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Truncated FRMD7 proteins in congenital
Nystagmus: novel frameshift mutations
and proteasomal pathway implications

Yuging Su'?!, Juntao Zhang?", Jiahui Gao', Guoging Ding', Heng Jiang', Yang Liu?, Yulei Li**" and Guohua Yang'*

Abstract

Idiopathic congenital nystagmus (ICN) manifests as involuntary and periodic eye movements. To identify the
genetic defect associated with X-linked ICN, Whole Exome Sequencing (WES) was conducted in two affected
families. We identified two frameshift mutations in FRMD7, c.1492dupT/p.(Y498Lfs*15) and c.1616delG/p.(R539Kfs*2).
Plasmids harboring the mutated genes and gPCR analysis revealed mRNA stability, evading degradation via the
NMD pathway, and corroborated truncated protein production via Western-blot analysis. Notably, both truncated
proteins were degraded through the proteasomal (ubiguitination) pathway, suggesting potential therapeutic
avenues targeting this pathway for similar mutations. Moreover, we conducted a comprehensive analysis,
summarizing 140 mutations within the FRMD7 gene. Our findings highlight the FERM and FA structural domains

as mutation-prone regions. Interestingly, exons 9 and 12 are the most mutated regions, but 90% (28/31) mutations
in exon 9 are missense while 84% (21/25) mutations in exon 12 are frameshift. A predominant occurrence of

shift code mutations was observed in exons 11 and 12, possibly associated with the localization of premature
termination codons (PTCs), leading to the generation of deleterious truncated proteins. Additionally, our conjecture
suggests that the loss of FRMD?7 protein function might not solely drive pathology; rather, the emergence of
aberrant protein function could be pivotal in nystagmus etiology. We propose a dependence of FRMD7 protein
normal function primarily on its anterior domain. Future investigations are warranted to validate this hypothesis.

Keywords Congenital nystagmus, FRMD7, Novel mutation, Function validation, X-linked nystagmus

Introduction
Congenital nystagmus (CN) is a group of inherited ocular
disorders with an incidence of approximately 24/10,000
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diseases of the macula, retina, or optic nerve. It can
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occur in various conditions, such as congenital cataracts,
aniridia, Peters’ anomaly, ocular skin albinism, color
blindness, cone cell dystrophy, macular defects, congeni-
tal stationary night blindness, Leber’s congenital dark eye
disease, and optic nerve hypoplasia [3, 4]. In contrast,
CMN occurs in isolation without other ocular abnor-
malities and may be due to damage to the central nervous
system or the pathways that control eye movements [5].
As a genetically heterogeneous eye movement disorder,
CMN is characterized by involuntary horizontal oscilla-
tions of the eye that occur within the first 6 months of
life [6]. Due to constant eye movements, it can result in
reduced visual function [7], but most patients have good
stereoscopic vision, and the prevalence of strabismus is
7.8-10% [8]. Other associated features may include mild
visual loss, astigmatism, strabismus, and sometimes nod-
ding movements.

CMN has been shown to be associated with multiple
modes of inheritance, including autosomal dominant,
autosomal recessive, and X-chromosome linked inheri-
tance, with X-chromosome linked inheritance being the
most common [9] Mutations in FRMD?7, a member of
the FERM family of proteins, associated with cytoskeletal
dynamics, are the most frequent causes of X-linked ICN
[10]. The FRMD?7 gene encodes a member of the FERM
domain family of proteins. These are plasma mem-
brane—cytoskeleton coupling proteins many of which
bind to actin or other cytoskeleton components [11]. The
FRMD? gene is the most predominant mutation causing
idiopathic nystagmus. To date, 153 FRMD7 mutants have
been reported in the HGMD (The Human Gene Muta-
tion Database) website.

Our identification of two mutations in the FRMD7
gene, leading to nystagmus in two families, is of great
significance. This findingreinforces the pivotal role of
genetic mutations in precipitating nystagmus, underscor-
ing the imperative for sustained inquiry in this domain.
Furthermore, our comprehensive summary and analy-
sis of mutation profiles unveil two noteworthy observa-
tions. Primarily, the FERM and FA structural domains
have been found to be highly susceptible to mutations.
Secondly, the prevalence of frameshift mutations pre-
dominantly within exon [12] delineates a distinct pattern.
These findings offer valuable insights for the develop-
ment of therapeutic advancements and deeper explora-
tions of protein function.

Method and materials

Editorial policies and ethical considerations

Written informed consent was obtained from all par-
ticipants of both families according to the study proto-
col approved by the Specialized Committee on Science
Ethics of the Hubei College of Arts and Sciences under
the number 2022-012 (Supplementary files 5 and 6),
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and the study complied with the principles of the Dec-
laration of Helsinki.

