1969G>A
(p-Ala657Thr) variant was identified in exome sequencing
in 2017 and then was established as de novo following trio
sequencing in 2018. Her cognitive function was assessed
recently to be at the level of an 18-to-36-month-old child.
Although she is unable to read or write, her speech is well-
developed and she communicates verbally with other peo-
ple. She experiences mood swings and can become aggres-
sive when her immediate environment changes or when
she is frustrated in her intentions. Her suite of behaviors
was characterized as autistiform, but the absence of a psy-
chological assessment precluded a formal diagnosis of
ASD. Motor development was delayed, but she is now
able to walk, albeit with difficulties in balance that result
in a lean to one side. She does not have seizures and her
MRI at 7-8 years of age was normal.

Clinical phenotypes of children with a GRIK2 c.1979C>A
(p-Thr660Lys) or c.1979C>G (p.Thr660Arg) variant

Five children with de novo variants of threonine 660 were
identified (Table 2). The T660K.1 proband is a 5-year-old
male born with global DD, congenital nystagmus, and
hearing impairment. He is confined to a wheelchair, ex-
hibits few movements, has truncal hypotonia with limb
hypertonia, exhibits occasional tongue thrusting, and
does not speak. At 8 months of age, he began experiencing
daily seizures. An EEG at 27 months was poorly organized
and lacked normal sleep architecture, consistent with se-
vere encephalopathy. Multifocal interictal spikes, multiple
tonic seizures, and clusters of epileptic spasms were
observed in the EEG. Lennox-Gastaut syndrome was diag-
nosed at 4 years of age on the basis of his history of refrac-
tory epileptic spasms; bilateral tonic, tonic-clonic, and
myoclonic seizures; severe encephalopathy; and global
DD. His current treatment regimen consists of ketogenic
diet with levetiracetam, vigabatrin, and valproic acid, but
these are only partially effective at seizure reduction.
MRIs were taken at the ages of 3 months, 18 months,
and 3 years 9 months and are shown at the level of the
midline (sagittal), lentiform nucleus (axial), and hippo-
campus (coronal) in Figure 1. The earliest MRIs showed
normal ventricles, extra-axial spaces, and cerebral white
matter volume. T2 hyperintensity was observed in the ce-
rebrum and deep white matter tracts. At 18 months, both
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Proband T660K.A1

Figure 1. MRIs reveal abnormal myelination in children with GRIK2 variants that alter threonine 660 in GluK2

A series of images from MRIs taken at the indicated ages are shown for proband T660K.1. Sagittal images are from T1-weighted pulse
sequences; T1 and T2 axial images are shown, and coronal images are T2 weighted. MRIs for other probands are axial images from
T1- and T2-weighted scans. Ages where not indicated on the figure are as follows: T660K.2, 10 months; T660K.3, 3 months; T660R.1,

11 months; T660R.2, 6 months. MRI, magnetic resonance imaging.
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ventricles and extra-axial spaces had slightly increased in
volume, which was particularly notable in the Sylvian
fissure. White matter volume was decreased relative to
the earlier images, and T2 prolongation suggested aberrant
myelination. A last set of MRI images at 3 years and
9 months of age revealed progressive enlargement of cere-
brospinal fluid spaces. The images also show reduced cere-
bral white matter relative to the earlier scans, continued
white matter abnormalities, and a thin corpus callosum.
Hippocampal and cerebellar atrophy was noted, but mal-
formations were not present, and the global pallidus ex-
hibited increased bilateral signal (Figure 1). The series of
images underscore a failure of myelination, both in vol-
ume and in character, which are consistent with a neuro-
degenerative trajectory.

The T660K.2 proband is a 2-year-old male with global DD
and horizontal congenital nystagmus. At 2 months of age,
he adopted an opisthotonic position and spastic move-
ments that gradually improved within several months. At
7 months of age, he was able to hold his head slightly and
sometimes fixate his gaze. He remains non-ambulatory
and does not speak. The child developed an intractable
seizure disorder (MIM: 600669) that began with epileptic
spasms and consisted of 6-10 bilateral tonic-clonic seizures
per day at 7 months of age; in the subsequent year, the sei-
zures reduced to 1-2 per day. His current course of treatment
manages the seizures well and consists of vigabatrin, val-
proic acid, and clonazepam. An MRI at 10 months indicated
that myelination had not progressed compared to images
taken 3 months earlier and revealed mild loss of white mat-
ter on both sides and dilated gyri consistent with atrophy
(Figure 1), similar to the T660K.1 proband. In addition,
the child developed bilateral and symmetric T2 hyperinten-
sities in the midbrain and dorsal pons.

The T660K.3 proband is a 2-year-old female with global
DD, early-onset breath-holding episodes, cortical visual
impairment (CVI), auditory neuropathy spectrum disor-
der, and a seizure disorder. This individual was reported
previously in a study on the performance and feasibility
of rapid exome sequencing in the context of people with
suspected monogenic disorders.”’ By 3 months of age,
she experienced truncal hypotonia and limb hypertonia
and was unable to fixate her gaze. Daily breath-holding ep-
isodes commenced at 5 months of age with a pattern of a
period of distress in the evening, which could last for
several hours, followed by a prolonged apnea with
cyanosis. An EEG showed no evidence of seizure activity
during the episodes. Breath-holding episodes ceased at
8 months old but were replaced by bilateral tonic seizures
lasting 5-30 s; clusters lasted from a few minutes to a few
hours each day. By 15 months, she was able to recognize
family members, but her responses were limited. This
assessment noted persistent clenched fists with some
opening and purposeful hand movements, no definite un-
derstanding of speech, and simple monosyllabic vocaliza-
tions. She was not yet sitting unsupported and still ex-
hibited truncal hypotonia and limb hypertonia.

