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Abstract
Background Autosomal recessive bestrophinopathy (ARB) is a retinal degenerative disorder caused by
BEST1 mutations with autosomal recessive inheritance. We aim to map a comprehensive genomic and
metabolic pro�le of a consanguineous Chinese family with ARB.Methods Ophthalmic examinations were
performed on affected patients with ARB. Target capture sequencing was performed to screen causative
mutations in 256 known retinal disease genes and Sanger sequencing were used for veri�cation. A
UHPLC-MS/MS metabolomic analysis was performed to explore the disease-associated metabolic
feature.Results Affected patients from this family are characterized by low vision, the presence of
subretinal �uid, macular edema, and hyperopia with coincidental angle closure. DNA sequencing
identi�ed a novel missense mutation in BEST1 gene (chr11:61725867G>A) of the proband. Sanger
sequencing further con�rmed the mutation. The blood metabolic pro�les were very similar among all
family members probably due to the same life style, habitats and genomic background. However, ARB
patients presented signi�cant deregulation of metabolites such as Citric acid, L-Threonic acid,
Eicosapentaenoic acid.Conclusions We identi�ed a novel disease-associated variant in BEST1 gene as
well as the disease-speci�c metabolic feature in familial ARB. The �ndings improved the understanding
of mechanisms of ARB and provided a potential therapeutic strategy with application of metabolomics.

Background
Mutations of the BEST1 gene can cause a series of retinal degenerative diseases which are named as the
“bestrophinopathies” [1]. The most common of these diseases clinically is Best vitelliform macular
dystrophy (BVMD; OMIM 153700), also known as Best disease. It is characterized by the deposition of
bilateral yellowish yolk-like lesions in the macula. Most BVMD is inherited in an autosomal dominant type
by mutations of the BEST1 gene [1]. Recently, an allelic disease, autosomal recessive bestrophinopathy
(ARB; OMIM 611809), has been �rstly reported by Burgess R [2]. It is also caused by BEST1 mutation with
autosomal recessive inheritance [3-5]. The clinical phenotype can be different from BVMD. The features
of ARB present with multifocal yellow subretinal deposits, subretinal �uid, macular edema and hyperopia
with coincidental angle closure. People with ARB demonstrate a decrease in vision during the �rst ten
years of life.

The exact function of BEST1 gene still remains elusive, but it is speculated to act as coding for anion
channel, mainly a chloride and bicarbonate channel, or a regulator of Ca2+ channels in retinal pigment
epithelium (RPE). So far, more than 250 mutations have been explored in bestrophinopathies
(http://www-huge.uni-regensburg.de/BEST1_database/) [1]. In ARB, almost half of the mutations are
located between residues 312 and 315. The most common mutation for ARB is p.R15H in several
families of European ethnicity and p.R255W in Chinese ethnicity [1, 6, 7]. However, the whole genomic
map of ARB and the underlying mechanism are still far from completely understood.

The metabolome affects biological and physiological processes through modulation of genetic
transcription and translation and interactions with environmental exposures [8]. Due to the fast
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development in techniques and bioinformatics, metabolome has been used to not only identify
biomarkers for diagnosis but also provide therapeutic strategy in diseases. However, the application
of metabolome to retinal diseases has been limited [9]. We herein conducted a metabolomics study in a
consanguineous Chinese ARB family. We aimed to explore the disease-associated genomic and
metabolic feature for better understanding the etiology of ARB and providing the intervention strategy.

Methods
Clinical diagnosis

The patients were ascertained at Eye Center, Second A�liated Hospital, School of Medicine of Zhejiang
University, China. They underwent detailed ophthalmic evaluation, including best correct visual acuity
(BCVA), slit-lamp bio-microscopy, dilated indirect ophthalmoscopy, anterior chamber (ultrasound
biomicroscopy, UBM; SUOER UBM scan SW-3200), wide�eld retinal imaging (Optos 200Tx, Marlborough,
MA, USA), optical coherence tomography (OCT) (Heidelberg HRT II, Heidelberg, Germany) and fundus
�uorescein angiography (FFA) (Heidelberg HRT II, Heidelberg, Germany) examinations. All research
involved in this study adhered to the tenets of the Declaration of Helsinki and was approved by the
Institutional Review Board of Second A�liated Hospital of Zhejiang University. Informed written consents
were obtained from all participating individuals for this study.

