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Abstract: Bietti crystalline dystrophy (BCD) is a rare-inherited disease caused by mutations

in the CYP4V2 gene and characterized by the presence of multiple shimmering yellow-white

deposits in the posterior pole of the retina in association with atrophy of the retinal pigment

epithelium (RPE) and chorioretinal atrophy. The additional presence of glittering dots located

at the corneal limbus is also a frequent finding. The CYP4V2 protein belongs to the

cytochrome P450 subfamily 4 and is mainly expressed in the retina and the RPE and less

expressed in the cornea. The disease has its metabolic origin in the diminished transforma-

tion of fatty acid substrates into n-3 polyunsaturated fatty acids due to a dysregulation of the

lipid metabolism. In this review, we provide updated insights on clinical and molecular

characteristics of BCD including underlying mechanisms of BCD, genetic diagnosis, pro-

gress in the identification of causative genetic and epigenetic factors, available techniques of

exploration and development of novel therapies. This information will help clinicians to

improve accuracy of BCD diagnosis, providing the patient reliable information regarding

prognosis and clinical prediction of the disease course.
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Introduction
Bietti crystalline dystrophy ((BCD), Online Mendelian Inheritance in Man (OMIM)

OMIM210370) is an inherited autosomal recessive disease linked to biallelic mutations

affecting theCYP4V2 gene. Professor Gian Battista Bietti first described the disorder in

1937,1 reporting three patients – including two brothers – with a pattern of retinal

crystalline spots in the posterior pole, scattered conglomerations of retinal pigment,

chorioretinal atrophy and corneal superficial deposits at the limbus. In addition, the

author suggested the inherited and familial nature of the disease and differentiated it

from other dystrophies like retinitis punctata albescens and fundus albipunctatus.

Bagolini and Ioli-Spada2 designated this pathology “Bietti´s tapetoretinal degen-

eration with marginal corneal dystrophy” and studied the evolution of these broth-

ers and six additional patients in 1968, confirming the progressive and degenerative

nature of their condition. Welch3 introduced the term “crystalline retinopathy” in

1977 to complete the original description, and identified the presence of lipid

inclusions in fibroblasts and corneal epithelium by analyzing a corneal limbus

biopsy obtained from a patient with BCD, pointing to a metabolic involvement in

the genesis of the disease.

In 2000, Jiao et al4 performed genetic linkage analysis to 49 members of 10

Chinese, Japanese and European families with BCD, and identified the locus of the

gene responsible on human chromosome 4q35-qter. In 2004, at a later stage,
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Li et al5 identified the CYP4V2 gene to be the causative for

BCD, encoding a novel 525 amino acid protein member of

the cytochrome P450 (family 4, subfamily IV, polypeptide

2), involved in fatty acid metabolism. The first generation

and characterization of a murine model of BCD was per-

formed by Lockhart et al6 in 2013, reproducing the pre-

sence of retinal crystalline deposits and metabolic lipid

disturbances in Cyp4v3−/- knockout mice, corresponding

well to BCD findings in humans.

These and other relevant studies along the years have

increased our understanding of BCD disease and generated

fresh perspectives and hope to patients and ophthalmolo-

gists. The aims of this report are to review relevant infor-

mation about BDC and to provide current approaches on

this disorder.

Epidemiology and distribution
Estimating true prevalence rates of BCD is difficult as

methods of data collection vary between countries, authors

and surveys. Hu7 estimated a gene frequency of 0.005 by

studying the first cousin parents of an epidemiologic sur-

vey in China in 1983. In accordance with the works of

Hartong et al8, Okialda et al9 and Ng et al,10 the estimated

a prevalence of BCD is 1 in 67,000 individuals, affecting

21,000 patients in China and about 5000 in USA.

According to our estimations, the actual prevalence of

BCD in Spain may be extremely low, affecting approxi-

mately 1 in 4,500,000 subjects, ie, 10–12 cases in the

whole country, based on a survey carried out in 2013 in

more than 650 medical centers of Spain.11 At the same

time, the disease presents worldwide distribution, and

tends to be common in the east of Asia, being more

prevalent in Chinese, Japanese and Korean populations.

