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Background

Pathogenic variants in BEST1 can cause autosomal dominant or autosomal
recessive dystrophy, typically associated distinct retinal phenotypes. In
heterozygous cases the disorder is commonly characterized by yellow sub-
macular lesions in the early stages, known as Best vitelliform macular dystrophy
(BVMD). Bi-allelic variants usually cause a more severe phenotype including
diffuse retinal pigment epithelial irregularity and widespread generalized
progressive retinopathy, known as autosomal recessive bestrophinopathy (ARB).
This study describes three cases with clinical changes consistent with BVMD,

however, unusually associated with autosomal recessive inheritance.
Materials and Methods

Detailed ophthalmic workup included comprehensive ophthalmologic
examination, multimodal retinal imaging, full-field and pattern

electroretinography (ERG; PERG) and electrooculogram (EOG).

Genetic analysis of probands and segregation testing, fundus examination of

proband relatives was performed where possible.
Results:

Three unrelated cases presented with a clinical phenotype typical for BVMD and
were found to have bi-allelic disease-causing variants in BEST1. PERG P50 and

ERG were normal in all cases. The EOG was subnormal (probands 1 and 3) or



normal/borderline (proband 2). Probands 1 and 2 were homozygous for the
BEST1 missense variant ¢.139C>T, p.Arg47Cys, while proband 3 was

homozygous for a deletion; ¢.536_538delACA, p.Asn179del.

The parents of proband 1 were phenotypically normal. Parents of proband 1 and

2 were heterozygous for the same missense variant.
Conclusions

Individuals with bi-allelic variants in BEST1 can present with a phenotype
indistinguishable from BVMD. The same clinical phenotype may not be evident
in those harboring the same variants in the heterozygous state. This has

implications for genetic counselling and prognosticationA
Main text:
Introduction:

Heterozygous variants in BEST1 are usually associated with autosomal dominant
Best vitelliform macular dystrophy (BVMD)(OMIM153700), typically
characterized by bilateral “egg-yolk” macular lesions. The macular lesions,
although not always present, may be further classified into six stages according
to severity: previtelliform, vitelliform, vitelliruptive, pseudohypopyon, atrophic,
and cicatricial. ** The electrooculogram (EOG) is abnormal in most ° in the
absence of full field electroretinogram (ERG) abnormality, consistent with

generalized RPE dysfunction without generalized photoreceptor dysfunction.



Biallelic variants in BEST1 are predominantly linked with autosomal recessive
bestrophinopathy (ARB)(OMIM611809). The presentation of ARB is usually
more severe, with widespread fundus changes including RPE irregularity and
multiple yellowish subretinal deposits at the posterior pole and in the mid-
periphery. %8 Additional features can include retinal oedema, serous retinal
detachment and subretinal fibrosis in the macula; as well as narrow anterior
chamber angles and tendency to angle closure glaucoma.”®
Electrophysiologically there is typically severe abnormality of the EOG from a
young age with later progressive ERG abnormalities from late childhood or

adolescence.?

The aforementioned distinctive retinal phenotypes, inheritance pattern,
electrophysiology and genetic testing can frequently differentiate between these
two disorders. Herein we report three cases with a typical phenotype of BVMD,

but due to bi-allelic disease-causing variants in BEST1.
Material and Methods:

The protocol of the study adhered to the tenets of the Declaration of Helsinki and
was approved by the Ethics Committee of Moorfields Eye Hospital. In all three
cases, a medical history was obtained, and a complete ophthalmologic
examination performed. Colour fundus photography and fundus autofluorescence
(FAF) imaging were performed with wide-field confocal scanning laser imaging

(Optos PLC, Dunfermline, UK). Macular scans and FAF imaging of the posterior



pole were performed with spectral-domain optical coherence tomography (SD-

OCT, Heidelberg Engineering, Heidelberg, Germany).

