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nystagmus—Management and
molecular diagnostics
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Idiopathic infantile nystagmus (IIN) is an inherited disorder occurring in the first
6 months of life, with no underlying retinal or neurological etiologies and is
predominantly caused by mutations in the FRMD7 gene. IIN poses a diagnostic
challenge as underlying pre-symptomatic “multisystem” disorders varying from
benign to life-threatening should first be ruled out before nystagmus can be
labeled as idiopathic. A multidisciplinary approach including multimodal ocular
investigations and next-generation sequencing with whole-genome
sequencing (WGS) or targeted gene panel testing is required to delineate the
exact etiology. We report the clinical and genetic outcomes of 22 patients, from
22 unrelated families of diverse ethnicities, with lIN seen in the ocular genetics
service at Moorfields Eye Hospital NHS Foundation Trust between 2016 and
2022. Thirty-six percent (8/22) received a confirmed molecular diagnosis with
eight mutations identified in two genes (seven in FRMD? including one novel
variant ¢.706_707del; p. [Lys236Alafs*66], and one in GPR143). This study
expands the mutational spectrum of IIN and highlights the significant role of
an integrated care pathway and broader panel testing in excluding underlying
pathologies.

KEYWORDS

FRMD7 gene, GPR143 gene, nystagmus, whole-genome sequencing, albinism

Introduction

Anomalous rhythmic involuntary oscillation of the eyes occurring in the first
6 months of life is a characteristic trait of infantile nystagmus (IN; MIM# 301700)
(Casteels et al., 1992). This can be idiopathic or associated with a variety of ocular
disorders, such as albinism, retinal diseases, and optic nerve hypoplasia, or it may be a
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feature of neurological diseases, for example, spinocerebellar
ataxia, glioma, and structural brain malformations (Thomas
et al,, 2017). It is important to differentiate between idiopathic
and disease-associated nystagmus through the use of appropriate
investigations as the outcome affects treatment modalities and
visual prognosis.

Idiopathic infantile nystagmus (IIN) has no other underlying
ocular or neurological features. Strabismus is not common, and
good stereopsis is often present, with visual acuities of
0.3 LogMAR better 2009;
Papageorgiou et al., 2014). It is usually bilateral, conjugate,

or (Sarvananthan et al,
occurring in a horizontal plane, and is of either a pendular or
jerk waveform with an accelerating slow phase, but it may also
rarely appear as primarily vertical or even torsional nystagmus
(Papageorgiou et al., 2014). IIN has an incidence in the UK of
1.9 per 10,000, accounting for approximately 8% of all nystagmus
cases which are estimated to be 24 per 10,000 of the population
(Sarvananthan et al., 2009).

The clinical diagnostic pathway of patients with infantile
nystagmus visiting the ocular genetic service at Moorfields Eye
Hospital NHS Foundation Trust, which oversees the care of the
largest number of genetic eye disease patients of any one site in
the United Kingdom, involves multidisciplinary input and
phenotyping.  All detailed
ophthalmic, systemic, and neurological examinations, and,

extensive patients  undergo
where possible, spectral-domain optical coherence tomography
(SD-OCT), electroretinograms (ERGs), visual-evoked potentials
(VEPs), eye movement recordings (EMRs), and, in some
instances, magnetic resonance imaging (MRI) of the brain, if
indicated.

When seeking a diagnosis, the exclusion of other ocular and
neurological diseases is a key element for establishing the
diagnosis of idiopathic infantile nystagmus. A common
of

nystagmus, and in many cases, a glance at the fundus can

presenting  sign early-onset retinal dystrophies is
appear normal. SD-OCT of the macula is helpful in
identifying foveal hypoplasia and other retinal abnormalities
(Self et al., 2020). Electrodiagnostic tests including ERG and
VEP are extremely useful, especially in young children, in
assessing the integrity of the retina and visual pathway as they
aid in identification of post-retinal pathology such as intracranial
chiasmal misrouting seen in albinism (Self et al, 2020).
Oscillatory eye movements that are not visible to the naked
eye or occur transiently can be objectively visualized through eye
movement recordings (EMRs). They can reveal the underlying
nystagmus waveform that distinguishes various types of
nystagmus and saccadic oscillations (Self et al., 2020).

