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1. RATIONALE

Rare diseases (RD) are minority diseases affecting one of every 2000 people.
In total, more than 7000 thousand rare diseases affecting 7% of the world’s
population have been identified. In Spain, it is estimated to affect 3 million
people. Although globally they are suftered by a significant number of people, the
RD valued separately only affect a small proportion, sometimes only dozens of
them. This complicates enormously to define the characteristics of the disease, to
identify the causal mechanisms and to recruit patients for clinical trials destined
to their treatment. Despite these difficulties, thanks to the current process of
globalization and technological progress, which include improvements in global
communication (social networking) and genomics, we can better investigate these
diseases. Approximately 80% of the minority diseases have a genetic origin. The
majority are caused by mutations in a single gene, as for example an enzyme
deficiency (such as the a-galactosidase A in Fabry disease). Other diseases, such
as Charcot-Marie -Tooth disease, can have multiple genetic causes. In either case,
knowing the genetic mechanisms that cause them is essential for developing an

effective treatment.

At present, more than 900 inherited diseases in which the eye is affected in a
unique way or in the context of a systemic disease appear registered. One of the
first and most relevant genes that were discovered was the Rb1, the first, and

prototypical, tumour suppressor gene discovered. As many discoveries in medicine,
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Rb was discovered studying a rare disease, the retinoblastoma. This Rb1 gene was
discovered in 1986 in the chromosome 13, and is one of the tumour suppressor
most frequently mutated in cancer. The protein that produces Rb1 is one of the
most important factors that control the development of the cell cycle. During
the three following decades the first oncogenes and tumour suppressor genes
were discovered, which led to the development of a new field, the genetics of
cancer. Since then, a specialty such as Ophthalmology, which was mainly based
on clinical diagnosis and funduscopic findings, was transformed into a field where
retinopathies, that seemed to be identical in the fund of the eye, were caused by
mutations in different genes. In other cases, ocular diseases that seemed to be

completely difterent between them were due to mutations in the same gene.

The purpose of this thesis is to identify the genetic basis, to date not known,
of two rare diseases in Ophthalmology: the Retinitis Pigmentosa associated to
Microphthalmos and Familial Retinal Arteriolar Tortuosity (fRAT). Although
they are two minority illnesses with barely about twenty described cases, the
discovery of the causative gene, just as with the Rb1, could open the door to
understand basic mechanisms of vision and ocular angiogenesis. In addition,
the affectation in the patients is severe: In the RP associated to microphthalmos
almost all patients result in legal blindness. In the case of fRAT, they can present
vascular aneurysms of the central nervous system with a high risk of hemorrhage
and morbidity/mortality associated. Therefore, it is necessary to know and
understand the genetic basis of these diseases, both for their current application
(genetic counselling and prenatal diagnosis) as for the development of treatments

in the near future (gene therapy).

22



BACKGROUND
RP- NANOPHTALMOS







BACKGROUND
RP- NANOPHTALMOS

2.1 RETINITIS PIGMENTOSA

The Retinitis Pigmentosa (RP; OMIM 26800) are a group of hereditary retinal
diseases, genetically and clinically heterogeneous, characterized by a loss of
function of the photoreceptors (rods and cones) that involve nyctanopia (night
blindness), loss of visual field (tunnel vision) and decreased visual acuity. In the
ophthalmologic examination, this translates into pigmentation of the retina (bony
spicules), attenuation of retinal vessels, and pallor of the optic nerve, associated
with diminished or abolished Electroretinogram’s response (ERG). The RP
represents the single most frequent cause of inherited blindness in adults, with
a prevalence of approximately 1 in 4000 people, and aftects 1.5 million individuals

throughout the world.

Approximately between 50 and 60% of the cases of RP are autosomal recessive
inheritance (ARRP), 30-40% are autosomal dominant inheritance and 10-15%
are linked to the X, with some rare cases of mitocondrial or digenic inheritance’.
The RP is also classified as non-syndromic or syndromic (associated with extra
ocular clinical demonstrations). The RP is considered a heterogeneous disease:
more than 50 genes involved with almost 3100 mutations in these genes have

been described. The syndromic forms are equally heterogeneous: mutations in 12

25
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genes can cause the Usher syndrome and in 17 genes the Bardet-Biedl syndrome
(between the two syndromes, over 1200 mutations have been described).?** In
addition to this genetic heterogeneity (many genes may cause the same phenotype),
the RP also presents allelic heterogeneity (there can be many different mutations
that cause disease in each gene), phenotypic heterogeneiry (different mutations in the
same gene can cause different diseases ) and finally c/inical heterogeneity (the same
mutation in different individuals can produce a different clinical manifestation,

even among members of the same family).

In spite of this complexity, a significant progress has been carried out in recent
years in the identification of new genes involved and in the screening of patients
for pathological mutations. Special mention should be made to the creation of
a biological database (RetNet) that provides information with scientific end on
the genes and loci of the hereditary retinal diseases, among them the retinitis
pigmentosa. From this database RetNet (http://www.sph.uth.tmc.edu/retnet/ )
and that of the Human Gene Mutation Database ( http://www.hgmd.cf.acuk/) 56

genes involved in the non-syndromic RP have been found, fact that is summarized

in Table 1.

If we include the genes involved in the systemic forms and Leber’s congenital
amaurosis (LCA), they are nearly 100 genes involved in the RP.

ATP-binging (ljectessi\{le rlx:‘laa(lilar
1 | ABCA4 1p22.1 transporter- AR yotrophy Funcus 680
. flaivimaculatus, and cone.
retinal
rod dystrophy
Dominant vitreo-retino-
choroidopathy recessive
2 | BEST1 11q12.3 Bestrophin 1 AD /AR bestrophinopathy; domi- 232
nant Best type macular
dystrophy
3 | C20RF71 2p23.2 Crs 2 ORF71 AR 13
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Symbol

C8ORF37

Location

8q22.1

Protein

Crs 8 ORF37

Type of RP

AR

Other Diseases

Recessive cone-rod
dystrophy

Mutations

CA4

17q23.2

carbonic
anhydrase IV

AD

CERKL

2q31.3

ceramid kinase-
like protein

AR

Recessive cone-rod dystro-
phy with inner retinopathy

CLRN1

3q25.1

Clarin-1

AR

Recessive Usher syndrome

23

CNGA1

4p12

Rod cGMP-ga-
ted channel a
subunit

AR

CNGB1

16q13

Rod cGMP-
gated

AR

10

CRB1

1¢31.3

Crumbs homolog
1

AR

Recessive LCA, dominant
pigmented paravenous
chorioretinal atrophy

183

11

CRX

19q13.32

Cone-Rod otx-
like photoreceptor
homebox
transcription
factor

AD

Recessive, dominant and
de novo LCA, dominant
cone-rod dystrophy

51

12

DHDDS

1p36.11

Dehydrodoli-
chyl diphophate
synthetase

AR

13

EYS

6q12

Eyes shut /
spacemaker

AR

14

FAM161A

2p15

Family with se-
quence similarity

161 member A

AR

15

FSCN2

17925.3

Retinal fascin
homolog 2, actin
bundling protein

AD

Dominant macular
dystrophy

16

GUCA1B

6p21.1

Guanylate cyclase
activating protein
1B

AD

Dominant macular Dys-

trophy

17

IDH3B

20q13

NAD(+)-specific
isocitrate dehy-
drogenase 3 beta

AR

18

IMPDH1

7q32.1

Inosine
monophosphate
dehydrogenase 1

AD

Dominant LCA

14

27
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Protein

Other Diseases

Mutations

Symbol

IMPG2

3q12.3

Interphotore-
ceptor matrix

proteoglycan 2

Type of RP

AR

10

20

KLHL7

7p15.3

Kelch-likle
proetin

AD

21

LRAT

4q32.1

Lecithin retinol
acyltranferase

AR

Recessive LCA

10

22

MAK

2q13

c-mer
protooncogene
receptor tyrosine
kinase

AR

23

MERTK

2q13

c-mer protoon-
cogene receptor
tyrosine kinase

AR

27

NR2E3

15q23

Nuclear receptor
subfamily group
E3

AD/AR

45

25

NRL

14q11.2

Neural retina
lucine zipper

AD/AR

Recessive RP

14

26

OFD1

Xp22.2

Oral-facial-digital

syndrome protein

Xlinked

Orofaciodigital syndromel,
Simpson-Golabi-Behmel

Sd

127

27

PDE6A

5q33.1

cGMP
phophodiesterase

subunit

AR

16

28

PDE6B

4p16.3

Rod cGMP PD
3 subunit

AR

Dominant congenital

stationary blindness

39

29

PDE6G

17q25.3

PD 6G cGMP-

specific rod

AR

30

PRCD

17q25.1

Progressive
rod-cone degene-
ration protein

AR

31

PROM1

4p15.32

Prominin 1

AR

Dominant Stargart-like
and bulls eye macular
dystrophy; Dominant

cone-rod dystrophy

32

PRPF3

1q21.2

Human homolog
of yeast pre-
mRMN splicing
factor 3

AD

28
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33

Symbol

Location

Protein

Type of RP

Other Diseases

Mutations

PRPF6

20q13.33

Human homolog
of yeast pre-
mRMN splicing
factor 3

AD

34

PRPF31

17p13.3

Human homolog
of yeast pre-
mRMN splicing

AD

35

PRPF31

19q13.42

Human homolog
of yeast pre-
mRMN splicing

AD

Recessive LCA

65

36

PRPH2

6p21.1

Peripherin 2

AD/ digenic

Dominant macular dys-

trophy

123

37

RBP3

10q11.22

Retinol binding
protein 3

AR

38

RDH12

14q24.1

Retinol dehydro-
genase 12

AR/AD

66

39

RGR

10q23.1

RPE-Retinal G
protein-coupled
receptor

AR

Dominant choroidal
sclerosis

40

3q22.1

Rhodopsin

AD/AR

Dominant congenital
stationary night blindness

161

41

RLBP1

15¢26.1

Retinaldehy-
de-binding

protein 1

AR

Recessive Bothnia dys-
trophy; recessive retinitis
punctata albescens; recessi-
ve Newfoundland rod-cone

dystrophy

20

42

ROM1

11q12.3

Retinal outer seg-
ment membrane
protein 1

AD/ digenic
with PRPH2

11

43

8q12.1

RP1 protein

AD/AR

67

Xp11.23

Retinitis pigmen-
tosa 2 (x-linked)

X-linked

76

45

7p14.3

RP9 protein or
PIM1- kinase
associated prot

AD

46

RPE65

1p31.2

Retinal pigment
epithelium-
specific 65KDa

protein

AD/AR

Recessive LCA

134

47

RPGR

Xpl1.4

RP GTPase
regulator

x-linked

x-linked cone dystrophy 1
x-linked atrophic macular

dystrophy

151
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Symbol Location Protein Type of RP Other Diseases Mutations

48 | SAG 2q37.1 Arrestin AR Recessive Oguchi disease | 11
(s-antigen)

49 | SEMA4A 1q22 Semaphorin 4A | AD Dominant cone-rod 3

dystrophy
50 | SNRNP200 | SNR- Small nuclear AD 7
NP200 ribonucleoprotein

51 | SPATA7 14q31.3 Spermatogenesis | AR Recessive LCA 15
associated protein
7

52 | TOPORS 9p21.1 Topoisomerase I | AD 8
binding arg/ser
rich protein

53 | TTCS8 14q32.11 | Tetratricopeptide | AR Recessive Bardet-Biedl Sd | 14
repeat dominant 8

54 | TULP1 6p21.31 Tubby-like pro- | AR Recessive LCA 31
tein 1

55 | USH2A 1q41 Usherin AR Recessive Usher Syndrome | 392
Zinc finger pro-

56 | ZNF513 2p23.3 AR 1

tein 513

Table 1. Genes involved in Retinitis Pigmentosa.

Due to the extensive genetic variability of the RP, the detection of mutations with
the classic techniques of molecular biology turns out to be expensive and laborious.
In recent years, screening of mutation techniques based on the technology firs
arrayed extension (APEX) ° has been developed, which allow the detection of
multiple mutations in the same patient. Initially, the microarrays APEX were
developed for screening of the entire ABCA4 gene. This gene is involved in several
retinal dystrophies including LCA, which is much less heterogeneous than the RP.
More recently, microarrays have been developed for Usher syndrome ¢ and for the
detection of mutations in 17 genes of the ARRP”. Another procedure that has been
developed in recent years is the genetic chip, which in addition to screen for known
mutations also analyses the variants around genetic sequences (up to 30kb) & having

potential thus to detect new mutations.

