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Abstract

e AIM: To investigate the genetic and clinical characteristics
of patients with a large heterozygous copy number deletion
on 7q31.31-7931.32.

o METHODS: A family with familial exudative vitreoretinopathy
(FEVR) phenotype was included in the study. Whole-exome
sequencing (WES) was initially used to locate copy number
variations (CNVs) on 7q31.31-31.32, but failed to detect
the precise breakpoint. The long-read sequencing, Oxford
Nanopore sequencing Technology (ONT) was used to get
the accurate breakpoint which is verified by quantitative
real-time polymerase chain reaction (QPCR) and Sanger
Sequencing,

e RESULTS: The proband, along with her father and younger
brother, were found to have a heterozygous 4.5 Mb CNV
deletion located on 7g31.31-31.32, which included the FEVR-
related gene TSPAN12. The specific deletion was confirmed
as del(7)(q31.31g31.32)chr7:g.119451239_123956818del.
The proband exhibited a phase 2A FEVR phenotype,
characterized by a falciform retinal fold, macular dragging,
and peripheral neovascularization with leaking of
fluorescence. These symptoms led to a significant decrease
in visual acuity in both eyes. On the other hand, the affected
father and younger brother showed a milder phenotype.

e CONCLUSION: The heterozygous CNV deletion
located on 7931.31-7931.32 is associated with the FEVR
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phenotype. The use of long-read sequencing techniques
is essential for accurate molecular diagnosis of genetic
disorders.
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INTRODUCTION

amilial exudative vitreoretinopathy (FEVR; MIM:

#133780) is a hereditary vitreoretinal disorder. It
is characterized by abnormal incomplete vascularization
of the peripheral retina. This can result in secondary
neovascularization, which is prone to leakage or rupture. The
condition can manifest in various clinical syndromes, ranging
from mild peripheral avascularity with normal visual acuity
to severe retinal detachment, ultimately leading to blindness.
FEVR can associate with intellectual disabilities"?, and is
reported to be autosomal dominant (AD), autosomal recessive
inheritance (AR), or X-linked inheritance trait, and genetically
associated with the genes of FZD4"! LRP5™, TSPAN12"™
NDP“, KIF11", ZNF408", RCBTBI™, CTNNBI"", and
JAGI™. While point gene variations in nucleic acids have
commonly been implicated in the disease, recent studies have
also identified copy number variants (CNVs) as contributing
factors. CNVs can alter gene dosage, modify the 3D architecture
of the genome, or even result in the formation of chimeric
genes!"”.
CNVs, which are DNA segments larger than one kilobase (kb),
could present variable copy numbers compared to the reference
genome. They are an important aspect of genomic diversity,
similar to single nucleotide polymorphisms (SNP), and may
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not be associated with any disease phenotypes'"”. However, in
the cases of FEVR, six genes (FZD4", LRP5" TSPAN12",
NDP™! KIF11"™ and CTNNBI"") have been reported to be
affected by CNVs. Understanding the pathology of CNVs is
crucial in determining the genes responsible for the disease and
identifying dosage-sensitive genes for further investigation.
However, many of these reports lack precise breakpoint
information, making it difficult to analyze the relationship
between phenotypes and the specific genes affected by the
CNV region. For instance, individuals with heterozygous
deletion of the entire TSPANI2 gene can exhibit clinical
features such as cleft lip, dysmorphic ears, and death at an
early age, or only milder FEVR phenotype''®’. It is unfortunate
to miss out on analyzing other critical genes within the CNVs
region that could be linked to these syndromes. Detecting
precise breakpoints using the commonly used whole-exome
sequencing (WES) technique is challenging for large segments
with copy number deletion or duplication, compromising the
reliability of the results. Therefore, the discussion needs to
focus on finding appropriate methods to resolve CNVs and
determining the critical genes within the entire CNV region
that are associated with specific syndromes.

Here we reported the identification of a heterozygous 4.5 Mb
copy number deletion on chromosome 7q31.31-7q31.32, which
includes the entire TSPANI2 gene, in a family from Northwest
China exhibiting the FEVR phenotype. In comparison to
previous reports of heterozygous whole TSPANI2 deletions,
we discovered a de novo pathological copy number deletion
located on 7q31.31-7q31.32 and confirmed the breakpoint
as del(7)(q31.31931.32)chr7:2.119451239 123956818del.
Accurate molecular diagnosis of genetic disorders plays a
crucial role in understanding the pathogenesis of complex
syndromes. This is particularly important for families affected
by hereditary diseases, as it enables the identification of
pathogenic variants and provides valuable insights into the
correlation between phenotype and genotype.

