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Abstract
Objectives Our aim was to determine the molecular cause of
autosomal dominant familial retinal arteriolar tortuosity
(FRAT) in a family with three affected subjects.
Material and methods Ophthalmologic evaluation included
determination of best-corrected visual acuity (BCVA), slit-
lamp and dilated fundus inspection, applanation tonometry,
fundus photography, and fluorescein retinal angiography
(FA). Molecular methods included whole exome sequencing
analysis and Sanger sequencing validation of putative causal
mutation in DNA from affected individuals.
Results Typical signs of familial retinal arteriolar tortuosity
were observed in all three patients. Exome sequencing iden-
tified a heterozygous c.1528G>A (p. Gly510Arg) mutation in
COL4A1. Sanger sequencing confirmed that all three patients
harbored the same pathogenetic mutation in COL4A1. The p.
Gly510Arg variant in COL4A1 was absent in DNA from an
available unaffected daughter, from a set of control alleles, and
from publicly available databases.
Conclusions The molecular basis of familial retinal arteriolar
tortuosity was identified for the first time, thus expanding the

human phenotypes linked to COL4A1 mutations.
Interestingly, the COL4A1 p.Gly510Arg mutation has been
previously identified in a family with HANAC (Hereditary
Angiopathy with Nephropathy, Aneurysm and Cramps), a
multisystemic disease featuring retinal arteriolar tortuosity.
No cerebral, neurologic, renal, cardiac or vascular anomalies
were recognized in the pedigree described here. These data
indicate that identical mutations in COL4A1 can originate
both eye-restricted and systemic phenotypes.
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Introduction

Increased tortuosity of retinal vessels is a frequent ophthalmo-
scopic finding and it can occur as a localized or generalized
anomaly, affecting one or both eyes, and as a sporadic or
inherited trait. Familial retinal arterial tortuosity (FRAT,
OMIM %180000), first reported by Beyer in 1958, is an
uncommon dominant disorder characterized by marked tortu-
osity of second-order and third-order retinal arteries with
normal first-order arteries and venous system [1]. Typically,
vascular tortuosity in FRAT is predominantly located at the
macular and peripapillary area and develops during childhood
or early adulthood [2–5]. Although the disease may be asymp-
tomatic, most FRAT patients complain of variable degrees of
transient vision loss due to retinal hemorrhage following
physical exertion or minor trauma (reviewed in [6]). The
observation of vertical transmission in affected pedigrees,
male to male inheritance, and occurrence in parents and their
children in the absence of consanguinity strongly suggests
autosomal dominant inheritance [7–9]. To date, approximate-
ly 18 familial cases have been reported [6, 8, 9]. In most cases,
systemic involvement of non-ocular vascular beds has not

Juan C. Zenteno and Jaume Crespí Contributed equally to this work and
should be considered equivalent first authors.

Electronic supplementary material The online version of this article
(doi:10.1007/s00417-014-2800-6) contains supplementary material,
which is available to authorized users.

J. C. Zenteno (*) :B. Buentello-Volante
Genetics Department and Research Unit, Institute of Ophthalmology
“Conde de Valenciana” and Biochemistry Department, Faculty of
Medicine, National Autonomous University of Mexico (UNAM),
Chimalpopoca 14, Col. Obrera, Mexico City, CP 06800, Mexico
e-mail: jczenteno@institutodeoftalmologia.org

J. Crespí : J. A. Buil : F. Bassaganyas : J. I. Vela-Segarra :
J. Diaz-Cascajosa :M. T. Marieges
Department of Ophthalmology, University of Barcelona, Hospital de
Sant Pau y de la Santa Creu, Barcelona, Spain

Graefes Arch Clin Exp Ophthalmol (2014) 252:1789–1794
DOI 10.1007/s00417-014-2800-6

http://dx.doi.org/10.1007/s00417-014-2800-6


been demonstrated in FRAT patients, but occasionally other
associated vascular abnormalities have been reported, includ-
ing malformations in the Kieselbach nasal septum, spinal cord
vascular mass [3], telangiectasis of bulbar conjunctiva [6], and
internal carotid artery aneurysm [10]. While several
syndromic genetic entities feature increased retinal arterial
tortuosity, isolated FRAT is considered a discrete autosomal
dominant entity with an as of yet unknown etiology. In this
work, we report the results of exome sequencing analysis in a
two-generation family affected with FRAT and provide evi-
dence that a heterozygousmissensemutation inCOL4A1 gene
is responsible for the retinal phenotype in this pedigree.