After extensive and thorough ocular phenotyping, which
focuses on ruling out alternative diagnoses, genetic testing
plays a significant role in the diagnostic trajectory of patients
presenting with nystagmus. Targeted gene panels exist for
albinism, strabismus, and retinal

nystagmus, complex

dystrophies, and in some patients, for example, younger
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children where other investigations such as electrodiagnostics
have been inconclusive due to compliance, combinations of these
may be required in order to not overlook a molecular cause
(O’Gorman et al,, 2019). To date, only FRMD7 (MIM# 300628)
and GPRI43 (MIM# 300808) have been reported to be
responsible for causing IIN. GPRI43 is predominantly
associated with ocular albinism, type I (MIM# 300500)
(Almoallem et al., 2015) (Tarpey et al., 2006).

The FERM domain-containing 7 (FRMD?) gene is located on
chromosome Xq26.2 and comprises 12 exons, encoding a 714-
amino acid protein which is a member of the plasma membrane
cytoskeleton coupling proteins. Variants in FRMD?7 account for
approximately 70% of known IIN cases (Tarpey et al., 2006)
(Salman et al., 2022). Though the function of FRMD? is not yet
fully understood, it is expressed in both the developing neural
retina and ocular motor structures such as the cerebellum and
vestibular-optokinetic system, playing a role in the control of eye
movement and gaze stability, as was recently confirmed by
Salman et al in the starburst amacrine cells of mutant
Frmd7 "™ and Frmd7 " mouse models (Almoallem et al.,
2015) (Tarpey et al., 2006) (Choi et al., 2018) (Li et al., 2014) (Pu
et al., 2019).

The G protein-coupled receptor 143 (GPR143) gene which is
also located on chromosome Xp22.2 comprises nine exons and
encodes a protein of 404 amino acids. It is expressed at high levels
in the retina, including the retinal pigment epithelium (RPE) and
melanocytes, with weaker expression in the brain and adrenal
glands. Mutations involving this gene are most commonly
(OA; MIM# 300500),
invariably characterized by infantile nystagmus (Bassi et al.,

known to cause ocular albinism

1995). However, variants in GPRI43 have also been found to
cause IIN without the classical manifestations of OA, which
include chiasmal misrouting, fundus hypopigmentation, iris
transillumination, and gray optic nerves with or without optic
nerve hypoplasia (Liu et al., 2007); (Peng et al., 2009).

The aim of this study is to expand the molecular and clinical
spectrum of idiopathic infantile nystagmus in a prospective
cohort of patients presenting with infantile nystagmus. This
study highlights the importance of accurate phenotyping and
genotyping to ensure the correct diagnosis is made with informed
genetic counselling, family planning, and access to suitable
treatments and trials for patients and their families.

Methods

Editorial policies and ethical
considerations

The study had relevant local and national research ethics
committee approvals (MEH and Northwest London Research
Ethics Committee) and conformed to the tenets of the
Declaration of Helsinki. Patients and relatives gave written
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informed consent for genetic testing, through either the Genetic
Study of Inherited Eye Disease (REC reference 12/LO/0141) or
the Genomics England 100,000 Genomes project (REC reference
14/EE/1112).

This was a prospective study of patients presenting with
infantile nystagmus to the ocular genetics service at Moorfields
Eye Hospital NHS Foundation Trust (MEH), London,
United Kingdom, between the 1st of January 2016 and the
21st of June 2022. Patients who had clinical features of
idiopathic infantile nystagmus, without any syndromic or
systemic manifestations, were recruited into this study.