SUBJECTS AND METHODS

Ethical Approval Our study adhered to the Declaration of
Helsinki and followed the collection guidelines for human
genetic disease specimens issued by the Ministry of Health of
China. It was approved and reviewed by the Ethics Committee
on Human Research at People Hospital of Ningxia Hui
Autonomous Region. The approved number is 2021-NZR-136.
Written informed consent was received from each participant
or his/her legal guardians prior to their participation.

Clinical Examinations, Diagnosis, and Grading of Familial
Exudative Vitreoretinopathy Three patients (individuals
of Figure 1A, I:1, II:1, and II:2) with FEVR, as well as one
unaffected family members (individuals of Figure 1A, 1:2),
from a Chinese family were recruited for both genetic and

clinical tests. The parents of the patients denied exposure
to toxicants and any adverse personal history. All family
members underwent comprehensive ophthalmic examinations
including best-corrected visual acuity (BCVA), refractometry
(Topcon KR8100, Topcon Inc., Japan), slit-lamp examination,
color fundus photography (Heidelberg Engineering GmbH,
Heidelberg, Germany), optical coherence tomography (OCT)
examinations (HD-OCT4000, Carl Zeiss Meditec, USA) and
fundus fluorescein angiography (FFA, Heidelberg Engineering
GmbH, Heidelberg, Germany). Visual acuity values were
recorded using logMAR data. Prior to the fundus examination,
bilateral pupil dilation was achieved using 0.5% compound
tropicamide eye drops (Santen Pharmaceutical Co., LTD.
M605191, Japan). The proband also underwent systemic
clinical evaluations, including Denver Developmental
Screening Test.

The clinical diagnosis of FEVR disease was based on the
following three criteria: the presence of at least one eye with
peripheral retinal avascular area; no history of premature
delivery or oxygen inhalation, excluding neonatal retinopathy
(ROP) and Norrie disease; the presence of any degree of
peripheral retinal avascular area, increased branching, brush-
like border, vitreous retinal or macula traction, a peripheral
fibrovascular mass or fibrous proliferation, subretinal exudation
or retinal neovascularization.

The severity of FEVR was graded according to the following
criteria: stage 1: avascular area of the peripheral retina; stage 2:
avascular area of the peripheral retina with neovascularization,
without/2A or with/2B the appearance of exudate or
angiographic appearance of leakage in the late phase; stage 3:
subtotal retinal detachment that does not involve the macular
area, without/3A or with/3B the appearance of exudate; stage
4: subtotal macula-involving retinal detachment, without/4A
or with/4B the presence of exudation; stage 5: total retinal
detachment divided into an open funnel type and closed funnel type.
Whole Exome Analysis WES was conducted on the four
individuals (Figure 1A, I:1, I:2, 1I:1, and I1:2) from this family
in order to identify the mutation responsible for their disease.
Genomic DNA samples from each patient were sheared
into 300-500 bp fragments and then ligated with Illumina
Y-shaped adaptors. After purification using Agencourt AMPure
SPRI beads, the samples were amplified using ligation-
mediated polymerase chain reaction (PCR). The SeqCap EZ
Hybridization and Wash kit (Roche NimbleGen, Madison,
WI) covering 44.1 megabases (Mb) was then employed for
the enrichment of over 20 000 genes per the manufacturer’s
protocols.

The post-capture libraries were quantified using Pico green
assay and sequenced on an Illumina Hiseq 2000 machine, as
indicated previously"”. Variants with minor allele frequencies
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Figure 1 Validation the copy number deletion A: Pedigree information. In this pedigree, filled symbols indicate affected patients with FEVR,

the unfilled symbols indicate unaffected individuals. Squares represent males, and circles represent females. The letter “M” represents copy

number deletion, and “+” indicates the normal allele. The arrow points to the proband (l1:1) who exhibits copy number deletion of del(7)

(931.31931.32)chr7:8.119451239-123956818del. B: Long-read technology (ONT) shows aberrant decrease reads at 79g31.31-31.32. C: The copy

number deletion encompasses 21 genes with TSPAN12 included, spans approximately 4.5 Mb. D: Sanger sequencing identified the breakpoint

of the copy number deletion, which spans from position g.119451239 to g.123956818. E: PCR products including the recombination site of the

breakpoint, it revealed a single band at 1000 bp in the three patients (C, I:1, I:2, ll:1), and none in the mother (C, I:2 ). FEVR: Familial exudative

vitreoretinopathy; ONT: Oxford Nanopore sequencing technology; PCR: Polymerase chain reaction.

