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predicts a shift in the D-serine binding
domain of GluD2 in a case with generalized
brain atrophy and unusual clinical features
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Abstract

Background: Spinocerebellar ataxias comprise a large and heterogeneous group of disorders that may present
with isolated ataxia, or ataxia in combination with other neurologic or non-neurologic symptoms. Monoallelic or
biallelic GRID2 mutations were recently reported in rare cases with cerebellar syndrome and variable degree of
ataxia, ocular symptoms, hypotonia and developmental delay.

Case presentation: \We report on a consanguineous family with autosomal recessive childhood onset of slowly
progressive cerebellar ataxia and delayed psychomotor development in three siblings. MRI of an adult and affected
family member revealed slightly widened cerebral and cerebellar sulci, suggesting generalized brain atrophy, and mild
cerebellar atrophy. Using whole exome sequencing we identified a novel homozygous missense variant [c2128C>T, p.
(Arg710Trp)] in GRID2 that segregates with the disease. The missense variant is located in a conserved region encoding
the extracellular serine-binding domain of the GluD2 protein and predicts a change in conformation of the protein.

Conclusion: The widespread supratentorial brain abnormalities, absence of oculomotor symptoms, increased peripheral
muscle tone and the novel missense mutation add to the clinical and genetic variability in GRID2 associated cerebellar
syndrome. The neuroradiological findings in our family indicate a generalized neurodegenerative process to be taken
into account in other families segregating complex clinical features and GRID2 mutations.

Keywords: Cerebellar syndrome, Cerebral atrophy, Developmental delay, GRID2 gene, GluD2, Whole exome sequencing,

Mutation, 3D protein modeling

Background

Early onset autosomal recessive spinocerebellar ataxias
constitute a heterogeneous group of mostly progressive
disorders [1]. To date more than 40 different spinocerebel-
lar ataxia (SCA) types are described with an extensive
genetic heterogeneity and with all modes of transmissions
represented [2]. Typical clinical features are ataxia with
loss of gait and limb coordination, dysarthria, sometimes
accompanied with altered ocular movements. The clinical
expression is variable between, as well as within the
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different clinical entities and may include cognitive decline
and intellectual disability (ID). Recently, deletions involv-
ing the GRID2 gene, encoding the glutamate receptor
subunit delta-2 (GluD2) protein, were reported in families
segregating autosomal recessive cerebellar syndrome with
infantile onset [3-5]. Affected individuals showed slowly
progressive hypotonia, developmental delay, abnormal eye
movements, ataxia and dysarthria. Radiological investiga-
tion revealed cerebellar atrophy, in a few cases with pon-
tine involvment. Furthermore, heterozygous GRID2
mutations, including three missense variants, have been
identified in rare cases with variable onset of cerebellar
ataxia, ocular symptoms and cognitive impairment [6, 7].

© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12881-017-0504-6&domain=pdf
http://orcid.org/0000-0002-8122-0800
mailto:niklas.dahl@igp.uu.se
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Ali et al. BMC Medical Genetics (2017) 18:144

In this study, we performed exome sequencing in a
consanguineous Pakistani family segregating autosomal
recessive early-onset cerebellar syndrome and global de-
velopmental delay in three affected siblings. The com-
bined clinical, radiological and genetic findings add
further genotype-phenotype correlations to GRID2 asso-
ciated ataxia.

Case presentation

We identified a consanguineous Pakistani family segregat-
ing congenital or infantile onset of autosomal recessive
SCA with developmental delay and moderate intellectual
disability in three siblings (Fig. 1a). Family history revealed
that the affected individuals produced their first words at
ages 3-4 years and learned to walk without assisted ambu-
lation at ages 7-8 years. The delay was accompanied by in-
creased and stationary peripheral muscle tone since
childhood. As adults, the affected siblings speak with 3-4
words sentences, often without logic, using a total vocabu-
lary of approximately 100 words. They required help with
self-care such as dressing, feeding and self-cleaning. Exam-
ination of the three affected and two unaffected siblings as
well as their mother was performed by a neurologist. The
main clinical features of the family members investigated at
adult age are summarized in Table 1. The examination
revealed increased peripheral muscle tone in the three
affected siblings whereas ocular symptoms (nystagmus,
upgaze) were absent. Visual acuity was normal but eye
fundus examination was not possible to perform. Based on
the structured interview and the clinical investigation, the
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cognitive impairment was considered stationary from ado-
lescence equivalent to moderate intellectual disability.