Currently, she remains unable to walk or talk and con-
tinues to have severe to profound DD. An MRI at 3 months
highlighted mildly enlarged ventricles, extra-axial spaces,
and aberrant myelination in T2-weighted images (Figure 1).
The corpus callosum appeared complete but was generally
thin and had not increased in thickness as would be ex-
pected with increasing age. There was an absence of
normal myelin signal within the white matter on T2, T1,
and true inversion recovery scans and no progression of
myelination on MRI over a 12-month period. The appear-
ances were consistent with hypomyelination rather than
demyelination.

The T660R.1 proband is a 4-year-old female with global
DD, CVI, truncal hypotonia, and right-sided weakness
that were first noted at 4-5 months of age. She sat unas-
sisted at 1 year of age and was crawling by 18 months.
The individual now stands for approximately 20 s but
cannot walk without assistance. At 26 months of age, she
spoke her first word, but progress was very limited;
currently, she employs only two words and remains largely
non-verbal. She began having staring spells at about
20 months old; an EEG at that time was consistent with
potential epileptogenicity in the mesial fronto-central
and right temporal regions. Subsequently, at 27 months
she was diagnosed with focal symptomatic epilepsy and
seizures with impaired awareness that are managed with
oxcarbazepine. She continues to receive early intervention
services, including speech therapy, occupational therapy,
and physical therapy. Like the children with Thr660Lys
variants, an MRI at 11 months revealed aberrant myelina-
tion (Figure 1).

The T660R.2 proband is a 12-year-old boy who exhibits
significant ID and speech and motor DD. He remains
non-verbal with attempts at augmented communication
in progress. Initial hypotonia resolved by the time of a
neurological exam at 18 months. Walking with an un-
steady, ataxic gait began at 35 months. After initial stra-
bismus, which self-resolved, he does not have visual im-
pairments other than a requirement for corrective lenses.
A neurological exam at 2 years of age did not reveal defin-
itive seizures while under observation but did exhibit a sin-
gle event during which he became unresponsive and his
eyes deviated upward. No EEG has been performed on
the proband. Axial MRI revealed modest hypomyelination
that did not appear as severe as that in the children with
Thr660Lys variants (Figure 1).

Clinical phenotype of a child with a GRIK2 c.2003T>C
(p.11e668Thr) variant

The I668T.1 proband is a 12-year-old male diagnosed with
autism, overgrowth, and macrocephaly. His healthy father
has similar macrocephaly (+2.5 SD) and tall stature. The
proband sat unaided at 5.5 months; he said his first words
and walked independently at 12 months. His language
skills subsequently plateaued, and he exhibited isolation,
repetitive behaviors, and hand stereotypies consistent
with the diagnosis of ASD.
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Figure 2. Mapping of GRIK2 variants onto protein structures and analysis of tolerance ratios
(A) The primary sequence and key structural domains of the GluK2 subunit are shown in cartoon form together with the predicted di-

vergences from wild-type amino acids.
(B) Lollipop mapping of the sites of variants in this report (red lollipops), other missense variants (green), and a truncating variant (gray)

in the “hotspot” region in the M3 helix and M3-S2 linker domains.** Variant sites are from gnomAD.
(C) Missense tolerance ratio of GRIK2 variants analyzed with a 31 amino acid window. Red domains indicate highly intolerant regions of

the gene mapped onto the primary protein sequence. The relative positions of the variants in this study are shown with a brown bar at

the top.
(legend continued on next page)
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Structural modeling of GluK2 amino acid substitutions
The GluK2 Ala657, Thr660, and Ile668 residues are located
within the highly conserved M3 transmembrane domain
and adjacent M3-S2 linker region, as shown in the cartoon
representation of a single subunit protein with component
domains in Figure 2A." No variants at each of these sites
exist in gnomAD (Figure 2B).'%** Although missense vari-
ants are abundant in the initial part of the M3 helix, rela-
tively few occur in the distal M3 and the M3-S2 linker.
Accordingly, a missense tolerance ratio (MTR) analysis
did not reveal an unusual sensitivity to missense variants
in this protein domain with a 31-residue sliding window
(Figure 2C),”® underscoring the critical importance of
discrete residues transducing key functional components
of gating in these receptors.

In tetrameric iGluRs, M3 domains form the ion channel
pore and the M3-S2 linkers transduce the energy of agonist
binding in the LBD to channel gating (boxed region,
Figure 2D).”® The alanine at position 657 forms key inter-
helical interactions at the tip of M3 that stabilize the closed
structure of the pore and facilitate rapid deactivation and
desensitization of iGluRs (Figure 2D).>”"* In the closed
conformation of GluK2 KARs, threonine 660 also resides
at the tip of the M3 domain in GluK2 KARs and projects
into the channel pore, where it constricts the ion perme-
ation pathway (indicated with an asterisk in the top panel
and expanded in bottom left panel, Figure 2E).?® As with
the p.Ala657Thr variant, the replacement of a threonine
with a bulky and charged lysine or arginine at position
660 is predicted to destabilize the closed configuration of
the M3 domains. Finally, isoleucine 668 is located at the
distal end of the M3-S2 linker and forms hydrophobic in-
teractions in a small pocket at the base of the D2 lobe of
the LBD (highlighted with colored circles in the top panel
and expanded in bottom right panel, Figure 2E). The inter-
domain coupling between I1e668 and the S2 domain has
been proposed to be necessary for transducing conforma-
tional changes associated with agonist binding into pore
opening (Figure 2D).*° In summary, the four GRIK2 vari-
ants implicated in NDDs we describe here are positioned
in critical structural domains in the GluK2 subunit protein.