(MAFs) greater than 0.5% were filtered based on healthy
population frequency databases including dbSNP, 1000
Genome Project (1000G, http://www.internationalgenome.org/
data), the Exome Aggregation Consortium Browser (ExAC,
http://exac.broadinstitute.org), the Genome Aggregation
Database (gnomAD, https://gnomad.broadinstitute.org/). Novel
and rare variants with MAF less than 0.5% were classified
and analyzed for pathogenicity according to the guidelines set
by the American College of Medical Genetics and Genomics
(ACMG)".

Oxford Nanopore Sequencing Technology For Oxford
Nanopore Sequencing Technology (ONT), genomic DNA
isolation was performed using the same method as described
for WES. The DNA was then purified with a 1xreaction using
Agencourt Ampure XP Beads (NC9959336, Fisher Scientific,
Hampton, NH, USA). The DNA was then treated with the
NEB Next Ultra II End-Repair/dA-tailing Module (NEB
E7546S, New England Biolabs, Ipswich, Massachusetts, USA)
to repair any damaged template DNA. Library preparation
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was carried out according to the manufacturer’s protocol, and
sequencing was performed for 48h using an MK1B MinION.
The sequencing and base calling processes were conducted
using MinKNOW version 1.1.21 and Metrichor version 1.125
(ONT, Oxford, UK). The native Fast5 files were converted to
FASTQ files using Poretools'”.

Quantitative Real-Time Polymerase Chain Reaction
Verification of 7ZSPAN12 Haploinsufficiency Quantitative
real-time polymerase chain reaction (QPCR) amplified the
region of interest on the target gene and the control was
performed on the samples that meet the quality standards.
The fluorescence was used to monitor the PCR process
in real-time, allowing for relative quantitative analysis of
each sample DNA. The exon 8 of the T7SPANI2 gene was
amplified using the 77LL5 and SPATA7 genes as endogenous
references. Primers were designed specifically for the exon
8 (Fw: 5’-TGCTCTGGGCTCTGTATTATGA-3’, Rv: 5°-
CAGGTGCTGAGAGTTGTCATTC-3"). The beginning step
in the PCR is performed at 95°C for 10min, then came to 40
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Table 1 Clinical details of the family members

Member Gender Age,y BCVA Optometry I0P (mm Hg) Lens/cornea Fundus FFA
I:1 M 33 0OD: 0.0; OD: +1.25DCx80; 0D: 13 Normal Straightening blood vessels Brush-like peripheral
0S: 0.0 0S: +1.50DCx100 0S: 14 vessels
1:2 F 33 0D: 0.0; OD: PL; OS: PL OD: 14 Normal Normal Normal
0S:0.0 0S: 13
I1:1 F 8 OD: 0.4; 0OD:-7.50DS: -1.75DCx125; 0D: 12 Normal Falciform retinal fold leakage corresponding to
0S:0.7 0S: -2.25DS: -5.00DCx65 0S: 12 retinal avascularization
11:2 M 3 0D: 0.0; OD: +1.25DCx80; OD: 13 Normal Avascularization of N/A
0sS: 0.0 0S: +1.50DCx100 0S: 12 peripheral retina

OD: Right eye; OS: Left eye; M: Male; F: Female; BCVA: Best-corrected visual acuity; IOP: Intraocular pressure; FFA: Fundus fluorescein

angiography: N/A: Not available.

cycles of denaturation stage at 95°C for 10s, annealing at 60°C
for 1min. The next stage is the melt curve stage, performed at
95°C for 10s, 65°C for 1min, 95°C for 15s, and last, for the
cooling stage, performed at 40°C for 10s.