One affected individual (IV:2) was available for MRI
investigation. The investigation was performed at age
47 years and revealed a slight general brain atrophy that
was more pronounced in supratentorial regions
(Fig. 1b-c). Cerebellar hemispheres and vermis showed
mild atrophy (Fig. 1d-e) whereas the brainstem had nor-
mal appearance. The assessment was performed qualita-
tively by a neuroradiologist (JW) with 25 years of
experience and based on literature findings in subjects at
different ages, and is considered accurate for clinical
assessment of individual patients [8].

Whole exome sequencing, genetic analysis and 3D
protein modeling

The mode of inheritance and the extensive genetic hetero-
geneity in SCA prompted us to perform whole exome
sequencing (WES) on DNA from two affected individuals
(ind. IV:2 and IV:3) on the Ion Proton System (Life
Technologies, Carlsbad, CA, USA) as described previously
[9]. Alignment of reads to the human reference sequence
(hgl9 assembly) and variant detection was performed using
v2.1 of the LifeScope™ Software (Life Technologies,
Carlsbad, CA, USA). SNPs and indel data was stored in an
in-house exome database together with variant annotation
information obtained from ANNOVAR and dbSNP135
[10]. Custom R scripts were used to identify potentially
damaging variants that were shared between the patients
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Fig. 1 Pedgree, genotypes and MRI of the consanguineous family segregating the GRID2 variant (a) Pedigree and genotypes of the
consanguineous family segregating GRID2 mutation c.2128C > T, p.(Arg710Trp). (b) MRI findings in ind. V:2 showing slight to moderate widening
of cerebral ventricles (arrow). (c) Slight to moderate widening of cerebral sulci (long arrow) and prominent perivascular spaces (short arrow). (d)
Slightly widened cerebellar sulci (short white arrow). (e) Widened cerebellar sulci (short white arrow). The retrocerebellar arachnoid cyst with
slight compression of the vermis (long white arrow) and some degree of intrasellar cisternal herniation (black arrow) are likely incidental findings.
The combined MRI findings indicate a slight and general brain atrophy without involvement of the brainstem. Transverse (b-d) and sagittal (e)
T2-weighted images. Images were obtained on a 1.5 T scanner, and included sagittal T1- and T2-weighted and axial T2-weighted images with a
slice thickness of 5 mm. The abnormalities were assessed qualitatively and based on age related reference subjects [8]
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Table 1 Clinical features of family members
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Individual

I11:1° 1:2 IV:1 IV:2 V3 V4 IV:5
GRID2 genotype NI T 2 /T /T /T c/C
Gender M F M M M F F
Age (years) at exam tat70 75 53 47 45 40 35
Age at onset (ataxia) - - - Congenital Congenital Congenital -
Cognitive impairment - - - Moderate intellectual ~ Moderate intellectual ~ Moderate intellectual -

disability disability disability
Atactic gait - - - + + + -
Dysmetria - - - + + + -
Dysdiadochokinesis NI - - + + + -
Dysarthria - - - + + + -
Peripheral muscle tone Normal ~ Normal  Normal Increased Increased Increased -
Nystagmus upgaze/ NI - - - - - -
saccadic pursuit
Ambulation Normal ~ Normal ~ Normal  Walk independently Walk independently f ~ Walk independently Normal
from age 7-8 years rom age 7-8 years from age 7-8 years

MRI findings NI NI NI General atrophy NI NI NI
Babinski sign NI - - - - - -
Delayed motor development - - - + + + -
Body length (cm) NI 149 171 172 162 152 150
Head circumference (cm) NI 55 555 56 55.5 53 535
+ = present; — = absent;; NI = not investigated, F = female, M = male, t = deceased

?Ind. llI:1 died at age 70 years and his clinical data are based on anamnestic information from 11I:2

while not present in any of the other ~2000 exomes in the
in-house database.

