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Abstract

Objective: To analyze the clinical and genetic characteristics of zinc finger protein 408
(ZNF408)-related familial exudative vitreoretinopathy (FEVR) in a Chinese cohort.

Methods: Ninety families from Chongging and |6 families from Xinjiang were selected according
to fundus lesion characteristics. Peripheral venous blood was collected from patients and their
families; genomic DNA was extracted for whole exome sequencing. Relationships between
genotype and phenotype in patients with ZNF408-related FEVR were analyzed.

Results: ZNF408 variants were detected in three patients (2.83%, 3/106). ZNF408 variants in
these three probands were all missense mutations at novel sites. One proband had a ZNF408 and
LRP5 double-gene variant, and two probands had ZNF408 single-gene variants. Patients with
double-gene variants did not display more severe clinical manifestations.

Conclusions: This study expands the spectrum of known ZNF408 variants and confirms that
ZNF408 variants can cause FEVR. Most variants detected in this study have not been reported in
the literature and are suspected pathogenic variants of FEVR. In patients with FEVR, phenotype
and genotype do not necessarily display a direct one-to-one relationship.
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Introduction

Familial ~ exudative  vitreoretinopathy
(FEVR) is an inherited retinal disorder
characterized by incomplete vascularization
and poor vascular differentiation." The clin-
ical manifestations of FEVR are diverse.
Some patients have no obvious symptoms
and may not exhibit peripheral retinal vas-
cular abnormalities; other patients may
develop vision-threatening retinal detach-
ment. Thus far, 11 FEVR-associated genes
have been identified: NDP, FZD4, LRPS,
TSPANI2, ZNF408, KIFll, RCBTBI,
CTNNB, JAGI, EVR3, and ATOH7.?
However, variants involving these genes
do not explain all cases of FEVR.

Zinc finger protein 408 (ZNF408), located
on chromosome 11pll.2, encodes a protein
belonging to the PR domain zinc finger pro-
tein (PRDM) family.? Because the pathogenic
relationship between ZNF408 and FEVR was
recently identified, little is known regarding
the function of ZNF408 and the mechanism
by which it contributes to FEVR.
Furthermore, only a few ZNF408 variants
have been detected in patients with FEVR.*
® Because of the limited information available,
it is difficult to determine the clinical charac-
teristics of patients with such variants. This
study analyzed genetic and clinical character-
istics of ZNF408-related FEVR by analyzing
the medical histories of affected patients, rel-
evant clinical manifestations, and genetic find-
ings in patients and their family members.

Patients and methods

This study protocol was approved by the
Institutional Review Board of Chongging
Health Center for Women and Children
(approval no. 2018-012). The reporting in
this study adhered to the STROBE guide-
lines.” Written informed consent was obtained
from the parents/guardians of all children
included in this study, and all patient details
were de-identified.

In this cohort study, the families of patients
with  FEVR (diagnosed according to
fundus lesion characteristics) underwent genet-
ic testing of blood samples collected in the
Department of Ophthalmology at
Chongqing Health Center for Women and
Children and Urumqi Health Center for
Women and Children. FEVR severity was
evaluated and classified according to pub-
lished grading criteria: stage 1, only peripheral
retinal avascularity; stage 2, retinal neovascu-
larization with or without exudates; stage 3,
extramacular retinal detachment with or with-
out exudates; stage 4, partial retinal detach-
ment with or without exudates; stage 5, total
retinal detachment.®

Peripheral blood samples were collected
from family members for whole exome anal-
ysis of 11 FEVR-related genes (e.g., FZDA4,
LRP5, NDP, TSPANI2, ZNF408, and
KIF11) via high-throughput sequencing.
Variants were identified using the following
databases: Human Gene Mutation Database
(http://www.hgmd.cf.ac.uk/ac/index.php/),
Single Nucleotide Polymorphism Database
(www.ncbi.nlm.nih.gov/snp/), 1000
Genomes Project database (http://www.
1000genomes.org/), ExAC database
(http://exac.broadinstitute.org/), and a
normal population database established
at our center. Missense mutation pathoge-
nicity was predicted by mutation tolerance
(SIFT, http://sift.jcvi.org/ and Polyphen2,
http://genetics.bwh.harvard.Edu/pph2/).
Variant sites were filtered, and the path-
ogenicity of all variant sites was pre-
dicted in accordance with the standards
and guidelines of the American College
of Medical Genetics and Genomics.’