Polymerase Chain Reaction and Sanger Sequencing PCR
and Sanger sequencing were also performed to validate
the breakpoint regions of CNVs. Primers were designed
as Fw: 5’-GCTGCTCCATACCTGTATCAC-3’, Rv:5°-
CATAAGTTCCAAGAGTACATAGAC-3’, including the
recombination point. PCR was carried out using a LongAmp
Taq PCR Kit (E5200S; NEB, Ipswish, MA, USA). Totally 50-
100 ng gDNA was used as PCR template (conditions: 96°C
for Smin followed by 35 cycles of 96°C for 30s, 60°C for 30s,
and 72°C for 4min, with a final extension at 72°C for 4min).
PCR products purification, library construction, sequencing,
and data analysis were the same as described in WES. Sanger
sequencing was used to validate the breakpoint junctions.
RESULTS

Clinical Features The clinical features of FEVR were
observed in three patients (Figure 1A, I:1, II:1, and II:2) from
a family with a copy number deletion on the 7q31.31-7q31.32
region. The details of the patients’ clinical data are summarized
in Table 1. Based on a comprehensive clinical examination, an
AD inheritance pattern was identified in this family. (Figure
1A). The proband (Figure 1A, II:1), who was referred to
our hospital at the age of 8 presented with decreased visual
acuity in both eyes and esotropia. She had normal mental
development and did not exhibit any syndromes of autism. The
Denver Developmental Screening Test results were normal.
The BCVA was measured as 0.4 in the right eye and 0.7 in the
left eye. Both the corneas and lens appeared normal. Retinal
photography revealed a falciform fold extending from the optic
disc to the temporal retina. (Figure 2A, 2B, white arrows),
accompanied by macula dragging in both eyes, avascular
areas with fiber proliferation (Figure 2A, yellow arrows).
FFA demonstrated temporal peripheral retinal nonperfusion
zones and the presence of abnormal new blood vessels (Figure
2E, 2], red arrows), as well as fluorescence leakage (Figure
2D, 2E, yellow arrows). Peripheral fibrovascular mass with

hyperfluorescence indicated an abnormal increase in retinal
vascular branches (Figure 21, yellow arrows). The upper
and lower vascular arches showed sharpened angles, pulling
towards the temporal side (Figure 2C, red arrows). Optic disc
leakage was observed in both eyes (Figure 2G, yellow arrows).
OCT scans demonstrated a flatter central macula in both
eyes (Figure 2K shows the right eye, 2L shows the left eye).
According to Trese’s Staging System, the proband exhibited
stage 2A symptoms without exudate.

The asymptomatic father (Figure 1A, I:1) exhibited a
normal anterior segment. His fundus photography revealed
a regular posterior pole of the retina (Figure 3A, 3B), but the
avascularized area of the peripheral retina in both eyes (Figure
3A, 3B, white arrows). FFA demonstrated brush-like peripheral
vessels with fluorescence leakage (Figure 3F, 31, 3J, red
arrows) and retinal neovascularization without exudate (Figure
3C, 3H, yellow arrows), which were considered as typical
signs of FEVR stage 2A, even though he had normal visual
acuity in both eyes. FFA image also demonstrated anomalous
vascularization, supernumerary vascular branching in areas of
vascular-avascular junctions (Figure 3D, 3E, brown arrows),
and the no perfusion areas (Figure 3G, 3J, green arrows). The
OCT shows no apparent abnormalities in morphology and
thickness of the macular (Figure 3K, 3L).

The younger brother of the proband (Figure 1A, 11:2), whose
parents refused to undergo FFA, presented with normal visual
acuity and anterior segments, but had abnormal avascular
peripheral retinal vessels. The proband’s mother (Figure 1, I:1)
showed normal visual acuity, the anterior segment and fundus
examination. However, the proband had an earlier onset of
the disease, and her visual acuity decreased significantly and
rapidly progressed.

Genetic Findings To identify the genetic cause of FEVR in
this family, we performed WES on all the family members
(Figure 1A, I:1, I:2, II: 1, and II:2). WES analysis detected a
potential deletion on chromosome 7 in the proband (Figure
1A, 1I:1), the affected father (Figure 1A, I:1), and the younger
brother (Figure 1A, II:2). Subsequently, CNV analysis on
the WES data using Exome Depth revealed that the proband
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Figure 2 Clinical observations of the proband (11:1) Fundus
photography exhibited falciform retinal fold and macula dragging in
both eyes (A, B white arrows), as well as an avascular area with fiber
proliferation (A, yellow arrows). FFA exhibited temporal peripheral
retinal nonperfusion zones (F, red arrows), abnormal new blood
vessels leakage (E, J, red arrows), fluorescence leakage (D, E, yellow
arrows), peripheral fibrovascular mass with hyperfluorescence (H, |,
red arrows), and an abnormal increase of retinal vascular branches
(I, yellow arrows), pulling towards the temporal side, sharpened
angle of upper and lower vascular arches (C, red arrows), and optic
disc leakage (G, H, yellow arrows). OCT scan showed a flatter central
macula in both eyes (K shows the right eye and L shows the left
eye). FFA: Fundus fluorescein angiography; OCT: Optical coherence
tomography.