Functional effects of variants on GluK2-containing KARs

To determine whether the changes in protein structure
introduced by the GRIK2 variants alter channel function,
we generated recombinant GluK2 subunits containing the
analogous mutations and performed electrophysiological

analyses from homomeric and heteromeric KARs. We and
others reported previously that the GluK2 p.Ala657Thr
variant altered many functional parameters, which
included slowing desensitization, increasing the relative
steady state to peak current amplitude, decreasing the
ECs0 for activation by domoic acid, and apparent agonist-
independent channel opening.'”?’ In the current study,
we compared these parameters and others in KARs contain-
ing the wild-type GluK2 subunit or those harboring
p-Ala657Thr [GluK2(A657T)], p.Thr660Lys [GluK2(T660K)],
p-Thr660Arg [GluK2(T660R)], or p.Ile668Thr [GluK2
(1668T)] variants (Figure 3; Table 3).

We first carried out electrophysiological recordings from
homomeric receptors comprised of GluK2 wild-type or
mutant subunits expressed in HEK293-T/17 cells. Deacti-
vation time constants of the channels were determined
by fitting exponential functions to currents following a
1-2 ms application of 10 mM glutamate. The representa-
tive traces in Figure 3A illustrate the profound slowing
of deactivation in both the GluK2(A657T) and
GluK2(T660K/R) mutants by ~2 orders of magnitude rela-
tive to wild-type GluK2 receptors [GluK2 Tgeact: 2.5 =+
0.1 ms, n = 4; GluK2(A657T): 212 + 82 ms, n =4, p =
0.011; GluK2(T660K): 260 = 14 ms, n = 4, p = 0.002;
GluK2(T660R): 183 = 27 ms, n = 5, p = 0.023; Glu-
K2(1668T): 1.5 = 0.1 ms, n = 4, p = 1.0; values are mean
+ SEM and p values are compared to wild-type GluK2
via a one-way ANOVA with Tukey’s post hoc test] (Figures
3A and 3B; Table 3). The homomeric GluK2(A657T) and
GluK2(T660K/R) mutant KARs were indistinguishable in
their deactivation time constants.

We next compared peak current amplitudes and desensiti-
zation elicited by 1 s applications of glutamate. Mean peak
current amplitudes were lower in homomeric receptors
composed of GluK2(T660K/R) or GluK2(1668T) mutant sub-
units compared to wild-type GluK2 receptors (Figure 3C; Ta-
ble 3), and the reduced mean amplitude in GluK2(A657T)
mutants in this new data is consistent with our earlier obser-
vations.'” At a holding potential of —70 mV, 10 mM gluta-
mate evoked currents with a mean amplitude of 8.2 = 0.6
nA from wild-type GluK2 KARs (n = 47), 1.4 = 0.2 nA from
GluK2(A657T) (n = 54), 0.65 = 0.08 nA from GluK2(T660K)
(n=70),1.9 = 0.2 nA from GluK2(T660R) (n = 54),and 0.16
+ 0.02 nA from GluK2(1668T) (n = 47) (p < 0.0001 for all
comparisons to wild-type GluK2 KARs). Desensitization of
GluK2(T660K)- and GluK2(T660R)-containing KARs was
slower and relative steady-state currents were larger, similar

(D) Tetrameric structure of the homomeric GluK2 KAR (PDB: 5kuf);?° each subunit is color-coded and denoted as A, B, C, or D according
to convention.”” The boxed region harbors the protein variants and spans the bottom of the LBDs, the gating linkers, and external seg-

ments of the pore helices.

(E) The top box shows a side-on view of isoleucine 668 (1668) in the M3-S2 linker (circled, colored by chain) and threonine 660 (T660) in
M3 (starred). Alanine 657 (A657) projects into neighboring M3 helices and is not visible in this view. The top-down view of the M3 he-
lices reveals the projection of threonine side chains into the channel pore (asterisk marks threonine 660 in chain D). Alanine 657 sta-
bilizes interactions between M3 domains (circled in chain D). A closer view of isoleucine 668 with the atomic surface shown as red dots
illustrates the projection of its hydrophobic side chain into a pocket formed from residues in the S2 domain of the LBD. ATD, amino-
terminal domain; CTD, carboxy-terminal domain; LBD, ligand-binding domain; MTR, missense tolerance ratio; TMD, transmembrane

domain.
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Figure 3. Functional and biochemical characterization of homomeric mutant GluK2 KARs

(A) Representative whole-cell currents evoked by a 1-2 ms application of glutamate (10 mM, gray bar) from recombinant receptors
composed of the indicated subunits expressed in HEK293-T/17 cells. The holding potential was —70 mV in all recordings. Note that
the GluK2(A657T) and GluK2(T660K/R) mutant receptors exhibited two temporally distinct phases to the current decay.

(B) Quantitation of the decay tau values fitted either to one exponential function (WT and 1668T) or two components weighted by pro-
portional contributions (A657T and T660K/R).

(C) Mean peak amplitude of glutamate-evoked currents. Note the semi-log y axis.

(D) Representative whole-cell currents evoked by a 1 s application of glutamate (10 mM, gray bar) from recombinant receptors composed
of the indicated subunits.

(E) Quantitation of desensitization tau values fitted to two exponential decay functions weighted by proportional contributions.

(F) Quantitation of percent desensitization for glutamate-evoked currents.

(G) Representative traces in which two glutamate applications were made with variable intervals for generation of the time course of
recovery from desensitization. Glutamate was applied for 50 ms in these experiments.

(H) Quantitation of recovery from desensitization data. Tau values from the fits are given in the text.