 

DNA library preparation and target sequencing

Genomic DNA of the proband and available family members was extracted from peripheral blood. A pre-
capture library was prepared by using Kapa LTP library prep kit and then was captured on a custom
capture panel (Agilent Sureselect) which containing 256 known retinal disease genes. The enriched DNA
library was sequenced on Illumina Xten Analyzers for 150 cycles per read to generate paired-end reads.
An average of 172.82X in target region was achieved, and 97.86 % of the target region was covered by
10x.

 

Bioinformatics analysis and Sanger sequencing

After the sequencing step, Raw reads were aligned to the human genome reference (hg19) using the
Burrows-Wheeler Aligner. Single-nucleotide variants (SNVs) and InDels (Insertions and Deletions) were
called by Atlas-SNP2 and Atlas-Indel, respectively. SNVs and InDels were �ltered against the ExAC,
gnomAD, HGVD, CHARGE, 1000 Genome, UK10K databases and the internal database of Clinbytes Inc,
with a allele frequency cutoff of 0.5% and 0.1% for recessive and dominant variants, respectively.
Variants were annotated using Annotate Variation (ANNOVAR). The variant was validated by PCR and
Sanger sequencing. PCR primer sets were designed via Primer3 and products were sequenced on an ABI
3700XL Genetic Analyzer.
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UHPLC-MS/MS metabolomics analysis

Patients peripheral blood were collected and plasma were prepared for LC-MS/MS analysis, which were
performed using a Vanqiush UHPLC system (Thermo Fisher) coupled with an Orbitrap Q Exactive HF-X
mass spectrometer (Thermo Fisher) operating in the data-dependent acquisition mode. The eluents for
the positive and negative polarity mode were eluent A (0.1% FA in Water) plus eluent B (Methanol) and
eluent A (5 mM ammonium acetate, pH 9.0) plus eluent B (Methanol), respectively. The solvent gradient
was set as follows: 2% B, 1.5 min; 2-100% B, 12.0 min; 100% B, 14.0 min 100-2% B, 14.1 min 2% B, 16
min. Q Exactive HF-X mass spectrometer was operated in positive/negative polarity mode with spray
voltage of 3.2 kV, capillary temperature of 320°C, sheath gas �ow rate of 35 arb and aux gas �ow rate of
10 arb. The raw data �les were processed using the Compound Discoverer 3.0 (CD 3.0, Thermo Fisher) to
perform peak alignment, peak picking, and quantitation for each metabolite. The normalized data was
used to predict the molecular formula based on additive ions, molecular ion peaks and fragment ions.
And then peaks were matched with the mzCloud (https://www.mzcloud.org/) and ChemSpider
(http://www.chemspider.com/) database to obtain the accurate qualitative and relative quantitative
results.

Results
Clinical features

It is a consanguineous Chinese family with Han Chinese ancestry. The proband is a 34-year-old woman
with progressive vision loss for over 20 years. Her BCVA was 0.15 on right eye and 0.1 on left eye. Colour
funduscopy (CF) showed overall normal (Fig. 1a). Fundus auto�uorescence (FAF) image showed annular
hyper�uorescence around the posterior pole (Fig. 1b). OCT results revealed cystoid macular edema with
subretinal �uid (Fig. 1c). The proband has an affected younger sister aged 32, with 20 years of
progressive vision loss. Her BCVA was 0.1 in both eyes. Her clinical �ndings in CF, FAF and OCT were
similar with the proband. In addition, she had a shallower anterior chamber depth and UBM showed half
of the anterior chamber angles were closed (Fig. 1d). FFA revealed mild �uorescence leakage beneath
macula (Fig. 1e). The proband also has an affected elder sister aged 36, with over 20 years of progressive
vision loss. Both of her eyes underwent vitrectomy for retinal detachment and her visual acuity in both
eyes was counting �ngers.

 

Genetic mapping

We performed target capture sequencing of known retinal disease genes on the proband to identify
possible mutation. A homozygous variation in gene BEST1 was detected in 256 gene coding regions
associated with retinal diseases in peripheral blood of the subjects. The variant in BEST1 gene
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(chr11:61725867G>A) was con�rmed in the proband. According to the splicing form of the proband
(uc010rlu.1), the novel mutation BEST1 c.646G>A(p.V216I) locates in exon 7. This is a missense
mutation resulting in a replacement of Valine by Isoleucine at amio acid position 216. All available family
members were Sanger sequenced for the segregation analysis (Fig. 2). The results of family separation
and analysis showed that the proband, her �fth sister and younger sister are carrying the homozygous
variation, and all of them have low vision. The mother and the son of the proband and the son of her
younger sister carry the heterozygosity, and the clinical phenotype of the three is normal..

