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Abstract

Purpose: To report novel BEST1 variants in six Chinese families with bestro-
phinopathies of two different inheritance modes and analyze the intrafamilial
phenotypic diversity.

Method: A total of 25 participants including 13 patients and 12 healthy family
members from 6 Chinese families with bestrophinopathies were available for ge-
netic and clinical analysis. All of the patients were subjected to comprehensive
ophthalmic evaluations and exome sequencing was performed on the probands
to detect the causative variants. The pathogenicity of gene variants was predicted
using silico analysis and evaluated according to ACMG guidelines. All (likely)
pathogenic variants were determined by Sanger sequencing and co-segregation
analyses were performed on available family members. The relevant original
literature previously reported was retrieved to explore the relationship between
BEST1I-related gene variants and clinical features.

Results: In the 6 families, 3 families (10 patients) were assigned as autosomal
dominant bestrophinopathies (VMD) and 3 families (3 patients) were assigned
as Autosomal recessive Bestrophinopathies (ARB). A total of 9 variants on the
BEST1I gene were identified, containing 7 missense variants, 1 nonsense variant,
and 1 frameshift variant, respectively, of which 3 variants c.88A > G (p.Lys30Glu),
€.764G > A (p.Arg255GIn) and c.233dupT (p.Ser79Phefs*153) were novel variants.
Three families with ARB were detected with heterozygous variants on the BEST1
gene.2 families (8 patients) with BVMD showed markedly irregular dominant
inheritance, and the severity of macular lesions varies greatly among individuals
of the same family. Among them, the probands showed typical vitelliform lesions
in the macula, while the other six patients had no visible signs of the disease
by fundus photography (ophthalmoscopy) and minor lesions could be detected
on OCT in two patients, the continuity of the ellipsoidal band was interrupted
with the chimeric band. The phenotypes of the patients in the three ARB families
ranged from typical/atypical vitelliform lesions to extensive extramacular depos-
its (peripheral spots).
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1 | INTRODUCTION

Bestrophinopathies are a group of inherited macular dys-
trophy disorders caused by variants in the BESTI gene
(Marmorstein et al., 2018), among which, Best vitelliform
macular dystrophy (BVMD, OMIM153700) is the first and
the most commonly diagnosed BESTI-related retinopathy
(Jay, 2012). Variants in the BEST1 gene were later found to
also cause autosomal dominant vitreoretinochoroidopathy
(ADVIRC, OMIM193220) and autosomal recessive bestro-
phinopathies (ARB, OMIM611809). The main patholog-
ical mechanism of all three diseases is that the primary
lesion is located in the retinal pigment epithelium (RPE),
which in turn affects photoreceptor cells (Jay, 2012).
Therefore, such three diseases are collectively referred to
as “Bestrophinopathies.” Variants in the BESTIgene po-
tentially affect the development of the entire eyeball in ad-
dition to causing retinal lesions(Vincent et al., 2011).

The BESTI1 gene (OMIM 607854, formerly known as
VMD2 gene) is located at 11q12.3, approximately 980Kkb,
and contains 13 exons and encodes a transchannel trans-
porter protein consisting of 585 amino acids. It is mainly
expressed in the RPE cell membrane and the kidney,
brain, and colon (Johnson et al., 2017; Soria et al., 2009).
The BEST1 gene encodes the Bestrophin—1 protein lo-
calized on the basolateral membrane of RPE cells, which
forms calcium-activated chloride channels and is asso-
ciated with the regulation of voltage-dependent calcium
channels (Wood et al., 2019). In addition, such protein is
associated with eye development. When the BESTI gene
is mutated, the Bestrophin—1 protein becomes dysfunc-
tional, which can lead to a range of clinical manifesta-
tions. To date, 410 different variants in the BESTI gene
have been identified, which also result in numerous phe-
notypes (Clinvar database).

Conclusion: This study provided evidence that the phenotype of BVMD mani-
fested irregular dominant inheritance, with patients carrying a pathogenic
heterozygous variant of BESTI to develop obvious intrafamilial phenotypic di-
versity, and the patients who harbor two pathogenic alleles showed recessive in-
heritance bestrophinopathies with distinct phenotypic diversity. Our study also
emphasized the importance of comprehensive genetic analysis in patients with
bestrophinopathies, and in such challenging families with distinct intrafamilial
phenotypic diversity, it shall provide novel insights into phenotypic assessments

of bestrophinopathies, and contribute to better diagnosis, prognosis, and treat-

autosomal recessive bestrophinopathies, best vitelliform macular dystrophy, BEST1 gene,
genotype and phenotype, irregular dominant inheritance

The BVMD phenotype includes a typical yellow yolk-
like macular lesion and multiple lesions and lesions out-
side the macula occur in at least one-quarter of affected
individuals, classified into the following five clinical
stages: previtelliform, vitelliform, vitelliruptive, pseudo-
hypopion, atrophy, and cicatricial (Tsang Stephen &
Tarun, 2018), but it is important to note that the disease
does not progress through each of these stages in every
individual. The age of onset of BVMD is mostly 3-15years
old (i.e., juvenile vitelliform dystrophy), and the onset of
adult-onset vitelliform macular dystrophy (AVMD, OMIM
153700 or adult-onset foveomacular vitelliform dystrophy,
AFVD) after the age of 40years is considered a specific
phenotype of BVMD and is also consistent with an au-
tosomal dominant mode of inheritance with the similar
fundus manifestations and staging as BVMD (Chowers
et al., 2015). ARB is characterized by macular degenera-
tion with extramacular scattered punctate deposits and
intraretinal and subretinal fluid (SRF) accumulation.
Additionally, the phenotype encompasses hyperopia,
short axial-length, shallow anterior chamber, and angle
closure glaucoma that can co-occur (Johnson et al., 2017).
For both BVMD and ARB, the Arden ratio, especially the
light peak value of the electrooculogram was significantly
decreased (Johnson et al., 2017).