(I) Quantitation of GluK2 KAR membrane expression in HEK293-T/17 cells. Receptor-expressing cells were exposed to biotin followed by
isolation on streptavidin-conjugated beads, separation on SDS-PAGE gels, and immunoblotting with anti-GluK2/3 or anti-actin anti-
bodies. Samples shown are input (“In”), cytosol (“Cy”), and surface (“S”). Wild-type GluK2 and GluK2(I668T) proteins are predomi-
nantly found on plasma membrane (S) relative to intracellular compartments (Cy), whereas surface localization of A657T and T660K/
R proteins is reduced. Biotin was omitted in the control (“Ctrl”) samples. The graph shows quantification of the data via densitometry
normalized to actin staining. Molecular weight markers are shown in kDa. Statistical significance is denoted as *p < 0.05; **p < 0.01; ***p
< 0.001; ****p < 0.0001. p values are also given in the text. WT, wild-type; wtd, weighted. Error bars represent SEM.

to those observed with GluK2(A657T) KARs, as is shown in  stants of desensitization derived from two-exponential fits
the traces in Figure 3D. In contrast, GluK2(I668T) receptors  to the currents were as follows: GluK2, 4.9 + 0.2 ms (n =
desensitized with a rapid time course indistinguishable 47); GluK2(A657T), 18 = 1 ms (n = 54, p < 0.0001);
from wild-type GluK2 KARs. The weighted mean time con- GluK2(T660K), 89 + 0.2 ms (n = 61, p = 0.03; not

The American Journal of Human Genetics 708, 1692-1709, September 2, 2021 1701



Table 3.

Summary of physiological parameters for homomeric wild-type and mutant GluK2 KARs

Degree of Peak Surface

GluK2 Deactivation Desensitization desensitization Glutamate amplitude localization

constructs (ms) (ms) (%) Recovery (s) ECs0 (LM) (—nA) (%)

Wild-type 2.5 0.1 49 £ 0.2 100 = 0 0.8 (0.7-0.9) 295 82 0.6 85 =3

p.Ala657Thr 212 + 82 18 1 91 =1 0.5 (0.4-0.6) 47 (11-179) 14 02 51 = 5 (p < 0.0001)
(p =0.011) (p < 0.001) (p < 0.0001) (p < 0.0001)

p.Thr660Lys 260 + 14 8.9 £ 0.2 (NS) 57 =1 0.5 (0.2-0.9) 19 (15-26) 0.65 = 0.08 16 = 5 (p < 0.0001)
(p = 0.002) (p < 0.0001) (p < 0.0001)

p.Thr660Arg 183 + 27 9.6 = 1.6 75 €1 0.9 (0.4-1.4) 52 (38-73) 1.9 = 0.2 12 + 6 (p < 0.0001)
(p =0.023) (p = 0.009) (p < 0.0001) (p < 0.0001)

p.lle668Thr 1.5+ 0.1 (NS) 1.7 = 0.1 (NS) 98 + 0.5 (NS) 2.4 (2.1-2.8) 3700 0.16 = 0.02 91 = 1 (NS)

(2,300-10,800)  (p < 0.0001)

7 values from fits to the data are given for deactivation, desensitization, and recovery from desensitization as described in the text. The data are expressed as mean
+ SEM. Statistical information is given where significantly different from wild-type GluK2 receptors, except for 95% confidence intervals shown for recovery from

desensitization and for the ECsq values. NS, not significant.

significantly different when corrected for familywise error
rates); GluK2(T660R), 9.6 = 1.6 ms (n = 53, p = 0.009);
and GluK2(1668T), 1.7 = 0.1 ms (n = 39, p = 0.19) (compar-
isons to mean weighted 745 Of wild-type GluK2 KARs;
Figure 3E; Table 3). Those mutant receptors with slower entry
into desensitization also had a much greater likelihood of
channel opening in the continued presence of glutamate,
which we measured as the percent desensitization from
peak to steady-state current amplitudes at the end of the
one second application [GluK2: 100% =+ 0%, n = 47; Glu-
K2(A657T): 91% = 1%, n = 54; GluK2(T660K): 57% =+
1%, n = 70; GluK2(T660R): 75% = 1%, n = 54; Glu-
K2(1668T): 98% + 0.5%, n = 46] (Figure 3F). All mutant re-
ceptors except for GluK2(I668T) were statistically different
from wild-type receptors at p < 0.0001 in a one-way
ANOVA with Tukey’s post hoc test. These data demonstrate
that all variants reduce peak current amplitude, but only
the M3 variants—GluK2(A657T) and GluK2(T660K/R)—
slowed channel kinetics and prevented full desensitization.
The rate of recovery from desensitization is a critical
gating parameter that in part determines the efficacy of
receptor gating over a range of stimulation frequencies.
We measured the effect of GluK2 mutants on KAR recov-
ery by comparing peak current amplitudes for pairs of
applications at a range of intervals (Figures 3G and
3H). As noted in previous experiments, GluK2(A657T)
and GluK2(T660K/R) currents did not desensitize
completely; thus, a substantial current was evoked by
glutamate even at the shortest interval of 50 ms. Fitting
of the normalized amplitudes (test relative to control) re-
vealed that recoveries for the GIuK2(A657T) and
GluK2(T660K) mutants were modestly faster than wild-
type GluK2, whereas GluK2(T660R) was equivalent to
wild-type GluK2 [t for GluK2: 0.8 s, 95% CI 0.7-0.9
s, n = 4; GluK2(A657T): 0.5 s, 95% CI 0.4-0.6 s, n = 4;
GluK2(T660K): 0.5 s, 95% CI 0.2-09 s, n = 4;
GluK2(T660R): 0.9 s, 95% CI 0.4-1.4 s, n = 4] (Table
3). Conversely, glutamate currents from GluK2(I1668T) re-
ceptors exhibited a markedly slower recovery (7. of 2.4

s, 95% CI 2.1-2.8 s, n = 4). The incomplete desensitiza-
tion and slow deactivation of GluK2(T660K) receptors, in
particular, would ensure that substantial currents are
gated by the mutant KARs even at high frequencies of
activation by glutamate.