Patient recruitment and sample collection

Two independent family pedigrees were recruited for
this study and the two affected individuals and their
parents underwent genetic sequencing. Both patients
underwent a thorough ophthalmologic examination
by a professional ophthalmologist, which included
detailed visual acuity examination, lens fissure exami-
nation, vitreous, fundus, electroretinogram (ERG), and
visual evoked potential (VEP) examination. Peripheral
blood samples were collected from the two affected
individuals and their parents, and the FRMD?7 gene
(GenBank ID: NM_194277.3) was amplified and
sequenced for each subject.

DNA sequencing and mutation analysis

Genomic DNA extracted from peripheral blood sam-
ples utilized the Blood DNA Mini kit (Simgen Biotech,
Hangzhou, China), following the manufacturer’s pro-
tocol. Library construction for Whole Exome Sequenc-
ing (WES) analysis, targeting the coding regions of the
human genome encompassing the FRMD7 gene, was
performed (utilizing theSureSelect human all exon
capture kit of Agilent).

Briefly, The process entailed purification, quanti-
fication, and library preparation of exome-enriched
DNA fragments in accordance with the manufacturer’s
guidelines. Sequencing was executed on the Illumina
NextSeq 500 platform to acquire high-throughput
sequencing data.

Data processing involved initial quality checks,
adapter trimming, and removal of low-quality reads
using CASAVA (1.8.2) software. The clean sequenc-
ing data were aligned to the human reference genome
(GRCh37/hgl9) using alignment algorithms such as
BWA or Bowtie2.

Variant identification underwent cross-referencing
with gnomAD to ascertain novelty and clinical signifi-
cance. For mRNA splicing effect prediction, three bio-
informatic tools were employed:

Human Splicing Finder (HSF): https://www.genomnis.
com/.

SpliceAl: https://github.com/Illumina/SpliceAl

Verseak: https://www.jsi-medisys.de/products/
sequence-pilot/varseak/.

Prediction of protein conservation utilized:

PolyPhen2 (Polymorphism Phenotyping v2): http://
genetics.bwh.harvard.edu.com.

NCBI dataset: https://www.ncbi.nlm.nih.gov/.
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Table 1 PCR primer sequences
Primer Base sequence Length
FRMD7-muti-F ccccaggtettttttttatgtggacaagecac 32
FRMD7-muti-R gtggcttgtccacataaaaaaaagacctgggg 32
FRMD7-mut2-F gcccaaggaatatcaaatgaagagctttca 30
FRMD7-mut2-R tgaaagctcttcatttgatattccttggge 30
PEGFP-C1-FRMD7-Hindlll-F GCTCAAGCTTGGatgctacatttaaaagtgca 32
PEGFP-CI1-FRMD7-Kpnl-R CCGCGGTACCttaagctaaaaagtaattac 30
phage-FRMD7-Sall-F TGACGTCGACtatgctacatttaaaagtgca 31
phage-FRMD7-Notl-R CGACGCGGCCGCtagctaaaaagtaattacatg 33
Table 2 gPCR primer sequences gPCR
Primer Base sequence bp Total RNA extraction utilized the Trizol, followed
GFPFRMD7-QPCRF GTCCTGCTEGAGTTCGTOA 19 by reverse transcription into cDNA using the Prime-
GFP-FRMD7-QPCR-R agatggctgcaactcaggtt 20 ScriptTM RT kit as per the manufacturer’s guidelines.
phage-FRMD7-QPCR-F GCCTGACGTCOACtatgcta 20 The qPCR analysis employed SYBR Green Mix. Primers
P hag?FRMDZOPCRR agatggctgeaactcaggtt 20 targeting the FRMD7 gene and the housekeeping gene
B-action-F AGAGCTACGAGCTGCCTGAC 20 . . i

. B-action were designed (Table 2). Each condition was
B-action-R AGCACTGTGTTGGCGTACAG 20

Plasmid vectors construction of mutant genes

The wild-type FRMD?7 gene fragment was amplified
from genomic DNA using nested PCR as the template.
Two sets of primers were designed to introduce two
types of mutations using overlapping extension PCR
(Table 1). Plasmids from Baiyi Wuhan.

The PCR products were digested using restric-
tion endonucleases Kpnl and HindIII, SAII and Notl,
respectively. The target gene fragment was then ligated
to the vector pEGFP using T4 DNA ligase. Plasmid
was introduced into the bacteria by thermal excita-
tion. After transformation, the bacteria were cultured
on antibiotic medium (AMP, KANA), and successfully
transformed bacteria were screened and cultured as
monoclonal. The vector primers were combined with
fragment primers for PCR bacteriological examina-
tion after which the positive bacterial solution was
sent for testing. The plasmid was then extracted using
the Rapid Plasmid DNA Small Volume Kit (Hangzhou
Xinjing Bioreagent Development Co., Ltd.).