Results

General characteristics and mutation rate

This cohort study included the families of 90
patients with FEVR from Chongqing (210
family members), of whom 39 displayed
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variants. Additionally, the study included
the families of 16 patients with FEVR
from Xinjiang (33 family members), of
whom six displayed variants, as shown in
Table 1. Only three patients displayed
Z NF408 variants: all were Han Chinese indi-
viduals from Chongqing (two female
patients and one male patient), and the
mutation rate was 2.83%.

Clinical characteristics of patients with
ZNF408 variants

Proband 1 (FEVR-10): The proband was a
female newborn with a gestational age of
39" weeks and birth weight of 2760 g. She
was delivered by spontaneous vaginal
birth, and her mother had gestational dia-
betes during pregnancy. Fundus examina-
tion revealed a boundary between the
temporal peripheral vascular zone and
the avascular zone of the retina in both
eyes; the temporal retinal blood vessels dis-
played a willow branch-like appearance.
Vessels immediately adjacent to the avas-
cular zone were dilated and straightened,
forming new blood vessels in a manner
accompanied by hemorrhage and exuda-
tion. Diffuse retinal hemorrhage was pre-
sent in both eyes. Right eye involvement
spanned from 8 to 10 o’clock, whereas
left eye involvement was limited to the 3
o’clock position. Both eyes exhibited
stage 2B FEVR. The fundus conditions
are shown in Figure 1, and no similar

symptoms were observed in the proband’s
family members.

Proband 2 (FEVR-64): The proband was a
male newborn with a gestational age of 39
weeks and birth weight of 3050 g. He was
delivered by spontaneous vaginal birth, and
his mother had gestational diabetes during
pregnancy. Fundus examination revealed a
boundary between the peripheral vascular
zone and the avascular zone in the temporal
side of the left eye; it also showed partial ret-
inal detachment in the temporal side of the
right eye, without macular involvement. The
right eye exhibited stage 3A FEVR, and the
left eye exhibited stage 1 FEVR. The fundus
conditions are shown in Figure 2, and no sim-
ilar symptoms were observed in the pro-
band’s family members.

Proband 3 (FEVR-295): The proband was a
female newborn with a gestational age of
40™* weeks and a birth weight of 2820 g.
She was delivered by spontaneous vaginal
birth, and her mother had no unusual med-
ical conditions during pregnancy. Fundus
examination revealed no obvious abnor-
mality in the right eye. In the left eye, a
boundary between the vascular zone and
the avascular zone was present in the tem-
poral peripheral retina; blood vessels adja-
cent to the avascular zone were dilated,
forming new vessels in a manner accompa-
nied by hemorrhage. The left eye exhibited
stage 2A FEVR, spanning from 2 to 4
o’clock. The fundus conditions are shown
in Figure 3.

Table |I. Distribution of FEVR variants among patients in Chongging and Xinjiang.

Gene LRP5 CFTR CAPN5 FZD4 KIFIl SLC9A3 ZNF408 TSPANI2 ADGRG2 NDP Unknown
No. of patients 18 8 4 4 4 3 2 | | 51

in Chongging
No. of patients 3 2 0 | 0 0 | 0 0 10

in Xinjiang

ADGRG?2, adhesion G protein-coupled receptor G2; CAPNS, calpain 5; CFTR, cystic fibrosis transmembrane conduc-
tance regulator; FEVR, familial exudative vitreoretinopathy; FZD4, frizzled-4; KIFI I, kinesin family member |1; LRP5, LDL
receptor related protein 5; NDP, norrin cystine knot growth factor NDP; SLC9A3, solute carrier family 9 member A3;
TSPAN 2, tetraspanin |; ZNF408, zinc finger protein 408.
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Figure |. Fundus images of proband | (FEVR-010). a, right eye; b, left eye.