Bestrophinopathies have a significant clinical het-
erogeneity with diverse clinical presentations. The phe-
notype of BVMD is incompletely penetrant with some
patients who carry an autosomal dominant variant in
BEST1 show no visible signs of the disease even after the
age of 50years (Mullins et al., 2005). The phenotype of
ARB in some patients who carry an autosomal recessive
variant in BEST1 displays macular changes resembling
the vitelliruptive, atrophic, and cicatricial stages of VMD,
central serous chorioretinopathy (CSC) and advanced
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stages of ADVIRC (Johnson et al., 2017). The significant
clinical heterogeneity associated with BESTI variants
highlights the need for an extensive genetic analysis and
comprehensive clinical characterization of patients to
better understand genotype-phenotype correlations and
make an accurate diagnosis. In the present study, it is in-
tended to identify the variants in 6 Chinese families with
Bestrophinopathies, analyze the genotype and phenotype,
and reveal the intrafamilial phenotypic diversity of irregu-
lar dominant inheritance.

2 | OBJECTS AND METHODS

2.1 | Clinical data collection

The relevant ophthalmologic examinations of the
probands and their family members were completed, in-
cluding best-corrected visual acuity (BCVA), slit-lamp
microscopy, chromoptometry (5th edition color vision
examination plates, Ziping YU), ocular axial length, di-
lated fundus examination with photography (TRC- 50DX,
Topcon Inc.), optical coherence tomography (OCT, HD-
OCT4000, Carl Zeiss Meditec, USA), optical coherence
tomography angiography (OCTA), infrared ray (IR), elec-
troretinogram (ERG), electrooculogram (EOG), fundus
autofluorescence (FAF), and fluorescein angiography
(FFA). The study was approved by the Ethical Medical
Committee of Ningxia Hui Autonomous Region People's
Hospital (Approval No. 2016018). All genetic testing and
diagnostic works were performed subject to the consent of
patients and their families by signing the informed con-
sent forms.

2.2 | Exome sequencing

To reveal the disease-causing variant, exome sequenc-
ing was selectively performed on both the probands and
their parents. Exome was captured by Agilent SureSelect
exon capture kit. Sequencing was served with a high-
throughput sequencer (Illumina, HiSeq Xten). The raw
sequencing data were processed by Illumina basecalling
Software 1.7 analysis software and subsequently com-
pared with the NCBI human genomic DNA reference se-
quence (NCBI build 37.1) and analyzed by SOAP software
(http://soap.genomics.org.cn) to obtain single-nucleotide
variation (SNV) related information. The BWA software
(http://bio-bwa.sourceforge.net/) was used to analyze the
data of inserts and deletions (Indel) to acquire all the vari-
ations that occurred in the DNA sequences of the samples.
After stepwise filtering, the number of variants shared
by all patients in the family was screened out, and then

Open Access,

variants unavailable with the diseased relatives in the
family were filtered to obtain the candidate pathogenic
variants. Sanger validation was used to exclude false posi-
tives for candidate pathogenic variants, while the presence
of co-segregation was verified in normal family members.

2.3 | Insilico analysis

The target variant loci were queried using database tools
such as HGMD (human gene mutation database) and
dbSNP (https://www.ncbi.nlm.nih.gov/snp/) to see if
they were reported pathogenic variants in HGMD and to
see if they had been included. Minimum allele frequency
less than 0.005 as the criteria to exclude benign variants
by reference to the databases for East Asian populations
Allele frequencies available with Genome Aggregation
Database (gnomAD, http://gnomad.broadinstitute.org/)
and Exome Aggregation Consortium (ExAC, http://exac.
broadinstitute.org/). Publicly available servers for bio-
informatic prediction tools, such as Polyphen2 (http://
genetics.bwh.harvard.edu/pph2), SIFT (http://sift.jcvi.
org), PROVEAN (http://provean.jcvi.org/index.php),
and Variants were classified as clinically unclear when
at least 1 of 4 predictions had a benign outcome or when
there was insufficient evidence of pathogenicity. When all
predictions were pathogenic, variants were classified as
possibly pathogenic in combination with other evidence.
Frameshift variants, nonsense variants, and variants with
experimental evidence of loss of protein function were
classified as pathogenic variants.

Finally, the pathogenicity of the variants was assessed
according to the standards and guidelines published in
2015 by the American College of Medical Genetics and
Genomics (ACMG) (Richards et al., 2015).