30
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These new advances in the genetic diagnosis have the potential to improve our
understanding of the pathogenesis and to establish a better correlation genotype-
phenotype in a disease as genetically heterogeneous as the RP. In addition, they

help to improve the clinical management of patients and their families.
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2.2NANOPHTHALMOS - MICROPHTHALMOS

Nanophthalmos is a rare congenital eye disorder (15/100,000 births) in which an
alteration in the ocular development is produced that translates into a reduction in
the total axial length (between 14 and 20.5 mm) accompanied by a high hyperopia
(between + 8.00 and + 25.00 diopters).” In general, there are no other major ocular
malformations associated and the scleral thickness is increased. An ultrastructural
study of the sclera of these patients revealed alterations in the interbreeding
of collagen fibers, absence of elastic fibers and an increase in fibronectin '°. The
nanophthalmic eyeball should lodge the neural retina that will have a normal
development and size, while the sclera and choroid are abnormally thickened and
cover less than half of their normal area ' (Figure 1). Thus, the nanophthalmic
eyes have an increased risk of uveal effusion, exudative retinal detachment and

angle-closure glaucoma .
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AL=15,9 mm

Nanophthalmos

1mm

Emmetropia

AL=30,8 mm

-

High Myopia

Fig 1. Emmetrope eye, myopic eye and with nanophthalmos diagram.

A term that is commonly used as a synonym in the medical literature is
microphthalmos. Microphthalmos is considered a structural malformation of the

eyeball in which the axial length is at least two standard deviations lower than
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similar controls by age !? or, in general, an antero-posterior diameter less than 20

mm in adults?3.

'This malformation is classified in simple microphthalmos if it is not accompanied
byany other greater malformation and complexmicrophthalmoswhen other ocular
abnormalities are identified'. In the literature, the term “simple microphthalmos”

is sometimes used to refer to nanophthalmos.

By the clinical and genetic data that we have, we can say that the microphthalmos
and its more severe form, anophthalmos, are different manifestations of the same
clinical spectrum of ocular malformations. Approximately 80% of subjects with
microphthalmos/anophthalmos present associated systemic malformations®,
and in total, in the literature more than 100 syndromic entities that include
microphthalmos/anophthalmos are described’¢. Nevertheless, we must clarify that
the term anophthalmos has been incorrectly used in the medical literature. The
primary or true anophthalmos is incompatible with life; in these cases, the primary
optic vesicle has stopped its development and this abnormal development also
includes major malformations of the central nervous system, which are incompatible
with life. In the majority of published cases, the term anophthalmos is used as a
synonym for what should be more correctly called “extreme microphthalmia” or

“clinical anophthalmia” .

Finally, let us define what a posterior microphthalmos is: It is a rare subtype of
microphthalmos that is defined by having a reduction in the total axial length
with a normal corneal diameter. This condition has been associated with high
hyperopia and retinal folds in the papillomacular bundle 7 %419 "The posterior
microphthalmos must be distinguished from the nanophthalmos, a structural
anomaly that combines microphthalmos and microcornea, while in the posterior

microphthalmos the corneal diameter is normal. %
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GENES ASSOCIATED WITH NANOPHTHALMOS/
MICROPHTHALMOS

Although in most cases it is a malformation that occurs sporadically, the autosomal

recessive inheritance is the most likely way of transmission when it is hereditary .

A review of all the genes involved in simple nanophthalmos/microphthalmos
(without other systemic malformations associated) 1is featured below.
Microphthalmos designates a heterogeneous group of ocular malformations which,
as has been said above, involve a reduction of the anterior-posterior diameter of
the eyeball, high hyperopia, decreased corneal diameter and anterior chamber,

while the lens is normal or increased by age *'.

A) ISOLATED/ SIMPLE MICROPHTHALMOS (SPORADIC OR AR)

Mutations in 8 genes located in different chromosomes that have given rise to
the following phenotypes of isolated microphthalmos have been described to
date: MCOP1, MCOP2, MCOP3, MCOP4, MCOP5, MCPO6, MCOP7 y
MCOPS8.2? (omim.org/entry/251600)

Phenotype Location Genes / Locus OMIM number
MCOP1 14q 32 MCOP1 251600
MCOP2 14q24.3 CHX10 610093
MCOP3 18q21.3 RAX 611038
MCOP4 8q22.1 GDF6 613094
MCOP5 11923 MFRP 611040
MCOP6 2q37.1 PRSS56 613517
MCOP7 12p13.1 GDEF3 613704
MCOP8 15q26 ALDHI1A3 615113

35



NEW GENES INVOLVED IN RARE DISEASES IN OPHTHALMOLOGY

B) SIMPLE MICROPHTHALMOS (INHERITANCE AD)

In the same manner as in AR simple microphthalmos, AD it is characterized by an
eyeball of small size, a relationship lens/eye increased and an increased incidence
of angle-closure glaucoma . To date, 4 implied phenotypes have been described,

although the genes are not completely known ?*: (omim.org/entry/600165)

Phenotype Location Genes / Locus OMIM number
NNO1 11p NNO1 600165
NNO2 11923.3 NNO2, MFRP 606227
NNO3 2q11-q14 NNO3 611897
NNO4 17q11.2 NNO4, TMEM98 615949

The latter case described above has been recently published. Awadallah et al.
identified mutations of the TMEMO98 gene in a region of chromosome 17 in a
family (5 generations) with nanophthalmos of autosomal dominant inheritance.
'The mutations were not found neither in the non-affected members of the family

nor in 285 controls®.

In general, all these malformations derive genetic mutations that cause alterations
in early embryonic stages during the formation of the optic vesicle. The few genes
known so far that are involved in the pathogenesis of microphthalmos are
transcription factors that play a key role in the initial period of eye development

that takes place in the first two months of development®.
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2.3 OCULAR SYNDROMES ASSOCIATED WITH THE MFRP
GENE

The general problem of how the organs regulate their size during the development
has its better example of precision in the human eye: during the postnatal growth
the human eye maintains the distance between the cornea and the fovea within
the optimal focal length, with a margin of error of 2%?. Studies on birds and
mammals have established that this process is guided/governed by the visual
experience. The images’ focus quality is locally evaluated in the retina, which
enables or disables signals in adjacent tissues to promote or restrict the antero-

posterior growth of the eye®%.

A) PHENOTYPE 1: MFRP- NANOPHTHALMOS

Sundin et al. published for the first time the association between nanophthalmos
with a gene mutation in 2005 #. They had previously made studies of genetic
linkage in Amish families in the US (with nanophthalmos previously described by
Cross and Yoder in 1976°°) that resulted in a single locus 11g23.3. Subsequently,
4 mutations in the gene MFRP were identified. The MFRP gene does not
have a similar relative in the human genome. It is a gene that expresses itself
selectively in the eye and encodes for a glycosylated transmembrane protein.
This protein has counterpart domains of other genes related to intercellular
signalling, endocytosis and proteolysis *!. Thus for example, its C-terminal
domain is related to the transmembrane proteins Frizzled family. The Frizzled

proteins are receptors of the Wingles (Wnts) a cell-cell signposting molecules
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family that mediate in the regulation of the growth and differentiation during
the development®. MFRP is specifically expressed in the RPE and the ciliary
body. Although its function is not known exactly, the authors established that the
MFRP gene is not critical to the functioning of the retina, since the patients that
lack completely of MFRP can retain a good visual acuity with correction and have
a normal electroretinogram®!. Subsequent studies suggest that the gene encodes
for the protein MFRP which does not express during the formation of the optic
vesicle, but it does in the EPR during the sub-sequent embryonic and post-
natal stage thus regulating the growth of the eyeball 2. The authors establish that
the eyeball of patients with MFRP nanophthalmos - /- have an average axial length
(AL) at the time of the birth of 14.05 mm. In adulthood, these same patients have
an average AL of 16.1 mm, estimating that the postnatal growth is only 2.05mm.
In addition, these 2 mm could be due only to the growth of the anterior segment
and lens (that have normal dimensions) and do not present growth of the vitreous

cavity from birth*2.

This growth is minimal compared to the 6.5 mm that requires a normal eye to
arrive at an average AL in adulthood of 23.55 mm. In this way, in these patients
with mutations of the gene MFRP, the volume of the eyeball in adulthood is barely
25% of the average in normal adults. In fact, these eyes are so small that even their

average AL in adulthood is smaller than the AL of a normal newborn*.
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16-17mm

Fig 2. Example of MFRP related Microphtalmos
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B) PHENOTYPE 2: MFRP-NANOPHTHALMOS-RETINITIS
PIGMENTOSA-FOVEOSCHISIS- OPTIC DISK DRUSEN

Ayala-Ramirez et al.¥® (2006) described a female patient of 49 years, of
consanguineous family, that presented a progressive decline of both the night vision
and the visual acuity beginning at the age of 24. In the exploration, the visual
acuity was 20/200 in OD and 20/100 in OS, she had normal corneal diameters
with an axial length decreased, increased scleral thickness, optic disk drusen,
abolished ERG and atrophy of the RPE in midperipheral retina with bone spikes
(Fig 2). The OCT showed a diffuse macular thickening, with schisis of the outer
layers of the retina, absence of foveal depression and evidence of intraretinal cysts.
'The patient had 3 siblings affected, all of them presented similar symptoms of
loss of visual acuity and in the exploration they showed the same ophthalmologic
findings. None of them presented any systemic abnormality, mental retardation or
deafness. As these were symptoms which had not been previously described in the
medical literature and there was an autosomal recessive inheritance, a diagnostic
approach through analysis of candidate genes was carried out: the MFRP gene
and the CHX10 gene which is described that cause autosomal recessive forms of
nanophthalmos (NN02,609549) and microphthalmos (e.g. MCOPCB3, 610092),
respectively, were analysed. In the 4 affected members of the family, the authors
identified of homozygous form a deletion of a 1-bp (498delC) that resulted in the
complete functional loss of the protein. The two parents were heterozygous for this

mutation. No mutation was detected for the CHX10 gene®.
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Fig 3. Retinographies of the 4 affected brothers with RP-microphthalmos®.
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1. Confirmation of the candidate gene MIFRP and of the ocular syndrome:

The confirmation of the candidate gene must be performed with screening of
mutations of the gene in different patients familiarly unrelated. This is done using
DNA samples of affected patients and control subjects. As a general rule, if the
candidate gene is correct, the group of patients with different mutations in the DNA
samples and the control group will not present the same mutations. Therefore, the

phenotype disease would result from the loss of function of that gene.

In the case of the Nanophthalmos-RP syndrome described above (phenotype 2)
the involvement of the MFRP gene must be confirmed with other affected patients
not related to the same family where it was described. In genetics, as in the rest of
medicine, a single case described requires more evidence to confirm that this is
anew syndrome. In the accompanying article in this thesis, we published the case
of three Spanish brothers affected with the same ocular phenotype that presented
homozygous mutations in exon 5 of the MFRP gene being confirmed thus, as the
responsible for the RP-Nanophthalmos and establishing an emerging relationship

genotype-phenotype for this syndrome.

Summarizing, the phenotypes associated with mutations of the MFRP gene are
two (OMIM, * 606227):

1. 'The previously described by Sundin et al.’!: Nanophthalmos AR without

other major funduscopic findings or alterations in the ERG that indicate
retinal dystrophy. (NNO2; OMIM 609549).

2. A second phenotype described in the first article of this thesis encompasses:

Posterior Microphthalmia, Retinitis Pigmentosa, Foveoschisis and Optic

Disk Drusen. (MCOP5, OMIM 611040).
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In the attached article from the American Journal of Ophthalmology, we
confirmed the gen MFRP as the cause of this new syndrome that we call
Nanophthalmos-Retinitis Pigmentosa-Foveoschisis - Optic Disk Drusen. In
addition, we hypothesize that the MFRP gene not only would have a role in
the development and growth of the eyeball, but it would also have a key role
in the maintenance of the photoreceptors. This hypothesis was subsequently
confirmed by Jungyeon et al. in experimental models with genetically modified
mice for the Mfrp gene’® . In this study, the MFRP gene seems to be necessary for
the normal development of the microvilli of the EPR. The mutation of this Mfrp
gene in mice, leads to a reduction of the initial number of apical microvilli. These
defects in the RPE would contribute to the abnormal development of outer
segments of photoreceptors (OS) and/or of the phagocytosis of the RPE finally
giving rise to a degeneration of the photoreceptors®. Currently,the MFRP gene

alone is already considered as the cause of Retinitis Pigmentosa.
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A Novel Mutation Confirms MFRP as the Gene Causing
the Syndrome of Nanophthalmos—Renititis
Pigmentosa—Foveoschisis—Optic Disk Drusen

JAUME ,CRES’Pi, JOSE A. BUIL, FRANCISCA BASSAGANYAS, JOSE I. VELA-SEGARRA,
JESUS DIAZ-CASCAJOSA, RAUL AYALA-RAMIREZ, AND JUAN C. ZENTENO

® PURPOSE: To describe the clinical and genetic charac-
teristics of the second family with a recently described
recessive syndrome characterized by posterior microph-
thalmos, retinitis pigmentosa, foveoschisis, and optic disk
drusen.

® DESIGN: Observational case report.