Figure 2. Fundus images of proband 2 (FEVR-064). a, right eye; b, left eye.

Clinical manifestations

The clinical manifestations of the three pro-
bands with ZNF408 variants were consistent
with FEVR characteristics. Because the pro-
bands were all newborns, fundus fluorescein
angiography was not performed. Each pro-
band’s fundus examination revealed numer-
ous, densely distributed peripheral retinal
blood vessels in both eyes, with a willow
branch-like morphology; inner/inferior reti-
nal exudation was evident on the temporal
side, and peripheral vascular hemorrhage
was present.

ZNF408 variants in affected families

Among the three probands with ZNF408 var-
iants, one also displayed an LRP5 variant; the
others did not display additional variants. In

the family of one proband with a ZNF408
single-gene variant, the mother and grandfa-
ther carried the ZNF408 variant, whereas the
father did not; the variant was assumed to
have a maternal origin. The patient displayed
bilateral involvement, constituting stage 3A
FEVR in the right eye and stage 1 FEVR
in the left eye. The other patient with a
ZNF408 single-gene variant exhibited unilat-
eral stage 2A FEVR; the genetic origin in that
patient could not be determined because no
blood samples could be collected from family
members. In the family of the proband with
two variants, the mother carried the LRPS
variant and the father carried the ZNF408
variant; the respective pathogenic variants in
the proband were assumed to have maternal
and paternal origins. The patient exhibited
bilateral stage 2B FEVR. The variant charac-
teristics in each family are shown in Table 2.
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Figure 3. Fundus images of proband 3 (FEVR-295). a, right eye; b, left eye.
Table 2. Variant characteristics in three families with FEVR.
Variant Nucleotide ~ Amino Patient Family
Gene position change acid change  number number
ZNF408: chrl11-46726503 c.Al253G p-Y418C FEVR-010 Family |
NM_024741 (proband 1)
LRP5: chrl1-68177511  cA2221G p.R741G
NM_002335
ZNF408: chrl1-46726503 c.Al253G p.-Y418C FEVR-09
NM_024741 (proband 1, father)
LRP5: chrl1-68177511  c.A2221G p-R741G FEVR-08
NM_002335 (proband |, mother)
ZNF408: chrl1-46726031 c.G78IA p-V26 M FEVR-64 Family 2
NM_024741 (proband 2)
No related FEVR-63
variant was (proband 2, father)
detected
ZNF408: chrl1-46726031 c.G78IA p-V26 M FEVR-62
NM_024741 (proband 2, mother)
ZNF408: chrl1-46726031 c.G78IA p-V26 M FEVR-61
NM_024741 (proband 2, grandfather)
ZNF408: chrl1-46727151  c.CI90IT p-P634L FEVR-295 Family 3
NM_024741 (proband 3)

FEVR, familial exudative vitreoretinopathy; ZNF408, zinc finger protein 408.

ZNF408 variants in three probands

The ZNF408 variant in each proband was
located in an exon, and all variants were
missense mutations, as shown in Table 3.

Prediction of variant pathogenicity in
three probands

Analysis of proband FEVR-64 revealed that
the ZNF408 variant was located on

chromosome 11 at position 46726031
(c.G781A, p.V26I1M). The predictive
values in SIFT, Polyphen2_HDIV, and
Polyphen2 HVAR analyses were T (0.371),
B (0.013) and B (0.002), respectively (Table
4). The changes in amino acid sequence,
three-dimensional protein structure, and
overall protein function caused by the vari-
ant  were limited, suggesting low
pathogenicity.
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Table 3. ZNF408 variants in three probands.

Patient Variant Variant ~ Variant Nucleotide ~ Amino
number Gene position position  type change acid change
FEVR-010 ZNF408 chrl1-46726503 Exon Nonsynonymous SNV c.A1253G p.-Y418C
LRP5 chrl1-68177511  Exon Nonsynonymous SNV c.A2221G p-.R741G
FEVR-064 ZNF408 chrl1-46726031 Exon Nonsynonymous SNV c.G781A p-V26 1M
FEVR-295 ZNF408 chrl1-46727151  Exon Nonsynonymous SNV c.C190IT p-P634L

FEVR, familial exudative vitreoretinopathy; SNV, single nucleotide variant; ZNF408, zinc finger protein 408.