Clinical assessment

Data collected included full medical history, family history,
developmental pediatric assessment, best corrected visual acuity
(BCVA), eye movement recordings (EMR) of nystagmus, slit
lamp biomicroscopy of the anterior segment, and fundus
acuity (BCVA) was
measured using LogMAR or Cardiff cards for preverbal

examination. Best corrected visual
children up to 36 months of age. Visual acuities were
translated into LogMAR acuities using a LogMAR conversion
table (Hargadon et al., 2010). Where the child was unable to
perform an accurate acuity test, descriptive visual behavior was
documented. Spectral-domain optical coherence tomography
(SD-OCT) was performed using the OCT SPECTRALIS®
(Heidelberg Engineering GmbH, Heidelberg, Germany). When
clinically relevant and where possible, electroretinograms and
multichannel flash VEP were performed according to the
international Society for Clinical Electrophysiology of Vision
(ISCEV) standards at the Department of Electrophysiology,
MEH (Odom et al., 2016). When indicated, an MRI brain was
also undertaken. The MRI sequences obtained varied depending
on symptomatology and clinical questions at the time of the
initial presentation of patients, and therefore, a range of protocols
were applied; however, all had sagittal and axial T1-weighted,
axial T2-weighted, and coronal STIR imaging, allowing
of the the the
hypothalamic-pituitary axis, the cerebral midline, and the cortex.

assessment orbits, visual pathway,

Genetic testing

Molecular analysis was performed using either targeted gene
panel testing or whole-genome sequencing (WGS). Clinical
exome panel testing was performed through the Rare &
Inherited Disease Genomic Laboratory at Great Ormond
Street Hospital (London, UK) with a virtual nystagmus and
albinism gene panel applied (http://www.labs.gosh.nhs.uk/
media/764794/oculome_v8.pdf). WGS was performed as part
of the UK Genomics England 100,000 Genomes Project, for
which results were reviewed by multidisciplinary teams
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(including molecular biologists and clinical geneticists, as well
as the ophthalmology specialist managing the family), to confirm
the variant pathogenicity prevalence in the publicly available
genome databases, the clinical phenotype, and the mode of
inheritance before the molecular diagnosis was established.
The
submitted to ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/).

datasets (variants) generated for this study were
Genetic samples of parents and/or additional family members
were obtained where available for co-segregation and to assist

with assessment of variant pathogenicity.

Results
Clinical findings

The clinical findings of our cohort of 22 patients are
summarized in Table 1. The study included 13 male (59%)
and nine female (41%) unrelated probands. In six patients,
additional family members with comparable complaints of
of
consanguinity in any families. The ethnicity of patients was
divided into six White British (27.3%), one White other
(4.5%), four other ethnicities (18.2%), one Black other (4.5%),
and 10 were not stated (45.5%). The mean age of onset of
nystagmus was 2.7 months. Mean BCVA was 0.4 [+ 0.18]
LogMAR (ranging from 0.1 to 0.7 LogMAR). SD-OCT images
were obtained in 19 patients. SD-OCT images were not possible

nystagmus were reported. There was no report

in three patients due to poor cooperation. There were five
patients (26%) with foveal hypoplasia, 11 (58%) with normal
foveal architecture, and three (16%) with poor quality images
(Figure 1). Nineteen patients (86%) underwent electrodiagnostic
testing (both ERG and VEP). None had intracranial chiasmal
misrouting or showed any signs of retinal pathology.

Molecular findings

The molecular findings are summarized in Table 2.
Pathogenic variants in the X-linked genes FRMD7 (Figure 2)
and GPRI43 were detected in eight out of 22 (36%) unrelated
patients who satisfied the inclusion criteria of IIN. Segregation of
the variants was performed in all parents except in patient 13. All
FRMD?7 variants detected were classified as either likely
pathogenic or pathogenic by the American College of Medical
Genetics and Genomics (ACMG) guidelines (Richards et al.,
2015). One variant was novel, a frameshift c¢.706_707del
p. (Lys236Alafs*66) in exon 7. This frameshift mutation is
predicted to result in a truncated protein and is located in the
conserved N terminal F3-FERM domain of the protein, which is
one of the two FRMD7 domains with a cluster of variants
(Watkins et al,, 2012). The additional four likely pathogenic
FRMD? variants have all been previously reported to cause IIN; a
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TABLE 1 Summary of demographics and clinical features of all idiopathic infantile nystagmus (IIN) patients presenting to Moorfields Eye Hospital NHS Foundation Trust (MEH) Genetics Service 2016—-2022.