3 | RESULTS

3.1 | Clinical phenotypes and exome
sequencing results

3.1.1 | Family1

The proband, female, 29 years old, complained of blurred
vision in the left eye for 5days. She denied any inherited
disease of family history. She had a normal color vision
and BCVA of 0.8 in the right eye, and 0.5 in the left eye. The
anterior segment was normal, and a typical appearance
of egg-yolk-like macular changes in both eyes (Figure 1).
The light peak amplitude of EOG decreased significantly
(Table 2) and full-field ERG was normal. The other four
patients in the family had no visible signs of the disease
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FIGURE 1 The pedigree, sequence analysis, and fundus examination of family 1 with BVMD. (a) Pedigree of family 1; (b) Sequence
chromatograms of identified mutations; (c) The homology of amino acid sequences between human BESTI and other species. The amino
acid at position 30 is highly conserved among species. The mutated residue 30 is boxed and indicated; (d) Fundus photograph: The proband
(I1:1) had a well-defined ovoid lesion with a size of about 1 DD and a typical appearance of egg-yolk-like changes in the macula of both eyes
and no obvious abnormal changes were found in the macula of the other patients; OCT: The proband (II:1) showed the macular fovea of
both eyes was raised, the ellipsoid zone and chimeric zone were raised in varying degrees, hyperreflective masses were visible below the
chimeric zone, the RPE was discontinuous and partially defective. The continuity of the ellipsoid zone and chimeric zone in the right eye
of the proband's mother (I:2) was interrupted, and the left eye was normal. The proband's younger brother (II:4) had an arched bulge of the
ellipsoid zone and chimeric zone in the left eye, and the right eye was normal. The structures of macular areas in both eyes of the proband's
son (III:1) and the proband's sister (II:3) were normal, and the structures of each layer were complete and continuous; FAF: The egg yolk-
like substance in the macular area of the proband (II:1) showed high fluorescence. The son of the proband (II1I:1) had dot high fluorescence
in the macular fovea of the right eye and ring high fluorescence in the macular fovea of the left eye. (¢) The proband’'s EOG: the waveforms
of dark valleys and light peaks are shown from left to right
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FIGURE 2 The pedigree, sequence analysis, and fundus examination of family 2 with AVMD. (a) Pedigree of family 2; (b) Sequence

chromatograms of identified mutations; (c) The homology of amino acid sequences between human BESTI and other species. The amino

acid at position 2 is highly conserved among species. The mutated residue 2 is boxed and indicated; (d) Fundus photograph: The proband

(I'1) had a fried-egg-like appearance in the macula of both eyes, and no obvious abnormal changes were found in the macula of the other

patients; OCT: In the proband (I:1), the macular fovea disappeared in both eyes, the ellipsoid zone was arched, the continuity of chimeric

zone was interrupted, and the serous detachment of retinal nerve sensory layer. The structures of each layer of the daughter (II:1) and

grandson (III:1) of the proband were complete and continuous without obvious abnormalities; FAF: The proband (I:1) can see uneven high

fluorescence surrounding the macular fovea of both eyes, and other patients were normal. (e) The proband's EOG: the waveforms of dark

valleys and light peaks are shown from left to right

by fundus photography and minor lesions could be de-
tected by OCT in two patients. All of them had abnormal
EOG (expect I1:4) and one with abnormal FAF. The clini-
cal data of ocular examination are shown in Table 1 and
Figure 1.

A new heterozygous variant c.88A > G (p.Lys30Glu) was
detected in the BEST1 gene of the proband (Figure 1a,b),
and its pathogenicity was clear according to ACMG guide-
lines. Her mother, brother, sister, and son all carried the
same variant, suggesting co-segregation of genotype and
clinical phenotype. Combined with the genotype and
clinical phenotype, the patient was diagnosed with Best

vitelliform macular dystrophy (BVMD) at the vitelliform
stage. The other four heterozygous variant carriers in the
family were determined as BVMD at previtelliform stage.

3.1.2 | Family2

The proband, male, 67 years old, complained of blurred
vision and visual distortion in the right eye for 2 weeks.
He denied any inherited disease of family history. He had
a normal color vision and BCVA of 0. 15 in the right eye,
and 0.5 in the left eye. There was a small (about 1/2 DD
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TABLE 2 Results of electrooculogram in three families with autosomal dominant Bestrophinopathies
Right eye Left eye
Dark
Dark through through
Object 1V) Light peak (1V) Arden ratio (1V) Light peak (pV) Arden ratio
F1 patient II:1 (29y) 409.2 878.9 2.1 404.8 477.5 1.2
I:2(51y) 640.6 873.0 14 796.9 1000.0 1.3
1I:3 (28 y) 262.7 520.5 2.0 398.4 813.0 2.0
II:1 (7 y) 571.7 813.4 1.4 542.0 845.7 1.6
F1 normal 12 (32y) 1200.0 2500.0 2.2 1100.0 2200.0 2.1
F2 patient I:1(67y) 284.2 604.5 2.1 259.3 529.3 2.0
1I:1 (41y) 544.4 868.2 1.6 441.9 705.6 1.6
11 (12y) 169.9 604.5 3.6 204.6 499.0 2.4
F3 patient 1I:2 (16 y) 241.2 597.2 2.5 319.3 525.9 1.7
1:2(45y) 417.0 805.2 1.9 574.7 879.9 1.5

Note: In the three autosomal dominant Bestrophinopathies families, the amplitudes of light peak potential and dark through potential decreased significantly
in all patients, and the Q value (Arden ratio) of most patients was normal due to both the decrease of the amplitudes of light peak potential and dark through
potential. It is worth noting that the rising value (peak) of EOG was very low under bright lighting.

in size), well-demarcated, fried-egg-like macular change
in both eyes and no obvious abnormalities in the optic
disc, peripheral retina, and blood vessels (Figure 2). The
EOG was abnormal (Table 2), and full-field ERG was
normal. His eldest daughter and grandson had no vis-
ible signs of the disease by fundus photography and OCT
examination in both eyes, except for abnormal EOG. The
clinical data of ocular examination are shown in Table 1
and Figure 2.

A known BESTI1 heterozygous variant c.5C>G
(p.Thr2Ser) was detected on the proband (Figure 2a,b), and
its pathogenicity is clear. His eldest daughter and grandson
all carried the same variant, suggesting co-segregation of
genotype and clinical phenotype. Combined with the gen-
otype and clinical phenotype, the proband was diagnosed
as adult-onset vitelliform macular dystrophy (AVMD) and
classified as vitelliruptive stage. The other two hetero-
zygous variant carriers in the family were diagnosed as
AVMD at the previtelliform stage.