Table 4. Prediction of variant pathogenicity in three probands.

Patient Variant Nucleotide Amino SIFT_ Polyphen2_  Polyphen2_
number  Gene  position change acid change pred* HDIV_pred®* HVAR_pred***
FEVR-010 ZNF408 chrl1-46726503 c.A1253G p.Y418C D (0) D (0.992) P (0.901)

LRP5 chrl1-68177511 cA2221G pR741G D (0.001) D (0.999) D (0.985)
FEVR-064 ZNF408 chrl1-46726031 c.G781A  p.V26IM T (0.371) B (0.013) B (0.002)
FEVR-295 ZNF408 chrl1-46727151 c.CI90IT p.P634L D (0.01) B (0.034) B (0.007)

" SIFT score ranges from 0 to |; deleterious (D, score < 0.05) = predicted to be deleterious; tolerated (T, score

>0.05) = predicted to be harmless.

*: Polyphen2_HDIV (based on HumanDiv database); probably damaging (D, score > 0.957), possibly damaging (P, score

0.453 < 0.956), benign (B, score <0.452).

- Polyphen2_HVAR (based on HumanVar database); probably damaging (D, score > 0.909), possibly damaging (P, score

0.447 < 0.909), benign (B, score < 0.446).

In proband FEVR-010, the respective
ZNF408 and LRPS5 variants were located
on chromosome 11 at positions 46726503
(c.A1253G, p.Y418C) and 68177511
(c.A2221G, p.R741G). The predictive values
in SIFT, Polyphen2_HDIV, and
Polyphen2 HVAR analyses for ZNF408
were D (0.0), D (0.992), and P (0.901), respec-
tively; for LRPS5, they were D (0.001), D
(0.999), and D (0.985) (Table 4). These results
suggest that the presence of multiple variants
on chromosome 11 caused likely pathogenic
changes in protein structure and function.

In proband FEVR-295, the ZNF408 var-
iant was located on chromosome 11 at posi-
tion 46727151 (c.C1901T, p.P634L).
The  predictive  values in  SIFT,
Polyphen2 HDIV, and Polyphen2 HVAR
analyses were D (0.01), B (0.034) and B
(0.007), respectively. The value of D (0.01)
was predicted to be harmful according to

SIFT analysis. However, the values of B
(0.034 and 0.007) were predicted to be
harmless according to Polyphen2 HDIV
and Polyphen2_HVAR analyses (Table 4).
These findings suggest that the change in
amino acid sequence was not pathogenic,
but the change in three-dimensional protein
structure was likely to be pathogenic.

Discussion

The pathogenic relationship between ZNF408
and FEVR was recently discovered. ZNF408
contains five exons that encode a 720-amino
acid transcription factor belonging to the zinc
finger family of transcription factors. Zinc
finger domains, multifunctional DNA recog-
nition elements in regulatory proteins, partic-
ipate in various cellular activities, including
embryonic development and cell differentia-
tion. ZNF408 is expressed in all tissues or
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organs, but its highest expression in adult tis-
sues and organs occurs in the retina—almost
30-fold higher than expression levels in heart,
placenta, and liver—suggesting that ZNF408
plays important roles in retinal development
and homeostasis.'® Additional research has
confirmed that ZNF408 is closely associated
with retinal vascular development and retinal
homeostasis.!'

Thus far, 11 FEVR-associated genes
have been identified: NDP, FZD4, LRPS,
TSPANI2, ZNF408, KIFll, RCBTBI,
CTNNB, JAGI, EVR3, and ATOH?7. Four
of these genes (FZD4, LRP5, TSPANI2,
and NDP) encode proteins that are impor-
tant components of the Wnt/Norrin signal-
ing pathway, which monitors retinal
vascular development. Variants in these
four genes cause FEVR by altering Wnt/
Norrin signaling interactions.? It is unclear
whether ZNF408 regulates retinal vascular
development through the Wnt/Norrin sig-
naling pathway; further studies are needed.