 

Metabolomic pro�les

We performed a metabolomic exploration to evaluate the potential inherited metabolic disorders, which
could be diagnostic or therapeutic targets. Samples were divided into 3 groups (A/A, n = 2; A/G, n = 2;
G/G, n = 3) according to the genotype in chr11:61725867 loci. The distribution of metabolites is shown in
Fig. 3a. We observed a very similar blood metabolite pro�les in this family, which may due to the same
life style, habitats and genomic background. Using a criteria (P < 0.05, VIP > 1.0), there were 2.0-2.6% (fold
change > 1.2) and 1.2-2.0% (fold change > 2.0) metabolites signi�cantly differential expressed between
two groups (Table 1). Compared with their 3 wild-type sisters (G/G), the proband and her �fth sister, both
of whom were A/A homozygous variant type, showed signi�cantly down-regulated Citric acid (fold
change > 20), Flurothyl, L-Threonic acid, Eicosapentaenoic acid (EPA), etc. and up-regulated Hydrogen
sulphate, Manidipine, 2,4-Dichlorobenzoyl-CoA, Acetate, etc. (Fig. 3b). Compared with their parents (A/G),
they (A/A) also presented signi�cantly down-regulated Citric acid and Flurothyl, and up-regulated
Hydrogen sulphate and 2,4-Dichlorobenzoyl-CoA. The enrichment analyses of differential expressed
metabolites indicated a centre role of Citric acid in enriched metabolic pathways (Fig. 3c). Therefore, we
recommend lemonade, which riches in Citric acid and vitamin C, for the ARB patient. After three months,
the proband presented improved clinical phenotype. OCT showed decreased macular edema compared
with the presence of initial visit (Fig. S1), although no signi�cant change was found in FAF.

Discussion
We identi�ed a novel homozygous variation in BEST1 gene in the consanguineous family. This is an
missense mutation and predicted to be deleterious. The frequency of this mutation is higher than
autosomal recessive mode of BEST1 mutations as reported by the public database (http://www-huge.uni-
regensburg.de/BEST1_database/home.php?select_db=BEST1). In this family, three affected patients with
the mutation c.646G>A(p.V216I) are homozygous and have similar clinical phenotype. Three other
members carrying the heterozygosity don’t show any phenotype of ARB. The �nding further proved the
inheritance pattern of ARB is autosomal recessive. Therefore, among the betrophinopathies, ARB is
presumed to be a retinal disease with a “null” phenotype for Best1 [2, 10].

    The mutations of BEST1 can cause various clinical features [1]. To date, over 250 mutations have been
explored through the BEST1 gene and the most mutations occurred in the N-terminal part, which is highly

http://www-huge.uni-regensburg.de/BEST1_database/home.php?select_db=BEST1)
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conserved among various species [11]. However, the mutation spectrum of Chinese population may be
different from patients of other ethnicity. In a Chinese cohort with 20 ARB patients, more than 1/3
mutations (9/22) in BEST1 gene were located in exon 7-11, which encode the C-terminal half of the
protein [7]. The other mutations were mainly clustered in the �rst trans-membrane domain and the intra-
cellular regions [7]. In functional prediction analysis, the majority of disease-causing variants were
missense mutations [7], which was in consistent with our results. Although the disease-associated
nonsense and frameshift mutations predict a truncated and thus likely inactive protein, the molecular
mechanism underlying the effect of missense mutation on protein function and the pathology of disease
has not been well elucidated yet. Uggenti et al [12] showed that ARB-associated BEST1 protein were
degradation via the ubiquitin-proteasome pathway using a stably transfected polarised epithelial cell
model. Milenkovic et al [13] further proved that the ARB-associated missense mutations triggered a
strong and fast protein degradation process in the endoplasmic reticulum, thereby favouring a decreased
stoichiometry of mutant versus normal BEST1 subunits in the assembly of the homo-
pentameric BEST1 chloride channel. 