Cellular transient

HEK293T cells (purchased from China Center for Type
Culture Collection (CCTCC)) line in good condition
was used for transfection. Following resuscitation,
cells were seeded into 6-well plates and cultured con-
ventionally with complete medium overnight at 37°C
in a CO2 incubator. The plasmid and Lipofectamine
transfection reagent were separately diluted with
serum-free medium OPTI-MEM, with a final concen-
tration of 4 pg/mL and 16pL/mL, respectively. The
specific concentrations used for each plasmid were 500
ng/uL. Mixed and added to the wells of the plate, and
incubated in the incubator for 48 h.

subjected to 3 replicated independent experiments.

data are shown as meantstandard devia-
tion of 3 independent experiments, *p<0.05,
*p<0.001,****p<0.0001(one-way ANOVA with T-test
to evaluate the significance of differences observed in
mRNA expression levels between the wild type and
mutants.

Western blot

HEK293T cells were transfected with pEGFP-
C1-FRMD7-wt/mutl/mut2 plasmids and cultured under
standard cell culture conditions. After 48 h of culture,
total protein was extracted from the cells using typi-
cal RIPA lysis buffer consisted of 20mM Tris(pH 7.5),
150mM NaCl, 1% Triton X-100, and sodium pyrophos-
phate, p-glycerophosphate, EDTA, Na3VO4, leupeptin,
sourced from Beyotime Biotechnology. The BCA Protein
Quantification Kit (purchased from Shanghai Yisheng
Biotechnology Co., Ltd.) was used to quantify the protein
under the guidance of the instructions. The protein sam-
ples were denatured, centrifuged, and subjected to pro-
tein gel electrophoresis. The separated proteins were then
transferred to nitrocellulose membranes and blocked
with 5% skimmed milk for 90 min. Anti-clonal primary
antibodies (from ABclonal, 1:1000) were incubated over-
night, followed by incubation with secondary antibodies
(from ABclonal, 1:20,000) for 1.5 h before development.

Analysis of degradation pathways

HEK293T cells were transfected with pEGFP-
C1-FRMD7-wt/mutl/mut2 plasmids and cultured under
standard cell culture conditions. Upon reaching appro-
priate density (48 h), the cells were treated with MG-132
(a proteasome inhibitor, from MedChemExpress, 50 uM)
and CQ (a lysosome inhibitor, from MedChemExpress,
50 uM) for 6 h, respectively, while a negative control NC
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group was also included. GAPDH was used as an inter-
nal reference. Following completion of the incubation,
cells were collected, and lysis buffer was added to extract
intracellular proteins. Cell debris was removed by cen-
trifugation, and the supernatant was collected. Protein
concentration was determined using the Bradford assay.
The data obtained from the Western blot experiments
were analyzed using gray scan ratio with image] and
Graphpad.

Results

Clinical materials

We recruited two family lines with patients diag-
nosed with idiopathic nystagmus, and by whole exome
sequencing of the candidate gene FRMD?7, we identi-
fied two mutations in FRMD? in two independent fam-
ilies:  ¢.1492dupT/p.(Y498Lfs*15) and c¢.1616delG/p.
(R539Kfs*2), with the latter has never been reported in
the Human Gene Mutation Database (HGMD).

The family lineage depicted in Fig. 1A illustrates the
genetic inheritance pattern within the two patient fami-
lies. Family A illustrates a de novo mutation scenario,
observed in the proband (II:1) who exhibits involuntary
eye movements, while the mother (I:2) doesn’t carry the
mutated gene. Family B was inherited in a typical com-
panion X chromosome recessive manner, with male
onset only. The proband (III:4) was hemizygous, his
mother II:4 and grandmother I:2 were carriers, and II:5
was also hemizygous. Both patients presented with invol-
untary and periodic eye movements. Mental develop-
mental block, strabismus, photophobia, color blindness,
night blindness and astigmatism were not found in any
of the families and there was no occurrence of systemic
abnormalities like albinism. The clinical data are sum-
marized in Table 3. The Supplementary materials 2 and 3
include videos of patients.

Table 3 clinical features of probands
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Identification of new mutations

Two frameshift mutations were identified in the genes
of the probands, both of which are located on exon 12.
Sara Hafdaoui et al. published a case report in July2023,
reported the presence of a ¢.1492dupT mutation in the
FRMD?7 gene within a nystagmus patient with Turner
syndrome[12]. However, their investigation primarily
encompassed genetic testing without further experi-
mental analysis. In contrast, our study presents a more
comprehensive approach as followed below, providing a
deeper understanding of the mutation’s functional impli-
cations beyond genetic identification alone.

In family A, the mutation type observed in the proband
(IIL:4) and his mother (I1I:4) was ¢.1492dupT, resulting in a
substitution of tyrosine (Y) with leucine (L) at amino acid
position 498. In family B, the mutation type observed in
the affected individual (II:1) was c.1616delG, resulting in
the substitution of arginine (R) with lysine (K) at amino
acid position 539 (Fig. 1B). Both mutations lead to the
early appearance of a PTC, causing the translation pro-
cess to end prematurely and the production of truncated
protein. By searching the NCBI database, the amino acid
positions where both mutations are located are highly
conserved (Fig. 1C1C2).