The electrophysiological assessment included International-standard full-field
ERG and pattern electroretinography (PERG), performed with gold foil corneal
(cases 1 and 3) or skin (case 2) electrodes, and EOG was performed. 112 The full-
field ERG and EOG were used to assess generalized retinal and generalized RPE
function respectively; the pattern ERG P50 component was used to assess

macular function. 13

Molecular testing of BEST1 was by targeted next- generation sequencing and
Sanger sequencing (Regional Genetics Laboratory Services, Manchester;
Molecular Vision Laboratory, Oregon, United States; NIHR BioResource Rare,
London, UK). Segregation analyses was performed in two families and fundus

examination of relatives was performed in one family.
Results:
Case 1

An 11-year-old boy was visually asymptomatic and found to have abnormal
fundus changes bilaterally during routine optometry visit. Best-corrected visual
acuity (BCVA) was 6/9 in both eyes. Anterior segment examination and
intraocular pressures were normal. Retinal examination showed a yellow sub-

foveal vitelliform lesion bilaterally, less than half a disc diameter in size (Fig:1A,



B). The macular lesions corresponded to areas of high intensity FAF (Fig:1C, D).
SD-OCT showed bilateral optically empty spaces with irregular collection of
hyperreflective material on the outer retinal surface (Fig:1E, F). The ERG and
PERG were normal, and the EOG had a reduced light peak: dark trough (LP:DT)
ratio (145% bilaterally; reference range 180-435%).>* Whole genome

sequencing identified homozygous ¢.139C>T, p. Arg47Cys variants in BEST1.

Fundus examination of the proband’s parents was normal. Segregation analysis
showed each parent to be a heterozygous carrier for the same BEST1 variant.

There was no history of consanguinity in the family

Follow up over 10 years showed the BCVA, fundus findings and SD-OCT of the

proband to have remained stable.
Case 2

A 12-year-old girl presented with blurred central vision. BCVA was 6/6
bilaterally, with a hypermetropic correction. Anterior segment examination
showed pinpoint posterior subcapsular cataract in the right eye; the left eye was
unremarkable. Intraocular pressures were normal. Her younger sister was
diagnosed as having bilateral congenital cataract. The wide-field fundus images
showed bilateral vitelliform lesions in the pseudohypopyon stage, with
accumulation of yellowish material in the sub-macular space (Fig:2A, B). FAF
of the lesion showed increased autofluorescence inferiorly, while a low to absent

FAF signal was seen in the central area bilaterally (Fig:2C, D). SD-OCT scans



through the lesion showed bilateral thickening of the RPE and the photoreceptor
layer. An optically empty space was evident on the right and there was evidence
of deposition of hyperreflective material sub-foveally bilaterally (Fig:2E,F). The

ERG, PERG and EOG (LP:DT ratio right eye 190%; left eye 185%) were normal.

Her parents were asymptomatic and there was no history of consanguinity in the

family, however they were not available for clinical examination.

Genetic testing identified homozygous, ¢.139C>T, p. Arg47Cys variant in BEST1

in the proband, while her mother was a heterozygous carrier of the same missense.
Case 3

A twenty-nine-year-old male had a history of reduced vision from the age of 16.
The left eye had been treated elsewhere with laser photocoagulation for choroidal

neovascular membrane. BCVA was 6/9 on the right and 6/12 on the left. The anterior

segment examination and intraocular pressure were normal. Fundus examination revealed a
yellow vitelliruptive macular lesion in the right eye and a cicatricial stage lesion in the left
(Fig:3A, B). FAF in the right showed an increased signal on the inferior edge of the lesion and
decreased FAF centrally and superiorly; on the left there was an area of absent FAF surrounded
by a border of hyperautofluorescence associated with scar tissue (Fig:3C,D). SD-OCT scans
showed an optically empty space with thinning of the outer retina on the right. There was
patchy thickening of the outer retina with a hyporeflective sub-foveal mass in the left (Fig:E,F).
The ERG and PERG were normal. Eye movement accuracy during the light phase of EOG
testing became variable after 9-10 minutes, but no light peak was detectable (LP:DT ratio 100%

bilaterally).



His parents were first cousins from Bangladesh and visually asymptomatic (not available for
examination). The proband was found to have homozygous ¢.536_538delACA, p.Asn179del

variant in BEST1. Clinical findings of the proband have been stable over 14 years of follow-
up
Discussion:

This study details the findings in three unrelated individuals with clinical and
electrophysiological features typical of BVMD, but inherited in an autosomal recessive
manner, usually associated with a distinctly more severe and progressive retinal and functional
phenotype (ARB). Our case study provides further evidence that rare sequence variants in

BEST1 behave in a recessive manner but are phenotypically identical to BVMD.