Most of the reported cases diagnosed in Europe corre-

spond to Italian, Lebanese and Spanish patients suggesting

a possible Mediterranean distribution of the disease.

Onset, staging and clinical
manifestations
BCD is a progressive chorioretinal dystrophy with corneal

involvement characterized by profuse yellowish sparkling

deposits at the retina (Figure 1), geographical areas of

atrophy of the retinal pigment epithelium (RPE) and loss

of choriocapillaris, chorioretinal atrophy and crystalline

deposits in peripheral cornea.

According to Yuzawa et al12, the illness can be classi-

fied into three stages (Figure 2):

Stage 1: RPE atrophy with crystalline deposits in the

macular area.

Stage 2: RPE atrophy extends beyond the posterior

pole. Choriocapillaris atrophy at the posterior pole.

Crystalline confluent deposits in the damaged area, less

in number at the advanced atrophic areas of the RPE-

choriocapillaris complex.

Stage 3: RPE-choriocapillaris complex extensive atro-

phy and a small number of residual crystalline deposits

throughout the fundus.

The first clinical manifestations most commonly appear

between the second and third decade of life, but can

develop from teenagers to over fourth decade, remaining

the determinants of age at onset unclear. In addition, the

severity of the retinal damage does not seem to correlate

well with the age of debut.

During the earliest stages, patients with BCD are often

asymptomatic, which difficult its diagnosis. Therefore, most

early BCD cases are often diagnosed as casual findings. As

BCD progresses symptoms appear slowly and painlessly,

involving nyctalopia, limited peripheral vision and visual

field constriction, color vision impairment, floaters, photo-

psias and monocular diplopia. In the late stages of BCD,

severe visual damage and legal blindness are common find-

ings. It should be kept in mind that disease evolution may be

asymmetric in the two eyes, that a good visual acuity out-

come may not correspond to the measure of damage in the

retina and that high variability in disease presentation and

evolution has been reported.11,13

Diagnosis
Corneal involvement: medical imaging

techniques and clinical application
The presence of crystalline deposits in the peripheral

paralimbal cornea is the main BCD clinical manifesta-

tion regarding the ocular surface, which might be

Figure 1 Infrared images showing a typical pattern of “starry sky” fundus with

numerous tiny glittering crystal deposits throughout the entire posterior pole of a

patient with BCD (both eyes).
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explained by the moderate CYP4V2 expression in the

corneal epithelium and subepithelium.14 Functional

deterioration of this gene carries an increased accumu-

lation of intracellular deposits of fatty acids in periph-

eral corneal and conjunctival fibroblasts and

keratinocytes,15–17 involving the development of the

marginal keratopathy. These subclinical alterations

course with normal vision and are not essential require-

ments for BCD diagnosis. They are more commonly

described in European than in Asian patients, although

the reported frequency of marginal keratopathy is

highly variable, ranging from a 75% rate of incidence

in Spanish patients11 to the complete absence of kera-

topathy in a sample of 15 Italian patients.18 The pre-

sence of corneal crystalline deposits in the clinical

reports and the identified mutations associated with

them are summarized in Table 1.

The high quality of modern slit lamps allows the easy

and quick identification of crystalline deposits throughout

the entire peripheral cornea (Figure 3). Nevertheless, very

Figure 2 Color retinography of the fundus of both eyes of different patients showing different degrees of evolution of BCD disease, according to Yuzawa classification. (A)