We also assessed the impact of two de novo mutations
on mRNA splicing, namely the c.1492dupT mutation
at exon 124442 and the c.1616delG mutation at exon
12-530, both of which belong to the “class III mutation
region” that affects splicing. Both the Varseak and Spl-
iceAl algorithms suggest that these mutations do not
affect splicing. However, the online prediction platform
used for expression product prediction indicates that the
mutations are “deleterious’, which implies a frameshift
mutation that may lead to changes in the amino acid
sequence, truncated proteins, and potential degradation

Family A(lll:4) Family B(ll:1)
SEX M M
Agel(year) 4 29
Age at onset(year) 0 1
Nystagmus direction Horizontally Horizontally
Best corrected visual acuity at presentation(L/R) 0.3/0.3 0.3/0.2

Nystagmus features

strabismus

photophobia

color blindness

Night blindness

Astigmatism

Compensatory head position

Increased nystagmus when gazing
Reduced nystagmus when closing eyes

zZz Z < < ZzZ zZ zZ Z

albinism

no obvious fast or slow phase

no obvious fast or slow phase
External strabismus

< < ZzZz zZ Z

No autonomous feeling
N
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Family B (MUT2): c.1616delG p.(R539Kfs*2)
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QUERY GLTSKVRPAK-QLTYTDVPYIPCTGRQVGIMFPQVFYVDKP-PQVPRRSPIR QUERY PQVPRWSPI-RAEERTSPHSYVEPTAMKPAERSPRNIRMK~SFQQDLAVLQ
w Gorilla gorilla gorilla GLTSKVRPAK-QLTYTDVPYIPCTGRQVGIMPPQVFFYVDRP-PQVPRRSPIR ) PQVPRWSPI-RAEERTSPDSYVEPTAMKPAKRSPRNIRMK-SFQQDLAGLQ
s Callithrix jacchus GLTTRVSAAQ-RLTYTDVPYIPCTGRQVGIMPPQVEFYVDKP-PVPRASPIL s PQVPRQSPI-TABERTRPDRYLEPTAMKPAKRSPRNTKMK-SFQQDLAGLQ
s s cuniculus GLPTRVSSAR-QLTYTDVPYIPCTGRQVDINFPQVEFYVDKP-PQVPRRSPIH s

w» Ailuropoda melanoleuca RLASKVSPAR-QLTYTDVPYIPCTGRQVDIMPPQVEFYVDRP-PQVPKRSPVM s Ailuropoda PQVPKRSPV-AEERERPDSCLEPTEMKPAKRSPRNVRMK-SFQQECQELQ
s GLTSKVSPAR-QLTYTDVPYIPCTSQQVDIMPPQVEFYVDRP-PQVPRRSPIH s Loxodonta africana PQVPRRSPI-HABERERPDSCLQPSVMKPAKRSPRNIRMK-SFQQDFQELQ
sp s E PQVPRRSPI-MAEERERQDNCLEPTAMKPAKKSPRNVRMK-SFQQDFQELQ
s GLTSKVSPAK-RLTYTDVPYIPCTGRQVDIMPPQVFYMDKP-PQVPRRSPI sp PQVPRRSPI-MVEERESLDSCLEPTAMKPVKRSPRNIRMK-SFQQDFQELK
s ™ s PQVPRRSLT-MABENMRPDSYVDHSATKPAKRSPRNMRIK-SLQQDLQELQ_|
0 b PQVPRRSPI-MAEERERPDSCLASTAVKSAKRSPRNIRMK-SFQQDFQELQ
v GHTSKVSPAR-QLTYTDVPYIPCTSQRVDIMPPQVEFYVDKP-PQVPRRSLIM sp PQVPRRSLM-MAEESMRPDSYVDPSATKPAKRSPRNAR IK-SLQQDLQELQ
s GLTSKVSPAR-QLFYTDVPYIPCTSQQVDIMAPQVEFYVDKP-PQVPRRSQLY s PQVPRRSQL-MAEEKVRPDSYIEPTAIKTTKRSPONIRLK-SFQQDLQELQ
sp GLTSKVTPAR-QLTYTOVPYIPCTGOQUDIMPPQVEFYVDRP-SQVPRRSPIH s s QVPRRSPI-MAEERERPDRCLEPTAMKPAKKSPRNIRMK-SFQQDFQELQ
5 GFTSKVSPAR-QLTYTDVPYIPCTSQQVDIMPPQVEFYVDKP-PQVPRRSPI sp anphibius PQVPRWSPI-MABERERPDSCLPTAKQPAKRSPRNIRMK-SFQQDFQERQ
s ntadactyla ‘GLTRKVSPAR-QLTYTDVPYIPCTGQQVDIMPPQVFFYVDRP-PQVPRASPII sp. Manis pentadactyla PQVPRQSPI-ITEERERPDTCLEPTAKKLAKRSPRNIRMK-SFQQDFQELQ
w 2 bactriams GLPSKVSPAR-QLTYTOVPYIPCTGOQVDIMPPQVEFYVDRP-POVPRISPIH s Camelus_bactrianus PQVPRHSPI-AEERERPDSCLEPTAMKPAKRSPRNIRVK-SFQQDFPERP
s | ALTSKVSPAR-QLTYTDVPYIPCTGQQVDIMPPQVFFYVDRP-PQVPRSPIM s i PQVPRQSPI-MAEERERPDSYLQPTAMKPAKRSPRNLRMK-SFQQDFQELQ
s X ALTSKVSPAR-QLTYTDVPYIPCTGRQVDINFPQVEFYVDRP-PQVPRASPIH s Lipotes vexillifer PQVPRQSPI-MAEERESPDSCLQPTAMKPAKRSPRNLRMK-SFQQDFQELQ
w» Uinus | PSPGRIQSER-QITYTDVPYVPSASQUVEVVPPQVEFYVDRP-PQVPRRSPIP s Elaphurus davidianus PQVPRRSPI-MAEEREGPDSCLQSTAVKSAKRSPRNIRMK-SFQQDFQDLQ
s Delphinapterus leucas ALTSKVSPAR-QLTYTDVPYIPCTGRQVDIMPPQVEFYVDRP-POGPRASPIM s 1ph Teucas PQGPRQSPI-HABERERPDSCLQPTAMKPAKRSPRNLRMK-SFQQDFQELQ
= Oxyura_jamaiconsis KSTSVGNURE-VSTRPLVYTOVPCPQPVATPAPQVLFYVDRP-POALCRQTP. s Stenclla attenata PQVPRQSPI-MAEERERPDSCLQPTAMKPAKRSPRNLRMK-SFQQDFQELH
s S GLTNKVSPAR-QLTYTDVPYIPCTSQQVDIMPPQVEFYVDKP-PQVPRRSPI sp S is PQVPRQSPI-HAEERERPDSCLQPTAMKPAKRSPRNLRMK-SFQQDFQELH
s b hiferus PQVPRRSPI-MAEERERPDSCLASTVVKSAKRSPRNIRMK-SFQQDFQELQ
v RRSLIM sp us PQVPRQSPI-MAEERERPDSCLQPTAMKPAKRSPRNLRMK-SFQKDFQELH
» GLTSKVSPAK-QLTYMDVPYIPCTGRQVGIMPPQVEFYVDKP-LVPRRSPIR sp Stenella coeruleoalba PQVPRQSPI-MAEERERPDSCLQPTAMKPAKRSPRNLRMK-SFQQDFQELH
s Sapajus apella VPRGSPII s Delphinus capensis PQVPRQSPI-HABERERPDSCLQPTAMKPAKRSPRNLRMK-SFQQDFQELH
w» Sus scrofa TYTOVPYIPCTSQQVD VPRRSPLY s Sus scrofa PQVPRRSPL-MAEERERPGSCLQPTAVKPAKRSPRNIRMK~SIQQDFQELQ