Structural changes in key gating domains of iGluR sub-
units can impair biogenesis and plasma membrane expres-
sion in addition to altering channel function.’'** Accord-
ingly, we tested whether the reductions in mutant GluK2
receptor current amplitudes shown in Figure 3C resulted
from attenuated surface expression of receptor protein.
GluK2 receptors expressed in HEK293-T/17 cells were incu-
bated with or without biotin, isolated with streptavidin,
and then detected via immunoblotting with anti-GluK2/
3 antibodies (Figure 3I). Band densities were quantified
and expressed as the percent of receptors expressed on
the cell surface (Figure 3I). Wild-type GluK2 subunits
were predominantly expressed on the plasma membrane
(85% = 3%, n = 7), as has been reported previously.®' Sur-
prisingly, the GluK2(I668T) mutant was expressed to an
equivalent degree as wild-type receptors (91% + 1%, n =
5) despite >90% functional attenuation (Figure 3C).
KARs containing GluK2(A657T), GluK2(T660K), or
GluK2(T660R) mutations had significantly reduced surface
expression compared to wild-type GluK2 receptors [Glu-
K2(A657T): 51% = 5%, n = 5; GluK2(T660K): 16% =
5%, n = 5; GluK2(T660R): 12% = 6%, n = 3; p < 0.001
for each comparison] (Table 3). These data demonstrate
that the mutations within the M3 domain reduce GluK2
receptor surface expression, whereas KARs containing the
GluK2(1668T) mutant subunit traffic to the membrane effi-
ciently but are nearly non-functional.

We next determined the EC;q for activation of mutant
KARs by glutamate because the p.Ala657Thr variant and
changes to other residues directly involved in iGluR gating
also can alter the potency for channel activation (Table
3).293%3% Traces shown in Figure 4A are representative for
currents evoked by saturating glutamate (10 mM) and a
single test concentration [30 pM for M3 mutants and
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Figure 4. Concentration-response curves and constitutive activity of GluK2 mutants

(A) Representative whole-cell currents evoked by 1 s application of glutamate at two concentrations (10 mM, black traces; 30 uM, other
colored traces) from recombinant receptors composed of the indicated subunits expressed in HEK293-T/17 cells.

(B) Peak current amplitudes at a range of glutamate concentrations were normalized to current amplitudes evoked by 10 mM glutamate.

Logistic fits of the data yielded the ECsq data given in the text.

(C) Steady-state current amplitudes were normalized to peak currents over a range of glutamate concentrations before fitting with a lo-

gistic function.

(D) Representative traces showing the change in holding current after a 1 s application of 20 uM NASPM to cells expressing wild-type and
mutant GluK2 KARs. Data are quantitated as the positive change in current upon application of NASPM in the graph. n = 4-6 recordings
at each concentration. Error bars represent SEM. Statistical significance is denoted as *p < 0.05. p values are also given in the text. ECsq,
half-maximal effective concentration; KAR, kainate receptor; NASPM, 1-naphthyl acetyl spermine trihydrochloride; WT, wild-type.

100 puM for GIluK2(I668T)]. At the lower concentration,
GluK2 M3 mutants exhibit peak currents that modestly
surpass the steady-state currents, whereas GluK2(I668T)
was notably less responsive than wild-type GluK2 KARs
to glutamate at concentrations between 100 nM and
30 pM. Normalized concentration-response data were fit
to logistic functions (Figure 4B). GluK2 recordings yielded
a peak ECs( value of 295 uM and a Hill slope of 0.9, which
are close to the values reported previously." GluK2(A657T)
receptors were notable in that both the mean ECs and Hill
slope were lower (47 uM, ny = 0.3) than wild-type, and
consequently, the slope of the logistic function was
shallow, suggesting that the receptors contain multiple
binding sites with highly divergent affinities or cooperativ-

ity. These data are also consistent with an earlier proposal
that analogous AMPAR mutant channels could be gated
by extraordinarily low concentrations of glutamate present
at contaminant levels in nominally glutamate-free
extracellular solutions.** Glutamate ECs, values for
GluK2(T660K) and GluK2(T660R) currents were also lower
than wild-type, but in contrast to GluK2(A657T), ny
values did not differ from wild-type GluK2 currents
[GluK2(T660K): ECso = 19 pM, ny = 1.0; GluK2(T660R):
52 uM, ny = 0.8]. As noted, GluK2(1668T) receptors were
less sensitive to activation by glutamate, and accordingly,
the concentration-response curve was shifted to the right
relative to wild-type GluK2 (ECso = 3.7 mM, ny = 1.0).
Fitting of the concentration-response data for steady-state
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currents (normalized to peak current amplitudes) yielded
ECso values of 1.5 and 0.7 uM for GluK2(T660K) and
GluK2(T660R), respectively, which are greater than an or-
der of magnitude lower than wild-type GluK2 receptors
(Figure 4C).

Asnoted above, homomeric GluK2(A657T) receptors had
avery high affinity for glutamate; moreover, they lacked the
profound desensitization observed with wild-type GluK2
receptors, which resulted in “constitutive” channel gating
in nominally glutamate-free extracellular solution.'” We
therefore predicted that the GluK2(T660K/R) mutants
would demonstrate analogous agonist-independent cur-
rents in voltage-clamp recordings. Agonist-free activation
can be characterized by positive shifts in holding current
upon application of a polyamine pore blocker, which was
NASPM in this case (Figure 4D). Application of 20 uM
NASPM for 1 s did not alter the holding current in record-
ings from cells expressing wild-type GluK2 or GluK2(I1668T)
(Figures 4D and 4E). In contrast, a positive jump in holding

% desensitization
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Figure 5. Functional characterization of
wild-type and mutant heteromeric GluK2
KARs co-assembled with either GluK5 or
Neto2

(A) Representative whole-cell currents
evoked by a 1 s application of glutamate
(10 mM, gray bar) from heteromeric
GluKS5-containing  receptors  assembled
with the indicated GluK2 subunits ex-
pressed in HEK293-T/17 cells.