® METHODS: Three affected subjects and one healthy
sibling from a consanguineous marriage from Spain were
studied. Complete ophthalmologic examinations includ-
ing A- and B-mode ultrasonography (US), electroreti-
nography (ERG), fluorescein retinal angiography (FA),
and optical coherence tomography (OCT) were per-
formed in each individual. Genetic analysis included
polymerase chain reaction amplification and direct nucle-
otide sequencing of the complete MFRP gene.

® RESULTS: All three affected siblings had bilateral
shortening of the posterior ocular segment associated
with high hyperopia and normal anterior segment dimen-
sions. Best-corrected visual acuity ranged from 20/200 to
20/60. Funduscopy, ERG, and FA were compatible with
retinitis pigmentosa, and B-mode ultrasound showed
optic disk drusen. OCT analysis revealed outer retinal
layer schisis with absence of foveal pit. Inheritance of
this syndrome followed an autosomal recessive pattern.
Molecular analysis revealed a novel homozygous 1-bp
deletion (c.498delC) in exon 5 of MFRP, predicting a
prematurely truncated protein (P166fsX190). A healthy
sister demonstrated to be a carrier of the mutation.

® CONCLUSIONS: We confirmed that the syndrome of
posterior microphthalmos, retinitis pigmentosa, foveos-
chisis, and optic disk drusen constitutes a distinct auto-
somal recessive entity. The novel frameshift mutation
identified in the family described here validates MFRP as
the gene responsible for this particular disease, which
characteristically involves structures located at the pos-
terior segment of the eye. (Am ] Ophthalmol 2008;
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ICROPHTHALMOS IS A DEVELOPMENTAL OCULAR
defect that can occur as an isolated anomaly or
in conjunction with other ocular or extraocular
anomalies producing well-defined Mendelian syndromes.?
The term “posterior microphthalmos” is applied to eyes
combining a reduced axial length with a normal-sized cor-
nea.” Posterior microphthalmos is related to nanophthalmos,
an anomaly characterized by microphthalmos, microcornea,
and a tendency toward spontaneous or postsurgical uveal
effusions.* Typically, eyes with posterior microphthalmos or
with nanophthalmos have axial lengths of 13.0 mm to 18.5
mm, exhibit shallow anterior chamber and thickening of both
the choroidal vascular bed and sclera,” and are extremely
hyperopic with refractive errors ranging from +8.00 to
+25.00 diopters. Eyes with posterior microphthalmos, in
contrast with nanophthalmic eyes, have a normal anterior
chamber depth (ACD).
The clinical association of microphthalmos/nanoph-
thalmos with retinitis pigmentosa has been recognized in
several subjects.®™'? Although most cases with this clinical

810-12 there is evidence

combination have been sporadic,
that the association can be transmitted either as an
autosomal dominant® or an autosomal recessive trait.”’
Recently, Ayala-Ramirez and associates'® described a Mex-
ican family with a novel autosomal recessive syndromic
entity encompassing posterior microphthalmos, retinitis
pigmentosa, foveoschisis, and optic nerve head drusen. In
this consanguineous, four-affected-member family, the au-
thors demonstrated that the disease was caused by a
homozygous frame shifting mutation in MFRP, a gene
located at chromosome 11923 and encoding the Mem-
brane-type Frizzled-Related Protein.'?

In this article, the clinical and molecular analysis of a
consanguineous Spanish family with the syndrome of
posterior microphthalmos—retinitis pigmentosa—foveoschi-
sis—optic disk drusen is described. The identification of a
novel frame-shift mutation in three affected brothers from
this family validates MFRP as the responsible gene for this
unusual hereditary ocular syndrome affecting selectively
posterior structures of the eye.
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FIGURE 1. Phenotypic appearance of subjects with the syndrome of nanophthalmos—retinitis pigmentosa—foveoschisis—optic disk
drusen. Funduscopic images showing optic disk drusen, patchy areas of hypopigmentation, and blunted macular reflex in Patient 1
OD [right eye] (Top left). Midperipheral bone spicule-like pigment clumping and vascular attenuation are also evident in Patient
1 OD (Top right). Retinal optical coherence tomography (OCT) demonstrated localized foveal schisis in Patients 1 (Second panel,
top to bottom), 2 (Third panel, top to bottom), and 3 (Bottom). Note that the older subject (Patient 3) has a more severe degree

of retinal schisis.

METHODS

THE STUDY INCLUDED THREE AFFECTED BROTHERS FROM A
Spanish consanguineous family (parents were first cousins).
They have six unaffected siblings and no prior familial
antecedents of ocular or extraocular malformations. An
unaffected sister was included in the study. Patients 1 and 3
have a history of ocular surgical interventions for treatment of

324 AMERICAN JOURNAL OF OPHTHALMOLOGY

elevated intraocular pressure, with development of blinding
malignant glaucoma in Patient 3’s left eye. In all patients,
ophthalmologic examinations included determination of
best-corrected visual acuity (BCVA), slit-lamp and dilated
fundus inspection, applanation tonometry, fundus photogra-
phy, A-mode and B-mode ultrasound (US), electroretino-
gram (ERG), fluorescein retinal angiography (FA), and
optical coherence tomography (OCT).
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TABLE. Clinical Features of Three Siblings With the Syndrome of Nanophthalmos-Retinitis Pigmentosa—-Foveoschisis—Optic

Disk Drusen
Patient Age Visual Acuity Corneal Axial Length Refractive IoP
No. (y) (logMAR) Diameter (mm) (mm) Error (D) (mm Hg) Posterior Segment Findings OCT Findings
1 40 0.4 OD 11.3 mm OD 16.04 OD +16.0 OD 16 OD Optic disk drusen, retinitis Foveoschisis; macular
0.30Ss 11.5mm OS 16.08 OS +16.5 0S 16 OS pigmentosa thickness: 250
2 54 0.1 OD 10.9 mm OD 14.72 OD +19 0D 200D Optic disk drusen, retinitis Foveoschisis; macular
0.10S 10.5mm OS 14.80 OS +19 0S8 28 0S pigmentosa thickness: 480 p?
3 60 0.05 0D 11.2 mm OD 15.31 OD +18 OD 180D  Optic disk drusen, retinitis ~ Foveoschisis; macular
NLP OS 11.1 mm OS 154308 - 18 0S pigmentosa thickness: 650 p?

D = diopters; IOP = intraocular pressure; logMAR = logarithm of minimal angle of resolution; NLP = no light perception; OD = right eye;

OS = left eye; y = years.
“Macular edema.

Genomic DNA was obtained in each subject from
peripheral blood lymphocytes according to standard meth-
ods. The 13 exons and exon/intron boundaries of the MFRP
gene were amplified by polymerase chain reaction (PCR)
using pairs of primers derived from the published sequences of
the gene (Ensembl Transcript ID ENST00000360167).
Primer sequences and annealing temperatures for PCR are
available on request. Direct nucleotide sequencing of
PCR-amplified products was performed using the Big Dye
Terminator Cycle Sequencing kit (Applied Biosystems,
Foster City, California, USA). Samples were run in an
ABI Prism 310 Genetic Analyzer (Applied Biosystems).

DNA from parents was not available.

RESULTS

THE TABLE SUMMARIZES THE OPHTHALMOLOGIC FEATURES
of the patients. All of them demonstrated an identical
bilateral phenotype characterized by decreased eye axial
length with normal corneal diameters (posterior microph-
thalmos), retinal dystrophy, optic disk drusen, and local-
ized foveoschisis. Data obtained on funduscopy (Figure 1),
ERG, FA, and campimetry were fully compatible with
advanced stages of rod-cone dystrophy (retinitis pigmen-
tosa). OCT imaging revealed outer retinal layer schisis
with absence of the foveal pit in all subjects (Figure 1), in
addition to macular edema in Patients 2 and 3. Fundo-
scopic examination showed optic disk drusen, which was
confirmed by B-mode US and autofluorescence. Although
the ocular phenotype was remarkably similar in the three
brothers, the oldest patients (2 and 3) exhibited a more
severe degree of both foveoschisis and visual function
impairment (Table).

Mutation analysis of the MFRP gene in DNA from
the three affected brothers demonstrated a novel ho-
mozygous 1-bp (cytosine) deletion at position 498 (des-
ignated ¢.498delC) in exon 5. The mutation originates
a shift of the open reading frame from residue proline

166 and predicts a premature truncation of the protein,
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25 codons downstream (P166fsX190). The predicted
truncated protein lacks almost all functional domains of
MERP, most likely leading to a complete loss of func-
tional protein. The mutation was confirmed in each
subject by sequencing the exon 5 antisense strand. No
additional deleterious mutations were observed in any of
the remaining MFRP exons in DNA from the three
patients. Sequence analysis in DNA from the unaffected
sister revealed the mutation to be present in heterozy-
gous state (Figure 2).

DISCUSSION

MICROPHTHALMOS IS A DEVELOPMENTAL DEFECT THAT
results from reduction in prenatal eye growth and can be
divided into nanophthalmos, an anomaly characterized by
microphthalmos, microcornea, and a tendency toward
spontaneous or postsurgical uveal effusions; and posterior
microphthalmos, defined by the combination of posterior
segment shortening and normal corneal diameter. Al-
though classically nanophthalmos has been distinguished
from posterior microphthalmos based on the presence of
normal corneal size and normal ACD in the latter, the
growing clinical and genetic data indicate that these two
malformations can be considered distinct clinical manifes-
tations of the same anomaly.'* Although corneal diameters
were normal, two subjects from this family developed
angle-closure glaucoma, so the term nanophthalmos appears
to be more appropriate for describing the ocular malfor-
mation of this pedigree.

Nanophthalmos can occur as an isolated anomaly or in
conjunction with additional ocular or extraocular malfor-
mations.””!® Recently, a distinct autosomal recessive clin-
ical entity characterized by posterior microphthalmos,
retinitis pigmentosa, localized foveoschisis, and optic disk
drusen was identified in a family of Mexican origin.'?
Using a candidate gene approach, the authors demon-
strated that a mutation in the MFRP gene was responsible
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FIGURE 2. Sequence analysis in exon 5 of the MFRP gene in the syndrome of nanophthalmos-retinitis pigmentosa—foveoschisis—
optic disk drusen. Normal sequence from a control DNA is shown in the top panel. A homozygous C deletion at nucleotide position
498 (codon 166) in two affected individuals is shown in the second and third panels (Top to Bottom). Amino acid numbers are
indicated; frame-shifted residues are in red. The mutation predicts a truncated MFRP protein (P166fsX190). The unaffected sister
carried the mutation in heterozygous state (Bottom panel; arrow indicates the sequence frame-shift).

for this new disease.!> Here, the second family with this
particular phenotype is reported, validating the disease as a
discrete autosomal recessive entity.

The two families described so far with the syndrome
of nanophthalmos—retinitis pigmentosa—foveoschisis—optic
disk drusen exhibit a strikingly similar phenotype, charac-
teristically involving structures located at the posterior
segment of the eye. Angle-closure glaucoma, an absent
finding in affected individuals from the previous family,
was recorded in two subjects from the present pedigree.
This trait appears not to be related to patient age because
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patients in the present family did develop glaucoma during
adolescence. According to these observations, patients
with this syndrome should be informed of a potential
prognosis of glaucoma and they should be carefully fol-
lowed for early detection of this complication. Papillo-
macular retinal folds (and, more infrequently, retinoschisis) have
been reported in eyes with posterior microphthalmos,
presumably arising from a disparity in growth between the
sclera and retina.!® In affected subjects from the two
families described with the syndrome, localized foveal
schisis has invariably been found, suggesting that a specific
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mechanism originates splitting in this particular retinal
site.

The novel frame-shift mutation identified in the family
described here validates MFRP as the gene responsible for
the disease. MFRP is predominantly expressed in the apical
membrane of the retinal pigment epithelium and encodes
a transmembrane protein that has a C-terminal domain
related to the Wnt-binding domain of frizzled (Fz) pro-
teins. Wnts includes a family of secreted-type glycopro-
teins with 22~24 conserved cysteine residues that act as
cell-cell signaling molecules to mediate cell fate determi-
nation during development. MFRP mutations were previ-
ously identified in some familial and sporadic cases of
nanophthalmos with high hyperopia but, notably, without
funduscopic or electroretinographic evidence of retinal
dysfunction.!” In contrast, MFRP has an important role in
mouse retinal function as the recessive retinal degenera-
tion mutation rd6, a splicing mutation in the orthologous
Mfrp gene, results in the skipping of Mfrp exon 4 and
originates a phenotype characterized by small, white reti-
nal spots, and progressive photoreceptor degeneration
resembling human flecked retinal dystrophies like Star-
gardt disease and fundus flavimaculatus.'® Remarkably,
eyes of Mfirp™® are of normal axial length.!” Based on these
observations, Pauer and associates’® analyzed the entire
MEFRP gene in 152 patients with inherited retinal degen-
erations including retinitis pigmentosa, Leber congenital
amaurosis, and Stargardt macular dystrophy, but no patho-
genetic mutations were identified in any case. In contrast
with these data, our results indicate that some MFRP
mutations can originate photoreceptor dysfunction leading
to a syndromic form of retinitis pigmentosa.'®> As discussed
below, these differences could be related to the specific
type of MFRP mutation. Several lines of evidence for the
participation of molecules of the Wnt signaling pathway in

inherited retinal degenerations have been previously
established.?!