Methods

Clinical studies Institutional Review Board (IRB)/Ethics
Committee approval was obtained. All patient samples were
collected with written informed consent and clinical investi-
gations were conducted according to the principles expressed
in the Declaration of Helsinki. A two-generation family from
Spain was studied (Fig. 1). In all patients, ophthalmologic
examinations included determination of best-corrected visual
acuity (BCVA), slit-lamp and dilated fundus inspection,
applanation tonometry, fundus photography, and fluorescein
retinal angiography (FA). To exclude systemic involvement,
hemogram, urianalysis, glomerular filtration rate (GFR) and
creatine phosphokinase (CPK) levels measurements, kidney
ultrasonography, Doppler echography, magnetic resonance
angiography (MRA), and clinical neurological examination
were performed in all three patients.

Whole exome sequencing Exome sequencing was performed
by Edgebio (Gaithersburg, MD, USA) on a single FRAT
patient (father) from this family. Samples were prepared using
Illumina’s protocol TruSeq DNA Sample Preparation Guide.
Briefly, samples were sheared to an average size of 300–
400 bp using sonication. DNA fragment ends were repaired
and phosphorylated using Klenow, T4 DNA Polymerase and
T4 Polynucleotide Kinase. Next, an ‘A’ base was added to the
3′ end of the blunted fragments, followed by ligation of

Illumina Paired-End adapters via T-A mediated ligation.
From here, samples were prepared using the NimbleGen
protocol outlined in “NimbleGen SeqCap EZ Exome
Library SR User’s Guide” (Version 3.0). The libraries were
amplified using LM-PCR and 1ug of amplified sample librar-
ies were hybridized with Nimblegen’s Exome Library baits
for 64 h at 47 °C. Captured DNA was then washed and
recovered using Streptavidin Dynabeads. The captured DNA
was LM-PCR amplified for a total of 17 cycles. The amplified
capture DNA library size and concentration were determined
using an Agilent Bioanalyzer.

The captured library was then loaded on a HiSeq 2000
platform for sequencing with a mean exome coverage of 30×.
Raw image files were processed by Illumina Pipeline v1.7 for
base calling. Single nucleotide polymorphisms (SNPs) and
indels were called using an in-house developed software.
Identified variants were filtered against the Single
Nucleotide Polymorphism database (dbSNP 129, http://
www.ncbi.nlm.nih.gov/projects/SNP/snp_summary.cgi),
1,000 genomes project (www.1000genomes.org), and Exome
Variant Server (http://evs.gs.washington.edu/EVS/)
databases. We excluded the variants that we don’t
considered pathogenic according to the following criteria: 1.
Minor allele frequency (MAF) ≥0.01 from 1000 Human
Genome Project database; 2. Located in non-coding regions
without affecting splicing site; 3. Synonymous variants with-
out affecting splicing site; 4. Homozygous variations (as we
assumed an autosomal dominant transmission in this family).
All the other variants were considered pathogenic and sum-
marized for validation. Non-excluded missense mutations
were tested for mutational effects by using amino acid substi-
tution prediction tools such as PolyPhen-2 (http://genetics.
bwh.harvard.edu/pph2/), SIFT (http://sift.jcvi.org/), and
PANTHER (http://www.pantherdb.org/tools/).

PCR and Sanger sequencing for familial segregation analysis
of COL4A1 mutation

Genomic DNA was extracted from peripheral blood leuko-
cytes using an automated system (Qiacube, Qiagene Mexico,
Mexico City, Mexico). The exon number 24 of COL4A1 was
amplified by PCR using pairs of primers derived from normal
gene sequences (exon 24 Fwd: 5′- CCTTTCTGAGTCCGTC
TTGG −3′; Rev: 5′-CACTTACCAGCTCCCACACA −3′
(Ensembl ID ENSG00000187498). Each 25 μl PCR amplifi-
cation reaction contained 1× buffer, 100 ng of genomic DNA,
0.2 mM of each dNTP, 2 U Taq polymerase, 1 mM of forward
and reverse primers, and 1.5 mMMgCl2. PCR products were
analyzed in 1.5 % agarose gels, fromwhich the bands with the
amplified templates were excised and the DNA was subse-
quently purified with the help of the MiniElute PCR
Purification Kit (Qiagen). Direct automated sequencing of

Fig. 1 Pedigree of the family with autosomal dominant FRAT and
segregating a heterozygous p.Gly510Arg mutation. Solid symbols indi-
cate affected subjects; WT indicates a wild type COL4A1 allele
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PCR amplicons was performed with the BigDye Terminator
Cycle Sequencing kit (Apllied Biosystems, Foster City, CA,
USA). All samples were analyzed on an ABI 3130 Genetic
Analyzer (Applied Biosystems). Wild-type and mutated
COL4A1 sequences were compared manually. Familial seg-
regation of the mutation was analyzed.