Numerous glistening crystalline dots and minimal chorioretinal damage restricted to the posterior pole of the retina, corresponding with stage 1 of Yuzawa. (B) Epithelial
confluent atrophy of the posterior pole and few crystalline deposits, corresponding with stage 2 of Yuzawa. (C) Advanced choroidal sclerosis with marked chorioretinal

atrophy and absence of deposits, corresponding with stage 2 of Yuzawa. Misdiagnosing with severe forms of choroideremia or retinitis pigmentosa is possible.
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subtle crystals (smaller than 15 μm) can remain undetected

if a careful examination is not performed.3

In vivo corneal confocal microscopy has corroborated

the location of crystalline deposits in several patients with

a previous slit-lamp diagnosis of BCD marginal

keratopathy.11,19,20 Corneal dots were detected in the

360º of the peripheral and paracentral cornea, near the

limbus, involving subepithelial and anterior stromal layers

(approximately 20–40 µm long and 4–8 µm wide), with

variable forms (needle, rod, pin, globular, chromosome

shaped), irregular dissemination and possible centrifugal

distribution (Figure 4). Specular microscopy is an acces-

sory imaging technique that may help to identify subclini-

cal corneal crystalline dots.21

Retina involvement: medical imaging

techniques and clinical application
Our understanding of structural changes and underlying

retinal lesions in BCD has been highly improved by the

advent of new imaging techniques. Fluorescein angio-

graphy (FA) has been traditionally considered the gold

standard in the evaluation of retinal damage and clinical

progression of BCD because the findings obtained with

this technique clearly correlate with the severity and

stage of BCD.15,16,22 In the initial phases of the disease,

FA reveals marked hyperfluorescence in the posterior

pole because the atrophy of the RPE generates a win-

dow defect, with a relatively intact choriocapillaris. The

crystalline dots located in the central and paracentral

retina accounts for the blocked choroidal fluorescence.

In the middle phases of the disease, FA discloses irre-

gular geographic hypofluorescent areas of RPE and

island-like choriocapillaris, in correspondence to areas

of non-perfused choriocapillaris, with generalized dis-

turbance and atrophy of the RPE in the posterior pole

and enhanced image of the choroidal vasculature. In the

later stages, choroidal atrophy and deep damage of the

choriocapillaris and RPE complex are present,

the volume of choroidal vessels is highly diminished

and the blood vasculature is mainly sclerosed15,16,22

(Figure 5). Indocyanine green angiography (ICGA)

remains considered as a valuable supplement diagnosis

technique of BCD, better than FA in outlining the atro-

phy areas and in evidencing the real level and magni-

tude of the choroidal circulatory damage.23,24

Early-phase ICGA shows a significant delay in the

filling of the choroidal vessels in every stage of the

disease. This delay increases and correlates with BCD

severity. An initial damage of the parapapillary area

appeared to be constant by ICGA, showing a later cen-

trifugal pattern of involvement as BCD progresses. In the

middle stages, damage of the inner choroid increases and

lobular hypofluorescent lesions become evident.23,24

Late-phase ICGA also reveals a more variable pattern

of hyperfluorescence in clearly delimitated choroidal

areas in all stages of BCD.

However, these two procedures are invasive and time-

consuming, requiring venipuncture, and are not free of

risks and threats like anaphylaxis or even death related to

FA and ICGA injections. In fact, its use has diminished

considerably in the last years due to the development of

new non-invasive high-resolution imaging techniques like

Figure 3 Slit-lamp biomicroscopic findings in several patients with BCD with

corneal involvement. Crystalline-like corneal deposits (arrows) can be present in

360º degrees of the limbus area of both eyes.

Figure 4 In vivo confocal microscopy image (400×400 μm) of a BCD patient (sub-

epithelium area). The crystals (yellow arrows) were up to 24 μm in length and 16 μm in

width and barely distinguishable from keratocytes nuclei (blue arrows).
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spectral-domain optical coherence tomography angiogra-

phy (SD-OCT-A).

Fundus auto fluorescence (FAF) is not helpful to assess

and control the evolution of crystalline deposits, because

these dots present neither hypo-AF nor hyper-AF nature.

The peripheral retina presents a normal FAF as long as

there is no damage, but in BCD the posterior pole and the

paracentral retina develops hypo-AF and clearly defined

confluent-patched areas corresponding to local RPE loss

sections. These alterations correlate well with funduscopic

and FA changes throughout the progressive evolution of

BCD.25,26

SD-OCT has proven to be an effective noninvasive

retinal imaging method for evaluating the morphological

and functional changes in BCD. Outer retinal tubulations

(ORTs) and glistening hyperreflective deposits seem to be

the main SD-OCT manifestations in BCD25,27 (Figure 6).