(B-D) Quantitation of the peak amplitude,
desensitization, and percent desensitization
for GluK2/GluKS receptors.

(E) Representative whole-cell currents
evoked by a 1 s application of glutamate
(10 mM, gray bar) from wild-type and
mutant GluK2/Neto2 receptors expressed
in HEK293-T/17 cells.

(F-H) Quantitation of the peak amplitude,
desensitization, and percent desensitization
for GluK2/Neto2 receptors. n = 7 [GluK2/
Neto2], 8 [GluK2(T660K)/Neto2], 5 [GluK2
(T660R)/Neto2], and 11 [GluK2(1668T)/
Neto2]. KAR, kainate receptor; Neto2, Neu-
ropilin- and tolloid-like protein 2; WT,
wild-type; wtd, weighted. Statistical signifi-
cance is denoted as *p < 0.05; **p < 0.01;
***p < 0.001. Error bars represent SEM.
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<600 \66?;
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200ms current was observed when NASPM

was applied to receptors containing
the GluK2(T660K/R) mutant subunits
(Figure 4D), which averaged 17 =+
8 pA (T660K) and 40 + 17 pA (T660R)
(n = 6 for both groups, p = 0.022 for
T660K and 0.018 for T660R via a Krus-
kal-Wallis test). The data therefore pro-
vide supporting evidence that the
GluK2(T660K/R) mutants were acti-
vated tonically in nominally gluta-
mate-free extracellular solution, like
GluK2(A657T) receptors.'”

Many neuronal KARs are hetero-
meric assemblies of subunits that include the GluKS sub-
unit, which is expressed by a large proportion of neurons
in the central and peripheral nervous systems®>*® and
therefore most likely represents a constituent of many
KARs in the brain.*” To determine whether the GRIK2 var-
iants also influence properties of heteromeric, GluK5-con-
taining receptors, we carried out voltage-clamp recordings
from transfected cells expressing wild-type or mutant
GluK2 subunits and GluKS (Figures SA-5D). [The proper-
ties of GluK2(A657T)/GluKS receptors were reported previ-
ously.'”] Co-assembly of the mutant GluK2 subunits with
GluKS5 altered current characteristics and introduced un-
usual features to the gating of a subset of the receptors
(Figure S5A). Application of saturating glutamate to
GluK2/GluKS receptors evoked a current that desensitizes
more rapidly (1.8 = 0.2 ms, n = 7) than homomeric
GluK2 receptors (4.9 + 0.2 ms, n 47). The
GluK2(T660K/R) mutants exhibited large tail currents
upon removal of glutamate. This unusual gating behavior

ey
\66%
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has been described previously'’**3? and results from

incomplete desensitization during partial agonist occu-
pancy of heteromeric KARs. GluK2(T660K)/GluKS5 recep-
tors also displayed a steady-state current amplitude lower
than the control current, which arises from desensitization
of the tonic current associated with the nominally agonist-
independent activation described in the NASPM experi-
ments. In contrast, GluK2(T660R)/GluKS receptor currents
did not desensitize to the same degree and therefore did
not exhibit a positive displacement during glutamate
application, despite the presence of the tonic current
noted previously. Peak amplitudes for all three of the
mutant heteromeric receptors were reduced by 3- to 18-
fold compared to wild-type GluK2/GluKS receptors
[GluK2/GluKS: 1.1 += 0.3 nA, n = 7; GluK2(T660K)/
GluKs: 0.11 = 0.05 nA, n = 8, p < 0.0001;
GluK2(T660R)/GluKS: 0.38 = 0.09 nA, n =5, p = 0.009;
GluK2(I668T)/GluKS5: 0.06 + 0.01 nA, n = 15, p <
0.0001] (Figure 5B). Desensitization rates for GluK2 mu-
tants with GluKS were not different from wild-type
GluK2/GluKS receptors (Figure 5SC), and the percent desen-
sitization from peak current varied as shown in Figure 5D
(GluK2(T660K) had >100% because of desensitization of
the tonic current).

Lastly, we determined how the auxiliary protein Neto2
altered gating of KARs composed of GluK2 wild-type and
mutant subunits (Figures SE-5H). The most striking feature
of the glutamate-evoked currents from GluK2(T660K/R) re-
ceptors with Neto2 was their relatively large steady-state
current due to incomplete desensitization (Figure SE).
Peak amplitudes were reduced by >80% for each of the
mutant GluK2/Neto2 combinations (p < 0.0001 compared
to wild-type GluK2/Neto2, Figure 5F). Neto2 slowed desen-
sitization when assembled with wild-type GluK2 receptors
(Tages 13 = 2 ms, n = 7). The auxiliary subunit had a similar
effect on GluK2(T660K)/Neto2 receptors (21 = Sms, n=8§;
p =0.15), but GluK2(T660R)/Neto2 KARs (26 + 4 ms, n=1S5;
p = 0.015) desensitized slower than wild-type GluK2-Neto2
receptors (Figure 5G). Unexpectedly, desensitization of Glu-
K2(1668T)/Neto2 receptors was more rapid than wild-type
(2.7 £ 0.1 ms, n = 11; p = 0.018), although this parameter
was not significantly different when corrected for family-
wise error rate. Quantification of the degree of desensitiza-
tion underscored the observation that steady-state currents
were nearly half the amplitude of peak currents—roughly
50-fold larger than wild-type GluK2/Neto2 steady-state cur-
rents (Figure SH). These data indicate that Neto2 modulates
disease-causing variants of GluK2 receptors by altering the
entry into the desensitized state and, in the GluK2(T660K/
R) mutants, increasing the likelihood of channel opening
in the presence of glutamate.