Results

Clinical assessment

Case #1 (father) Case #1 is 53-year old male who was eval-
uated due to photophobia. He denied any other visual symp-
tom. At examination, best corrected visual acuity was 20/20 in
both eyes (OU), and intraocular pressure was 16 mmHg in the
right eye (OD) and 17 mmHg in the left eye (OS). Structures
of the anterior segment were unremarkable. At funduscopy,
marked tortuosity of second-order and third-order arterioles
was noted bilaterally. Venous system appeared normal and no
evidence of past retinal hemorrhage was noted. In addition,
discrete hypopigmentation of the retinal pigment epithelium
was observed in both fundi (Fig. 2). Hemogram and
urianalysis tests were normal, while glomerular filtration rate
(GFR) calculated using the Modification of Diet in Renal
Disease (MDRD) Study equation was 91 ml/min/ 1.73 m2

(normal value: > 60 ml /min/ 1.73 m2). Kidney ultrasonogram
excluded renal anomalies, while Doppler echography did not
identify aortic or renal arterial abnormalities. Magnetic reso-
nance angiography (MRA) revealed a small (3 mm in diam-
eter) internal carotid artery aneurysm and no evidence of
leukoencephalopathy. No other intracranial vascular lesion
was found. No neurologic symptoms were identified and the
patient denied having experienced muscle cramps or mi-
graine. CPK levels were 154 u/L (normal values for men:
55–170 U/L).

Case #2 Case #2 is a 21-year old female, the oldest daughter
of case #1. At the age of 15 years, she suffered from an
episode of exercise-related mild retinal hemorrhage. Her vi-
sual acuity was 20/20 (OD) and 20/32 (OS). No anterior

segment anomalies were present at biomicroscopic examina-
tion. Funduscopic examination revealed increased tortuosity
of second-order and third-order arterioles, several round
perifoveal intraretinal hemorrhages OD, and a foveal hemor-
rhage OS (Fig. 3). As observed in her father’s fundi, she
exhibited a generalized RPE hypopigmentation OU. On
follow-up evaluations, hemorrhages resolved spontaneously
and visual acuity recovered to normal 20/20. She has experi-
enced several self-resolving events of retinal hemorrhages
during the last 5 years. Hemogram and urianalysis tests
were normal, while GFR was normal at 98 ml/min/
1.73 m2. Renal USG results were unremarkable, doppler
echography did not identify aortic or renal arterial abnor-
malities, and MRA did not detect structural anomalies or
evidence of leukoencephalopathy. No neurologic symp-
toms were identified and she denied having experienced
muscle cramps or migraine. CPK levels were 115 U/L
(normal values for women: 45–135 U/L).

Case #3 Case #3 is an 18-year old female, sister of case #2.
She suffered from an episode of exercise-related mild retinal
hemorrhage at the age of 13 years. Best corrected visual acuity
was 20/20 (OD) and 20/200 (OS). Anterior segment struc-
tures were normal OU, IOP was 16 mmHg OU, while fun-
duscopy revealed increased tortuosity or retinal arterioles and
bilateral intraretinal hemorrhages (Fig. 3). In OS, a large
foveal hemorrhage was observed (Fig. 4). The hemorrhage
reabsorbed spontaneously after a 2-month period and no ad-
ditional episodes of retinal hemorrhages had occurred since
then. Results of hemogram and urianalysis tests were normal,
while GFR was 104 ml/min/1.73 m2, within normal
limits. Renal USG was normal, doppler echography
did not identify aortic or renal arterial abnormalities,
and MRA did not detect structural anomalies or white
matter changes suggestive of leukoencephalopathy. No
neurologic symptoms were identified and she denied
having experienced muscle cramps or migraine. CPK
levels were within normal limits (89 U/L).

Exome sequencing results and mutation validation Whole
exome sequencing identified a total of 234 rare non-
synonymous heterozygous variants. From this group, 11

Fig. 2 Fundus photograph of
patient #1 showing the
pathognomonic pattern of
arteriolar tortuosity in right (a)
and left (b) eyes. Red-free
retinography (c) shows no
evidence of retinal hemorrhage
and exhibits the striking tortuosity
of second and third order
arterioles
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variants were shown to be deleterious by both Polyphen and
SIFT algorithms. Among those, a c.1528G>A (p.Gly510Arg)
mutation in COL4A1 was selected to be a strong candidate for
the disorder in this family, as this gene has been previously
implicated in a broad spectrum of vascular anomalies. Sanger
sequencing of COL4A1 exon 24 demonstrated that the
p.Gly510Arg missense mutation co-segregates with disease
status in the family (Fig. 5) and was consistently predicted to
be damaging by multiple in silico analyses (Polyphen, SIFT,
and PANTHER algorithms). In addition, the p.Gly510Arg
mutation was absent from DNA of a healthy daughter of case
#1, from a set of 200 ethnically matched control alleles, and
from the 8,600 exomes in the NHLBI Exome Variant Server.
The remaining 10 potentially deleterious missense mutations
in other genes (Supplementary table) did not segregate with
the phenotype in the family when assessed by Sanger se-
quencing or were predicted to be benign by Polyphen, SIFT,
and PANTHER algorithms.