(Figure 1A, II:1) and the affected father (Figure 1A, 1:1) had
the same large deletion on chromosome 7 in minus one copy
ratio, which was approximately 4 Mb in size (Figure 4). To
identify the exact breakpoint of the CNV deletion in the FEVR
patients, we performed further genotypical and phenotypical
analyses. The resulting call set of the proband from ONT
revealed 212 copy number deletions, 105 copy number loss
(the deletion is more obvious than the loss), 78 copy number
gains, and 3 copy number amplification (the amplification is
more evident than the gain). By comparing these results with

the WES and CNV-seq findings, we were able to pinpoint
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Figure 3 Clinical observations of the father (I:1) Fundus photography
exhibited an avascularized area (white arrows) in the peripheral
retinal (A, B). FFA demonstrated brush like peripheral vessels with
fluorescence leakage (F, |, J, red arrows), retinal neovascularization
(C, H, yellow arrows), no perfusion area (G, J, green arrows) and
supernumerary vascular branching in areas of vascular-avascular
junctions (D, E, brown arrows). OCT is normal in both eyes (K
shows the right eye, L shows the left eye). FFA: Fundus fluorescein

angiography; OCT: Optical coherence tomography.

the breakpoint site. This analysis confirmed a heterozygous
copy number deletion affecting 21 genes (Figure 1B, 1C).
The left breakpoint was located at (hg38) Chr7:119451239,
while the right breakpoint was at chr7:123956818. The copy
number deletion, chr7:g.119451239-123956818 covered a
region of 4 505 580 bp that was not previously reported in
gnomAD. The 21 genes involved in the heterozygous copy
number deletion were KCND2, WASL, CADPS2, HYAL4,
1QUB, ASB15, PTPRZ1, FAM3C, CPEDI, SPAM1, NDUFAS5,
SLCI1341, FEZF1, AASS, WNT16, ING3, LMOD2, TAS2R16,
RNF148, RNF133, TSPANI2. Table 2 lists 15 genes, along
with their OMIM numbers and functions.

The heterozygous deletion of TSPANI2 gene in the affected
individuals was further confirmed by QPCR using primers
specific to TSPANI2 exon 8. The proband (Figure 1A, II:1),
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Figure 4 The results of CNV analysis conducted on FEVR patients The analysis conducted was performed using Exome Depth and revealed
that both the proband (A) and her father (B) had the same large deletion on chromosome 7, resulting in a minus 1 copy ratio. This deletion
spans approximately 4 Mb (short orange line) and is represented by short orange line. C: The TSPAN12 CNV-seq analysis of four family members
affected by FEVR. The x-axis indicates the exon 8 of TSPAN12, as well as two control gene regions (SPATA7 exon 6 and TTLL5 exon 14). The y-axis
represents the number of copies detected in each specific region. Asterisks highlight the heterozygous deletion of the target gene, TSPAN12, in

comparison to the reference genes compared TTLL5 and SPATA7. CNV: Copy number variation; FEVR: Familial exudative vitreoretinopathy.

Table 2 The genes detected in the 4.5 Mb CNV deletion located in 31.31-7¢q31.32

MIM number Genes Function

°605410 KCND2 Slows potassium channel inactivation, correlate with autism and seizures.

°605056 WASL Regulation of the actin cytoskeleton is critical for brain development and function; Wiskott-Aldrich syndrome.
°609978 CADPS2 Members of the Ca (2+)-dependent activator for secretion protein family, aberrant splicing in autistic patients.
°604510 HYAL4 Contribute to hyaluronan metabolism.

°176891 PTPRZ1 Resistant to gastric ulcer induction.

°608618 FAM3C Cytokine-like gene family.

°600930 SPAM1 Helps to enable sperm to penetrate the cumulus cell layer surrounding the egg.

’601677 NDUFA5 The component of the enzyme complex in the electron transport chain of mitochondria.

°606193 SLC13A1 Hyposulfatemia, growth retardation, reduced fertility, and seizures in mice.

°613301 FEZF1# Hypogonadotropic hypogonadism 22, with or without anosmia (MIM: #616030).

°605113 AASS# Hyperlysinemia, (MIM: #238700).

°606267 WNT16 Wnt16/Notch pathway specifies haematopoietic stem cells.

°607493 ING3 A candidate tumor suppressor gene.