It is interesting to note that the P166fsX190 mutation
described in the present family is very similar to the
P166£sX199 mutation described in the original family with
the syndrome of posterior microphthalmos—retinitis pig-
mentosa.’? In both cases, the predicted mutant proteins
lacked the two cubilin-related, the two low-density li-
poprotein receptor—related, and the C-terminal cysteine
rich-frizzled-related domains (CRD). Despite having dis-
tinct mutations, both families exhibited a strikingly similar
phenotype that includes shortened posterior segment,
retinitis pigmentosa, foveoschisis, and optic disk drusen.
These observations suggest that certain MFRP domains
play an important role in maintaining the normal structure
and function of posteriorly located eye structures. Notably,
a similar truncating mutation, Q175X, was described by
Sundin and associates'’ in a 9-year-old patient with
isolated nanophthalmos, high refractive error, and no
retinal pigmentary anomalies. Comparing the two MFRP
P166fs mutations observed in the two unrelated microph-
thalmos—retinitis pigmentosa families with the Q175X
mutation associated to isolated nanophthalmos,'” it is
tempting to hypothesize that the tract of 10 amino acids
from position 166 to position 175 (P-N-T-H-C-V-W-H-
I-QQ) could play a role in the etiology of this syndromic
form of microphthalmos—retinitis pigmentosa. Alterna-
tively, the aberrant frame-shifted amino acids could confer
novel properties to the protein.

In conclusion, we present clinical and molecular evidence
confirming that the association of microphthlamos—retinitis
pigmentosa—foveoschisis—optic disk drusen constitutes a dis-
crete autosomal recessive condition caused by homozygous
truncating mutations in the MFRP gene. Additional studies
are needed to identify why some MFRP truncating muta-
tions cause only nanophthalmos whereas others result in
this complex ocular syndrome affecting preferentially
structures located at the posterior segment of the eye.
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the Syndrome of Nanophthalmos—Renititis Pigmentosa—Foveoschisis—Optic Disk Drusen. Am ] Cromink
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In the June 2008 issue, an article published in this journal listed the first author Jaume Crespi as a
graduate of the University of Barcelona. The institution should be correctly listed as the
Autonomous University of Barcelona.

The authors regret this error.
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2.5 DISCUSSION AND CONCLUSIONS

Since our publication confirming the syndrome of Nanophthalmos-RP, more than
thirty indexed publications have cited our article (PubMed / Researchgate). Also,
the database for Mendelian diseases OMIM (edited by the Johns Hopkins University
School of Medicine) has recognized the syndrome and its molecular basis linked
to the MFRP gene and has been awarded a number that recognizes it as a unique
clinical and genetic entity (MCOP5): #611040. In this link all of the publications
related to the syndrome and its genetic findings are described. Any author or doctor
who has patients with a similar phenotype can access this information free of charge
through the PubMed or directly in OMIM (omim.org/entry/611040), which
facilitates the diagnosis and diffusion of this syndrome. As we've discussed in the
introduction, this online database OMIM, is one of those tools that has been a
huge help for Rare or Minority Diseases as it greatly facilitates the work of the
researchers. The final objectives of the identification of the causative gene in these
minority diseases is mainly, to facilitate the diagnosis of new cases establishing
a correlation genotype-phenotype and to understand the molecular basis of the
disease to develop treatment strategies (c.g. gene therapy). This, in sum, is what has
happened in the years following our publication with the ocular syndrome related to

MPEFR and which is summarized in the following articles:

1) GENOTYPE-PHENOTYPE CORRELATION: Alberto Neri et al.3* in
2012 published a sporadic case of a patient with this syndrome and a monitoring
of 30 months. In this article, the autors review all the published cases to date of
Nanophthalmos-RP with mutation of the MFRP (17) and stablish a correlation
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genotype-phenotype for this disease. A summary of the 17 known cases is made
and establishes that the phenotype syndrome, expressivity and age of onset vary
between the affected families and between members of the same family. The degree
of affectation of RP is also variable, from cases that presented a slight alteration of
the EPR in adulthood or others that present an advanced form of RP in childhood.
The majority of cases (11/17) show the “complete” phenotype that includes
PM, RP, drusen of ON, and foveoschisis. The rest (6/17) have an “incomplete”
phenotype as they do not present foveoschisis and drusen of ON (4 cases) or only
drusen of ON (two cases). Interestingly, all patients with homozygous mutation

¢.492delC (alternatively named c.498delC) presented the complete phenotype.

'They also stress that the closed-angle glaucoma is not a characteristic feature of these
patients and that only two cases presented during adolescence (these are the cases
presented in our accompanying article, due to this, in our publication we talk
about nanophthalmos and not about posterior microphthalmos). As discussed
earlier, the anterior segment in these patients is usually normal or has the lens

increased by age, which is illustrated in the following figure of the article (Fig.4):

Fig. 4. Analysis of the anterior segment with AS-OCT in a patient with MFRP-syndrome.
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2) GENE THERAPY: To carry it out, should be initially established animal
models simulating the human disease and that allow a better understanding of the
molecular mechanisms of the disease that is meant to be treated. In a similar way
to what has happened with the Leber’s Congenital Amaurosis (RPE65-LCA),
there is also an animal model described for the MFRP-Retinitis Pigmentosa
disease that serves to carry out preclinical studies for treatment (proof~gf-concept
studies). Jungyeon Won et al.*? (2008) designed genetically modified mice (Mfrp
r6746) that presented progressive retinal degeneration. These showed that the outer
segments of photoreceptors are not properly formed, that their phagocytosis is
altered and that the number of apical microvilli of RPE is decreased. Dinculescu
A. et al.* published in 2012 the first preliminary work with gene therapy in
Retinitis Pigmentosa caused by mutations in MFRP. They conducted a study with
genetically modified mice for this disease (Mfrp ™ and injected a modified
AAVVS8 vector (AND733F) containing the Mfrp gene of normal mice (wild-type).
'The vector was introduced in the subretinal space 14 days after the birth of the
mice to prevent retinal degeneration. Subsequently, the function of the retina was
studied with ERG and the expression of MFRP with immunohistochemistry. In
all the rd6 mice treated, the ERG was found to be within the normal parameters as
opposed to the non-treated that presented a reduction of the progressive amplitude
from the 25th day of birth. As for the expression of MFRP in treated 746 mice,
an expression in the EPR similar to the one produced in normal wild-type mice
was detected. In non-treated rd6 mice no MFRP protein in the RPE or in the
ciliary body was detected. Therefore, these preclinical results suggest that the

application of gene therapy (with certain modifications) in humans is viable.

Finally, in the last few years great progress has been made in the development of

stem cells for use in retinal degenerative diseases. An example of this progress is

the publication of The Lancet by Schwartz et al.*® on the use of hESC-dPRE
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(human embryonic stem cell-derived retinal pigment epithelium) in patients with
Stargardt disease and macular degeneration, where they demonstrated efficacy
and safety after their subretinal injection. In this line, a study of gene therapy
and stem cells as a preclinical model for treatment of Retinitis Pigmentosa
associated with MFRP has also been carried out. Li Y et al. *” injected an AAVS
vector (Y733F) that expresses MFRP in human iPS-EPS cells of patients with
mutation of the MFRP. As a result, the cells treated with this vector recovered
pigmentation and transepithelial resistance, suggesting thus their potential use
in subsequent clinical trials in humans. In addition, this article, is the first in
the medical literature that successfully used human cells iPS-EPS as a gene

therapy receiver.

In conclusion, we can say that the enclosed publication in this thesis has served
to confirm the MFRP gene as the cause of this new ocular syndrome and has laid
the foundations for later research and development of possible gene or cellular
therapies. We have also contributed to the clarification of the role of the MFRP
gene and the description of its key role in the growth of the eyeball and in the

subsequent maintenance of the photoreceptors.
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3. BACKGROUND rRAT

3.1 FAMILIAL RETINAL ARTERIOLARTORTUOSITY

The familial retinal arteriolar tortuosity (fRAT) is a rare or minority disease with a
hundred cases described that is characterized by a marked tortuosity of the arteries
of second and third order without affectation of the arteries of first order and
the venous system 38. The disease was first described by Beyer in 1958 39 that
described this syndrome in a father of 43 years and his two children aged 17 and
12 respectively. The father and eldest child also presented a foveal hemorrhage.
Werner and Gafner40 subsequently published in 1961 the same case in a father
of 47 years and his three children. Caigianut and Werner (1968)41 observed 4
persons in one family with arteriolar retinal tortuosity and recurrent hemorrhages.
In 1972, Goldberg et al. 42 described a family with 12 affected members, suggesting
the possibility of autosomal dominant inheritance. Wells and Kalina43 published
in 1985 three families with fRAT with an autosomal dominant pattern of
inheritance and spontaneous retinal hemorrhages. All hemorrhages were resolved
without affecting the visual acuity. The retinal arterial tortuosity was not present
in general in childhood when showed hemorrhages, but became more apparent
during adolescence and adulthood. Some members of the family showed isolated

hemorrhages without tortuosity. These authors concluded that the tortuosity could
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be acquired in a progressive way instead of being a static or congenital disorder.
Clearkin et al. (1986) 44 reported a family with fRAT affecting 6 members over
3 different generations. Three members developed tortuosity during adolescence
and four had hemorrhages. One of the patients suffered decreased visual acuity
caused by an anterior optic neuropathy. Sears et al. 45 reported in 1998 a family

with typical features of the disorder.

More recently, Sutter FK and Helbig H* (2003) conducted a review of the entire
literature and obtained the following conclusions: 1) they confirmed that it is
a disease of autosomal dominant inheritance without causal gene known. 2) It is
characterized by a pathognomonic pattern of progressive tortuosity in arteries of
second and third order in the macular and peripapillary area that develop during
childhood and increases during adulthood. 3) This vascular alteration may be
accompanied by hemorrhages intra- or preretinal that can occur spontaneously or
during a physical exertion. 4) Itis not accompanied by other disorders or systemic

malformations.

'The conclusions of this review are the ones that have prevailed to the present time

to define this syndrome.

Although the authors state that they have not been accompanied by systemic
alterations we find publications in the literature (both prior to and subsequent
to 2003) where fRAT accompanies itself by some systemic alterations, although
in almost all cases are sporadic or isolated. Anyway, it is now considered, as a
minimum debatable, the fact that fRAT is not associated with systemic

alterations*. Below, we shall summarize these associations:
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Prior to 2003 %

* Malformation in the Kieselbach nasal septum.
*  Vascular mass in the spinal cord.

* VI nerve palsy.

 Simultaneous conjunctival hemorrhage.

* Conjunctival telangiectasias.

Subsequent to 2003:

* Association with tortuosity of the nail bed capillaries.*
* Association with internal carotid artery aneurysm. *®
+  Association with Factor VII deficiency. ¥

*  Association with hematuria, muscle cramps and arrhythmia. *

In the cases subsequent to 2003, with the exception of the case associated with
aneurysm of the carotid artery, the other findings have been described in several
members of the families published by each author, so it seems plausible to think
that they are part of a systemic hereditary syndrome. On the contrary, these same
associations are not presented in all the fRAT published cases, so it is questionable
that they are part of a unique ocular clinical entity previously described. In any
case, as of 2003, the association with other systemic disorders has been relatively

frequent and the topic remains under debate.

Especially interesting is the work that associates fRAT with tortuosity of the
subungual capillaries. The nailbed capillaroscopy is a simple and non-invasive
method for the detailed study of the microcirculation in a wide range of diseases
and is considered a mirror of the systemic vascular processes. It has a high degree
of correlation and exceptional predictive and prognostic value in diseases such as:
diabetes mellitus, scleroderma, primary chronic polyarthritis, and systemic lupus
erythematosus and especially with ocular capillaries and glaucoma. 5! The main

capillaroscopic alterations of the nail bed that can be found are:
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Tortuosities.
Increase of capillary diameter.
Neoangiogenesis.

Hemorrhages or thrombosis.

A N

Reduced capillary density.

Regarding Tortuosities, it is important to mention that a modest number of them
can be observed in healthy people of advanced age. The presence of an important
tortuosity of the capillary (greater than 20 %) has been documented in various
diseases such as systemic lupus erythematosus, Behget’s disease and scleroderma®?.
In Gekeler et al.*” publication, the patients (a father of 62 years and his two
daughters 19 and 28 years) presented the typical fRAT traits in the fundus of
the eye and the nail bed capillaroscopy was normal except for the very marked
capillary tortuosity (more than 30% of capillary loops in the three patients). Fig 5
and 6. This degree of isolated tortuosity is exceptional and has been documented

in very few cases *.

Fig5. Patient with fRAT and nail bed capillaroscopy with vascular loops.
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Fig 6. Capillaroscopy in patient with fRAT compared with normality (Blue arrow).