3.1.3 | Family 3

The proband, male, 16years old, complained of vision loss
in the right eye for 6 months. He denied any inherited dis-
ease of family history. He had a normal color vision and
BCVA of 0.5 on the right eye and 1.0 on the left eye. There
are some subretinal fibrosis and pigment precipitates in
the macular and numerous very fine deposits anterior to
the temporal vascular arcades in both eyes, and choroidal
neovascularization in the macula of the right eye. He had
abnormal EOG and normal full-field ERG (Table 2). The

BCVA in the right eye was up to 1.0 one month after the
anti-VEGF injection. His mother carried the same variant
with BCVA 0.6 in the right eye and 1.0 in the left eye and
classic vitelliform lesions centered on the fovea of both
eyes. Also, EOG was abnormal. The clinical data of ocular
examination are shown in Table 1 and Figure 3.

Heterozygous missense variant c.898G>A (p.
Glu300Lys) was detected on the BESTI gene in the pro-
band and his mother (Figure 3a,b) and its pathogenicity
is clear. The genotype and clinical phenotype were co-
segregated in this family. Combined with the genotype
and clinical phenotype, the patient was diagnosed with
Best vitelliform macular dystrophy (BVMD) at the atro-
phy and cicatricial stage, and his mother was confirmed
as BVMD at the vitelliform stage.

3.1.4 | Family4

The proband, female, 47 years old, was visited due to “de-
creased vision” and had previously been diagnosed with
glaucoma. She denied any inherited disease of family his-
tory. BCVA was 0.1 on the right eye, 0.02 on the left eye,
and intraocular pressure (IOP) was normal in both eyes
(Table 3). The Iris laser holes can be seen in both eyes, and
the anterior segment and vitreous body are normal. There
was a “scrambled-egg” appearance of the macular lesion
and extramacular scattered punctate deposits in both eyes
(Figure 4 F4). EOG was abnormal (Table 4) and full-field
ERG showed a severe decrease in scotopic 0.01 ERG, a
moderate decrease in scotopic 3.0 ERG, and a mild reduc-
tion of photopic 3.0 ERG in both eyes.
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FIGURE 3 The pedigree, sequence analysis and fundus examination of family 3 with BVMD. (a) Pedigree of family 3; (b) Sequence
chromatograms of identified mutations; (c) The homology of amino acid sequences between human BESTI and other species. The amino
acid at position 300 is highly conserved among species. The mutated residue 300 is boxed and indicated; (d) Fundus photograph: The
proband (II:2) had scattered yolk-like substance deposition in the macular area of both eyes, atrophy of retina and choroid, depigmentation,
and accumulation; OCT: The macular fovea disappeared in the right eye, the chimeric zone and RPE band were broken, hyperreflective
masses were visible below the chimeric zone, the continuity of ellipsoid zone and chimeric zone in the macular region of the left eye was
interrupted, and the retinal nerve sensory layer was serous detachment; FAF: The yolk like substance in the macula area of both eyes of the
proband shows circular high fluorescence and low fluorescence in the center; OCTA: Before anti-VEGF, the morphology and shape of deep
retinal vascular plexus in the right eye were irregular, the knitted reticular structure was incomplete, the arch ring was deformed, and rough
irregular abnormal vascular reticular structure could be seen. One month after anti-VEGF, the abnormal vascular reticular structure was
reduced by OCT examination; The mother of the proband (I:2) OCT: The macular fovea of both eyes are raised, the ellipsoid zone and the
chimeric zone are arched, and hyperreflective masses can be seen below the chimeric zone; FAF: The yolk like lesions in the macular area of
both eyes showed high fluorescence. (e) The proband's EOG: the waveforms of dark valleys and light peaks are shown from left to right
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FIGURE 4 The pedigree, sequence analysis, and fundus examination of family 4 and family 5 with ARB. (F4a, F5a) Pedigrees of Family
4 and Family 5; (F4b) The homology of amino acid sequences between human BEST1 and other species. The amino acid at positions 255
and 287 are highly conserved among species. The mutated residue 255 and 287 are boxed and indicated; (F5b) Sequence chromatograms of
identified mutations; (F5c) The homology of amino acid sequences between human BEST1 and other species. The amino acids at positions
195 and 79 were highly conserved among species. Mutated residues 195 and 79 are boxed and indicated; (d) Fundus photograph: In F4
proband, the “scrambled-egg” appearance of the macular lesion and extramacular scattered punctate deposits of both eyes can be seen.
OCT: The macular fovea of the right eye is elevated, and the structures of the chimeric zone, ellipsoid zone, and external membrane are
disordered; Several shallow serous detachments of retinal neuroepithelial layer, interruption of RPE continuity, and several hyperreflective
masses can be seen in the left eye. FFA: The focus area of both eyes is low fluorescence, and the atrophic area of retinal pigment epithelium
shows plaque-likee high fluorescence. Fundus photograph: In the F5 proband, yellow spotty and plaque-like precipitates were visible for the
proband in the macula of both eyes. OCT showed serous detachment of the retinal neurosensory layer in both eyes, in which hyperreflective
material was visible between the RPE/Bruch complex zone and interdigitation zone in the left eye. FAF revealed a macular vertically
elliptical hyperfluorescent ring centered in a low fluorescence region with scattered dots with high fluorescence in the left eye. (e) The
proband’s EOG of F4 and F5:the waveforms of dark valleys and light peaks are shown from left to right



YANG ET AL. . . .. 11 of 18
Molecular Genetics & Genomic ME_}I_W] LEY
TABLE 4 Electrooculogram results of three ARB probands
Right eye Left eye
Dark through Dark
Object (xV) Light peak (uV) Arden ratio through (pV) Light peak (pV) Arden ratio
F41I:1 (47 y) 142.6 316.4 2.2 200.2 559.1 2.8
F51I:1 (12y) 317.4 462.9 1.5 136.2 215.3 1.6
F6 I1:2 (37 y) 368.2 515.6 14 405.3 605.0 1.5

The compound heterozygous variants c.764G > A (p.Ar-
£255GIn) and ¢.860G > A (p.Trp287Ter) were detected on
the BESTI gene of the proband (Figure 4 F4a, F4b), a mis-
sense variant and a nonsense variant, respectively, and its
pathogenicity is clear. The parents of the proband were
deceased, and the genetic origin was unclear. But the pro-
band could be diagnosed as ARB according to the genetic
test results and clinical phenotype.