In this study, we used a metabolome strategy to investigate the BEST1 mutation-caused disease. The
family members presented very similar metabolic pro�les probably due to the same life style,
environment, dietary, habitats, and genomic background. We assumed that the deregulation of
metabolites may be due to or at least linked with the autosomal recessive disorder. We found a
remarkably insu�ciency of metabolites such as Citric acid, L-Threonic acid and EPA in the blood of
patients as compared to their sisters. Citric acid or citrate is a key component of the TCA cycle, serves as
a pivotal regulator of intermediary energy metabolism, and a chelator for divalent cations like Ca2+, Mg2+,
and Zn2+ [14]. It is uptook by human RPE cells as a preferred nutrient [15] and its buffer is widely used in
the in vivo retina experiments. L-threonate acid is a metabolite of ascorbate (vitamin C), which is highly
concentrated in the retina and plays an important role in physiological function and protects RPE from
oxidant injury [16, 17]. A systemic review including 6150 participants demonstrated that antioxidant
vitamin could slow the progression of age-related macular degeneration [18]. In addition, the biological
importance of Omega-3 fatty acids (EPA and Docosahexaenoic Acid) in the development of retina is well
established. A recent in vivo study showed that EPA supplementation could reduce lipofuscin granules
and slow the progression of retinal degeneration [19]. Therefore, lack of these metabolites indicated a
defective nutrition of human body including retina. According to the results from metabolome, we
recommended a dietary Citric acid and vitamin C supplementation in the ARB patient. We pleasantly
found an alleviation of macular edema after a short-term metabolic therapy. The results encouraged the
patients to receive longer and more comprehensive nutrient supplement (e.g., Omega-3 fatty acid) to meet
the metabolic needs and even correct the genetic disease.

Conclusions
We provided a new insight on the genomic and metabolic pro�ling of the pathological changes in familial
ARB. Normalizing the patient's metabolism by nutritional supplement may provide a potential therapeutic
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strategy for bestrophinopathy, which is currently an untreatable set of diseases.
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Tables
Table 1 The number of significantly differential expressed metabolites (DEM) (P < 0.05, VIP > 1.0)

Comparison Total metabolites (n) DEM

(n)

Up-regulated DEM (n) Down-regulated DEM (n)

Fold change > 1.2        
A_A.vs.G_G_pos 990 16 8 8
A_G.vs.G_G_pos 990 24 17 7
A_A.vs.A_G_pos 990 18 14 4
A_A.vs.G_G_neg 670 25 3 22
A_G.vs.G_G_neg 670 19 6 13
A_A.vs.A_G_neg 670 14 4 10

         
Fold change > 2.0        
A_A.vs.G_G_pos 990 10 5 5
A_G.vs.G_G_pos 990 15 11 4
A_A.vs.A_G_pos 990 9 5 4
A_A.vs.G_G_neg 670 23 1 22
A_G.vs.G_G_neg 670 5 3 2
A_A.vs.A_G_neg 670 12 3 9

 

Figures
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Figure 1

The clinical features of ARB patients in the family. a Colour funduscopy (CF) of the proband was overall
normal. b Fundus auto�uorescence (FAF) image of the proband showed annular hyper�uorescence
around the posterior pole. c OCT results of the proband revealed bilateral cystoid macular edema with
subretinal �uid. d The affected younger sister’s ultrasound biomicroscopy (UBM) results showed a
shallower anterior chamber depth and half of the anterior chamber angles were closed. e The affected
younger sister’s fundus �uorescence angiography (FFA) revealed mild �uorescence leakage beneath the
macula.
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Figure 2

A novel autosomal recessive mutation in BEST1 gene (chr11:61725867G>A ) was identi�ed in the family.
a The results of family separation and analysis showed that the proband (V6), her �fth sister (V5) and
younger sister (V7) carry the homozygous variation. The grandmother (III-1), father (IV1) , mother (IV2)
and son (VI1) of the proband, her forth sister (V4) and the son (VI2) of her younger sister carry the
heterozygosity. The �rst sister (V1), second sister (V2) and third sister (V3) of the proband carry the wild-
type gene. b Pedigree. Square symbols denote males; circular symbols denote females; solid symbols
indicate affected; open symbols indicate unaffected; slashed symbols indicate deceased; an arrow below
the symbol indicates the proband; + indicates wild-type.
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Figure 3

The metabolic pro�le of ARB patients. a The distribution of metabolites in the whole family. b The
signi�cantly differential expressed metabolites (fold change > 1.2, P < 0.05). (c) KEGG einrichment
analysis of differential expressed metabolites between ARB patients (A/A, n = 2) and their wild-type
sisters (G/G, n = 3). The size of bubble represents the number of genes in each pathway.
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