Fig. 1 A:Family trees (drawn by PowerPoint2020);Family B was inherited in a typical companion X chromosome recessive manner, with male onset only.
The proband (Ill:4) was hemizygous, his mother Il:4 and grandmother I:2 were carriers, and I1:5 was also hemizygous. B: DNA sequencing results, two muta-
tions were found on probands: c.1492dupT/p.(Y498Lfs*15) in family A and c.1616delG/p.(R539Kfs*2) in family B. C1: Amino acid conservation analysis of
mut1: c.1492dupT/p.(Y498Lfs*15). C2: Amino acid conservation analysis of mut2: ¢.1616delG/p.(R539Kfs*2).

of the mRNA via nonsense-mediated mRNA decay containing PTCs, thereby avoiding the production of

(NMD). truncated proteins, and thus preventing truncated pro-
teins and potentially mitigating pathogenicity. The qPCR
qPCR detection of mRNA expression of mutant genes results (refer to Fig. 2AB) from both vectors indicated

NMD is a quality control mechanism, degrading aber-  similar mRNA expression levels for c¢.1492dupT and
rant transcripts from mutated genes carrying Nonsense  ¢.1616delG mutations compared to the wild type, display-
or shift mutations by recognizing and degrading mRNAs  ing no statistically significant differences. This suggests
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that both mutations, ¢.1492dupT and c.1616delG, do not
significantly impact the transcription of the gene into
mRNA, indicating the absence of NMD affecting the
transcribed mRNA from these mutants. This phenom-
enon might be linked to the mutation’s location. Specifi-
cally, while the presence of PTCs generally leads to the
generation of truncated proteins, not all PTCs activate
the NMD pathway. When a truncation mutation occurs
upstream of the splice site by >50 nucleotides, it will be
recognized and activate the nonsense-mediated decay
(NMD) pathway. However, mutations occurring in the
last exon or within 50 nucleotides of the splice site will
not activate NMD, resulting in the generation of trun-
cated proteins. As both of our mutations occurred in
Exon 12, they are unlikely to activate the NMD pathway.

Protein expression of mutant genes

Plasmids expressing wild-type and two mutant cDNAs
were constructed and then transfected HEK293T cells.
Western blot analysis was performed, and electropho-
resis data supported the prediction of truncated protein
production, with the wild-type FRMD?7 protein having a
molecular weight of 106 kDa while the mutant variants,
had significantly smaller molecular weights, with muta-
tion 1 and mutation 2 having weights of 84 and 87 kDa,
respectively (Fig. 2C). (Original images in Supplementary
material 7).