In two of the three cases, stability of the BVMD phenotype was demonstrated, including one
case of a child monitored into adulthood. Two different homozygous disease-causing variants
in BEST1 were identified in each of the 3 families. (c.139C>T, p.Arg47Cys in two families and

€.536_538delACA, p.Asn179del. in one family)

Several studies have reported that the majority of disease-causing variants in BEST1 associated
with BVMD are heterozygous missense variants, which differ from those causing ARB. 371516
However, there are rare reports of bi-allelic BEST1 variants causing BVMD.!17-20
Heterozygous family members can present with the same retinal phenotype showing variable
expressivity, recognized as a cause of inter and intra- familial differences in other BEST1

pedigrees.t’:?1-23

Rarely BVMD has also been associated with novel variants, which can be pathogenic,
associated with manifest disease, only when in bi-allelic form and are unlikely to cause retinal

dystrophy in the heterozygous state. 2425



The clinical presentation and disease course in our 3 patients was indistinguishable from
BVMD, in keeping with limited previous reports. Sodi et al 2 described four cases of BVMD
with compound heterozygous or homozygous variants in BEST1. These included two of the
variants seen in our cases in homozygous state (p. Argd7Cys, p. Asn179del). The family
members who were heterozygous carriers had a normal clinical phenotype, although some
showed a reduced EOG LP:DT ratio. The bi-allelic variants causing BVMD were noted to be
often deletion rather than missense and were located outside the BVMD BEST1 mutational hot
spot.?® Some were associated with ARB. It was concluded that these sequence variants were

pathogenic only when inherited in recessive form.

Variable BVMD phenotypes associated with autosomal recessive inheritance have also been
described, ranging from typical BVMD lesions to atypical extramacular deposits and parents
with normal fundi. > The authors proposed that, in contrast to autosomal dominant BVMD
cases, variants may have caused minimal protein changes i.e., maintaining function in the
heterozygous state but resulting in a BVMD phenotype when combined with another mild

disease-causing variant.

Bitner et al 2 further reported a family with c.1415delT, p.Leu472ProfsX10, homozygous
frameshift in BEST1 presenting as BVMD. Interestingly, although the probands parents had
normal fundus findings, both grandmothers harboring heterozygous variants and a deceased
great grandmother, showed a recessive inheritance pattern with dry age-related macular
degeneration (AMD). All except the great-grandmother in whom EOG was not tested, had a
normal EOG and ERG. However, in previous studies no statistically significant difference

between BEST1 mutations in the AMD group and the control group was found.?"8

Collectively, these case reports and our case series indicate that homozygous or compound

heterozygous BEST1 variants can be associated not only with ARB, but also with autosomal



10

recessive BVMD. 2426 Unless a functional analysis is performed, it will remain inconclusive
why certain BEST1 variants cause BVMD, only when coupled with a disease-causing variant
on the second allele. Nevertheless, it is of utmost importance to have clarity about the BEST1
variants and their inheritance pattern, as this will ensure accurate genetic counselling and

family planning, but also in providing potential treatment in the future.

References

1. Best F. Uber eine hereditire Maculaaffektion. ZF Augenheilk 1905;13:199-212.

2. Mohler CW, Fine SL. Long-term evaluation of patients with Best's vitelliform
dystrophy. Ophthalmology 1981;88(7):688-92. DOI: 10.1016/50161-6420(81)34965-
3.

3. Petrukhin K, Koisti MJ, Bakall B, Li W, Xie G, Marknell T, Sandgren O, Forsman K,
Holmgren G, Andreasson S, et al. Identification of the gene responsible for Best
macular dystrophy. Nat Genet 1998;19(3):241-7. DOI: 10.1038/915.

4. Rahman N, Georgiou M, Khan KN, Michaelides M. Macular dystrophies: clinical and
imaging features, molecular genetics and therapeutic options. Br J Ophthalmol
2020;104(4):451-460. DOI: 10.1136/bjophthalmol-2019-315086.