Discussion
Complex variants that potentially cause bi-allelic LoF of

GRIK2 were the first in iGluR genes to be identified as co-
segregating with ID in individuals from a consanguineous

family,'® and missense and LoF variants in other GRIK

genes have been associated with neurological disorders in
genetic studies.”’ However, the extent to which mono-
allelic missense GRIKZ2 variants underlie NDDs is not clear,
and missense variants have not been studied in cellular or
animal models. In an earlier case study, we described a
child whose NDD resulted from a de novo GRIK2
p.Ala657Thr variant.'” Here, we report eleven additional
cases of individuals with likely pathogenic variants at three
positions in GRIK2 who exhibit a diverse set of develop-
mental and behavioral phenotypes. The GRIK2 variants
occur within a domain characterized as a “hotspot” for dis-
ease-associated variants in several other iGluR genes.'''?
Each of the four GRIK2 variants profoundly alter GluK2-
containing KAR function, and thus, our study underscores
the critical importance of appropriate KAR signaling dur-
ing early development of the CNS.

Genetic variants at positions encoding orthologs of
alanine 657 occur in at least one member of all four iGluR
gene families,'"*"* including the GRIK2 variant reported
previously (A657T.1) and in the five additional probands in
the current study.'” The individuals with identical GRIK2
substitutions at this site have similar neurodevelopmental
phenotypes but vary in their severity. All individuals with
the p.Ala657Thr variant have ID; the five children show
mild to prolonged delays in motor and speech develop-
ment, whereas the single adult with this variant learned
and employs speech but cannot read or write. Probands
A657T.1 and A657T.5 have congenital gait ataxia, and
the other four individuals exhibit poor balance or uncoor-
dinated walking. Disorganized hand movements or flap-
ping also was observed in several children. Three of the
five children are reported to have happy demeanors, but
the adult, A657T.6, has mood swings that can manifest
as aggression, a behavior also exhibited by individual
A657T.2. Development of the brain appears normal in
the five individuals for whom MRIs are available, which
most notably, distinguishes them from all the children
with Thr660 variants. Other features of their disorders
appear in only a few individuals; for example, proband
A657T.3 was diagnosed with ADHD and only probands
A657T.4 and A657T.6 were diagnosed with ASD or exhibit
autistiform behaviors.

Children with variants in the GRIK2 codon for threonine
660 exhibited a spectrum of severe neurological and
anatomical phenotypes that included intractable daily sei-
zures (predominantly in children with the p.Thr660Lys
variant), visual dysfunction, and the marked aberrant mye-
lination observed in MRIs (in all five probands with
Thr660 variants). Collectively, these observations high-
light that there is a relatively homogeneous NDD pheno-
type associated with alteration of threonine 660. The
abnormalities in MRIs in children with either p. Thr660Lys
or p.Thr660Arg were not observed in other probands with
GRIK2 variants and most likely underlie at least some of
the neurological dysfunction in these children. The series
of images at three developmental time points for proband
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T660K.1 are suggestive of a neurodegenerative trajectory
on the basis of the reductions in white matter volume, fail-
ure of white matter to mature appropriately, and the atro-
phy of some brain regions at the 3 years and 9 months time
points. Notably, a variant at the analogous site in the AM-
PAR gene GRIA2 (MIM: 13847) alters threonine 646 to
asparagine (GluA2 p.Thr646Asn) and results in a pheno-
type reminiscent of the MRI changes observed in children
with GluK2 Thr660Lys variants—that is, white matter ab-
normalities consistent with hypomyelination.'” The
GluA2 p.Thr646Asn proband also suffered from cerebellar
degeneration'? reminiscent of the appearance of cerebellar
atrophy in the T660K.1 proband. It remains unclear why
myelination fails to mature appropriately in children
with either the GRIK2 or GRIA2 variants that lead to alter-
nate residues at threonine 660. KARs are expressed by pro-
genitor cells and some mature oligodendrocytes,** and
thus, a direct alteration of oligodendrocyte maturation is
one possibility—especially given that over-activation of
the receptors can result in excitotoxicity of glial cells and
white matter damage.***°

Each of the three probands with p.Thr660Lys variants
developed epilepsies characterized by daily seizures and
poor response to treatment. The severity of their epilepsies
distinguishes them from children with the structurally
similar p.Thr660Arg variant, who developed treatment-
responsive epilepsy syndromes (T660R.1) or did not
exhibit epilepsy (T660R.2). In addition to delayed myelina-
tion and epilepsy or electrographic abnormalities, most of
the children with T660 variants have visual deficits that
presented as nystagmus (T660K.1 and T660K.2) and CVI
(T660K.3 and T660R.1). The GluK2 subunit is expressed
in all areas of the visual system, including in the visual cor-
tex and retina, where it is are localized to photoreceptor
synapses*® and is expressed by amacrine and a small subset
of ganglion cells.*” What role these receptors play in vision
is unknown, however. In the T660K.3 proband, the rare
combination of CVI paired with auditory neuropathy spec-
trum disorder is consistent with a central myelin disorder.
These observations and the neuroimaging features of de-
layed or hypomyelination suggest that GRIKZ variants
should be added to the diagnostic etiologic list of disorders
of white matter and epilepsy syndromes.*®

Individuals with variants at alanine 657 and threonine
660 exhibit surprising differences in disease severity and
presentation despite the proximity of the two residues
and similar effect of the subunit mutations on channel bio-
physical parameters. Substitution of a threonine in the
p-Ala657Thr variants is poorly tolerated by the hydropho-
bic M3 domains and significantly increases the likelihood
of opening upon agonist binding,”” and it seems likely
that Thr660 substitutions similarly alter coupling between
binding and gating. Resolution of tetrameric GluA2 struc-
tures containing mutations in the residues analogous to
Ala657 (to a threonine) and Thr660 (to a glycine) predict
that the variants induce structural changes in the M3-S2
gating linker rather than the M3 helix itself.*’