3.1.5 | Family5

The proband, male, 12years old, came for a routine oph-
thalmologic examination. He denied any inherited disease
of family history. BCVA was 1.0 on the right eye and 0.8 on
the left eye. IOP, anterior segment, and vitreous were nor-
mal in both eyes (Table 3). The yellow spotty and plaque-
like precipitates in the macula were visible in both eyes
of the proband. OCT showed serous detachment of the
retinal neurosensory layer in both eyes, in which hyperre-
flective material was visible between the RPE/Bruch com-
plex zone and interdigitation zone in the left eye (Figure
4 F5). EOG was abnormal (Table 4), full-field ERG: The
dark response 0.01 ERG b-wave amplitude was mildly de-
creased in both eyes, the dark adaptation 3.0 ERG b-wave
amplitude was average, and the light adaptation 3.0 ERG
b-wave amplitude was moderately reduced.

The compound heterozygous variants c.233dupT (p.Ser-
79Phefs*153) and ¢.584C>T (p.Ala195Val) were detected
on the BESTI gene of the proband (Figure 4 F5a, F5b), a
frameshift variant (from the mother) and a missense vari-
ant (from the father), respectively, and its pathogenicity is
clear. And the parents were phenotypically normal, sug-
gesting co-segregation of genotype and clinical phenotype.

It was consistent with autosomal recessive inheritance
and was diagnosed as an ARB by combining the genotype
and clinical phenotype of the patient.

3.1.6 | Family6

The proband, male, 37years old, presented to our hospital
with “vision loss in both eyes for two years.” He denied

family history. Binocular vision was 0.4, IOP, anterior seg-
ment, and vitreous were normal (Table 3). Circular, well-
circumscribed, yellow-opaque, less vitelliform contents
macular lesion in both eyes, and OCT showed the detach-
ment of retinal neuroepithelial layers and subretinal fluid
accumulation. (Figure 5). EOG was abnormal (Table 4),
full-field ERG: There was a mild decrease in dark response
0.01 ERG b-wave amplitude in both eyes, a mild decrease
in dark adaptation 3.0 ERG b-wave amplitude, a moderate
decrease in a-wave amplitude, and a mild decrease in light
adaptation 3.0 ERG b-wave amplitude. This patient was
diagnosed with CSC and given symptomatic treatment
2years ago (September 2014). At that time, the BCVA was
up to 1.0, the fundus photography was unknown, and the
OCT results were as described above. After reexamina-
tion 6 months later (March 2015), the BCVA of the right
eye was 0.8 and the BCVA of the left eye was 0.6, and the
detachment of retinal neuroepithelial layers and subreti-
nal fluid accumulation was not improved. Then FFA was
performed and the diagnosis was corrected as binocular
macular degeneration. After two anti-VEGF injections in
the same year, the detachment of retinal neuroepithelial
layers and subretinal fluid accumulation still existed. The
visual acuity did not improve and tended to decrease grad-
ually. The patient was followed up until March 2021, and
his visual acuity was reduced to finger count in both eyes.

The compound heterozygous variants c.1070C>T
(p.Ala357Val) (derived from the father) and c.427G>T
(p.Val143Phe) (derived from the mother), both missense
variants, were detected on the BEST1 gene in the proband
(Figure 5-1a), and its pathogenicity is clear. As validated
by Sanger, it presented co-segregation of the genotype
and clinical phenotype. It was consistent with autosomal
recessive inheritance and was diagnosed as ARB by com-
bining the genotype and clinical phenotype of the patient.

3.2 | Pathogenicity analysis of identified
variants (bioinformatics analysis)

Nine different variants were detected in six pedigrees,
three of which are not yet included in HGMD and are
considered as novel variants.
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FIGURE 5
analysis, and fundus examination of

family 6 with ARB. (a) Pedigree of affected
family; (b, d) Sequence chromatograms of

The pedigree, sequence

identified mutations; (c, €) The homology
of amino acid sequences between human
BEST1 and other species. The amino

acid at positions 357 and 143 are highly
conserved among species. The mutated
residue 357 and 143 are boxed and
indicated; (f) Fundus photograph: In F6
proband, circular, well-circumscribed,
yellow-opaque, less vitelliform contents
macular lesion in both eyes, and OCT
showed the detachment of retinal
neuroepithelial layers and subretinal fluid
accumulation. FAF: low fluorescence in
the macular area of both eyes, surrounded
by high fluorescence. After 30 months of
follow-up, there was no significant change
in OCT and FAF. (g) The proband's EOG:
the waveforms of dark valleys and light
peaks are shown from left to right
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3.2.1 | Autosomal dominant variant

in BEST1

A novel missense variant c.88A> G (p.Lys30Glu) (PM5_
Supporting) was initially detected in exon 2 of the BEST1
gene in the Family 1 proband (II:1) by exome, and show
segregation in the family (PP1_Supporting). The search
for the Genome Aggregation Database (gnomAD) and the
East Asian Population Database (EXAC EAS) showed that
the variant frequency of this variant was equal to 0 (PM2_
Supporting). What is more, the amino acid at position 30
was highly conserved among different species by prot-
eomic conservation analysis (Figure 1c), indicating that
the variant at this site is more likely to affect the structure
and function of BESTI protein (PP3_Supporting).