5. Khan KN, Islam F, Holder GE, Robson A, Webster AR, Moore AT, Michaelides M.
Normal electrooculography in best disease and autosomal recessive bestrophinopathy.
Retina. 2018 Feb 1;38(2):379-86.DOI: 10.1097/iae.0000000000001523.

6. Borman AD, Davidson AE, O'Sullivan J, Thompson DA, Robson AG, De Baere E,
Black GC, Webster AR, Holder GE, Leroy BP, et al. Childhood-onset autosomal
recessive bestrophinopathy. Arch Ophthalmol 2011;129(8):1088-93.. DOI:

10.1001/archophthalmol.2011.197.



10.

11.

12.

13.

11

Burgess R, Millar ID, Leroy BP, Urquhart JE, Fearon IM, De Baere E, Brown PD,
Robson AG, Wright GA, Kestelyn P, et al. Biallelic mutation of BEST1 causes a
distinct retinopathy in humans. Am J Hum Genet 2008;82(1):19-31. DOI:
10.1016/j.ajhg.2007.08.004.

Casalino G, Khan KN, Armengol M, Wright G, Pontikos N, Georgiou M, Webster
AR, Robson AG, Grewal PS, Michaelides M. Autosomal Recessive
Bestrophinopathy: Clinical Features, Natural History, and Genetic Findings in
Preparation for Clinical Trials. Ophthalmology 2021;128(5):706-718. DOI:
10.1016/j.0phtha.2020.10.006.

Gerth C, Zawadzki RJ, Werner JS, Héon E. Detailed analysis of retinal function and
morphology in a patient with autosomal recessive bestrophinopathy (ARB). Doc
Ophthalmol 2009;118(3):239-46. DOI: 10.1007/s10633-008-9154-5.

Bach M, Brigell MG, Hawlina M, Holder GE, Johnson MA, McCulloch DL, Meigen
T, Viswanathan S. ISCEV standard for clinical pattern electroretinography (PERG):
2012 update. Doc Ophthalmol 2013;126(1):1-7. DOI: 10.1007/s10633-012-9353-y.
Robson AG, Frishman LJ, Grigg J, Hamilton R, Jeffrey BG, Kondo M, Li S,
McCulloch DL. ISCEV Standard for full-field clinical electroretinography (2022
update). Doc Ophthalmol 2022;144(3):165-177. DOI: 10.1007/s10633-022-09872-0.
Constable PA, Bach M, Frishman LJ, Jeffrey BG, Robson AG. ISCEV Standard for
clinical electro-oculography (2017 update). Doc Ophthalmol 2017;134(1):1-9. DOI:
10.1007/s10633-017-9573-2.

Robson AG, Nilsson J, Li S, Jalali S, Fulton AB, Tormene AP, Holder GE, Brodie
SE. ISCEV guide to visual electrodiagnostic procedures. Doc Ophthalmol

2018;136(1):1-26. DOI: 10.1007/s10633-017-9621-y.



14.

15.

16.

17.

18.

19.

20.

12

Low S, Davidson AE, Holder GE, Hogg CR, Bhattacharya SS, Black GC, Foster PJ,
Webster AR. Autosomal dominant Best disease with an unusual electrooculographic
light rise and risk of angle-closure glaucoma: a clinical and molecular genetic study.
Mol Vis 2011;17:2272-82.

Bakall B, Marknell T, Ingvast S, Koisti MJ, Sandgren O, Li W, Bergen AA,
Andreasson S, Rosenberg T, Petrukhin K, et al. The mutation spectrum of the
bestrophin protein--functional implications. Hum Genet 1999;104(5):383-9. DOI:
10.1007/s004390050972.

Kramer F, Mohr N, Kellner U, Rudolph G, Weber BH. Ten novel mutations in VMD2
associated with Best macular dystrophy (BMD). Hum Mutat 2003;22(5):418. DOI:
10.1002/humu.9189.

Nordstrém S, Thorburn W. Dominantly inherited macular degeneration (Best's
disease) in a homozygous father with 11 children. Clin Genet 1980;18(3):211-6. DOI:
10.1111/j.1399-0004.1980.tb00874.x.