Segregation analysis on DNA from all seven available
family members was performed by bidirectional Sanger se-
quencing (Applied Biosystems Big Dye Terminator
v3.1 Cycle Sequencing Kit, Applied Biosystems, Life Tech-
nologies, Carlsbad, CA, USA) on a 3730xl DNA Analyzer
(Applied Biosystems, Life Technologies, Carlsbad, CA,
USA). Sequencher software (Gene Codes Corporation,
Ann Arbor, MI, USA) was used for analysis of Sanger
sequencing results. In silico predictions of the effect of gene
variants was performed using PolyPhen-2, MutationTaster
and PROVEAN [11-13]. The possible effect of the variant
on splicing was investigated using BDGP: Splice Site
Prediction [14].

The WES data was filtered for shared homozygous or
compound heterozygous variants in the two sequenced
individuals. Filtering revealed two homozygous and
twelve compound heterozygous non-synonymous single
nucleotide variants, including a homozygous ¢.2128C >
T, p.(Arg710Trp) missense variant in the GRID2 gene.
Among the 14 recessive variants, 13 was excluded either
by segregation analysis in our family or by being present
in homozygous form in the GnomAD database without
associated neurological features [15, 16]. Based on the
previous association of GRID2 variants with SCA and

the absence of other candidate variants we considered
the ¢.2128C > T variant as a likely genetic cause for the
disease. Sanger sequencing revealed that all three
affected individuals are homozygous for the variant
while two asymptomatic family members (one sibling
and the mother) are heterozygous (Figs. 1a and 2a). The
resulting amino acid substitution p.(Arg710Trp) alters
an evolutionary conserved residue in encoding the extra-
cellular serine-binding domain of the protein (Fig. 2b—d)
[17]. The GRID2 variant was predicted to be damaging
by MutationTaster (disease causing), PolyPhen-2 (prob-
ably damaging with a score of 1) and PROVEAN (dele-
terious with a score of -4.39). Furthermore, the variant
was excluded in 200 ethnically Pakistani control chro-
mosomes and it is not present in the EVS data release
(ESP6500) on the Exome Variant Server, NHLBI GO
Exome Sequencing Project (ESP), Seattle, WA or the
Exome Aggregation Consortium (ExAC) database, sug-
gesting that the missense mutation is very rare [18, 19].
We reported the GRID2 variant to the ClinVar database
with the submission accession: SCV000502994.1 [20].
Structure of the ligand-binding core of GluD2 in com-
plex with the position of D-serine was retrieved from
the protein data base (PDB; rcsb.org/pdb; PDB ID:
2v3u). The relative position of residue 710 in relation to
D-serine was visualized using RCSB - Protein Workshop
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Fig. 2 Analysis of the GRID2 variant and 3D modeling of GluD2. (a) Sequence chromatogram of genomic DNA showing part of the GRID2 gene
obtained from the healthy sibling IV:5 (top), the heterozygous mother (middle) and a homozygous affected individual IV:2 (bottom). Arrows
indicate the position of the c.2128C > T transition. (b) Degree of conservation of the Arg710 residue (shaded, bottom) across different species. (c)
Relative position of the p.(Arg710Trp) substitution in the second extracellular serine-binding domain of the GRID2 protein. NH,: N-terminus; COOH:
C-terminus. (d) Overview of the 3D structure of GluD2 protein with D-serine circled in red (left box). Enlargement of the D-serine binding domain
of GluD2 with juxtaposition of the w.t. (p. Arg710) and the mutated (p.Trp710) residues at position 710 (middle box). The p.Arg710Trp substitution
predicts a slight conformational change in the a-helix of the ligand binding domain (right box). The position of D-serine is circled in red

Viewer [21]. The effect of the variant at the protein level
was investigated using BuildModel command in FoldX
(foldxsuite.crg.eu) together with the YASARA software
to introduce the change p.Arg710Trp (corresponding
amino acid in the ligand-binding core model is Trp162)
[22]. Juxtaposing the structure of the GluD2 protein
with p.Trp710 showed that the a.a. substitution predicts
a minor conformational change of the ligand binding do-
main illustrated by a slight shift of the a-helix (Fig. 2d).