Abnormal FRMD?7 protein expression was observed in
both mutant variants, and th eir expression levels were
slightly lower than the wild type which indicate that trun-
cated protein was degraded by a certain pathway.

Degradation of truncated proteins via the ubiquitination
pathway

To delve into the degradation pathways of truncated
proteins, HEK293T cells were transfected with pEGFP-
C1-FRMD7-wt/mutl/mut2 plasmids and treated with
MG-132 (a proteasome inhibitor) or CQ (a lysosome
inhibitor). The results revealed that the normal protein
expressed in the wild type did not exhibit any change in
grayscale after treatment with CQ and MG-132 com-
pared to the NC group. This indicates that the normal
FRMD7 protein undergoes degradation via pathways
other than the lysosomal or ubiquitination pathways.

In contrast, mutationl (p. (Y498Lfs*15) ) displayed a
significantly increase in gray scale after MG-132 treat-
ment compared to the control group, which indicates
that the degradation of truncated proteins was inhib-
ited after the addition of proteasome inhibitors. The
grayscale of the group treated with CQ was the same as
that of the NC group, indicating that truncated proteins
are not degraded via the lysosomal pathway. Similarly,
mutation2 (p. (R539Kfs*2)) exhibited the same results as
mutationl, suggesting that both truncated proteins via
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the ubiquitination pathway (Fig. 2D). (Original images in
Supplementary material 8).

These findings carry significant implications, offering
insights into in vivo pathways for abnormal protein deg-
radation, thereby enabling us to design targeted thera-
peutic agents to eliminate the accumulation of abnormal
proteins.

Results of literature review of FRMD7

X-linked nystagmus has been linked to at least 3 different
loci on the chromosome: Xp11.4-p11.3 [13]. Xq26-Xq27
[14]. Xp22.3-p22.2 [15], with FRMD7 (Xq26-Xq27)
being the most prevalent locus.

FRMD7 is a protein-coding gene comprising of 12
exons and located at Xq26.2, which encodes a protein
with 714 amino acids. This gene is expressed in various
tissues and organs during human embryonic develop-
ment, including the midbrain, spinal cord, cerebellar
primordia, ventricular layer of the forebrain, and is most
abundant in the developing neural retina, vestibular sys-
tem, and parts of the brain that regulate the vestibulo-
ocular reflex [16, 17].Specifically, FRMD?7 is expressed
in a specific type of starburst neuron (Starburst Ama-
crine Cells) in the retina, which regulates retinal signal-
ing and may be the molecular mechanism responsible
for the oculomotor flutter following FRMD7 mutations
[18]. Calcium/calmodulin-dependent serine protein
kinase (CASK) is a multi-structural domain scaffold-
ing protein that functions in synaptic transmembrane
protein anchoring and ion channel transport. It is a cal-
cium/calmodulin-dependent serine protein kinase that
does not require divalent cations for its catalytic activ-
ity. Joanne et al. demonstrated, for the first time, that
knockdown of FRMD?7 during neuronal differentiation
leads to altered neuronal synapse development. They
found that FRMD?7 expression was upregulated in reti-
noic acid (RA)-induced adult neuroblastoma in differ-
entiating NEURO2A cells in mice [19]. FRMD?7 has also
been shown to interact with CASK, a calcium/calmod-
ulin-dependent serine protein kinase, which provides
another clue to the pathogenesis of FRMD?7 in ICN [20].
Additionally, it has been demonstrated in animal experi-
ments that FRMD?7 may exert nystagmogenic effects by
targeting GABAAR? [21]. As FRMD?7 is homologous to
FARP1 and FARP2 proteins, which are involved in syn-
aptic growth and branching, FRMD?7 protein may have
similar effects [18]. More than half of the mutant phe-
notypes of FRMD?7 cause the appearance of nystagmus
symptoms, and 1/3 are associated with idiopathic nystag-
mus in infants.

To date, the HGMD (The Human Gene Mutation Data-
base) website has reported 153 different pathogenic vari-
ants of the FRMD?7 gene (Table 4), including 91 missense/
nonsense variants (59.5%), 28 splicing variants (18.3%),
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Table 4 Proportion of each mutation type of FRMD7 (HGMD

professional 2023.1)

Mutation type Number Proportion
Missense/nonsense 91 59.5%
Splicing 28 18.3%
Small deletion 20 13.0%
Small indels 7 4.6%

Small insertion 1 0.65%
Gross deletion 6 3.9%

20 small deletions (13.0%), 7 small indels (4.6%), 1 small
insertion (0.65%), and 6 gross deletions (3.9%) (HGMD
professional 2023.1).