Discussion

Familial retinal arteriolar tortuosity (FRAT) is an un-
common, autosomal dominant condition characterized
by a pathognomonic pattern of progressive and pronounced

tortuosity of second-order and third-order arterioles in the mac-
ular and peripapillary retinal area. Based on the report of a
number of families without detectable extraocular anomalies,
FRAT is regarded to be a distinct monogenic disease (OMIM
%180000) of unknown etiology. In this work, the exome
sequencing-mediated identification of a missense COL4A1 mu-
tation in affected FRAT subjects from a Spanish FRAT family is
reported.

COL4A1 is the most abundant and ubiquitous basement
membrane protein. In the eye, COL4A1 is present in the basal
lamina of the conjunctiva, corneal epithelium, corneal endo-
thelium, trabecular meshwork, Schlemm’s canal, lens, ciliary
body, retinal inner limitingmembrane, Bruch’s membrane and
vascular basement membranes [11–14]. The phenotypic spec-
trum of COL4A1 mutations is wide and includes familial
porencephaly [15, 16], cerebral white matter small vessel
disease [17], cerebral aneurysms [18], cataract, anterior seg-
ment dysgenesis, microcornea [19], nephropathy, muscle
cramps [20, 21], and Walker Warburg syndrome [22].

A multisystemic disease featuring retinal arteriolar tortuos-
ity is HANAC (Hereditary Angiopathy with Nephropathy,
Aneurysm and Cramps), in which affected patients exhibit
retinal arteriolar tortuosity, muscle cramps, and renal disease,
whereas the brain phenotype was usually clinically silent [20,
21, 23]. Mutations identified thus far in HANAC patients
cluster within a 31 amino acid region (residues 498–528) of

Fig. 3 Fundus image of patient
#2 showing marked tortuosity of
arterioles and intraretinal
hemorrhages at perimacular area
in right (a) and left (b) eye

Fig. 4 Fundus photographs of
patient #3 demonstrating
increased arteriolar tortuosity and
intraretinal hemorrhage in right
eye (a) and arteriolar tortuosity
and subretinal hemorrhage
involving the fovea in left eye (b).
Left eye hemorrhage showed
spontaneous reabsorption after a
period of 2 months (c)
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the COL4A1 protein that encompasses integrin binding sites
[20, 21, 23, 24].

Interestingly, the p.Gly510Arg mutation identified in the
FRAT family described in the present work is also located
within this critical region, and affects a conserved glycine
within the collagenous region of the protein. Pathogenic mu-
tations within the collagenous domain often perturb triple
helix assembly and impair secretion of the collagen
heterotrimers, and concomitantly, misfolded proteins accumu-
late within cells [23, 25]. Remarkably, an identical
p.Gly510Arg COL4A1 mutation was previously recognized
by Plaisier et al. in three subjects from a family suffering from
retinal arterial tortuosity (all three patients), Raynaud phenom-
ena (two out of three), migraine (one out of three), and
supraventricular arrhythmia (one out of three) and whomwere
diagnosed as having HANAC syndrome [23]. In the three
affected FRATsubjects reported here, no cerebral, neurologic,
renal, cardiac or vascular (except for a small carotid aneurysm
in one subject) anomalies were recognized, indicating that
FRAT could be considered a distinct mild form of COL4A1-
related disorder with few (or no) HANAC non-ocular features.
Interestingly, HANAC individuals due to the p.Gly510Arg
COL4A1 mutation reported by Plaisier et al. [23] and the
patients in the present family carrying the same mutation did
not exhibit brain anomalies, suggesting an incipient genotype-
phenotype correlation (Table 1).

Our data indicates that FRAT can be considered another
member of the COL4A1-related group of diseases and that an

identical mutation in COL4A1 can result in different clinical
spectrum, even within the same family. As previously sug-
gested, besides the location of pathogenic COL4A1 muta-
tions, environmental factors and/or genetic modifiers may
influence the phenotypic expression and the severity of the
organ involvement in COL4A1-related disease [24]. Further
research will be needed to explain why some COL4A1 muta-
tions originate a pleiotropic effect, while in others they are
associated with single organ phenotypes as FRAT. Finally,
although our results support that a mutation of COL4A1
underlies the molecular cause of the disease in the family
described here, the involvement of a different gene(s) in other
FRAT cases cannot be excluded at this time. Thus, the molec-
ular analysis of additional FRAT sporadic and familial cases
would be of great relevance.
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