ORTs are spherical hyporeflective lesions surrounded by a

halo of high reflectivity, mainly situated in the retina outer

nuclear layer and more frequent in advanced stages 2 and

Figure 5 Fluorescein angiography in later stage on both eyes of different patients with genetic diagnosis of BCD. (A) Small-patched areas of atrophy of the choriocapillaris

and RPE, the macular area remain relatively intact in an early stage of BCD. (B) Marked atrophy of the RPE with focal confluent areas of disappearance of the choriocapillaris.

(C) Severe atrophy of the RPE with complete disappearance of the choriocapillaris.
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3 of Yuzawa.12 The mechanisms underlying ORTs remain

unclear, but it has been suggested the existence of a

diminished adherence of the photoreceptors outer seg-

ments to the RPE in its junction layer.26,29 This alteration

can be due to a potential rearrangement and subsequent

invagination of damaged photoreceptors that partially

retain their function as a protection mechanism.

The presence of crystalline glistening deposits has been

confirmed in all retinal layers by SD-OCT, mainly in the

outer retina, being more numerous at the RPE-choriocapil-

laris level, including the Bruch membrane.20,25 According

to Saatci et al28, there are three categories of glistening

deposits in SD-OCT sections: 1) highly reflective spots in

the inner retina, 2) reflective plaques on the top of the Bruch

membrane and 3) partially encapsulated reflective plaques.

There seems to be a clear correlation between funduscopy

crystalline deposits and hyperreflective dots located in or on

REP-Bruch membrane complex.25–30 The origin and clin-

ical significance of the plaques, encapsulated lesions and

other hyperreflective dots, including those located in the

choroid, remains unclear. Accumulation of protein deposits

or inflammatory cells, glial response due to retinal destruc-

tion or even artifacts, has been postulated to explain the

origin of these lesions.25,28 There are three potential phases

in the evolution of BCD, according to SD-OCT imaging

modality as defined by Li et al.26 Structures with the

appearance of druses, decrease of the interdigitating area

and local disruption of the ellipsoid area are present in

stage 1. Stage 2 involves the presence of isolated islands

of remaining RPE in the context of a high loss of this retinal

layer and damage of the outer retina. Severe macular dis-

turbance is the main finding in stage 3. According to a

recent study,31 near-infrared imaging (NIR) – a commonly

performed capture modality while acquiring simultaneous

OCT scans – should be a useful tool in identifying BCD

crystalline retinal deposits and in differentiating them from

other presents in chorioretinal dystrophies with similar phe-

notypes, facilitating a more efficient posterior genetic

diagnosis.

The knowledge of choroidal vasculature changes in

retinal dystrophies has been especially improved by the

use of OCT-A, a recent tool based on motion contrast

imaging. The dynamic of the retinal and choroid micro-

vasculature in BCD can be evaluated throughout the asso-

ciation of the advantages of the OCT-A and the split

spectrum amplitude-decorrelation angiography.

A diminished choriocapillaris blood flow appears to be

present in the vast majority of the BCD patients, and the

visibility of the choriocapillaris layer at the subfoveal area

correlates well with the degree of function of the visual

system in BCD individuals according to Miyata et al.32

These features make OCT-A a non-invasive and accessible

alternative to assess the patient’s evolution. Choroidal neo-

vascularization has occasionally been reported in patients

with clinical and molecular diagnosis of BCD.26,33–35 The

nature and mechanisms of this relationship remain unclear,

but RPE defects and long-term friction of the Bruch’s

membrane by the crystalline dots should play a reasonable

role.35 There is proven efficacy of anti-Vascular Endothelial

Growth Factor (VEGF) therapy in the management of this

complication.34 Macular hole may also be detected in BCD

and can be successfully managed by routine surgery.36

In summary, the current available imaging techniques

open up many possibilities to assess retinal dystrophies,

and multimodal evaluation of BCD patients is strongly

recommended in the management of the disease. These

combined techniques should allow us to make the diag-

nosis as early as possible, staging the severity and the

progression of the disease and monitoring the response to

potential future treatments.