FRMD?7 is a gene that codes for a cytosolic-cytoskeletal
coupling protein, which belongs to the FERM structural
domain family. The FERM structural domain family is
named after its founding members, which include protein
4.1, ezrin, radixin, and moesin [22]. The protein encoded
by FRMD?7 consists of a conserved FERM structural
domain located at the N-terminal end and an adjacent FA
structural domain (A-C or F1-F3), which forms a clover-
leaf structure. The FERM structural domain is typically
responsible for membrane binding through interactions
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with integrated membrane proteins and lipids, while
the FA structural domain, present in a subset of FERM
structural domain proteins, regulates protein function
through modifications such as phosphorylation [11]. The
FERM structural domain spans amino acids 2-282, while
the FA structural domain spans amino acids 288-336.
Of the 140 FRMD7 mutants analyzed, 63 (45%) occurred
in the FERM structural domain, resulting in alterations
to the FERM amino acid sequence (excluding splicing
abnormalities due to intron mutations), while 24 (17.1%)
occurred in the FA structural domain. Mutations associ-
ated with nystagmus in FRMD? are highly clustered in
the N-terminal region of the protein, strongly suggesting
that the FERM and FA structural domains are important
for the normal function of FRMD7 protein.

The FERM structural domain plays a crucial role in
intracellular signaling and cytoskeleton assembly. It has
the ability to interact with several other protein struc-
tural domains to regulate various physiological processes,
such as cell morphology, motility, and differentiation.
Mutations in the FERM structural domain have been
shown to contribute to infantile nystagmus (IN) [23]. FA,
the FERM-adjacent region, defines a subset of the FERM
proteins in animals. The conservation of motifs in FA

B Exon12 Insertion ® Exon12 Deletion ® Exon12 Missense ® Exon12 Duplication

licati %
Duplication, 3, 12% / Insertion, 3, 12%
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that are potential substrates for kinases together with the
known regulatory phosphorylation of 4.1R in this region
raises the possibility that FA is a regulatory adaptation in
this subset of the FERM proteins [24].

We conducted a comprehensive summary of the 140
mutation types reported in the literature (Supplementary
file-Table 4) [16, 17, 23, 25, 26, 27, 28, 29, 30, 31, 32, 33—
36, 7, 20, 21, 37-55], including the two identified in this
study. Of these mutations, 22/140 (15.7%) were found in
introns, while exon 9 was the most frequently mutated
position, accounting for 31/140 (22.1%) mutations, fol-
lowed by exon 12 with 25/140(17.9%) mutations (Fig. 3).
While missense/nonsense mutations comprise approxi-
mately 60% of total mutations, our study revealed that
shift mutations accounted for up to 80% of mutations in
exon 12 (Fig. 4C). This finding is noteworthy and war-
rants further investigation into the underlying causes.

Discussion

Our investigation identified two novel nonsense muta-
tions, ¢.1492dupT/p.(Y498Lfs15) and c.1616delG/p.
(R539Kfs2), in separate families, with the latter being a
newly discovered mutation. This expands the mutational
spectrum of the FRMD?7 gene and provides important

Mutation quantity in each region
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Fig. 3 Number of mutations in each region; exon 9 was the most frequently mutated position, accounting for 31/140 (22.1%) mutations, followed by

exon 12 with 25/140 (17.9%) mutations
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Fig. 4 A: Mutation representation of FRMD? protein in the FERM and FA structural domains. FERM is divided into three regions A/B/C and FA is the
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12 are the regions with the highest mutation rates, but the mutation types of the two are distinct: Exon 9 contains 31 mutations, 28 of which are missense
mutations; Exon 12 contains 25 mutations, 21 of which are code-shifting mutations

reference information for future genetic sequencing in
patients with idiopathic nystagmus. Although neither
mutation was predicted by software to affect mRNA
splicing, both result in the early appearance of a PTC,
leading to the production of truncated proteins with del-
eterious function. Interestingly, our experimental verifi-
cation using qPCR and Western-blot showed that neither

mutation activates the nonsense-mediated mRNA decay
(NMD) pathway (Supplementary file 4). This is concern-
ing, as truncated proteins often lack one or more func-
tional modules or may contain abnormal functional
modules, potentially exacerbating the loss of the origi-
nal protein function. The incidence rate of NMD can
have a significant impact on the severity of the patient’s
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condition. Unfortunately, neither mutation examined in
this study activated the organismal NMD pathway, which
may have led to more severe nystagmus and could partly
explain the severity of the patient’s condition. However,
other factors such as individual variability in genetic
background, might also contribute to the varying severity
of disease phenotype.

Further analysis highlighted that both truncated pro-
teins are degraded via the ubiquitination pathway. These
findings have significant implications for our understand-
ing of the in vivo degradation pathways of abnormal
proteins and may assist in the design of targeted thera-
peutic agents to eliminate the accumulation of abnormal
proteins.