°608006 LMOD2 Modulate the association of tropomyosin in the erythrocyte membrane skeleton.

°604867 TAS2R16 Beta-glycopyranoside tasting. (MIM: #617956)

“Before an entry number indicates a gene; A number symbol (#) before an entry number indicates that it is a descriptive entry, usually of a

phenotype, and does not represent a unique locus.

the affected father (Figure 1A, I:1), and her younger brother
(Figure 1A, II:2) showed half of the copy number compared
to the healthy mother for 7SPANI2 exon 8. Conversely, the
control genomic regions, T7LLS5 exon 14 and SPATA7 exon
6, showed equal copy numbers in all individuals (Figure 4C).
Therefore, the heterozygous deletion involving the TSPANI2
gene was considered the pathological cause of the patients with
varying disease phenotypes. Additionally, segregation analysis
confirmed the presence of the unaffected mother on the allele,
confirming that the deletion originated from the father.

To further delineate the deletion, targeted PCR amplification
and Sanger sequencing were performed, leading to the
identification of the same junction product. However, refining
the deletion through iterative PCR was not possible due to the

large size of the deletion, which exceeded the amplification
range of rudimentary PCR. Primers were designed for the
entire family, incorporating the recombination site of the
breakpoint. The three patients showed a single band of
approximately 1000bp (Figure 1E, I:1, I:2, II:1), while the
mother presented none (Figure 1E, 1:2).

DISCUSSION

We herewith report on a Chinese family affected by FEVR
with a novel 4.5 Mb copy number deletion at 7q31.31-31.32.
Two siblings (Figure 1A, II:1, II:2) and their father (Figure
1A) from Northwest China were found to have this deletion.
Previous studies have indicated that deletions in the 7q31.31-
31.32 region are associated with retinal angiogenesis and
mental development™. The existing literature correlated
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Table 3 The details of copy number deletion involving 31.31-7g31.32 listed on UCSC

Phenotype

Bands ClinGen details
7p22.3-7936.3 nssv13656087
7931.1-7q31.32 nssv13644796
7922.1-7q931.31 nssv1415399
7931.2-7933 nssv1494908
7p22.3-7936.3 nssv578163
7p22.3-7q36.3 nssv582318
7931.1-7q31.33 nssv585198
7931.1-7931.33 nssv578210

Ambiguous genitalia, Hyperpigmentation of the skin

Global developmental delay

Developmental delay and/or other significant developmental or morphological phenotypes

Hypoglycemia

Ambiguous genitalia

Developmental delay and/or other significant developmental or morphological phenotypes
Developmental delay and/or other significant developmental or morphological phenotypes

Hypertonia, Intellectual disability, short stature

copy number deletions on 7q31.31-31.32 with a range of
developmental phenotypes. We compiled a list of phenotypes
associated with copy number deletions in this region, ranging
from global developmental delay to specific developmental or
morphological phenotypes, using the UCSC database. (UCSC,
http://genome.ucsc.edu; Table 3). The pathogenic effect of
7q31.31-31.32 copy number deletion involved the phenotypes
of speech and language disorders due to the deletion of the
FOXP2 gene, or intellectual disability and developmental
delay due to the deletion of the IMMP2L gene™*". In addition,
a previous report described a patient with a 5.4-Mb deletion
in the 7q31.31 region involving the CADPS2 and TSPANI2
gene, who exhibited bilateral persistent hyperplastic primary
vitreous (PHPV) apart from autism spectrum disorders (ASD)
phenotype"?.