Electrophysiological findings
Electrophysiological techniques are objective complemen-

tary explorations in BCD that include full-field electrore-

tinography (ffERG) and multifocal electroretinography

(mfERG) recorded according to the ISCEV protocols.37

Figure 6 Spectral domain-optical coherence tomography (SD-OCT) image reveal-

ing both outer retinal tabulation (blue arrow) and crystalline macular deposits

(yellow arrow) of a BCD individual.
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Regarding the electrooculogram, we consider it provides

no additional information if ffERG and mfERG are per-

formed. Actually, electrophysiology provides supplemen-

tary data in the early diagnosis, allows disease severity

assessment, facilitates control of progression and deter-

mines how much retinal damage has been caused. The

progression of the disease may follow a similar rod –

cone dystrophy pattern according to ffERG findings.37–40

Full-field ERG records range from normal in early stages

to undetectable signals in the last phases of BCD. In the

middle stages, the malfunction of both rod and cone

mechanism involves multiple disturbances, and delayed

amplitude of photopic and more evident scotopic

responses should be present. The measurement of the

implicit time of both responses, especially scotopic time,

can be mildly delayed or even normal.40,41 mfERG

assesses cone function from the central 30–40 degree

field of the retina and provides additional spatial resolution

and topographical evaluation not available in ffERG. This

technique has become very helpful to expound the degree

of responses acquired from ffERG especially in early

stages of BCD, as well as to monitor the progression of

the retinal central damage.42–44 The amplitudes of the

mfERG are markedly attenuated compared to normal indi-

viduals in the fovea and central retina, remaining more

affected than the implicit times like in ffERG. Peripheral

responses may be preserved. P1 amplitudes and implicit

times are markedly disturbed and N1 responses should be

conserved.10,45,46

Genetic diagnosis
The classical diagnosis of BCD based on the clinical

findings of typical crystalline deposits in the retina and

the cornea detected by an experienced physician is, in

general, useful but did not provide assurance. However,

the only way to confirm a diagnosis of BCD disease is the

identification of CYP4V2 gene (OMIM, *608614) muta-

tions by genetic analysis. The DNA samples can be simply

obtained from peripheral leukocytes by venipuncture or by

collection of a small amount of saliva into a sterile tube.

Amplification of the 11 CYP4V2 exons, including intron-

exon junctions and flanking sequences, using PCR and

followed by automated Sanger DNA sequencing can be

performed as described by Li et al.5 The complete genetic

sequence can be also obtained by next-generation techni-

ques, although the presence of a pathogenic variant needs

confirmation by Sanger sequencing, which is considered

the gold standard procedure in mutation detection. The

primary aims of genetic testing are to establish, confirm

or exclude a clinical diagnosis of BCD. Identification and

functional evaluation of the causative gene mutation, as

well as confirmation or exclusion of the presence of het-

erozygous CYP4V2 carriers among relatives of BCD

patients, are required for genetic counseling. The clinical

sensitivity (proportion of positive studies if BCD is pre-

sent) of the test is estimated higher than 93% and the

clinical specificity (proportion of negative tests if BCD is

not present) rounds 99.99%.9,47

Genetic linkage of BCD
Bietti crystalline corneoretinal dystrophy (OMIM

#210370) is inherited in an autosomal recessive manner.