ID GCnum Ethnicity

VS I ]

o e NN N wn

11
12
13
14
15
16

17

18
19
20

21
22

26264
26339
26362
26675

27015
27071
27269
27300
27324
27923
28353
10282
26131
18284
7449

41673

41308

42563
27482
43652

28575
28978

Other: Other
White: British
Not Stated

White: Other

Other: Other
Not Stated
Not Stated
Not Stated
Other: Other
Not Stated
Not Stated
White: British
Mixed: Other
White: British
White: British
Other: Other

Not Stated

Not Stated
White: British
White: British

Not Stated
Not Stated

Gender

Male
Male
Male
Male

Female
Female
Male
Male
Male
Male
Female
Female
Female
Male
Male

Female

Female

Female
Female

Male

Male
Male

Age (y)

14

52

19
24
23

BCVAOD BCVAOS

0.5
0.6
0.2
0.3

0.5
0.5
0.4
0.3
0.1
0.4
0.5
0.2
0.1
0.2
0.5
0.3

0.5

0.6
0.2
0.7

0.3

0.5
0.7
0.2
0.5

0.6
0.5
0.4
0.3
0.2
0.6
0.5
0.2
0.1
0.2
0.5
0.3

0.2

0.5
0.2
0.7

0.4

Nystagmus-
waveform

Pendular
Waveform not described
Horizontal

Pendular

Pendular

Pendular

Pendular

Pendular

Horizontal

Horizontal

Pendular

Waveform not described
Waveform not described
Periodically alternating
Waveform not described

Waveform not described
Pendular

Pendular
Horizontal

Horizontal

Waveform not described

Horizonal

OCT

Normal
Normal

Foveal
hypoplasia

Normal
Normal
poor quality
poor quality
poor quality
Normal

Normal
Normal
Normal

Foveal
hypoplasia

Foveal
hypoplasia

Normal
Normal

Foveal
hypoplasia

Normal

Foveal
hypoplasia

Age of
onset

Birth
Birth
Birth
Birth

Birth
Birth
Birth
Birth
Birth
Birth
Birth
Birth
Birth
Birth
Birth
Birth

Birth
Birth

Birth
Birth

Family
history?

Z 72 < < =<z =< Z oz 0z Z Z z Z < =

Z

4

Genetic
testing
performed

WGS
WGS
Oculome

Oculome

Oculome
Oculome
Oculome
Oculome
Oculome
Oculome
Oculome
WGS

WGS

WGS

Oculome

Oculome
Oculome

Oculome
WGS

Oculome

Blueprint

Oculome

Molecular
diagnosis

Solved
NPF
NPF
NPF

NPF
NPF
Solved
Solved
NPF
NPF
NPF
Solved
Solved
Solved
NPF
NPF

NPF

NPF
NPF
NPF

Solved
Solved

Gene

FRMD7

FRMD7
FRMD7

FRMD7
FERMD7
FRMD7

GPR143
ERMD7
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FIGURE 1

Retinal imaging-pseudocolor (A,B), autofluorescence (Optos) (C,D), near-infrared scanning laser ophthalmoscope (SLO) fundus image (E) and
foveal optical coherence tomography (OCT) (Heidelberg Spectralis) (F) all for patient 1 with a mutation in FRMD7.

likely pathogenic splice variant ¢.383-1G>A (Thomas et al., 2017;
Jackson et al., 2020), two likely pathogenic missense variants
c.796G>C p. (Ala266Pro) (Sarvananthan et al, 2009
Papageorgiou et al, 2014), and c.875T>C p. (Leu292Pro)
(Thomas et al., 2017; Self et al., 2020) and a nonsense variant
c.1003C>T p. (Arg335%) (Tarpey et al., 2006; Zhang et al., 2007;
Watkins et al., 2012) (Figure 3).