Heterozygous missense variant ¢.5C>G (p.Thr2Ser)
and ¢.898G> A (p.Glu300Lys) were detected in Family
2 proband (I:1) and Family 3 proband (II:2) by exome,
respectively. Then segregated the disease status, these
variants were later confirmed in all affected members by
Sanger sequencing (PP1_Supporting). These variants were
previously reported in the pieces of literature that such
variant has been detected in patients with BVMD and the
relevant information has been included in the HGMD and
the Clinvar database (PS1_Strong) (Gao et al., 2020; Guo
et al., 2019; Liu et al., 2016). These substitutions, c.5C> G
and c.898G>A, would cause the amino acid change,
four software kits suggested the deleterious impact of
this substitution and indicated that the variant at these
sites is more likely to affect the structure and function
of BESTI protein (PP3_Supporting). What is more, the
amino acids at positions 2 and 300 were highly conserved
among different species by proteomic conservation anal-
ysis (Figures 2 and 3c), indicating that these variants are
more likely to affect the structure and function of BEST1
protein (PP3_Supporting).

3.2.2 | Autosomal recessive variant in BEST1
The compound heterozygous variants c.764G>A
(p.Arg255GIn) and c.860G>A (p.Trp287Ter) were de-
tected on the Family 4 proband (II:1). The former has not
been previously reported and the mutation frequency in
the East Asian Population Database (EXAC_EAS) was
very low (PM2_Supporting). The latter is known to be as-
sociated with Bestrophinopathies and the relevant infor-
mation is included in the HGMD and the Clinvar database
(PS1_Strong) (MacDonald et al., 2012; Tian et al., 2017).
The substitution, ¢.764G>A, would cause the amino
acid change from Arginine to Glutamine at residue 255
(p.Arg255GIn), and four software kits suggested the del-
eterious impact of this substitution. The nonsense variant,
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c.860G > A, was predicted to generate a premature termi-
nation codon at residue 287, which would result in pre-
mature termination of polypeptide chain synthesis, and
most of the proteins produced were inactive or lost their
normal function (PVS1_Very Strong). What is more, the
amino acids at position 255 and 287 were highly con-
served among different species by proteomic conservation
analysis (Figure 4 F4b), indicating that the two variants at
these sites are more likely to affect the structure and func-
tion of BESTI protein (PP3_Supporting).

The compound heterozygous variants c.233dupT (p.
Ser79Phefs*153) and c.584C>T (p.Alal95Val) were de-
tected in Family 5 proband (II:2), which segregated the
disease status (PP1_Supporting). The frameshift variant
has not been previously reported and was also not de-
tected in the East Asian Population Database (EXAC_
EAS) (PM2_Supporting). The c.233dupT variant causes
a frameshift starting with codon Serine79, changes this
amino acid to a Phenylalanine residue, and creates a pre-
mature Stop codon at position 153 of the new reading
frame, denoted p.Ser79Phefs*153 (PP3_supporting). This
frameshift variant was located in the loss-of-function re-
gion (LOF) and affected the protein function (PVS1_Very
Strong). The substitution, ¢.584C>T, would cause the
amino acid change from Alanine to Valine at residue 195
(p.-Alal95Val), which was previously reported in several
patients with Bestrophinopathies and the relevant infor-
mation has been included in the HGMD and the Clinvar
database (PS1_Strong) (Davidson et al., 2011; Gerth
et al., 2009). Four software kits suggested the deleterious
impact of this substitution (PP3_supporting).

The compound heterozygous variants ¢.1070C>T
(Ala357Val) and c.427G >T (p.Vall43Phe) were detected
in Family 6 proband (II:2), which segregated the disease
status (Figure 5b,d) (PP1_Supporting). The former variant
would cause the amino acid change from Alanine to Valine
at residue 357 (p.Ala357Val), and four software suggested
the deleterious impact of this substitution (PP3_support-
ing). The latter substitution, ¢.427G > T, would cause the
amino acid change from Valine to Phenylalanine at res-
idue 143 (p.Val 143Phe) and it has been reported in the
HGMD database to be associated with Adult vitelliform
macular dystrophy (PS1_Strong) (Kinnick et al., 2011).
Four software kits suggested the deleterious impact of
this substitution. What is more, the amino acid at posi-
tions 357 and 143 was highly conserved among different
species by proteomic conservation analysis (Figure 5c,e),
indicating that the two variants at these sites are more
likely to affect the structure and function of BEST1 protein
(PP3_Supporting).