This study demonstrates, in the author’s opinion, that in the etiopathogenesis
of fRAT underlies a systemic disorder that should be more widely studied. This
family was finally re-studied and reclassified as HANAC Syndrome in 2010 by

Plaisier and Gekeler 7 (syndrome that we will describe later).

'The assumption that it is a question of a systemic disease is consistent with the fact
that it is a genetic disease and therefore could have extraocular involvement if the
gene is expressed in other parts of the body. The problem to continue studying
this syndrome is that we do not know the gene that causes it and therefore it is
difficult to fully understand its pathogenesis and the systemic extent. On the
contrary, their clinical diagnosis is relatively easy, as the funduscopic image with
tortuosity of arteries of second- and third-order is pathognomonic of the disease
(i.e. no other disease presents this specific type of tortuosity) and by the fact that

additional complementary examinations to diagnose it are not required.

In conclusion, we are faced with a rare or minority disease in ophthalmology
(approximately 100 cases described ), of autosomal dominant inheritance,
classified in OMIM with the number % 180000, but with the distinctive “%”,
which indicates that its molecular basis is unknown. In the attached work in this

thesis we describe for the first time in the literature the association of a family

with fRAT (a father and two daughters) with a gene, the COL4A1.
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3.2 OTHER CAUSES OF RETINAL VASCULARTORTUOSITY

Although there are no chapters of books or review articles in the medical literature
on the specific topic of the vascular tortuosity, we have made a self-review through
the bibliography available (PubMed/ OMIM/ Retina eBook, Ryan MD) and we
have classified all the causes of vascular tortuosity in the retina in four groups:

1. Vascular malformations / Tumours

2. Ophthalmological Diseases

3. Systemic diseases with ocular affectation

4

. Hereditary small-vessel disease of the CNS (small-vessel disease)

1. Vascular malformations or tumours: in this section the phacomatoses are mainly
comprised: Wyburn-Mason Syndrome (WM) of unknown cause that
produces arteriovenous malformations (Fig. 7 and 8) and the Von Hippel-
Lindau disease (VHL) that is caused by high penetrance mutations in the
VHL tumour suppressor gene (OMIM 193300). In general, it is about
vascular malformations of great size (WM) or vascular tumours (VHL). In
fact, in these cases there is no “primary” tortuosity, but that we would call it
“secondary” as they derive from arteriovenous malformations that produce a
hypertrophy of the afferent artery and dilatation of the efferent venous system.
‘These changes will result in a secondary level, both tortuosity of the arteries

and the veins involved.
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Fig. 7 and 8. Wyburn-Mason syndrome and AV malformation and post-therapeutic microsurgical
clipping by cavernous fistula associated in WMS.

2. Opbhthalmological Diseases: this is a heterogeneous group of diseases that have

no relationship between them and in which vascular tortuosity occurs for two

main reasons: 1) Due to ischemia or hypoxia 2) Due to flow obstruction.
Among these diseases we will only highlight as examples:

* PLUS Disease in retinopathy of prematurity (ROP): this is characterised by
an arterial tortuosity and venous dilation of the posterior pole in two or more
quadrants. Although its cause is not entirely clear, it is believed that these
changes are due to the ischemia/hypoxia in the ROP and in fact their presence

indicates severity of the impairment®. (Fig9).

Fig.9. PLUS Disease in the context of ROP.
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*  Venous obstructions: An obstruction of the retina’s venous flow occurs in
them. The veins, in contrast to the arteries, lack smooth muscle cells and to
a resistance in the forward flow, initially increase of caliber and subsequently

become tortuous. (Fig.10).

Fig 10. Obstruction of central retinal vein with venous tortuosity.

In this group of ophthalmological diseases we should also encompass fRAT, as
genetic cause of arteriolar tortuosity of hereditary cause, without the presence
of hypoxia/ischemia or flow obstruction. As we have discussed in the previous
chapter, these patients present arterial tortuosity only in the arteries of second and

third order without affecting the venous system (Fig 11).

This type of tortuosity is pathognomonic since in general, the tortuosity in the
diseases of the retina is venous and when it affects the arteries, it usually does to

the major ones.
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Fig 11. Female patient of 58 years with fRAT (red-free retinography).

3. Systemic diseases with ocular involvement: although many systemic diseases can

give a certain tortuosity of the retinal vascular tree (in particular the diabetes
mellitus and essential hypertension) in this section three groups for their high

degree of tortuosity or peculiarity will only be highlighted:

*  Hematologic Diseases: Polycythemia Vera, Sickle Cell Anemia, Waldenstrom’s
Macroglobulinemia. In general, they are diseases which cause a continued
venous stasis and that can present venous tortuosity without necessarily

occurring a complete obstruction of the central retinal vein.
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CNS diseases: Carotid-cavernous fistula, benign or idiopathic intracranial
hypertension (BIH). They are illnesses that hamper the extraocular venous
return and in a retrograde way can cause an increase in the resistance retinal

venous flow and therefore increase the tortuosity. (Fig. 12)

Fig. 12. Female patient, 32 years with BIH.

Fabry disease (FD): this is a rare or minority disease, underdiagnosed, which
can potentially be fatal and that presents some typical features simply
identifiable in a routine ophthalmological examination. Itis a disease linked
to the X chromosome that affects the lysosomal storage by mutations in
the gene that encodes the enzyme a -galactosidase (OMIM 301500). The
ocular manifestations of Fabry Disease are: Cornea verticillata, cataract,
tortuosity or aneurysms of the vessels of the bulbar conjunctiva and retinal

arteriolar tortuosity ** (Fig. 13 and 14).
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Fig 13. Cornea verticillata and conjunctival aneurysms in a patient with FD.

Note that the vascular tortuosity is more frequently seen in those patients
with greater severity of the disease and that increases with age. On the
contrary, we can observe cornea verticillata in not diagnosed asymptomatic
patients®. Therefore, the screening of the ophthalmologist is basic to detect

cases at an early stage or not diagnosed, as an efficient enzyme replacement

therapy is now available: FABRAZYME (algasidasa beta, GENZYME).*

Fig 14. Arteriolar tortuosity in patient with FD. Published bay Sodi et al**
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4. Hereditary Diseases of the CNS: Are a group of genetic diseases of recent
description that imply affectation of the microcirculation of the CNS (small
vessel disease) and often also have alterations of retinal vessels. Although they
are rare or minority diseases, it is now believed that they may be responsible for
up to 30% of the cerebrovascular ischemic accidents (CVA) in young patients
56. We can classify them in 4 entities with their corresponding OMIM
numbers, their gene responsible and location (Table 2). Only the first and
fourth can present arteriolar tortuosity, although the other two syndromes can
also affect the retinal vascular tree. We will make a brief description of these

entities:

4.1 Retinal vasculopathy with cerebral leukodistrophy (RVCL)

4.2 Cerebral autosomal dominant arteriopathy with subcortical infarcts and

leukoencephalopathy (CADASIL)

4.3 Cerebral autosomal recessive arteriopathy with subcortical infarcts and

leukoencephalopathy (CARASIL)

4.4 Brain vessel disease with or without ocular anomalies (BSVD).

RVCL #192315 Gene: TREX 1 Location 3p21.31
CADASIL #125310 Gene: NOTCH3 Location 19p13.12
CARASIL #600142 Gene: HTRA1 Location 10q26.13
BSVD #607595 Gene: COL4A1 Location 13q34

Table 2. OMIM classification for small vessel disease

RVCL: This is an autosomal dominant disease that is characterized by loss of
vision, CVA and dementia that begins in young adults, and that implies death in

t°7. It is usually associated with

the majority of the cases in 5-10 years from the onse
Raynaud’s phenomenon, migraine, micronodular cirrhosis and renal impairment

(glomerular dysfunction). The visual loss is due to a retinal vasculopathy
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characterized by telangiectasias, microaneurysms and capillary obliteration with
yuxtamacular onset (Fig.15) that can trigger complete occlusion of the main artery
branches and areas of peripheral retinal ischemia *. Eventually, it can also be seen
proliferative retinopathy. In tests of CNS image are usually frequent the presence

of “pseudotumors” with perilesional edema and central necrosis *.

Fig 15. Angiography of patient with RVCL

The loss of exonuclease function of the TREX1 gene would lead to an alteration
and premature loss of endothelial cells that eventually, would trigger the retinal

and brain microangiopathy that characterizes this syndrome *’.

CADASIL: It is an autosomal dominant genetic disease that causes migraine,
multiple CVA in younger age groups and finally subcortical vascular dementia.
It presents a generalized arteriopathy both of the arterioles of the retina and
the arterioles of the cerebral cortex (which are similar to those of the retina). In

contrast to what happens with RVCL, this arteriopathy causes a great variety of
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changes in the arterioles of the retina without affecting its function, therefore,
it does not usually present visual alterations ®. Rufa et al.! described a patient
with CADASIL whose first symptom was a nonarteritic anterior ischemic optic
neuritis, although the fact that the ocular involvement is rare was highlighted.
In general these arterioles of the retina are usually thinned and elongated (anti-
tortuosity) by the effect of a likely vasoconstriction related to the etiopathogenesis
of the disease ®°. (Fig. 16)

Fig 16. Arterial narrowing and elongation in patient with CADASIL.

CARASIL: It is a rare AR inheritance disease that courses with subcortical
brain infarcts, alopecia, spondylosis, progressive motor paralysis and dementia.
In general, it appears in the second or third decade of life. Although it shares
clinical features with CADASIL, it is a much rarer and infrequent disease, with
only 50 cases described to date ®%. Atherosclerotic changes in small size arteries
in the white substance of the brain, heart and kidneys have been described. The
protease activity of HTRA1 is necessary for the inhibition of signalling of the
TGF- b molecules. The mutant proteins (CARASIL) were unable to suppress

TGF-b activity, and increased expression TGFB1 was observed in the tunica
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media of affected small arteries causing end-stage vascular fibrosis ®2. Curiously
a SNP of the HTRA1 gene (associated to high expression of this protein) is one
of the genetic risk factors with greater association with neovascular AMD . In
these patients with CARASIL (low expression of HTRA1) AMD has not been
detected and affectation of the retinal arterioles is not described.®* This suggests
that the signalling of the TGF- b perhaps is not completely inhibited in the retina
in these patients, because for this to happen, other factors should also intervene
such as the type of cell where is expressed and the extracellular matrix. Anyway,
no publication has been found in the literature (PubMed search) that studies

specifically ophthalmological changes in patients with CARASIL.

BSVD: This is a genetic disease that also affects the CNS small vessel and/or
ocular structures. In most cases, leukoencephalopathy is associated with various
ophthalmologic alterations/malformations (which include arterial tortuosity). It
is caused by mutations of the COL4A1 gene . This syndrome and others linked

to mutations of this gene are described below in a specific chapter.
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3.3 SYNDROMES LINKED TO THE COL4A1 GENE

The COL4A1 gene encodes the o., subunit of type IV collagen. There are six o
subunits (o' to o) that are assembled producing three different networks of type IV
collagen. These three networks of collagen comprise the largest component of
basal membranes of the human body: o o o, (IV), a0, 0, (IV) and a0, (IV).
The network oo o, (IV) is widely expressed in many tissues of the human
body, whereas a.,a,0, (IV) and oo, (IV) have a restricted expression depending
on the tissue®. The chains of a collagen IV consist in: 1) An N-terminal domain
called 7S 2) triple-helical collagenous domain that contains a highly conserved
sequence of amino acids Gly-X-Y and 3) a C-terminal non-collagenous domain
called NC1 ( Fig 17 A and B) . These chains o, and o, are assembled to form
heterodimers o, o, o, through areas of specific recognition in the non-collagenous
NC1 domains followed by a super rolling of the triple-helical collagenous
domain. Subsequently, they are secreted to the extracellular matrix and these
molecules of collagen type IV are associated to form supramolecular networks
that confer biomechanical stability of the basement membranes. In addition, this
network of collagen IV has an important role in the interaction of the MB with
adjacent cells to promote their migration, proliferation, differentiation and
survival. The accession of these cells to collagen type IV occurs across multiple
areas of the two domains, but among them stands out a CB3 fragment located in
the triple helix containing areas of anchorage for the family of the integrins o

18 1 and 0. 2B 1.