The function and biogenesis of neuronal GluK2-contain-
ing KARs are most likely altered in diverse ways that produce
the distinct phenotypes observed in individuals with the
respective GRIK2 variants. Activation of neuronal KARs con-
taining either Ala657 or Thr660 variant subunits will most
likely occur at much lower concentrations of the neurotrans-
mitter—possibly even in the 25-100 nM range estimated to
be the ambient extracellular glutamate concentration in the
CNS.#959 As well, the slow deactivation rates of both Glu-
K2(A657T)- and GluK2(T660K/R)-containing receptors
(Figure 3) predicts that the time course of postsynaptic
KAR-mediated depolarizations will be prolonged. Alteration
of KAR signaling due to incorporation of the variant subunits
will be also be neuron specific because functional
properties are shaped by inclusion of other subunits (e.g.,
GluKS, Figures SA-5D) or auxiliary proteins (Neto2, Figures
SE-SH). Subtle differences exist in receptor function and
biogenesis, though, which we speculate could underlie the
distinct neurodevelopmental outcomes of variants at the
two sites. Although deactivation and desensitization rates
were similarly slow for homomeric GluK2(A657T) and
GluK2(T660K/R) mutant receptors, steady-state currents
were much larger in proportion to peak currents for both
GluK2(T660K) (43%) and GluK2(T660R) (25%) compared
to either wild-type GluK2 (~1%) and GluK2(A657T) (9%)
(Figure 3). This phenomenon was even more pronounced
when the receptors were co-expressed with the Neto2 auxil-
iary protein (Figure 5).!” Peak currents evoked from
GluK2(T660K/R) mutants were also significantly reduced,
and this functional attenuation was as least partially attribut-
able to low receptor expression on the plasma membrane
(Figure 3I). Thus, on the basis of the channel properties we
measured, the salient differences between GIluK2(A657T)
and GluK2(T660K/R) mutant subunits were that the latter
exhibited larger equilibrium currents but reduced membrane
expression. To the extent that it is possible to predict from
studies of recombinant KAR function, individuals with
p-Thr660 variants might have a partial loss of GluK2-depen-
dent KAR signaling while also gating equilibrium currents
through those receptors during development. In contrast,
p-Ala657Thr could result in a gain of function in GluK2-
dependent KAR signaling in that peak conductances would
not be affected while their decay kinetics would be signifi-
cantly prolonged. It remains unknown how these differences
in KAR biophysical function are ameliorated by the expres-
sion of GluK2 subunits derived from the wild-type GRIK2
allele in heterozygous individuals. Moreover, expression of
the GluK2 isoforms most likely occurs during early stages
of development and has the potential to alter axon
outgrowth,’** maturation of neurons and circuits,>*>*
and other critical processes that may be relevant to children
harboring these variants.

The single individual with a variant at the codon for isoleu-
cine 668 was diagnosed with ASD with no other neurological
symptomology. GRIK2 has been identified as a susceptibility
gene for ASD,””°! and LoF has been implicated as causative
for autism-like behavioral phenotypes in animal models.®
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The functional consequence of the p.lle668Thr variant was
distinct from both wild-type GluK2 and the other GluK2
mutant subunits in this study: homomeric and heteromeric
GluK2(1668T) KARs exhibited markedly reduced peak cur-
rent amplitudes and very fast gating kinetics but undimin-
ished homomeric receptor localization to the plasma mem-
brane when expressed in heterologous cells. These altered
channel properties are consistent with the central role that
the residue is thought to play in coupling agonist binding
and associated conformational changes with pore opening.
Crystallographic resolution of a tetrameric GluA2 AMPA re-
ceptor demonstrated that the side chain of isoleucine 668
(Ile633 in GluA2) projects from its position in the M3-S2
linker into a complementary hydrophobic pocket formed
from residues at the base of the D2 lobe, thereby bridging
the binding and gating domains.*° Elimination of the hydro-
phobic connection between the LBD and M3-S2 linker
through mutagenesis of isoleucine 633 in GluA2 resulted
in an “uncoupled” phenotype in which the efficacy of ago-
nism was greatly reduced.”” If 1le668 plays an analogous
role in the GluK2 subunit, it is likely that individuals
harboring this GRIK2 variant will have a partial LoF in those
KARs containing the GluK2 subunit.

In summary, we report eleven individuals with disease-
causing variants in GRIK2 and characterize the conse-
quences of the variants on receptor function. Given the
recurrent nature and de novo occurrence in individuals
with complex NDDs, as well as our comprehensive func-
tional analysis, we conclude that these missense GRIK2
variants are likely pathogenic and that GRIKZ is an NDD-
associated gene. The pathogenic mechanisms that underlie
the spectrum of phenotypes in individuals with missense
GRIK2 variants are likely complex; however, some geno-
type-phenotype correlations are emerging, including the
striking finding of severe epilepsies in the three individuals
with the Thr660Lys variant. These results complement a
recent genetic analysis that found a strong association be-
tween variants in several KAR and auxiliary subunit genes
with neurological and NDDs.*’ Further mechanistic
studies and analysis of GRIK2 variants in model system or-
ganisms will be required for more clear understanding of
KAR contributions to NDDs and for aiding in the develop-
ment of precision therapies.

Data and code availability

Additional clinical data supporting the current study have not been
deposited in a public repository because they are assessments of in-
dividuals. The ClinVar accession numbers for the GRIK2 variants
are c.1969G>A (p.Ala657Thr): SCV001754562, c.1979C>A (p.Thr
660Lys): SCV001754563, c.1979C>G (p.Thr660Arg): SCV00
1754564, and c.2003T>C (p.lle668Thr): SCV001754565. Other
data are available from the corresponding author on request.
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