Jiao et al4 first showed the linkage of BCD to chromosome

4q35-qter, and subsequently Li et al5 refined critical inter-

val of the disease (4q35.1-q35.2) and identified CYP4V2 as

the disease-causing gene. The CYP4V2 gene is composed

of 11 exons spanning 21 kb, and encodes a 525 amino acid

protein, which is the second member of the cytochrome

p450, family 4 (CYP4), subfamily V and plays an impor-

tant role in lipid metabolism.48

CYP4V2 protein and fatty acid
metabolism
CYP4V2 is a microsomal enzyme with ω-hydroxylase
activity on both saturated and polyunsaturated fatty acids

(PUFAs) of medium and long-chain6,14,49 and is expressed

in the vast majority of the body tissues, especially in RPE

and retina, reaching a lesser degree of expression in the

cornea.5,48,49 These facts supported the theory postulated

by several authors which proposed lipid metabolism

alteration as a major cause of BCD.3,16,49,50 Functional

impairment of CYP4V2 leads to a global malfunction of

the lipid metabolism system in the homozygous indivi-

duals. Lee et al48 first reported the absence of two fatty

acid-binding proteins of 32 and 45 kDa in cultured lym-

phocytes of BCD patients. Further studies revealed that

cultured lymphocytes and fibroblasts showed additional

alterations in the fatty acid metabolism, including marked

reduction in the transformation of fatty acid precursors

into ω-3 PUFAs, decreased synthesis of eicosapentaenoic

acid (20:5n-3) and docosahexaenoic acid (DHA),

increased conversion of alpha-linolenic acid (ALA) into

triglycerides and abnormalities in the storage of these

lipids.14,17,48–50 The ω-6 biosynthesis pathway apparently

was not affected.15 In serum, a reduced activity of the Δ-9-
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desaturase enzyme and abnormally low concentration of

total monounsaturated fatty acids have been reported.16,50

The CYP4V2 enzyme is present predominantly in the

endoplasmic reticulum of the human RPE cell line

ARPE-19. Immunohistochemistry analyses revealed that

CYP4V2 is also present in retinal outer and inner nuclear

layers, retinal ganglion cells and corneal epithelial cells,

in accordance with the BCD phenotype.14 In addition, the

gene is expressed in different non-ocular organs such as

heart, lung, liver, pancreas, kidney, brain, skeletal muscle

and placenta. Interestingly, BCD patients do not show

any pathological condition in these organs, suggesting

the presence of compensatory enzymes which are absent

in the RPE. Moreover, the exact pathogenic mechanism

involved in RPE malfunction and in the subsequent

damage remains unknown. Particularly interesting is the

function of the CYP4V2 protein in DHA reactions. DHA

is an essential constituent of the rod outer segment and

plays an important role in the maturation and survival of

the photoreceptors cells required for normal visual

function.51 Functional CYP4V2 alteration generates a

disruption of the membrane processing of lipids in RPE

layer, which result in a significant focal dyslipidemia and

degeneration of the photoreceptors. The endogenous con-

version of DHA to resolvins, protectins and maresins52 –

mediators involved in the innate anti-inflammatory mod-

ulation – suggests that defective CYP4V2 activity may

also impair the resolution phase of the inflammatory

process.6,53

Recently, Hata et al53 performed the induction of plur-

ipotent stem cells from individuals who carried specific

CYP4V2 mutations to generate RPE cells, in order to

develop an innovative in vitro model of BCD. These

cells showed vacuolated cytoplasm similar to those degen-

erative changes observed in individuals with BCD. In

addition, the cells accumulated glucosylceramide and free

cholesterol in association with lysosomal malfunction and

decay of autophagy flux, involving severe impairment and

cellular apoptosis. The reduction of intracellular free cho-

lesterol might mitigate the damage caused by BCD in RPE

cells, and is postulated by the authors as a potential pre-

ventive or therapeutically measure.

BCD-associated gene variants
To date, over 100 disease-causing mutations in CYP4V2

gene have been reported according to previous clinical

studies (Table 2). The vast majority of the mutations are

missense, followed by large deletions, nonsense mutations,

small insertions or deletions and splicing site variants,

which are more unusual. The most frequent mutation

identified is the insertion-deletion IVS6-8del17bp/insGC

or c.802-8del17bp/insGC, at the junction between intron

6–exon 7 of CYP4V2 gene,54 an ancient founder mutation

present in Chinese, Korean, and Japanese patients, with an

allele frequency of 17.2–83.3%55,56 and undetected in

European or Middle-East communities. The second most

common mutations reported only in BCD East Asian

patients are c.1091-2A>G [p.(Gly364_Val408del)] –

mostly identified in the Chinese community56 – and

c.992A>C [p.(H331P)] which is prevalent in Chinese and

Korean population (Table 1). According to the literature,

mutation c.518T>G [(p.L173W)] has been reported by

several authors mostly in Japanese patients31,54,57

(Table 1).