Discussion and conclusions

The GluD2 protein, encoded by GRID2, is a member of
the ionotropic glutamate receptor family that mediates ex-
citatory synaptic transmission [17]. Studies on mice have
revealed that Grid2 is expressed primarily in the Purkinje
cells and it is essential for the formation and organization
of synapses [23, 24]. Furthermore, mice with homozygous
disruption of Grid2 show ataxia and mild cerebellar hypo-
plasia [25]. In humans, a few studies have recently reported
on GRID?2 gene variants in cerebellar syndrome with vari-
able clinical expression. Characteristic features include
slowly progressive SCA, ocular symptoms including upgaze
and nystagmus, hypotonia, developmental delay with cog-
nitive decline, and reduced volume of cerebellar vermis.
The symptoms have been associated with both biallelic or

monoallelic mutations indicating alternate patterns of in-
heritance [3-7].

Our combined data show that a novel and homozy-
gous missense variant in the GRID2 gene is associated
with the clinical features in our family. Furthermore,
the observations confirm that the gene is essential for
normal cerebellar development and function. In
addition, results from MRI of one affected individual
suggest that the GRID2 mutation in our family is as-
sociated with atrophy of supratentorial brain regions
detected as a generalized, moderate widening of cere-
bral sulci. The supratentorial changes were revealed
at adult age and although the intellectual disability
appeared stationary from adolescence, it cannot be
excluded that the MRI abnormalities reflect a late
stage of the disease and in cases with overt cognitive
symptoms. Interestingly, the cerebellar abnormalities
showed atrophic changes but these were surprisingly
mild. Unfortunately, only one out of the three af-
fected siblings were available for MRI and individual
variations among the three affected siblings cannot be
excluded. Furthermore, all three patients in our study
presented with peripheral hypertonia since early child-
hood as well as normal oculomotor functions and vi-
sion. This adds to the features in all previously
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reported with GRID2 associated cerebellar
syndrome.

The clinical variability and the presence of both reces-
sive and dominant inheritance for GRID2 mutations are
puzzling. Interestingly, alternate inheritance patterns have
been observed in other neurological disorders, e.g. in
SPG7 due to paraplegin mutations [26] and in SPG3 due
to atlastin mutations [27]. It may be hypothesized that the
variability is caused by the position and structure of the
mutation and/or by gene modifiers. All ionotropic glutam-
ate receptor family members (iGluRs), including Glud2,
consist of two extracellular domains, an amino-terminal
and a ligand binding domain (ATD and LBD). The ATD
binds to a Cerebellin-1 Precursor (CbInl) hexamer,
thereby anchoring Glud2 to beta-neurexin (3-NRX1). This
results in a conformational change and allows for binding
of the ligand D-serine that leads to an opening of the ion
channel [28]. The activation of GluD2 by D-serine regu-
lates long-term depression (LTD) at synapses between
parallel fibers and Purkinje cells in the immature cerebel-
lum [29]. The missense variant in GRID2 in our study al-
ters a highly conserved residue in the D-serine binding
site of GluD2 predicted to be damaging. No missense mu-
tations have previously been reported within this domain
of the GluD2 protein. Thus, it cannot be excluded the
atypical clinical features associated with homozygosity for
the GRID2 variant reported herein are caused by specific
effects on synaptic transmission. The fact that the two het-
erozygous carriers for the gene variant present without
any neurological or cognitive symptoms supports auto-
somal recessive inheritance and suggests an additive effect
of two mutated alleles in our family. The GluD2 residue
710 is situated in the D-serine binding domain but outside
the ligand interacting region. Furthermore, the amino acid
change predicts a minor conformational change of the do-
main detected in the a-helix (Fig. 2d). These observations
are consistent with altered, but not abolished D-serine
binding properties of GluD2 and may require both mu-
tated alleles for a phenotypic expression [29]. However,
the precise effect of the GRID2 variant ¢.2128C>T on
GluD2 function will require further analysis e.g. by ex-
pressing the mutated allele in model systems.