Mutation hotspot area

Our comprehensive review of primary literature offered
a detailed overview of mutations within the FRMD7
gene and their correlation with clinical manifestations.
Our analysis revealed that the FERM protein structural
domain at the N-terminal end is a hotspot for mutations,
with the majority of pathogenic mutations occurring
in the FERM and FA structural domains (Fig. 4A). This
signifies the pivotal involvement of the FERM structural
domain in the regular function of the FRMD?7 protein,
and highlights the need for further research to investi-
gate the effect of these domains on FRMD7 protein func-
tion. Additionally, we found that exons 7, 8, 9, and 12
are the regions with the highest concentration of muta-
tions (Fig. 4B), indicating that screening for mutations
that cause congenital nystagmus should prioritize these
exons. These findings provide valuable insights for future
studies, which may lead to improved diagnosis and treat-
ment of this inherited ocular disease.

Frameshift mutations, NMD and truncated proteins

It is noteworthy that 80% (20/25) of the mutations iden-
tified in exon 12 were missense mutations (Fig. 4C).
Interestingly, almost all of the frameshift mutations were
found in exons 11 and 12, including the two frameshift
mutations identified in this study. This is in stark contrast
to mutations found in other exons, which are predomi-
nantly missense mutations. This phenomenon is related
to the location of the code shift mutation: A truncated
protein is produced when a PTC appears prematurely.
There are three possible ways in which a PTC can arise
[56]: 1) A missense mutation that replaces a single base
pair can generate a TAG, TAA, or TGA termination
codon; 2) Insertion or deletion of nucleotides that are not
divisible by three can result in a frameshift, and on aver-
age, a new termination codon is generated in one out of
every 20 downstream codons. 3) Mutations that cause
the use of cryptic splice sites or exon-skipping often
result in frameshifts, which can alter the reading frame of
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the genetic code and affect the protein produced. In most
cases, premature termination codons are generated by
frameshift mutations resulting from deletions or inser-
tions, and premature termination codons lead to trun-
cated protein production. Nonsense-mediated mRNA
decay (NMD) is an intracellular protein quality control
mechanism that recognizes PTCs and degrades aberrant
mRNA, thereby preventing the production of truncated
proteins. However, not all mRNAs containing PTCs can
be recognized and degraded by NMD complex, but only
those where the PTC is located at the beginning of the
mRNA sequence, 5’ of the last intron and around 50 or
more nucleotides away from the intron [57].

The reason for this is that when the PTC is too close to
the intron, the mRNA degradation machinery recognizes
it as a defect and degrades the entire mRNA molecule.
However, if the PTC is far enough away from the intron,
the mRNA degradation machinery does not recognize it
as a defect and may allow some protein to be produced.
Therefore, when a truncating mutation occurs in the last
exon or the last 50 nucleotides of the penultimate exon,
PTCs cannot be properly recognized, and NMD is not
induced, leading to the production of truncated proteins.
This explains why in the mutations of the FRMD?7 gene,
most pathogenic mutations occur in the last 50 nucleo-
tides of exons 12 and 11, which is a strong support for the
mechanism of NMD induction.

Truncated protein and severity of nystagmus
As we mentioned above, frameshift mutations focused
on exons 11 and 12 do not induce NMD, leading to the
production of truncated proteins. These truncated pro-
teins generate additional harmful proteins, in addition
to the loss of original protein function. We believe that
frameshift mutations occurring at other locations will
most likely be degraded through the NMD pathway,
resulting in the loss of corresponding protein function.
The loss of FRMD?7 protein may lead to mild nystagmus
due to haploinsufficiency, only the production of addi-
tional harmful truncated proteins and the generation
of additional abnormal protein functions will result in
severe nystagmus. This includes all frameshift mutations
occurring in exon 12, all frameshift mutations in the last
50 nucleotides of exon 11, and several mutations at other
locations that do not induce NMD. Considering that 80%
of mutations in exon 12 are frameshift mutations that
generate abnormal FRMD?7 protein function, mutations
at this location may lead to more severe nystagmus. The
next step is to compare the relationship between different
exon mutations and the degree of nystagmus in patients
to validate this conclusion.

We have already explained well why frame-shift muta-
tions are rare in regions outside exons 11 and 12, but
there is still a question as to why there are few pathogenic
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missense mutations in these two regions, and mostly
pathogenic frame-shift mutations. We speculate that this
may be because a single amino acid change at the end of
the FRMD?7 protein has little effect on protein function,
which contrasts with the significant impact of the FERM
domain on protein function. In other words, FRMD7
protein function is likely mainly exerted in the front half
part, and the impact of the back half is small. Further
research is needed to confirm this speculation.

In conclusion, our study has contributed to enriching
the mutational spectrum of the FRMD?7 gene and has
further established the association between idiopathic
nystagmus and the FRMD7 gene. We have elucidated
the effects of both mutations on the protein function
and identified potential targeted elimination pathways
of truncated proteins. However, to gain a comprehensive
understanding of the molecular mechanisms underly-
ing this inherited ocular disease, further investigation
into the effects of the FERM structural domain and FA
structural domain on FRMD?7 protein function is war-
ranted. These findings highlight the importance of con-
tinued research in this field, which may ultimately lead to
improved diagnosis and treatment of patients with idio-
pathic nystagmus.
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