76



BACKGROUND {RAT
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Fig 17 Ay B. Molecular Structure of the collagen type IV.
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Mutations in the genes that encode these networks of collagen type IV are widely
known and it is for years that are described in the literature, in particular the

Alport syndrome. In summary, these are the most well-known syndromes:

COLA4AS5 Alport syndrome X-linked (OMIM 301050)
COL4A4/3 - Autosomal recessive Alport Sd (OMIM203780/104200)
COL4A4/3 - Familial benign hematuria

The COL4A1genehas 52 exonsandislocated in chromosome 13q34. Mutations
in these genes (COL4A1/A2) in both animal models and humans that have led
to the recognition of new syndromes linked to functional loss of these genes
have recently been described ®. More than 30 mutations to date linked to this

gene have been published and their number is increasing rapidly.®” We summarize

the syndromes linked to mutations in COL4A1 in the following table (Table 3):

BSVD (OMIM 607595)
Porencephaly 1 (OMIM 174780)
Hereditary angiopathy with nephropathy, aneurysms and muscle (OMIM 611773)
cramps

Intracerebral susceptibility to hemorrhage (OMIM 614519)

Table 3. Syndromes linked to mutations in COL4A1

1-BSVD: this is an AD hereditary disease caused by a heterozygous mutation of
the COL4A1 gene, which basically affects the CNS and the eyeball. Lanfranconi
et al.®® conducted in 2010 a review of 52 cases with known mutation and found the
following presentations: CVA with children hemiparesis, intracranial haemorrhage
(ICH), and lacunar stroke. The average age of onset was 36 years (range 14 to 49
years) and the ICH was recurrent and often caused by a small trauma, activity or
anticoagulant therapy. Other neurological associated findings were intracranial

aneurysms and migraine (30% of the cases) .
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In regard to the ophthalmologic findings described in this syndrome, they are
very heterogeneous. When the syndrome was initially described, Vahedi et
al.® (2003) reported the case of a French family with children hemiparesis in
which all the affected members presented retinal arteriolar tortuosity with
hypopigmentation of the fundus of the eye, in addition to the small vessel

pathology of CNS (Fig. 18). A member also presented retinal hemorrhage.

C57BL/6) Col4a]+/Hexi0 C57BL/J€) Coldg]+MedD CASTBEF1

Fig 18. Patient affected with BSVD with arteriolar tortuosity, white matter abnormalities and cerebral
hemorrhage (black arrow) published by Vahedi et. Al*:

Later (2006), Gould DB etal.* published more families with this syndrome (including
the same family studied by Vahedi) and established that it was due to mutations
in the COL4A1 gene. Curiously, in the other families described subsequently,
ophthalmologic findings fundamentally affect the anterior segment and in
addition do not usually have retinal arterial tortuosity (Fig 18) . In summary

these anomalies are:

* Congenital cataract, microcornea and corneal opacity.
» Congenital glaucoma, corectopia, polycoria.

*  Microphthalmos.

* Axenfeld-Rieger syndrome.
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Fig19. Graphic summary of findings of abnormalities in the anterior segment in family with mutations

in the COL4A1 published by Capri I et al. ™

Van Agtmael et al (2005) ! and Gould et al (2006) ** have made animal models
of this disease with genetically modified mice with mutations in the col4al. In
them, they also found intracranial hemorrhages (both perinatal as in adults),
retinal vascular tortuosity and defects of the ocular anterior segment similar to
those described above in humans. Some phenotypes (Bru mice) also developed
glomerular nephropathy. Curiously, only a line of mice with a different initial
genome (C57BL/ 6]) to the other groups, expressed vascular tortuosity of the
retina (Raw mice) Fig 20 (B). This study demonstrates how the ocular phenotype
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resulting in mutations of the COL4A1 gene depends on the genetic background
in which they occur. The severity of the impairment of the syndrome may also be

influenced by this genetic background and environmental factors.

C57BL/q) Col da] /et C57BLJE) Coldg]+He=dn CASTBEF]

Fig 20. AGF in mouse control (A), in mouse C57BL/ 6] with mutation Col4al mutation ( B ) and
in mouse CASTB6F1 with mutation of the col4al gene (C). The B pattern shows tortuosity of the
retinal vessels in comparison with the other two mice families. Published by Gould et al*®.

2- PORENCEPHALY 1 (PORENI1): It is a neurological disease that is
characterized by fluid filled cavitations or cysts in the brain. They are believed to
be caused by a vascular defect of the arterioles that irrigate the brain parenchyma
and that finally involve brain degeneration. The subjects who suffer from this
disease typically present hemiplegia, epileptic seizures, and mental retardation,
although the degree of affectation is variable 2. A similar case (POREN2) caused
by mutations in the COL4A2 gene  is also described. Although associations with
ocular malformations in some patients are described, these do not usually form

part of the typical syndrome’s symptoms.

3-SUSCEPTIBILITYTOHEMORRHAGICSTROKE (ICH): Pathological
mutations of COL4A1 and COL4A2 (OMIM 614519) in patients of adult age
with CVA bleeding without other associated systemic involvement have been
identified. None of the mutations affected the highly conserved glycine residue in
the evolution of this gene and we know that in the COL4A1 gene give rise to the

diseases previously described in early ages of life. In this way, the authors suggest
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that these mutations (variants not-glycine) could represent alleles that give rise to
mild forms of this disease in adulthood as a result of the interaction with other

predisposing factors of ICH 7.

4- HANAC (Hereditary Angiopathy with Nephropathy, Aneurysms and muscle
Cramps): It is a disease characterized by involvement of the CNS (aneurysms,
leukoencephalopathy), ophthalmological (arteriolar tortuosity and hemorrhages),
renal (cysts, alteration of the glomerular filtrate) and muscle (muscle cramps,
increased creatinkinase, CK, in serum). Plaisier et al.” described in 2005 a French
family of 4 generations that presented autosomal dominant familial hematuria
associated with extrarenal manifestations: retinal arteriolar tortuosity and muscle
cramps. Although a study in two candidate genes was conducted, the genetic cause
of this new syndrome was not found. Later in 2007, the same authors published the
phenotype of 3 families with this syndrome proposing the acronym of HANAC
7 (summary Fig. 21). Renal manifestations in these families included hematuria
and bilateral large cysts. A histological study of kidney and skin revealed defects
in the basement membrane of both organs. The systemic angiopathy described
in these patients affected both small vessels (leukoencephalopathy) and great
vessels (aneurysms). The muscle cramps affected 2 of the 3 families described
and coincided with high levels of CKs. The retinal arteriolar tortuosity was a
frequent finding in all families with HANAC. Occasionally, it was associated with
symptomatic haemorrhages that were resolved without sequelae and good visual
acuity. Other findings associated with this syndrome were Raynaud’s phenomenon

and supraventricular arrhythmia.
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Kidney Findings

Microvascular
Brain Disease

Intracranial
Aneurysms

Retinal Arteriolar
Tortuosity

Fig 21. Clinical and histological findings in the HANAC syndrome that include involvement of the
CNS, ocular, renal and muscular published by E. Plaisier et al”.
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Genotype in HANAC

All the mutations described so far in the HANAC syndrome affect the glycine
residues located in exons 24 and 25 of the COL4A1 gene, suggesting that these

exons encode a critical domain for the operation of the triple helix of type IV

collagen 77 (Fig. 22).

TABLE Il. COL4A1 Mutations in Families With HANAC Syndrome and Brain and Eye Restricted Disorders

Families Nucleotide change Exon Amino acid change Refs.
HANAC syndrome
Present report

F1 €.14936G > A 24 p.Gly498Asp

F2 c.15286 = A 24 p.-GlyS10Arg

F3 €.1573 157466 > TT 25 p.Gly525Leu

Previous report
c.14936 > T 24 p.Gly498val Plaisier et al. [2007]
c.15556 > A 25 p.Gly519Arg Plaisier et al. [2007]
c.15836 > A 25 p.Gly5286Glu Plaisier et al. [2007]
Brain and eye restricted disorder 1A-T 1 — Breedveld et al. [2006]

c.1769G > A 25 p.Gly5626Glu Gould et al. [2008]
c.21596 > A 29 p.Gly? 20Asp Sibon et al. [2007]
c.22456 > A 29 p.Gly?49Ser Gould et al. [2005]
c.22636 > A 30 p.Gly?55Arg Shah et al. [2010]
c.24136> A 31 p.Gly80SArg Vahedi et al. [2007]
€.3389G > A 39 p.Gly1130Asp Breedveld et al. [2006]
c.37066 > A 43 p.Gly1236Arg Gould et al. [2005]
c4267G>C 48 p.Gly1423Arg Breedveld et al. [2006]
c.4582-4586dupCCCATG 49 — Bilguvar et al. [2009]
c.47386 > C 50 p.Gly1580Arg De Vries et al. [2009]

Fig. 22. Summary of Plaisier et al.” of all mutations in COL4A1 described in HANAC and BSVD.

The evolutionary analysis demonstrates that these glycine residues are highly
conserved in all species and that mutations in the same are often pathological (Fig.
22).In patients with HANAC, all mutations in the glycine residues are located in a
segment of 30 amino acids near the fragment CB3 of the collagenous domain that
contains the areas of union specific for integrins. Therefore, it would be possible
to establish the following hypothesis: HANAC mutations in the COL4A1 gene
produce an alteration in the bending of the collagen type IV that would lead to a
faulty interaction between the basement membrane and the adjacent cells, causing
the pathology of this syndrome. In addition to the location of these mutations,

environmental factors or genetic modifiers can influence the expression of the
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phenotype and the degree of severity of the affected organ. Recently, animal
models in mice col4al +"“* have demonstrated the key role of modifier genes in

the ocular phenotype 7.

| p.G498D | [ p.G510R |
p.G498V P-G519R p.G528E
H. saplens 489 GFPGQPGAKGDRGLPGRDGVAGVPGPQGTPCLIGQPGAKGEPGEFYF 535
M. musculus GFPGQPGAKGDRGLPGRDGLEGLPGPOGT SCGLIGQPCAKGEPGEIEF
R. norvegicus GFPGOPGAKCDRGLPGRDGLEGLPGPOGS PCLIGQPCAKGCEPGEIFF
B. torus GFPGQPGAKGDRGLPGRDGLEGLPGPOGV PGLMGQPGAKGEPGEIYF
C. familiaris GFPGQPGAKGDRGLPGRDGLEGLPGPQOGAPGLMGQPGAKGEPGEIYF
G. gallus GSPGFPGPKGEKGLPGRDGLEGVPGPFGAPCLIGLPGAKGEPGDETY
D. rerio GFPGPAGIKGEKGLPGPSGPAGNAGENGAPGLMGKPGAQGEPGDIEY

Fig 23. At the start of the figure, the 6 mutations described in HANAC with the substitution of
glycine marked in red in the amino acid sequence (489 to 535) that is very similar in all species of
evolutionary study.

In 2008, one of the directors of this work (Dr José Antonio Buil) diagnosed a
family (father and two daughters) of familial retinal arteriolar tortuosity and
proposed this author (J. Crespi) to identify the causative gene. Since the human
genome is composed of approximately 20,000 genes, identifying the causal gene
for a disease when it is not previously described is an extremely complicated and
time consuming task. A paradigmatic example of this complexity is Huntington’s
disease (HD): in 1983, it was the first hereditary syndrome where a gene was
mapped to a chromosome without prior knowledge of its location 7. Ten years
later, in 1993 the gene for HD was identified. The linkage genetic techniques used
in this entire process were pioneers and were applied later in the search for many
other genetic diseases . To identify a single gene, Dr Wexler and her team,
collected on an island of Venezuela where the prevalence of HD was very high,
more than 4000 DNA samples and documented a pedigree with more than

18000 people during this study that lasted more than 20 years®'.
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Currently, with the modernization and new techniques of molecular biology, the
genetic analysis is faster and easier, but it is still essential to know where to look

for in the complex human genome.

For the fRAT disease, we selected COL4A1l as candidate gene using the
following assumptions: the arteriolar tortuosity in the syndromes linked to
COLA4A1 previously described is very similar (if not identical) to that which
is provided in fRAT, and whose funduscopic image is so peculiar, that in fact
it is pathognomonic. Therefore, we suggest the hypothesis that fRAT could
be caused by mutations in COL4A1 that would result in a “more benign” or
restricted only to the retina. In the second publication in this thesis, we present
the results that show for the first time the relationship of COL4A1 with fRAT,
thus expanding the number of syndromes linked to this gene (BSVD, PORENT1,
and HANAC).
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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 ¢.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
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human phenotypes linked to COL441 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.

Keywords Retinal arteriolar tortuosity - FRAT - COL4AL -
Retinal hemorrhages

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
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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 heterozygous missense mutation in COL4A1 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 blunte(}_ fragments. fo%l_awed bv lieation of

o—n

p.Gly510Ag/WT

11-1 -2 -3

p.Gly510Arg/WT p.Gly510Arg/WT WT/WT

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 COL4AL allele

@ Springer

[llumina 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 30x.
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 ul PCR amplifi-
cation reaction contained 1x buffer, 100 ng of genomic DNA,
0.2 mM of each dNTP, 2 U Taq polymerase, | mM of forward
and reverse primers, and 1.5 mM MgCI2. PCR products were
analyzed in 1.5 % agarose gels, from which 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
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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 m?
(normal value: > 60 ml /min/ 1.73 m?). 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

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

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
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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

variants were shown to be deleterious by both Polyphen and
SIFT algorithms. Among those, a ¢.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 COL4A41 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

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)

@ Springer

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.