Prevalent mutations in Caucasian individuals are the

missense changes c.1393A>G [p.(R465G)] and c.332T>C

[p.(I111T)], widely reported in European,5,25,55 Spanish,11

Italian18 and Lebanese13,58 patients. Both of them might

follow a pattern of Mediterranean distribution of the cases.

This context suggests the presence of a founder effect and

the potential arising of these variants in a geographically

delimited Mediterranean region.11

The missense mutation c.974C>T [p.(T325I)] detected

by Zenteno et al59 is to the best of our knowledge the only

CYP4V2 disease-causing variant reported in Latin-

American individuals.

The CYP4V2 protein structure presents a transmem-

brane region at the amino terminal end, followed by a

globular structural domain composed of 18 α-helices con-
nected by β-sheet and random coil structures.5 The heme

group resides near the protein surface, between helices I

(toward the central core) and L (toward the surface),

similarly to other members of the CYP450 superfamily.5

CYP4V2 pathogenic mutations including frameshift, spli-

cing site and nonsense changes impair this highly con-

served protein folding. Missense mutations generally

affect the transmembrane segment, interfering with the

integration of the CYP4V2 protein into the membrane,

and in the active site of the enzyme disrupting the coordi-

nation of the porphyrin ring needed for its catalytic func-

tion. The α-helix supporting the porphyrin ring may also

be affected by missense changes.55 Therefore, all muta-

tions identified in BCD patients likely lead to the loss-of-

function of the enzyme.

Recently, CYP4V2 has been also detected in human

hepatocellular carcinoma – being its expression
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significantly associated with a better disease prognosis –

and in breast cancer showing a less aggressive degree of

neoplasia.60 Genome-wide association research have

detected the CYP4V2 c.775A>C [p. (K259Q)] variant

linked with deep vein thrombosis.55,61

Both CYP4V2 intronic F11 variant CYP4V2-KLKB1-

F11 secondary to rs2289252 and the rs2036914 poly-

morphism (rs13146272) have been also considered as

risk factors associated with venous thromboembolism.62

Genotype – phenotype findings and
epigenetic factors
The existence of elevated clinical variability in unrelated

BCD individuals harboring the same homozygous muta-

tion or combination of them, and the additional intra- and

interfamilial variability in clinical severity suggests the

presence of other factors that modulate the disease.11,18

Due to the fact that fatty acid metabolism is clearly impli-

cated in the genesis of the disease, healthy diet and good

patterns of alimentation, lipid restriction and other envir-

onmental factors are suggested to play an additional role in

the final phenotypic characterization.11,18,53,63.

Regarding the most common mutations in occidental

patients, c.1393A>G [p.(R465G)] is predicted to generate

an aggressive phenotype of BCD, according to the bioin-

formatics tools that evaluate the impact of the amino acid

substitutions on the architecture and functioning of

CYP4V2 protein. Mutation c.332T>C [p.(I111T)] is also

considered to be deleterious.18 The prediction correlates

well with the clinical findings of extensive damage, rapid

progression and severe course of BCD phenotype detected

in a homozygous p.(Arg465Gly) Spanish patient.11

Nevertheless, there are reports of several homozygous p.

(Ile111Thr) patients presenting different patterns of clin-

ical disease ranging from slow progression, less aggressive

damage and mild symptoms11,13,18 to aggressive clinical

phenotype and fast rate of progression.13,58 These data

suggest the potential role of environmental, epigenetic

and/or additional unknown factors in the phenotypic varia-

bility observed.