The SCAs comprise a large number of clinically and
genetically heterogeneous disorders with all possible in-
heritance patterns. This constitutes a diagnostic chal-
lenge further complicated by clinical overlaps between
the different clinical entities. In this context, WES has
evolved as an important diagnostic tool, especially when
clinical information is incomplete or when patients are
unavailable for investigations [30]. In our family, the
diagnosis was predicted from the exome sequencing re-
sults and later confirmed by a thorough follow-up with a
clinical neurological examination and MRI that showed
mild general cerebral and cerebellar atrophy, increased

cases
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peripheral muscle tone, absent ocular symptoms and
neurodevelopmental delay.

In conclusion, we identified a novel homozygous
GRID2 missense mutation [c.2128C > T, p.(Arg710Trp)]
segregating an autosomal recessive cerebellar syndrome
in three siblings. The missense variant is located in a
conserved region encoding the extracellular serine-
binding domain of GluD2 that predicts a change in pro-
tein conformation from 3D modeling. The clinical pres-
entation is atypical for GRID2 associated ataxia and our
patients present with widespread supratentorial brain
abnormalities, absence of oculomotor symptoms and in-
creased peripheral muscle tone. Additional features in-
clude slowly progressive cerebellar ataxia and delayed
psychomotor development. Our combined findings add
to the clinical and genetic variability associated with
GRID?2 variants highlighting the complexity of cerebellar
syndromes. We further demonstrate the usefulness of
WES as a valuable diagnostic tool when combined with
deep phenotyping in cases with an unspecific and com-
plex form of ataxia.

Acknowledgments
The authors thank the patients and the family for their cooperation.

Funding

This work was supported by grants from the Swedish Research Council
(2015-02424 to ND), Uppsala University Hospital and Science for Life
Laboratory, Sweden. ZA was supported by the Higher Education Commission
(HEC) of Pakistan.

Availability of data and materials

All data supporting our findings are included in the manuscript. The raw
data from NGS sequencing and Sanger sequencing files will be provided to
scientists upon request. The GRID2 variant is reported to the ClinVar database
with the submission accession: SCV000502994.1 (URL: https://
www.nebi.nlm.nih.gov/clinvar/variation/427806/). Databases used: gnomAD
browser: [http://gnomad.broadinstitute.org]; NHLBI Exome Sequencing
Project (ESP) Exome Variant Server: [http://evs.gs.washington.edu/EVS/]; EXAC
browser: [http://exac.broadinstitute.org/].

Author’s contributions

SB and ND designed and organized the study. ZA, SZ, FU, AK and UA
sampled the family members and acquired the clinical data. ZA, SZ and JK
carried out the molecular genetic studies. JW and ND interpreted the MRI.
ZA, SZ, JK, FU, AK, UA, SH and ND analyzed and interpreted the molecular
and the clinical data. ND wrote the manuscript that was edited by ZA, JK
and JW. All authors have read and approved the final version of the
manuscript submitted by ND.

Ethics approval and consent to participate

Ethical approval was obtained from the ethical committee of the National
Institute of Biotechnology and Genetic Engineering, Faisalabad, Pakistan
(NIBGE-REC/10015/2014) and according to the declaration of Helsinki. Written
informed consent to participate was obtained from all participants or their
legal guardian.

Consent for publication
Informed written consent for publication of medical data and images was
obtained from all participants and the legal guardian of the three patients.

Competing interests
The authors declare that they have no competing interests.


https://www.ncbi.nlm.nih.gov/clinvar/variation/427806
https://www.ncbi.nlm.nih.gov/clinvar/variation/427806
http://gnomad.broadinstitute.org
http://evs.gs.washington.edu/EVS
http://exac.broadinstitute.org

Ali et al. BMC Medical Genetics (2017) 18:144

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Department of Immunology, Genetics and Pathology, Science for Life
Laboratory, Uppsala University, BMC Box815, 751 08 Uppsala, Sweden.
“Hurnan Molecular Genetics Laboratory, National Institute for Biotechnology
and Genetic Engineering (NIBGE), PIEAS, Faisalabad 38000, Pakistan.
*Department of Radiology, Uppsala University, 751 85 Uppsala, Sweden.