For our study the variant region is located at 7q31.31-31.32,
del(7)(q31.31q31.32)chr7:g.119451239 123956818del, and
comprises 21 protein-coding genes. These genes include
TSPAN12, KCND2, WASL, CADPS2, HYAL4, IQUB, ASBI5,
PTPRZI, FAM3C, CPEDI, SPAM1, NDUFA5, SLC1341,
FEZF1, AASS, WNTI16, ING3, LMOD2, TAS2R16, RNF148,
RNF133. Table 2 lists the 15 genes with OMIM number and
function. Our patients only present a mild FEVR phenotype
attributed to the 7SPAN12 heterozygous copy number deletion.
It’s worth noting that KCND2 and CADPS?2, which have been
reported to correlate with autism features, did not appear in
our patients. Additionally, the deletion contains 3 OMIM
disease genes, they are FEZFI gene associated with autosomal
recessive hypogonadotropic hypogonadism 22, with or
without anosmia (MIM: #616030), 44SS gene with autosomal
recessive hyperlysinemia, (MIM: #238700) and TAS2RI16
gene with AD beta-glycopyranoside tasting (MIM: #617956).
However, these genes were not subjected to a special analysis
as a second correlated gene because the affected individuals
did not exhibit any clinical signs of the associated disorder.
Combining the phenotype and genotype, haploinsufficiency of
TSPAN12 was considered the main pathological cause due to
its role in FEVR .
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The TSPANI2 gene encodes a 305 amino acid quadruple
transmembrane protein, which belongs to the Tetraspanin
family. TSPAN12 contains four transmembrane domains
connected by three loops, including a small extracellular loop,
a large extracellular loop, and a tiny inner loop. The large
extracellular loop includes a conserved Cys-Cys-Gly sequence
(the CCG motif) and two additional cysteines, which form
disulfide bonds and are crucial for protein folding. TSPAN12 is
involved in a series of membrane-related activities, including
cell adhesion, cell proliferation, and signal transduction. In
the retina, TSPAN12 is selectively expressed in the retinal
vasculature and acts as a receptor for Norrin. It binds with
FZD4 and LRPS5 to form a protein complex, playing a central
role in retinal vascularization by regulating Norrin (NDP)-
induced B-catenin signaling transduction and regulation but
not Wnt- induced B-catenin signaling. The protein interacts
with Norrin or LRP5 to enhance the polymerization reactions
of the Norrin/FZD4/LRP5 complex in the retina. Lack of
TSPANI12 may lead to reduced Norrin/FZD4/LRP5 signaling,
which controls angiogenesis. This signaling reduction can
be rescued by TSPAN12 overexpression, even though direct
binding with Norrin and FZD4 was not detected™”’
a TSPAN12-related product has been designed as a treatment

1 Therefore,

for vasoproliferative retinopathy. Furthermore, a TSPAN12
antibody serves as a delivery vehicle for endothelial-specific
therapeutics and shows strong support for physiologic
revascularization in hypoxic retinal tissue compared to anti-
VEGF treatment. TSPAN12 activity may also present a
promising target for encouraging physiologic revascularization
in avascular areas in conditions like diabetic retinopathy or
vein occlusion, yet an unsolved problem™.

The precise breakpoint of the CNVs provides crucial information
for narrowing down the susceptible genes associated with the
observed phenotypes. However, it is important to consider that
phenotypes can also be influenced by the genetic background
in heterozygous individuals and microenvironmental factors in
the eyes. Therefore, when analyzing phenotypes, it is essential
not to neglect the role of each gene contained in the CNVs.
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Table 4 Information about CNVs of TSPAN12 with FEVR phenotype

Gender  Age (slt;/goes) Vi?;z;)l/aoc;ity CNV Tyr:jt(;;iine ClinGen details Detected method Other phenotypes Reference
M 2.5y 1B/1B NA/NA Exon 7 Heterozygous c.468+152_c.613-8414del WGS NA [25]
F 23y 2B/2B 1.0/1.0 Exon 7 Heterozygous  ¢.468+152_c.613-8414del Real-time quantitative PCR NA [25]
M 19y NA/NA 1.0/1.0 Exon 7 Heterozygous  ¢.468+152_c.613-8414del Real-time quantitative PCR NA [25]
M 52y 1B/1B 1.0/1.0 Exon 7 Heterozygous  ¢.468+152_c.613-8414del Real-time quantitative PCR NA [25]
M 4mo 1A/2B NA/NA Whole-gene deletion  Heterozygous del(7)(931.3933) Semiquantitative multiplex PCR A cleft lip and low set, dysmorphic [16]
ears, died at 20 months of age
F 4mo 1A/3B 0.50/0.01 Whole-gene deletion  Heterozygous NA Semiquantitative multiplex PCR NA [16]
M 2mo 1A/1A  F&Fgood/good Whole-gene deletion  Heterozygous NA Semiquantitative multiplex PCR NA [16]
M 20mo  1A/3B 0.30/0.02 Exon 4 deletion Heterozygous NA Semiquantitative multiplex PCR NA [16]
M NA 4/3 NA Exonl1-Exon3 deletion  Heterozygous NA 21-gene panel NA [26]
M NA 2/2 NA Whole-gene deletion ~ Homozygous NA 21-gene panel NA [26]
M 9mo 3A/4A NA Exon 1-3 deletion Heterozygous NA 463-gene panel NA [26]
F 34y 2/3° HM/0.15 Exon 8 deletion Heterozygous NA 790-gene panel NA [27]

M: Male; F: Female; NA: Not available; OD: Right eye; OS: Left eye. CNV: Copy number variations; FEVR: Familial exudative vitreoretinopathy.