Schatz P, Klar J, Andréasson S, Ponjavic V, Dahl N. Variant phenotype of Best
vitelliform macular dystrophy associated with compound heterozygous mutations in
VVMD2. Ophthalmic Genet 2006;27(2):51-6. DOI: 10.1080/13816810600677990.
Wong RL, Hou P, Choy KW, Chiang SW, Tam PO, Li H, Chan WM, Lam DS, Pang
CP, Lai TY. Novel and homozygous BEST1 mutations in Chinese patients with Best
vitelliform macular dystrophy. Retina 2010;30(5):820-7. DOI:
10.1097/1AE.O0b013e3181c700c1.

Querques G, Zerbib J, Santacroce R, Margaglione M, Delphin N, Rozet JM, Kaplan J,
Martinelli D, Delle Noci N, Soubrane G, et al. Functional and clinical data of Best
vitelliform macular dystrophy patients with mutations in the BEST1 gene. Mol Vis

2009;15:2960-72..



21.

22.

23.

24,

25.

26.

27.

13

BRALEY AE, SPIVEY BE. Hereditary vitelline macular degeneration: a clinical and
functional evaluation of a new pedigree with variable expressivity and dominant
inheritance. Archives of Ophthalmology. 1964 Dec 1;72(6):743-62. DOI:
10.1001/archopht.1964.00970020743003.

Lacassagne E, Dhuez A, Rigaudiere F, Dansault A, Vétu C, Bigot K, Vieira V, Puech
B, Defoort-Dhellemmes S, Abitbol M. Phenotypic variability in a French family with
a novel mutation in the BEST1 gene causing multifocal best vitelliform macular
dystrophy. Mol Vis 2011;17:309-22.

Walter P, Brunner R, Heimann K. Atypical presentations of Best's vitelliform macular
degeneration: clinical findings in seven cases. Ger J Ophthalmol 1994;3(6):440-4.
Bitner H, Mizrahi-Meissonnier L, Griefner G, Erdinest I, Sharon D, Banin E. A
homozygous frameshift mutation in BEST1 causes the classical form of Best disease
in an autosomal recessive mode. Invest Ophthalmol Vis Sci 2011;52(8):5332-8. DOI:
10.1167/iovs.11-7174.

Kinnick TR, Mullins RF, Dev S, Leys M, Mackey DA, Kay CN, Lam BL, Fishman
GA, Traboulsi E, lezzi R, et al. Autosomal recessive vitelliform macular dystrophy in
a large cohort of vitelliform macular dystrophy patients. Retina 2011;31(3):581-95.
DOI: 10.1097/1AE.0b013e318203ee60.

Sodi A, Menchini F, Manitto MP, Passerini I, Murro V, Torricelli F, Menchini U.
Ocular phenotypes associated with biallelic mutations in BEST1 in Italian patients.
Mol Vis 2011;17:3078-87.

Allikmets R, Seddon JM, Bernstein PS, Hutchinson A, Atkinson A, Sharma S,
Gerrard B, Li W, Metzker ML, Wadelius C, et al. Evaluation of the Best disease gene
in patients with age-related macular degeneration and other maculopathies. Hum

Genet 1999;104(6):449-53. DOI: 10.1007/s004390050986.



28.

29.

14

Lotery AJ, Munier FL, Fishman GA, Weleber RG, Jacobson SG, Affatigato LM,
Nichols BE, Schorderet DF, Sheffield VC, Stone EM. Allelic variation in the VMD2
gene in best disease and age-related macular degeneration. Invest Ophthalmol Vis Sci
2000;41(6):1291-6.

Del Pozo-Valero M, Riveiro-Alvarez R, Martin-Merida |, Blanco-Kelly F, Swafiri S, Lorda-

Sanchez |, Trujillo-Tiebas MJ, Carrefio E, Jimenez-Rolando B, Garcia-Sandoval B, Corton M.

Impact of Next Generation Sequencing in Unraveling the Genetics of 1036 Spanish Families

With Inherited Macular Dystrophies. Invest Ophthalmol Vis Sci 2022 ;63(2):1-

11.DOI:10.1167/iovs.63.2.11