COLA4AL1 is the most abundant and ubiquitous basement
membrane protein. In the eye, COL4AL1 is present in the basal
lamina of the conjunctiva, corneal epithelium, corneal endo-
thelium, trabecular meshwork, Schlemm’s canal, lens, ciliary
body, retinal inner limiting membrane, 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
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Fig. 5 Partial nucleotide sequence of COL4A41 exon 24 in DNA from
patients #1-#3 (A-C). A heterozygous ¢.1528G>A mutation (arrow),
predicting a p.Gly510Arg missense substitution, was identified in affect-
ed individuals

the COL4AL1 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 whom were
diagnosed as having HANAC syndrome [23]. In the three
affected FRAT subjects 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 COL4A 1-related group of diseases and that an

Table 1 Comparison of clinical characteristics of the HANAC family
reported by Plaisier et al. [23] and the FRAT family in the present study,
both carrying an identical p.Gly510Arg mutation in COL4A1

HANAC FRAT

Plaisier et al. 2010 Present study

n-4 1I-1 Im-2 Pl P2 P3

Eye: RAT + + + + + o+
Retinal hemorrhages ~ + - - -+ 4+
Kidney: Bilateral cysts, - - - - - -
Decreased GFR + + - - - -
Muscle:  Cramps - + + - - -
elevated CPK. + + + - - -
Brain: Intracranial Aneurysm — - ? + - -
Leukoencephalopathy — ? - - -
Migraine - - + - - -
Other Raynaud phenomena  — + - - -

Arrhythmia -

CPK creatine phosphokinase, GFR glomerular filtration rate, RAT retinal
arteriolar tortuosity, ? not tested

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 COL4Al-related disease [24]. Further
research will be needed to explain why some COL441 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 COL4A41
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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3.5 DISCUSSION AND CONCLUSIONS

Since Beyer described this disease in 1958, only 100 cases are described in the
literature about fRAT, most of them hereditary. It is therefore, a rare or minority
disease in ophthalmology. However we believe it to be underdiagnosed ecither
because of unfamiliarity of the Ophthalmologist, either by presenting phenotypes
with little symptomatology. In the published article, this disease is for the first
time associated with mutations in the COL4A1. We believe that this article,
therefore, will have an important impact on the future management of this

disease for several reasons:

1) COL4A1 is widely expressed in the basement membranes throughout the
whole body and is also linked to systemic syndromes, so patients with fRAT
should exclude any systemic pathology previously described, even in the
absence of clinical indicators. This is contrary to what it was thought to date
about this disease*, which was considered benign, self-limiting and that it
was unnecessary to carry out systemic studies*®. An example of this is the small
carotid artery aneurysm found in the father affected with fRAT in our publication.
Although the association of fRAT and carotid aneurysm was already previously
described #2, now we know that it is not casual because of the involvement of

COLA4A1 in the pathogenesis of this disease.

2) 'The discovery of the causal gene opens options to perform genetic counselling,
modifiable factors counselling and prenatal diagnosis in affected families.
This is especially relevant in the case of COL4A1. Studies in animal models

with mutations in COL4A1 suggest that these patients should take particular
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prevention with the trauma of childbirth (advisable cesarean section for both
the carrier mother and the fetus), with traumas during adulthood and with
anticoagulant therapy for the high risk of hemorrhagic CVA %. This is also
valid from now for patients with fRAT with proven mutation in COL4A1.
In addition, patients with the same mutation can present different phenotypic
symptoms. For example, Takenouchi et al.® described the case of a patient
diagnosed with HANAC, whose daughter presented PORENCEPHALY
and both were heterozygous for the same mutation of COL4A1 (p.G1239R).
Another example we have in our article: the Spanish family presents the typical
features of fRAT while another French family published by Plaisier et al. presents
HANAC and both have the same mutation (p.GLY510Arg). Environmental
factors and genetic modifiers can vary the expression of the gene and change

the phenotype.

It is important then, that in the genetic counselling we explain all the clinical

spectrum of diseases that can occur in case of mutations of COL4A1.

We should mention however, that a single case, does not fully demonstrate yet
that fRAT is due to mutations of COL4A1. As we mentioned in the first article
published in this work on RP-Nanophthalmos, confirmation is required with
more cases to validate this association in a future. Itis also possible, as it happens
with many other genetic diseases, that mutations in different genes can give the
same symptomology of fRAT. For example, mutations in genes that encode the
laminins, another major protein of the basement membranes, can cause similar
phenotypes with ocular involvement, CNS and muscular, both in humans and

animal models 8.

For further progress in the study of this disease, we are making a second genetic

study in two additional patients diagnosed with fRAT (sporadic cases) that will
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hopefully give us more information on the role of COL4A1 and/or other genes

involved in this disease (unpublished data).

On the other hand, we are also preparing another article with E. Plaisier to
review the ophthalmological features of this disease. We have observed that these
patients in addition to the distinctive arterial tortuosity, also presented: 1) marked
hypopigmentation of the EPR 2) cortical cataract in adulthood of rapid
evolution (Fig. 24 and 25). They are traits not previously described and that
could help define the phenotype of this disease.

Fig. 24 and 25. Marked hypopigmentation of the EPR and cortical cataract in patients with fRAT.

In the same way as Alport’s syndrome (COLAZ3/5) is associated with anterior
lenticonus, it is plausible to think that the cortical cataract in these patients with
fRAT (COLA4A1) is associated with defects in the folding of type IV collagen, a
basic component of the basement membrane of the lens capsule ®. In regard to
the marked hypopigmentation of the EPR the cause is totally unknown for us.
In vitro tests, suggest that the hypopigmentation of the EPR is due in part to the
direct regulation of genes that encode enzymes related to the synthesis of melanin
(PAX6, Mitf, -Catenin)®. Therefore, we can speculate that COL4A1 could have
a regulatory role in the expression of these genes, influencing the differentiation

and pigmentation of the EPR.
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In conclusion, we have demonstrated for the first time the association of fRAT
with mutations of the COL4A1 gene, which implies a new diagnostic approach
in this disease, allows for the possibility of performing genetic counselling and
formulate proposals for new treatment and prevention. In addition, we provide
ophthalmological clinical features not previously described in fRAT that allow
to establish in a future a correlation genotype-phenotype and to differentiate it

from other systemic diseases that also present vascular tortuosity.
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4. GENERAL CONCLUSIONS

Up to relatively few years ago, the scattered distribution of patients with Rare
Diseases has hampered the diagnosis or discovery of new genes involved. Doctors
who work with a single isolated patient or a single family may as much make a
differential diagnosis and eliminate the best known causes, but they can hardly
diagnose the syndrome, and even less likely, they will find the causal gene. The
patients and families involved as it is logical, need to know in an appropriate
period of time the disease that they suffer and the gene that causes the syndrome.
A decade ago, the majority of these patients with Rare Diseases were left in a
diagnostic limbo, with little hope for a solution to a rare disease. Both patients
and researchers entered a diagnostic odyssey jumping from one gene to another in

search of an explanation about the disease.

Two new technological advances have allowed to extremely shorten the time

until reaching a diagnosis in Rare Diseases:

1. “Next-generation DNA sequencing” (NGS)

2. 'The mobilization of patients and affected families in the “social networks

(social media)”.

Next generation sequencing (NGS), also known as high-throughput sequencing,
is the catch-all term used to describe a number of different modern sequenc-

ing technologies. These recent technologies allow us to sequence DNA and RNA
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much more quickly and cheaply than the previously used Sanger sequencing, and
as such have revolutionised the study of Genomics and Molecular Biology.
To illustrate the impact of these changes (technical modernization of Molecular

Biology and social networks) serve two examples:

1-) the first one, previously commented, is that of Dr Nancy Wexler, whose team
discovered the gene for the disease of Huntington (HD). Nancy Wexler saw her
mother and aunt die because of HD. The probability of inheriting the disease was
50 %. She got married and decided not to have children. She spent the following
30 years of her life to search for the gene for the disease that affected her family,
having performed more than 4000 DNA analysis and pedigrees with more than
18,000 members. To this end, she founded together with her father organizations
of affected patients who carried out events for the spread of the disease, they raised
money for its investigation and would contact with first level scientists interested
in the elucidation of the disease. Finally, she and her team found the gene. In
addition, they created a Prenatal Diagnostic Test for the prevention of the disease.
This work is admirable, but the effort and determination to carry out a similar
task with all RD is not within reach of everyone. The burnout, in addition, in the
person involved is huge. In their own words: “iz has been to live each day playing to

the Russian roulette: I did not know if the gun was loaded with the HD gene or not “.

2-) the second example is recent and it happened in 2010. Matthew Might and
Matt Wisley are the parents of a child with a RD not previously described and
practically nothing was known about it. Researchers from the University of Duke
carried out a first diagnostic approximation by NGS and concluded in a few months
that the gene NGLY1 could be a candidate for this disease. Subsequently, they
demonstrated in laboratory models that mutations in NGLY1 affect the protein

that encodes this gene and alter the path of the deglycosylation 86. Anyway;, it was
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difficult to prove that this was the causal gene because they had a single affected
patient. Finally, they decided to inform the family about their findings, although
these were simply a hypothesis. Curiously, one of the parents wrote on the internet
(in his blog) the whole story of his son with the intention to give visibility to this
RD. This included the Duke’s researchers’ communication on the heterozygous
mutation in NGLY1. It was this blog, discovered by a doctor who treated a patient
with a similar clinical, which made it possible to diagnose a second case of this
disease 87. Another patient more (in another continent) was discovered when
the father of the affected boy sought on the internet the symptoms of his son
and found again the blog previously cited. The same parents in this last case were
the ones that suggested their doctor sequencing the NGLY1 gene. In this way, a
working team was formed consisting of the parents of children affected, doctors
and researchers who joined via the internet. 19 months after the first publication,
there are already 5 viable proposals for treatment for this disease. The parents have
organized themselves to give visibility to the disease in the social media and to

share all the relevant information on this disease87.

Thus, in less than one decade, the popularization of the social networks and
the modernization of genetic techniques (NGS) has permitted a dramatic
change in the times of diagnosis and in the coordination of relatives, doctors

and researchers implied.

In this research, we have described the genetic cause of two rare or minority diseases
in ophthalmology. The impact of these diseases in the patients is significant because
in the RP-Nanophthalmos almost all the patients come to legal blindness before
the age of 40. In the case of the family with fRAT, the presence of aneurysms
of CNS can have important consequences in the morbi-mortality. In both cases

therefore, knowing the genetic cause opens the door to develop new therapies.
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During the years that the investigation has lasted, it has been crucial to be able to
count in an unselfish way with the contribution of leading scientists in different
countries that the author of this thesis contacted by internet (especially Juan
Carlos Zenteno, of Mexico DF that has carried out all the genetic studies and
Beatriz Buentello-Volante, Texas US, that carried out without any price NGS for
the father with fRAT). The scientific interest, above any other, moves the research
in these minority diseases. Contrary to what happens with the pharmaceutical
industry, the hours of research, the genetic findings and the elaboration of possible

treatments, often have little or no economic reward for the researchers of RD.

In conclusion, we have described the involvement of MFRP and COL4A1
in two Spanish families diagnosed with rare diseases in ophthalmology. The
publication of the results in scientific journals and databases such as OMIM,
will help to disseminate these findings favouring the investigation of new

therapies against these diseases.

106



REFERENCES







REFERENCES

. Hartong DT, Berson EL, Dryja TP. Retinitis pigmentosa. Lancet 2006;
368:1795-809.

. Berger W, Kloeckner-Guissem B, Neidhardt J. The molecular basis of human
retinal and vitreoretinal diseases. Prog Retin Eye Res. 2010; 29:335-375

. (Accessed on May 2013) RetNet. The Retinal Information Network 2013.
Retrieved from http://www.sph.uth.tmc.edu/RetNet/

. (Accessed on May 2013) HGMD Human Gene Mutation Database (Biobase
Biological Databases) 2013. Retrieved from http://hgmd.cf.ac.uk

. Jaakson K, Zernant J, Kulm M, et al. Genotyping mimicroarray (disease chip)
for the ABCT (ABCA4) gene. Hum Mutat 2003;22:395-403

. Cermers FP, Kimberling W], Kulm M, et al. Development of a genotyping
microarray for Usher Syndrome. ] Med Genet 2007; 44:153-60.

. Tsang SH, Tsui I, Chou CL, et al. A novel mutation and phenotypes in
phosphodiesterase 6 deficiency. Am J Ophthalmol 2008; 146:780-8.

. Mandal MN, Heckenlively JR, Burch T, et al. Sequencing arrays for screening
multiple genes associated with early —onset human retinal degenerations on

a high-throughput platforma. Invest Ophthalmol Vis Sci 2005;46:3355-62.

. Singh O. Nanophthalmos: Guidelines for diagnosis and therapy. In: Albert
D, Jakobiec F, editors. Principles and Practice of Ophthalmology. 2nd ed.

Philadelphia, Pennsylvania: W.B. Saunders Co,2000:2846-2859.