Two additional patients had likely pathogenic splice variants
in FRMD7, ¢.383-1G>A and ¢.206-5T>A. The latter variant has
previously been predicted to result in obliteration of the splice
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acceptor site in intron 3 (Thomas et al., 2014). It segregated with
the affected father of proband ID#12 GC10282-2.

A pathogenic nonsense mutation ¢.733C>T p. (Arg245%) was
identified in GPRI43 in proband ID# 21. This variant has been
previously reported in two brothers with features of ocular
albinism,  including  ocular  hypopigmentation  and
developmental delay and facial dysmorphia (Schnur et al,
1998) (Khan et al., 2016). Two Korean brothers in a second
reported family only show features of congenital nystagmus (Kim

et al., 2016).
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TABLE 2 List of variants in molecularly confirmed idiopathic infantile nystagmus (IIN).

Family
ID

21

12

22

Gene

GPR143

FRMD7

FRMD7
FRMD7
FRMD7

FRMD7

FRMD7

FRMD7

Transcript

NM_000273.3
NM_194277.3

NM_194277.3
NM_194277.3
NM_194277.3

NM_194277.3

NM_194277.3

NM_194277.3

Inheritance

XLR

XLR

XLR
XLR
XLR

XLR

XLR

XLR

Nucleotide
change

c.733C>T
c.206-5T>A

c.383-1G>A
¢.706_707del
¢.796G>C

c.875T>C

¢.1003C>T

c.1003C>T

Protein
change

p. (Arg245%)

p. (Lys236Alafs*66)
p. (Ala266Pro)

p. (Leu292Pro)

p. (Arg335%)

p. (Arg335%)

Mutation

type
Nonsense
Splice

Splice
Frameshift

Missense
Missense

Nonsense

Nonsense

Variant
classification

Pathogenic

Likely
Pathogenic

Pathogenic
Pathogenic

Likely
Pathogenic

Likely
Pathogenic

Pathogenic

Pathogenic

Polyphen-
2

NA
NA

NA
NA

probably
damaging

probably
damaging

NA

NA

CADD
v.1.6

36

23.6

33
36
24.6

35

35

gnomAD

Absent

Absent
Absent
Absent

0.002246 in S
Asians only

Absent

0.0000122 in
Europeans only

References

Schnur et al., 1998 PMID: 9529334;
Khan et al., 2016 PMID: 26785811

Jackson et al., 2020 PMID: 32830442

Jackson et al., 2020 PMID: 32830442
Novel
Tarpey et al., 2006 PMID: 17013395

Jackson et al., 2020 PMID: 32830442

Tarpey et al.,, 2006 PMID: 17013395;
Zhang et al., 2007 PMID: 17893669;
Jackson et al., 2020 PMID: 32830442

Tarpey et al., 2006 PMID: 17013395;
Thomas et al., 2011 PMID: 21303855;
Guo et al,, 2014 PMID: 24513357
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Schematic representation of the FRMD7 gene and protein highlighting mutations (arrows) in patients with idiopathic infantile nystagmus (lIN).
Exons are indicated with numbered boxes, and introns, which are not in proportion, appear shaded in gray.
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¢.1003C>T
c.383-1G>A

Nonsense
29%

Missense
29%

¢.706_707del

€.796G>C

c.875T>C

FIGURE 3
Distribution of mutations in FRMD?7 in idiopathic infantile
nystagmus (lIN).

Discussion

In this study, 22 subjects were clinically diagnosed with
idiopathic infantile nystagmus, of which 36% received a
genetic diagnosis. The most prevalent causative gene was
FRMD?7, although a variant in GPRI43 was also identified.
The percentage of solved cases in our cohort is in line with
that of previous studies. AlMoallem et al found that 22.4% of
probands harbored variants in FRMD7 but none involving
GPR143 (Almoallem et al., 2015). Choi et al. reported a 35%
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molecular diagnostic rate of FRMD7-associated infantile
nystagmus syndrome in Korean probands (Choi et al., 2018).