°Stage was classified according to the reported phenotype according to the FEVR Clinical Staging System (PMID:25005911).

Mutations in the TSPANI2 gene have been found to count for
5.6% to 8.0% of FEVR patients and are common (12.8%)
in patients with asymptomatic mild FEVR"™". A total of 12
FEVR patients with CNVs involving the 7SPANI2 gene have
been reported so far (Table 4)"'***") with 4 out of 12 cases
showing a complete deletion of the entire TSPANI2 gene.
Among these cases, there was only one affected individual
who exhibited additional symptoms such as cleft lip, low-
set dysmorphic ears, and died at the age of 20mo, along
with FEVR. The remaining three cases showed only mild
phenotypes. Without knowing the precise breakpoint, it is
difficult to determine the contribution of the TSPANI2 gene to
the syndrome. The large CNV region often spans several mega
bases and encompasses multiple genes, making it challenging
to identify the specific gene that should be prioritized as a
target for further investigation into the underlying pathological
mechanisms. However, only in one family, four members with
a copy number deletion of the 7SPANI2 gene involving exon
7 were included, and the precise breakpoint was determined
using Whole Genome Sequencing (WGS). Interestingly, the
cases in our study with the entire 7SPANI2 gene deletion
included showed a mild phenotype, providing support for
the hypothesis that the dosage effect of the TSPANI2 gene
contributes to the development of mild syndrome. This is in
contrast to the CNV-associated phenotype observed in the
NDP gene, which leads to congenital blindness with total
retinal detachment'”. Furthermore, CNVs can include entire
functional genes within coding and regulatory regions, thereby
altering the expression levels of target genes through gene-
dosage effects and ultimately increasing or decreasing the
disease risk. Additionally, genes located in noncoding regions
of the chromosome can have enhancer or suppressor roles
through long-range regulatory effects, indirectly affecting the

expression levels of downstream targets. Thus, further studies

investigating the breakpoint of the CNVs associated with FEVR
are warranted to gain a better understanding of their function.
Genome sequencing is an effective tool for evaluating the
significance of novel CNVs and determining their exact
breakpoints. Routine genetic workups like WES are unable
to reliably detect large CNVs since they are often located in
noncoding regions and exceed the short reading span of WES.
Therefore, it is crucial to adopt an appropriate approach to
detect CNVs in FEVR. In our study, we initially used high
throughput and efficacy WES to locate CNV on chromosome
7q31. However, WES failed to detect the precise site of the
breakpoint. To overcome this limitation, we employed long-
read genome sequencing ONT, which provided accurate
breakpoint detection. The accuracy of the breakpoint was
further verified using QPCR and Sanger Sequencing. Most of
the CNVs were heterozygous or homozygous deletions, ranging
from single-exon to whole-gene deletions. To detect CNVs, we
utilized CNV-seq, a Next-generation sequence-based (NGS-
based) CNV prediction with the gCNV algorithm™. It requires
an additional wet-lab assay to be applied to the samples that
had already undergone NGS, which may be unnecessary if the
CNVs can be detected by a robust NGS-based algorithm and
is a cost-effective and easily accessible method widely. While
CNV-seq was efficient in capturing large CNVs, it lacked
precise localization of the breakpoint. Therefore, we turned to
long-read sequencing as an alternative method to detect large
CNVs. Long-read sequencing overcomes the limitations of the
NGS. The third-generation technologies offer improvements
in the characterization of genetic variation and directly detect
the input molecule without DNA amplification or synthesis,
therefore being mostly free from PCR-related bias. By
employing ONT, we identified the copy number deletion region
in chromosome 7q31.31-31.32 with the accurate breakpoint
del(7)(q31.31q31.32)chr7:2.119451239 123956818del.

1959



TSPANI2 copy number deletion

In conclusion, our findings suggest that the large deletion in
chromosome 7q31.31-31.32, which includes the TSPANI2
gene, is associated with an AD FEVR phenotype and moderate
retinal vascular impairment. CNV is a genetic risk for FEVR
patients, and genome sequencing provides an effective method
to get the precise breakpoint of CNV, helping to identify
genes associated with specific phenotypes. Further research is
needed to investigate other dosage-sensitive genes associated
with FEVR and elucidate their detailed functions in retinal
angiogenesis.
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