Pathogenic ZNF408 variants are the
rarest FEVR-associated variants. One
study of 389 patients with FEVR showed
that ZNF408 variants were present in
0.77% of 389 patients with FEVR®; another
study revealed that ZNF408 variants were
present in 1.6% of 3257 patients with
FEVR.'" In the present study, three patients
with FEVR had ZNF408 variants; the muta-
tion rate of 2.83% (3/106) presumably dif-
fered from the rates in previous studies
because of regional and ethnic factors.

To our knowledge, there have been few
reports of families with FEVR in which
both parents carry pathogenic variants.'’
Previously, there was speculation that
patients with FEVR only had a single path-
ogenic variant, which was consistent with
the monogenic inheritance  pattern.
However, the increasing number of patients
with  FEVR and discovery of additional
FEVR-associated genes have led to the
detection of pathogenic patterns involving
two or three variants in one or more

genes.'!” Because ZNF408 variants are
the rarest known FEVR-associated var-
iants, the corresponding mutation rate is
very low. Thus far, there have been no
reports of double variants involving
ZNF408 and other FEVR-associated
genes. In the present study, three patients
had ZNF408 variants; of these patients,
one also had an LRPS5 variant, whereas
two had a ZNF408 single-gene variant.
Concerning the patient with ZNF408 and
LRP5 variants, the mother carried the
LRPS5 variant and the father carried the
ZNF408 variant; the respective pathogenic
variants were assumed to have maternal
and paternal origins. These findings con-
firmed the existence of variants in two or
more genes among patients with FEVR;
they also suggested that ZNF408 can
cause disease in a cooperative manner
with other variants. Notably, in a family
carrying variants in both FZD4 and
LRP5, patients who displayed both variants
had more severe clinical manifestations,
compared with patients who only displayed
an FZD4 variant.'"® There may also be a
synergistic effect between variant sites in
patients with two or more affected genes,
such that their clinical manifestations are
more severe than the manifestations in
patients with single-gene variants.”'®:"
Among the three patients with ZNF408 var-
iants in this study, proband FEVR-10 (var-
iants in both ZNF408 and LRP5) displayed
bilateral stage 2B FEVR. One patient with
a ZNF408 single-gene variant (proband
FEVR-64) had retinal detachment in the
right eye (stage 3A FEVR) and exhibited
stage 1 FEVR in the left eye. The other
patient with a ZNF408 single-gene variant
(proband FEVR-295) had a normal right
eye and stage 2A FEVR in the left eye.
Notably, the patient with variants in two
genes did not show more severe clinical
manifestations, compared with the other
two probands. Thus, the clinical manifesta-
tions of FEVR are complex and diverse; the
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binocular manifestations also appear to
differ among patients, suggesting that phe-
notype and genotype do not necessarily
have a direct one-to-one relationship in
patients with FEVR. The diverse manifes-
tations among patients with the same gene
variant, as well as differences between eyes
in the same patient, imply that the clinical
manifestations of FEVR are influenced by
non-genetic factors.

This study had a few limitations. First,
most detected variants have not been
reported in the literature; they constitute
suspected FEVR-related pathogenic var-
iants. Functional testing is needed to deter-
mine whether each variant site can cause
disease without additional contributing fac-
tors. Second, the cohort was not particu-
larly large, and there were only three
patients with ZNF408 variants; thus, the
findings may not be generalizable to other
populations of individuals with FEVR.
Further investigations are needed to acquire
sufficient statistical power to clarify the
relationship between genotype and pheno-
type with respect to FEVR. Third, fundus
fluorescein angiography examinations of
the probands’ family members were not
performed, and some family members did
not provide blood samples for sequencing
analysis. Therefore, we could not fully ana-
lyze the genotypes and phenotypes of the
family members. Finally, few patients with
FEVR were recruited from Xinjiang, and
no patients in Xinjiang had ZNF408 var-
iants. Therefore, we could not compare
ZNF408 variants between regions and
ethnic groups.
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