To sum up, each of the nine pathogenic variants is
most likely the causative variant for the disease phenotype
in the corresponding family (Table 5). This is because:
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TABLE 5 Pathogenic mutations and prediction of BEST1 of nine variations in six probands with Bestrophinopathies

Allele frequency

Prediction

Polyphen-2
(HVAR/

Status known Disease HDIV)

Novel
or

Mutation

PROVEAN taster

Mutation

types

Nucleotiide Amino acid

No. Chromosome® Exon change

GnomAD

ExAC

SIFT

Gene

change

0.999 (D)
0.999 (D)
0.999 (D)
0.999 (D)
1.000 (D)
1.000 (D)

0.999/0.999 (D) 0.001 (D) —3.66 (D)

Known AVMD 0.998/0.998 (D) 0.000 (D) —3.64 (D)

BEST1 Missense Het Novel BVMD

BEST1
BEST1

p-Lys30Glu
p-Thr2Ser

c.88A>G
c.5C>G

chr11:61719366 2

F1

0.000007

Het

Missense

chr11:61719283 2

F2

0.952/0.952 (D) 0.001 (D) —3.38 (D)

1.000/1.000 (D) 0.116 (T)

Known BVMD

Het

Missense

p-Glu300Lys

c.898G>A
c.764G>A
c.860G > A
¢.233dupT

chr11:61727000 8

F3

0.000016 0.000007

0.000017 0.000012

—3.90 (D)

Het Novel ARB

Missense

p.Arg255Gln  BESTI

chr11:61725667 7

F4

Known

Het

Nonsense
Frameshift Het

BEST1

BEST1

p-Trp287Ter
p-Ser79

chr11:61725763 7

ARB

Novel

chr11:61722658 3

F5

Phefs*153
p-Alal95Val

0.000247 0.000157

0.00163

0.999 (D)
0.947 (P)
0.999 (D)

0.388/0.388 (B) 0.001 (D) —3.71 (D)

BEST1 Missense  Het Known

BEST1
BESTI

c.584C>T
c.1070C>T
c.427G>T

chr11:61724418 5

0.000385

0.026/0.026 (B) 0.027 (D) —1.19 (N)

Known ARB

Het

Missense

p-Ala357Val

chr11:61727485 9

F6

0.920/0.092 (D) 0.001 (D) —4.70 (D)

Het Known

Missense

p-Val143Phe

chr11:61723369 4
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(1) Three novel variants were observed in the database
of normal subjects of the sequencing company with a
very low variant frequency. (2) Six known variants have
been reported in the HGMD database to be associated
with Bestrophinopathies. (3) There are no other potential
pathogenic variants detected in this study. (4) The well-
established correlations between the genes mutated and
the disease phenotypes for each family.

4 | DISCUSSION

Bestrophinopathies are emerging as the second most com-
mon macular lesion, affecting approximately 1 in 10,000
(Rahman et al., 2019). BEST1 is mainly expressed on the
RPE and is associated with the onset of a series of fundus
diseases such as BVMD, AVMD, ARB, ADVIRC, retini-
tis pigmentosa-50 (RP-50, OMIM 613914), microcornea,
rod-cone dystrophy, cataract, and posterior staphyloma
syndrome, potentially affecting the development of entire
eyeball, especially the anterior segment abnormalities,
such as the shallow anterior chamber, narrow angle of
anterior chamber, short axial-length, and microphthal-
mia (Boon et al., 2009; Smith et al., 2019). Most of the
BEST1 gene variants are missense variants, and a few are
splice site variants and synonymous variants, with most
mutant sites clustered in the N and C termini and four
transmembrane regions within the cell (Boon et al., 2013).
A total of 9 variants were reported in this paper, 3 of
which were novel and contained a total of 77.8% (7/9)
missense variants, 11.1% (1/9) nonsense variants, and
11.1% (1/9) frameshift variants. For autosomal dominant
Bestrophinopathies, the variants in Family 1 (exon2) and
Family 3 (exon8) were located in known hotspot regions,
such as four amino acid regions 6-30, 80-104, 221-243,
and 293-312 of exon2, 4, 6, and 8 (Boon et al., 2009). In
contrast, the variant in family 2 (exon 2) was not in the hot
spot region. For autosomal recessive Bestrophinopathies,
the variants are mostly concentrated in exons 5 and 7 (Gao
et al., 2020), and in this paper, the variants in the ARB
probands were also distributed in exons 3, 4, and 9 except
for exons 5 and 7, which were the transmembrane region
or topological domain. Recently, an increasing number of
studies have shown that the variant spectrum is different
between different ethnic groups (Gao et al., 2020; Tian
et al., 2017). For example, p.R255W may be a common
recessive variant in Asian patients (Luo et al., 2019; Tian
et al., 2017). Common mutant loci reported in other races
were not seen in the nine variants identified in this paper.
In addition, BESTI and PRPH2 were reported in the lit-
erature as the two major genes associated with the AVMD
phenotype (Grunin et al., 2016; Tiosano et al., 2016). Some
scholars believe that AVMD is a manifestation of BVMD
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in adult-onset, and some reports confirm that patients
with AVMD conform to an autosomal dominant mode of
inheritance and have an overlapping portion of the phe-
notype with BVMD. The data of this study are consistent
with it. The genotype and phenotype of Family 2 in this
paper suggest that AVMD is predominantly inherited in
an AD manner and overlaps with the phenotype of BVMD,
which is consistent with the high degree of genetic hetero-
geneity in genotype and phenotype due to variants in the
BEST]1 gene.