GPRI143 mutations have been previously identified in
patients with X-linked IIN without any classical phenotype of
OA (Zhou et al., 2008) (Peng et al., 2009). Electrophysiology in
Proband ID#21, with ¢.733C>T p. (Arg245*), concluded that
flash VEPs showed no evidence of crossed asymmetry and the
findings were not consistent with albinism. The flash ERGs did
not reveal any evidence of generalized rod or cone system
dysfunction. Interestingly, Zou et al describe a similar case
with ¢.793C>T, p. (R265X) variant in a Chinese family with
ocular albinism and normal VEPs but suggest that the chiasmal
misrouting was possibly so mild that it was likely missed by
electrophysiology (Zou et al, 2017). In addition, Kim et al.
describe the same variant in two Korean brothers with
congenital nystagmus, but no electrophysiology was reported
(Kim et al., 2016).

It is important to underline that young children with
inherited retinal diseases presenting with nystagmus often
have normal retinal findings on fundoscopy and may be
misdiagnosed with IIN. In addition, those with albinism may
not show fulminant features, and hence electrophysiology is a key
investigation that can help detect early clinical signs of disease
(Simon et al., 1984; Neveu et al., 2022). The importance of genetic
testing to determine the molecular diagnosis cannot be
emphasized enough, especially, in young children with poor
cooperation as it helps exclude progressive inherited retinal
disorders or albinism. A molecular diagnosis provides insights
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into the potential co-morbidities and signposts the most
that is
optimize the patient care pathway. In general, OCT imaging

appropriate multidisciplinary team required to
can be difficult to perform in very young children due to
compliance, and despite the non-invasive nature of pediatric
ERGs/VEPs (which do not require any anesthesia, sedation, or
mydriasis and are relatively quick) (Self et al, 2020), often
outcomes are unreliable and inconclusive in children (Thomas
et al., 2017; O’Gorman et al., 2019). From our cohort, three
patients had an inconclusive ERG, but genetic testing yielded a
positive result in one of them. Electrophysiology results,
particularly the pattern ERG, in idiopathic nystagmus can be
inconclusive due to eye movement artifacts on the recording,
while VEP from hemisphere asymmetries that are not consistent
with albinism or hemisphere asymmetries that are inconsistent
between eyes, often due to strabismus. Within this cohort, only
12 patients (55%) had their ethnicity recorded, out of which only
four patients received a molecular diagnosis. This small sample
size is unable to provide any meaningful conclusions regarding
the diagnostic yield in patients with different ethnic backgrounds.

Of the fourteen patients in whom a molecular diagnosis was
not confirmed, 12 had the oculome with a targeted albinism and
nystagmus gene panel and two had WGS. It is possible that these
probands may have deep intronic variants, missed by the filtering
methods used or potential variants in, as yet, unidentified genes.
Further interrogation of the WGS data and further research may
lead to identification of these hitherto evasive variants.

Conclusion

In summary, we have demonstrated that IIN has a strong genetic
basis with a 36% molecular diagnostic rate. Variants involving
FRMD?7 are the most common cause of IIN. We report a novel
FRMD? variant herein, expanding the already known gene mutation
spectrum of idiopathic infantile nystagmus. Only when neurological
and retinal diseases are promptly excluded, infantile nystagmus can be
safely diagnosed as idiopathic. To safeguard efficiency, accuracy, and
counteract any diagnostic delay, pediatric and ophthalmic clinical
assessments, supported by ocular imaging, electrophysiology, eye
movement recordings, and genetic testing, are indispensable in
ensuring a complete and succinct clinical diagnostic pathway.
Implementation of a broader gene panel including nystagmus,
albinism, and retinal genes may be more appropriate for correctly
diagnosing idiopathic infantile nystagmus or related masqueraders,
which may have serious life-threatening implications if overlooked.
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