Received: 14 May 2017 Accepted: 23 November 2017
Published online: 06 December 2017

References

1. Fogel BL. Childhood cerebellar ataxia. J Child Neurol. 2012,27(9):1138-45.

2. Smeets CJ, Verbeek DS. Climbing fibers in spinocerebellar ataxia: a
mechanism for the loss of motor control. Neurobiol Dis. 2016;88:96-106.

3. Utine GE, Haliloglu G, Salanci B, Cetinkaya A, Kiper PO, Alanay Y, Aktas D,
Boduroglu K, Alikasifoglu M. A homozygous deletion in GRID2 causes a
human phenotype with cerebellar ataxia and atrophy. J Child Neurol. 2013;
28(7):926-32.

4. Hills LB, Masri A, Konno K, Kakegawa W, Lam AT, Lim-Melia E, Chandy N, Hill
RS, Partlow JN, Al-Saffar M, et al. Deletions in GRID2 lead to a recessive
syndrome of cerebellar ataxia and tonic upgaze in humans. Neurology.
2013;81(16):1378-86.

5. Van Schil K, Meire F, Karlstetter M, Bauwens M, Verdin H, Coppieters F,
Scheiffert E, Van Nechel C, Langmann T, Deconinck N, et al. Early-onset
autosomal recessive cerebellar ataxia associated with retinal dystrophy: new
human hotfoot phenotype caused by homozygous GRID2 deletion.
Genetics in medicine : official journal of the American College of Medical
Genetics. 2015;17(4):291-9.

6. Maier A, Klopocki E, Horn D, Tzschach A, Holm T, Meyer R, Meyer T. De
novo partial deletion in GRID2 presenting with complicated spastic
paraplegia. Muscle Nerve. 2014,49(2):289-92.

7. Coutelier M, Burglen L, Mundwiller E, Abada-Bendib M, Rodriguez D,
Chantot-Bastaraud S, Rougeot C, Cournelle MA, Milh M, Toutain A, et al.

GRID2 mutations span from congenital to mild adult-onset cerebellar ataxia.

Neurology. 2015;84(17):1751-9.

8. Barkhof F, Fox N, Bastos-Leite A, Scheltens P. Neuroimaging in Dementia.
Berlin, Heidelberg: Springer; 2011.

9. Ali Z Klar J, Jameel M, Khan K, Fatima A, Raininko R, Baig S, Dahl N. Novel
SACS mutations associated with intellectual disability, epilepsy and
widespread supratentorial abnormalities. J Neurol Sci. 2016;371:105-11.

10.  Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation of genetic
variants from high-throughput sequencing data. Nucleic Acids Res. 2010;
38(16)e164.

11, Adzhubei IA, Schmidt S, Peshkin L, Ramensky VE, Gerasimova A, Bork P,
Kondrashov AS, Sunyaev SR. A method and server for predicting damaging
missense mutations. Nat Methods. 2010,7(4):248-9.

12. Choi Y, Sims GE, Murphy S, Miller JR, Chan AP. Predicting the functional
effect of amino acid substitutions and indels. PLoS One. 2012;7(10):e46688.

13. Schwarz JM, Cooper DN, Schuelke M, Seelow D. MutationTaster2: mutation
prediction for the deep-sequencing age. Nat Methods. 2014;11(4):361-2.

14. Reese MG, Eeckman FH, Kulp D, Haussler D. Improved splice site detection
in genie. J Comput Biol. 1997,4(3):311-23.

15. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, Grody WW, Hegde
M, Lyon E, Spector E, et al. Standards and guidelines for the interpretation
of sequence variants: a joint consensus recommendation of the American
College of Medical Genetics and Genomics and the Association for
Molecular Pathology. Genetics in medicine : official journal of the American
College of Medical Genetics. 2015;17(5):405-24.

16. gnomAD browser. [https//gnomad broadinstitute.org). Accessed 13 November 2017.