Interestingly, the phenotype of autosomal dominant
Bestrophinopathies is irregular dominant inheritance,
in which some patients show a typical vitelliform lesion
in the macular and the others show no visible signs of
the disease in the family carrying the same pathoge-
nicity heterozygous variant. It has been reported that
the penetrance rate of Bestrophinopathies is 96%. The
penetrance rate of 3 families (BVMD or AVMD) in this
paper was as high as 100%, without forme frust (hetero-
zygotes that are not expressed at all), but the expressiv-
ity of each heterozygote was variable. In Family 1, five
affected individuals all carried the same heterozygous
variant, but the severity of the macular lesions varied
widely. Among them, the proband showed typical vitel-
liform lesions in the macula, while the other 5 patients
had no visible signs of the disease by fundus photogra-
phy and minor lesions could be detected on OCT in two
patients. All of them (expect II:4) had abnormal EOG
and one with abnormal FAF. Notably, the mother of the
proband (I:2), 51years old, had normal appearing fundi,
and OCT showed minor macular structural abnormali-
ties with disruption of the ellipsoid zone and interdig-
itation zone in the right eye. It also showed irregular
dominance in family 2 and family 3. At the present time,
the mechanism of this irregular dominant inheritance
was unknown. The distinct intrafamilial phenotypic di-
versity might be due to enhanced/weakened action of
the modifier gene on the primary gene so that the traits
determined by the primary gene were not expressed or
incompletely expressed and showed varying expressivi-
ties, or they might be due to the influence of the organ-
ism's internal and external environment. Even though
the expressivity varies, heterozygous individuals with a
dominant gene can still pass such traits to their offspring
even if they do not exhibit the dominant trait themselves
or to a lesser extent, which data highlight the need for
extensive molecular evaluations in the family with an
autosomal dominant variant in BESTI. Moreover, phe-
notypes due to autosomal recessive variants in the BEST'1
gene is also highly heterogeneous, ranging from vitelli-
form lesions to extensive extramacular deposits (periph-
eral flecks). The severity of the phenotype is related to
the homozygote status. Homozygous variants result in

Open Access,

a typical phenotype of ARB, while compound hetero-
zygous variants result in atypical ARB resembling the
BVMD phenotype or AVMD phenotype. Such clinical
heterogeneity may be influenced by the external envi-
ronment or may result from the interaction between dif-
ferent variants on the double alleles. The most common
features of ARB are extramacular scattered punctate de-
posits and intraretinal and subretinal fluid (SRF) accu-
mulation. In this study, the proband of family 4 showed
a “scrambled-egg” appearance of macular lesion and
extramacular scattered punctate deposits. OCT showed
the detachment of retinal neuroepithelial layers and
subretinal fluid accumulation in the left eye with dis-
rupted RPE continuity. As described above, this proband
not only had the phenotype recognizably resembling vi-
telliruptive stage of BVMD but also had some features of
ARB, such as extramacular scattered punctate deposits.
The proband of family 5 showed fairly normal fundi by
ophthalmoscopy in both eyes, but FAF revealed a mac-
ular vertically elliptical hyperfluorescent ring with cen-
tered a low fluorescence region with scattered dot high
fluorescence in the left eye, and OCT showed serous de-
tachment of the retinal neurosensory layer in both eyes,
the hyperreflective material was visible between the
RPE/Bruch complex zone and interdigitation zone in
the left eye. This proband had the phenotype recogniz-
ably resembling the pseudohypopyon phase of BVMD,
such as FAF imaging in the left eye. In Family 6, the
proband showed circular, well-circumscribed, yellow-
opaque, less vitelliform contents macular lesion in both
eyes, similar to the manifestation at the vitelliruptive
stage of BVMD, OCT showed the detachment of retinal
neuroepithelial layers and subretinal fluid accumula-
tion. During the follow-up period of up to 30 months,
the presence of subretinal fluid and vitelliform sediment
did not change significantly with time. This is consistent
with the report of Casalino et al. (2021).

The pathogenic mechanism of Bestrophinopathies
is still unclear, so there is no effective treatment. For
asymptomatic patients with an autosomal dominance
variant in the BESTI gene, it can continue to be passed
on in the family, leading to blindness in the next gen-
eration due to the heritability of the disease, which
suggests that genetic testing and counseling are essen-
tial to be required. In ARB patients who are usually
complicated by narrow angle of the anterior chamber,
laser iridotomy can be performed as early as possible
and the angle of the anterior chamber can be moni-
tored regularly to avoid elevated intraocular pressure in
closed-angle glaucoma, which can aggravate visual im-
pairment, as in Family 4 proband in this study. Patients
who are complicated with choroidal neovascularization
(CNV) can be treated with anti-VEGF medication. The
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visual acuity of Family 3 proband was recovered to 1.0
after anti-VEGF treatment for CNV in the right eye, and
no significant decrease in visual acuity was seen after six
months of follow-up, which is consistent with previous
reports in the literature (Hussain et al., 2015). For ARB
patients who are complicated with macular edema, oral
administration of Methazolamide may help to reduce
such macular edema; Panpan Ye et al. (2020) found a
significant decrease in the levels of certain metabolites,
such as citric acid, L-threonine, and eicosapentaenoic
acid, in the blood of ARB patients and found significant
improvement in macular edema after long-term sup-
plementation of citric acid in these patients. In recent
years, research on the treatment of Bestrophinopathies
has yielded fruitful results and it will surely usher in a
promising spring.

5 | SUMMARY

This study provided evidence that the phenotype of au-
tosomal dominant bestrophinopathies (VMD) was part
of irregular dominant inheritance due to reduced pen-
etrance and variable expressivity, with patients carrying
a pathogenic heterozygous variant of BEST1 to develop
obviously intrafamilial phenotypic diversity. The pa-
tients who harbor two heterozygous variants showed
recessive inheritance bestrophinopathies with distinct
phenotypic diversity ranging from typical/atypical vi-
telliform lesions to extensive extramacular deposits
(peripheral flecks). Our study also emphasized the im-
portance of comprehensive genetic analysis in patients
with bestrophinopathies, and in such challenging fami-
lies with markedly intrafamilial phenotypic diversity, it
shall provide novel insights into phenotypic assessments
of bestrophinopathies and contribute to better diagno-
sis, prognosis, and treatment for these patients. Further
study on different pathogenic mechanisms of the BESTI
gene variant may better explain its phenotypic diversity
and will improve the diagnosis and treatment of these
patients in the future.
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