Epigenetic processes including DNA methylation and

chemical posttranslational alterations of the histones act

coordinately to regulate gene expression and adjust phy-

siology of healthy cells.63 Defective or absent epigenetic

regulation could contribute to the presence of different

patterns of phenotypic expression of BCD and the fast or

slow rate progression of the disease. Identifying andT
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targeting the defective epigenetic modulation to correct the

altered mechanisms, especially in the early phases of

BCD, should be the basis to develop future diagnosis

tools and new clinical treatments in order to improve the

quality of life of the patients.

Future perspectives in BCD
Genetic counseling for BCD patients and their heterozy-

gous asymptomatic relatives requires detailed record of the

family history, disclosing relevant information about the

disease and the pattern of inheritance. Genetic testing

contributes to clarify the carrier condition of different

family members, and is useful to predict the degree of

damage and progression rate associated with specific

mutations. In addition, genetic counseling allows assess-

ment of a person or couple’s BCD risk and the chances

that their offspring will inherit CYP4V2 mutations and

manifest the disease. Correct family planning requires

CYP4V2 genetic testing in partners of heterozygous

carriers.

The discovery of accompanying CYP4V2 mutations in

patients affected by retinitis pigmentosa, Leber congenital

amaurosis (LCA) and other retinal dystrophies64,65 reveals

the genetic complexity of some genotypes and shows that

gene panel-based genetic testing is necessary for reliable

retinal dystrophy diagnosis and correct clinical diagnosis

of the individuals. Interpretation of possible combinatorial

phenotypic effects among different mutations coinherited

in these patients is difficult and, therefore, further research

is required to clarify this issue.

The creation of national and international patient

registries and databases in different countries for ret-

inal dystrophies, containing both clinical and genetic

information, is key instruments to advance clinical

research as well as to improve patient care and health

care planning. They allow collecting enough data to

achieve sufficient sample sizes for epidemiological

and/or clinical research. They also allow assessment

of clinical trials feasibility and facilitate the planning

of appropriate clinical trials and patient enrolment.

Epigenetic alterations are increasingly recognized as

important players in the pathogenesis of a growing

number of diseases. In this line, CYP4V2 gene activity

in BCD patients has historically been thought to be

influenced by these mechanisms. To the best of our

knowledge, the role of epigenetic factors in BCD has

not been investigated, and the reversibility of these

alterations provides an excellent opportunity for

research and innovation of new therapeutic options

for BCD patients. Therefore, the analysis of epigenetic

modifications in BCD patients and the study of dietary

components, especially lipids, and traditional medi-

cines could contribute to determine the role of epige-

netics in this disease.

The recent investigation of Hata et al53 supports the

possible therapeutic effect in BCD patients of intracellular

free cholesterol reduction. This type of studies might pro-

vide the basis for future medical treatments of BCD.

Moreover, further characterization of CYP4V2 catalytic

activity and better understanding of the role of this enzyme

in BCD pathogenesis may also set the basis to develop

novel therapies of this disease.

Relevant advances in the treatment of hereditary dys-

trophies, in particular, LCA type 2 (LCA2), has revita-

lized the objective of achieving healing of these

previously untreatable diseases. RPE65 related LCA2

was successfully treated by gene augmentation surgery

using subretinal injections with voretigene neparvovec,65

a gene therapy based on an adeno-associated vector. This

clinical trial led to approval by the US Food and Drug

Administration of the Voretigene neparvovec-rzyl

treatment.63

Currently, there are over 100 clinical trials that utilize

gene therapy for treating eye disorders, and BCD is

included in the Reflection Bio’s RBIO-101 program

(AAV.CYP4V2), granted by the FDA, to the research and

development of an AAV-based gene therapy product for

treating the disease. The next step of these development

programs is testing the obtained gene therapy in a human

clinical trial with BCD patients.

In conclusion, this review provides insights into the

current clinical diagnosis and genetic testing of BCD.

Despite important advances in this field, BCD remains

poorly understood, requiring further efforts to elucidate

its precise molecular and biochemical alterations. The

long-term goal of this research is to develop different

types of personalized medical treatments based on

patients’ genetic profiles, which hopefully will be achieved

in the near future.
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