17. Traynelis SF, Wollmuth LP, McBain CJ, Menniti FS, Vance KM, Ogden KK,
Hansen KB, Yuan H, Myers SJ, Dingledine R. Glutamate receptor ion channels:
structure, regulation, and function. Pharmacol Rev. 2010,62(3):405-96.

18. NHLBI Exome Sequencing Project (ESP) Exome Variant Server. [http://evs.gs.
washington.edu/EVS/]. Accessed 13 November 2017.

19.  EXAC browser. [http.//exac.broadinstitute.org/]. Accessed 13 November 2017.

20.  ClinVar database. [https://www.ncbinlm.nih.gov/clinvar/]. Accessed 13
November 2017.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Page 6 of 6

Moreland JL, Gramada A, Buzko OV, Zhang Q, Bourne PE. The molecular
biology toolkit (MBT): a modular platform for developing molecular
visualization applications. BMC Bioinformatics. 2005,6:21.

Krieger E, Vriend G. YASARA view - molecular graphics for all devices - from
smartphones to workstations. Bioinformatics. 2014;30(20):2981-2.

Takayama C, Nakagawa S, Watanabe M, Mishina M, Inoue Y. Light- and
electron-microscopic localization of the glutamate receptor channel delta 2
subunit in the mouse Purkinje cell. Neurosci Lett. 1995;188(2):89-92.
Landsend AS, Amiry-Moghaddam M, Matsubara A, Bergersen L, Usami S,
Wenthold RJ, Ottersen OP. Differential localization of delta glutamate
receptors in the rat cerebellum: coexpression with AMPA receptors in
parallel fiber-spine synapses and absence from climbing fiber-spine
synapses. J Neurosci. 1997;17(2):834-42.

Kashiwabuchi N, lkeda K, Araki K, Hirano T, Shibuki K, Takayama C, Inoue Y,
Kutsuwada T, Yagi T, Kang Y, et al. Impairment of motor coordination,
Purkinje cell synapse formation, and cerebellar long-term depression in
GIuR delta 2 mutant mice. Cell. 1995,81(2):245-52.

Klebe S, Depienne C, Gerber S, Challe G, Anheim M, Charles P, Fedirko E,
Lejeune E, Cottineau J, Brusco A, et al. Spastic paraplegia gene 7 in patients
with spasticity and/or optic neuropathy. Brain. 2012;135(Pt 10):2980-93.
Khan TN, Klar J, Tarig M, Anjum Baig S, Malik NA, Yousaf R, Baig SM, Dahl N.
Evidence for autosomal recessive inheritance in SPG3A caused by
homozygosity for a novel ATLT missense mutation. Eur J Hum Genet. 2014;
22(10):1180-4.

Elegheert J, Kakegawa W, Clay JE, Shanks NF, Behiels E, Matsuda K, Kohda K,
Miura E, Rossmann M, Mitakidis N, et al. Structural basis for integration of
GluD receptors within synaptic organizer complexes. Science. 2016;
353(6296):295-9.

Kakegawa W, Miyoshi Y, Hamase K, Matsuda S, Matsuda K, Kohda K, Emi K,
Motohashi J, Konno R, Zaitsu K; et al. D-serine regulates cerebellar LTD and
motor coordination through the delta2 glutamate receptor. Nat Neurosci.
2011;14(5):603-11.

Schuster J, Khan TN, Tariq M, Shaig PA, Mabert K, Baig SM, Klar J. Exome
sequencing circumvents missing clinical data and identifies a BSCL2
mutation in congenital lipodystrophy. BMC Med Genet. 2014;15:71.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central



http://gnomad.broadinstitute.org
http://evs.gs.washington.edu/EVS/
http://evs.gs.washington.edu/EVS/
http://exac.broadinstitute.org
https://www.ncbi.nlm.nih.gov/clinvar

	Abstract
	Background
	Case presentation
	Conclusion

	Background
	Case presentation
	Whole exome sequencing, genetic analysis and 3D protein modeling

	Discussion and conclusions
	Acknowledgments
	Funding
	Availability of data and materials
	Author’s contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