109



NEW GENES INVOLVED IN RARE DISEASES IN OPHTHALMOLOGY

10. Stewart Dr, Streeten B, Brockhurst R, Anderson D, Hirose T, GassD.
Abnormal scleral collagen in nanophthalmos. An ultrastructural study.
Arch Ophthalmol 1991;109:1017-1025.

11. Sharan S, Grigg J, Higgins R. Nanophthalmos: ultrasound biomicroscopy
and Pentacam assessment of angle structures before and afeter cataract

surgery. ] Cataract Refract Surg 2006; 32: 1052-1055.

12. Khairallah M, Messaoud R, Zaouali S, Ben Yahia S, Ladjimi A, Jenzri S.
Posterior segment changes associated with posterior microphthalmos.

Ophthalmology 2002; 109:569-74

13. Traboulsi EI. Colobomatous microphthalmia, anophthalmia, and associated
malformation syndromes. In: Traboulsi EI, editor. Genetic diseases of the
eye. New York. Oxford University Press:1998.p.51-80

14. Weiss AH, Kousseff BG, Ross EA, Longbottom J. Simple microphthalmos.
Arch Ophthalmol 1989; 107: 1625-30.

15. Kallen B, Robert E, Harris J. The descriptive epidemiology of anophthalmia
and microphthalmia. Int ] Epidemiol 1996; 25:1009-16.

16. Fleckenstein M, Maumenee IH. Unilateral isolated microphthalmia
inherited as an autosomal recessive trait. Ophthalmic Genet 2005;26:163-8.

17. Spitznas M, Gerke E, Bateman JB. Hereditary posterior microphthalmos
with papillomacular fold and high hyperopia. Arch Ophthalmol 1983;
101:413-7.

18. Goldblum D, Mojon DS. Posterior microphthalmos associated with
papillomacular fold and high hyperopia. ] Pediatr Ophthalmol Strabismus
1999; 36:351-2.

110



REFERENCES

19. Kim JW, Boes DA, Kinyoun JL. Optical coherence tomography of bilateral
posterior microphthalmos with papillomacular fold and novel features of

retinoschisis and dialysis. Am ] Ophthalmol 2004;138:480-1.

20. Ryan EA, Zwaan ], Chylack LT Jr. Nanophthalmos with uveal effusion:
clinical and embryologic considerations. Ophthalmology 1982; 89:1013-7.

21. Fuchs], Holm K, VilhelmsenK, Rosenberg, T, Scherfig, E, Fledelius, HC.
Hereditary high hypermetropia in the Faroe Islands. Ophthal. Genet. 26:9-
15,2005.

22. (Accessed on March 2015). OMIM. Online Mendelian Inheritance in Man.
Retrieved from http://omim.org/phenotypicSeries/PS251600

23. Othman,M.I,Sullivan,S.A, Skuta G.L., Cockrell, DA, Stringham HM, Downa
CA, Fornes A, Mick A, Boehnke M, Vollrath D, Richards JE. Autosomal
dominant nanophthalmos (NNO01) with high hyperopia and angle-closure
glaucoma maps to chromosome 11. Am J Hum Genet 63: 1411-1418, 1998.

24. (Accessed on March 2015). OMIM. Online Mendelian Inheritance in Man.
Retrieved from http://omim.org/entry/600165

25. Awadalla MS, Burdon KP, Souzeau E, Landers J, HewittAW, Sharma S,
Craig JE. Mutation in TMEM?98 in a large White kindred with autosomal
dominant nanophthalmos linked to 17p12-q12. JAMA Ophthal. 132:970-
977,2014.

26. Fitzpatrick DR, van Heyningen V. Developmental eye disorders. Curr Opin
Genet Dev 2005; 15:348-53.

27.Duke-Elder S (1 1970) in Opthalmic Optics and Refraction, ed. Duke-Elder,
S. (Mosby, St. Louis) Vol.5 pp 207-300.

28. Wallman, J. & Wianwer ] ( 2004) Neuron 43, 447-468.

111



29.

30.

31

32.

33.

34.

112

NEW GENES INVOLVED IN RARE DISEASES IN OPHTHALMOLOGY

Sundin OH, Dharmaraj S, Bhutto IA, Hasegawa T, McLeod DS, Merges
CA, Silval ED, Maumenee IH, Lutty GA. Developmental basis of
nanophtahlmos: MFRP is requiered for both prenatal ocular growth and
postnatal emmetropization. Ophthalmic Genet. 2008. Mar; 29(1):1-9.

Cross HE, Yoder F. Familial nanophthalmos. Am ] Ophthal. 81: 300-306,
1976

. Sundin OH, Leppert GS, Silva ED, Yang JM, Dharmaraj S, Maumenee IH,

Santos LC, Parsa CF, Traboulsi EI, Broman KW, DiBernardo C, Sunness
JS, Toy J, Weinberg EM. Extreme hyperopia is the result of null mutations
in MFRP, which encodes a frizzled-related protein. Proc. Nat. Acad. Sci.
102:9553-9558, 2005.

Jungyeon Won, Richard S. Smith, Neal S. Peachey, Jiang Wu, Wanda L. Hicks,
Jirgen K. Naggert, Patsy M. Nishina. Membrane Frizzled Related Protein is

necessary for the normal development and maintenance of photoreceptor

outer segmentes. Vis Neurosci. 2008; 25(04): 563-574.

Ayala-Ramirez R, Graue-Wiechers F, Robredo V, Amato-Almanza M,
Horta-Diez I, Zenteno JC. A new autosomal recessive syndrome consisting

of posterior microphthalmos, retinitis pigmentosa, foveoschisis, and optic disc

drusen is caused by a MFRP gene mutation. Mol Vis 2006 Dec 4;12:1483-9.

AT Nera, Leaci R, Zenteno JC, Delfini E, Macaluso C . Membrane frizzled-
related protein gene-related ophthalmological syndrome: 30-month
follow-up of a sporadic case and review of genotype-phenotype correlation

in the literature. Mol Vis 2012; 18 : 2623-32.



REFERENCES

35. Astra Dinculescu, Jackie Estreicher, Juan C. Zenteno, Tomas S. Aleman,
Sharon B. Schwartz, Wei Chieh Huang, Alejandro ]J. Roman, Alexander
Sumaroka, Qiuhong Li, Wen-Tao Deng, Seok-Hong Min, Vince A. Chiodo,
Andy Neeley, Xuan Liu, Xinhua Shu, Margarita Matias-Florentino, Beatriz
Buentello-Volante, Sanford L. Boye, Artur V. Cideciyan, William W.
Hauswirth, Samuel G. Jacobson. Gene Therapy for Retinitis Pigmentosa
Caused by MFRP mutations: Human Phenotype and Preliminary Proff of
Concept. Hum Gene Ther 2012 April; 23(4): 367-376.

36. Schwartz SD, Regillo CD, Lam BL, Eliott D, Rosenfeld PJ], Gregori NZ,
Hubschman JP, Davis JL, Heilwell G, Spirn M, Maguire J, Gay R, Bateman
J, Ostrick RM, Morris D, Vincent M, Anglade E, Del Priore LV, Lanza R.
Human embryonic stem cell-derived retinal pigment epithelium in patients
with age-related macular degeneration and Stargardt’s macular dystrophy:
follow-up of two open-label phasel/2 studies. Lancet 2015 Feb 7; 385
(9967): 509-16.

37. Yao Li, Wen-Hsuan Wu, Chun-Wei Hsu, Huy V Nguyen, Yi-Ting Tsai,
Lawrence Chan, Takayuki Nagasaki, Irene Maumenee, Lawrence A Yannuzzi,
Quan V Hoang, Haiqing Hua, Dieter Egli, Stephen H Tsang. Gene Therapy
in Patient-specific Stem Cell Lines and a Preclinical Model of Retinitis
Pigmentosa With Membrane Frizzled-related Protein Defects. Mol Ther
2014 Sep; 22(9): 1688-97.

38. Sears J, Giman J, Sternberg P Jr. Inherited retinal arteriolar tortuosity with
retinal hemorrhages. Arch. Ophthal. 116: 1185-1188,1998.

39. Beyer E. Familiaere Tortuositas der Netzhautarterien mit Makulablutung

( Familial tortuosity of the small retinal arteries with macular hemorrhage).

Klin. Monatsbl. Aungenheilkd. 132: 532-539, 1958.

40. Werner H, Gafner F. Beitrag zur familiaeren Tortuositas der kleinen
Netzhautarterien. Ophthalmologica 141: 350-356, 1961.

113



NEW GENES INVOLVED IN RARE DISEASES IN OPHTHALMOLOGY

41. Cagianut B, Werner H Zum krankheitsbild der familiaeren Tortuositas der
kleinen Netzhautarterien mit Maculablutung. Klin. Monatsbl. Augenheilkd.
153: 533-542,1968.

42. Goldberg MF, Pollack IP, Green WR. Familial retinal arteriolar tortuosity
with retinal hemorrhage. Am J Ophthal. 73: 183-191, 1972.

43. Wells CG, Kalina RE. Progressive inherited retinal arteriolar tortuosity with
spontaneous retinal hemorrhages. Ophthalmology (92): 1015-1021, 1985.

44. Clearkin LG, Rose H, Patterson A, Mody CH. Development of retinal
arteriolar tortuosity in previously unaffected family members. Trans.

Ophthal. Soc. U.K. 105: 568-574, 1986.

45. Sears J, Gilman J, Sternberg P Jr. Inherited retinal arteriolar with retinal
hemorrhages. Arch. Ophthal. 116: 1185-1188,1998.

46. Sutter FK, Helbig H. Familial retinal arteriolar tortuosity: a review. Surv
Ophthalmol. 2003 May-Jun; 48 (3): 245-55.

47. Gekeler F, Shinoda K, Jinger M, Bartz-Schmidt KU, Gelisken F. Familial
retinal arterial tortuosity with tortuosity in nail bed capillaries. Arch
Ophthalmol 2006 Oct; 124 (10): 1492-4.

48. Seo JH,Kim I, Yu HG. A case of carotid aneurysm in familial retinal arterial
tortuosity. Korean ] Ophthalmol. 2009 Mar; 23(1): 57-8.

49. Zadok D, Levi Y, Zehavi H, Rahimi-Levene N, Nemet P, konberg A. Factor
VII deficiency in a patient with retinal arteriolar tortuosity syndrome. Eye (

Lond). 2000 Oct; 14 Pt 5: 721-3.

50. Plaisier E, Alamowitch S, Gribouval O, Mougenot B, Gaudric A, Antignac C,
Roullet E, Ronco P. Autosomal-dominant familial hematuria with retinal

arteriolar tortuosity and contractures: a novel syndrome. Kidney Int. 2005
jun; 67(6): 2354-60.

114



REFERENCES

51. Flammer ], Pache M, Resink T. Vasospasm, its role in the pathogenesis of
diseases with particular reference to the eye. Prog Retin Eye Res. 2001 May;
20(3): 319-49.

52. Grassi W, Del Medico P, 1zzo F, Cervini C. Microvascular involvement in

systemic sclerosis: capillaroscopic findings. Semin Arthritis Rheum 2001,

30: 397-402.

53. Gelman R, Martinez-Perez ME, Vanderveen DK, Moskowitz A, Fulton AB.
Diagnosis of Plus Disease in Retinopathy of Prematurity Using Retinal
Image multiScale Analysis. Invest Ophthalmol Vis Sci. 2005; 46 (12): 4734-
4738.

54. Sodi A, Ioannidis AS, Mehta A, Davey C, Beck C, Pitz S. Ocular
manifestations of Fabry’s disease: data from the Fabry Outcome Survey. Br

J Ophthalmol. 2007 Feb; 91 (2): 210-4.

55. Pastores GM, Thadhani R. Enzyme-replacement therapy for Anderson-
Fabry disease. Lancet 358: 601-603, 2001.

56. Gould DB, Phalan FC,van Mil, SE Sundberg JP, Vahedi K, Massin P, Bousser
M, Heutink P, Miner JH, Tournier-Lasserve E, John SWM. Role of COL4A1
in small-vessel disease and hemorrhagic stroke. New Eng ] Med. 354: 1489-
1496, 2006.

57.Richards A, van den Maagdenberg AMJM, Jen JC, Kavanagh D, Bertram
P, Spitzer D, Liszewski MK, Barilla-Labarca M-L, Terwindt GM, Kasai Y,
McLellan M, Grand MG, and 25 others. C- terminal truncations in human
3-prime-5-prime DNA exonuclease TREX1 cause autosomal dominant

retinal vasculopathy with cerebral leukodystrophy. Nature Genet. 39: 1068-
1070.2007.

115



NEW GENES INVOLVED IN RARE DISEASES IN OPHTHALMOLOGY

58. Cohn Ac, Kotschet K, Veitch A, Delatycki MB, McCombe MF. Novel
ophthalmological features in hereditary endotheliopathy with retinopathy,
nephropathy and stroke syndrome. Clin Experiment Ophthalmol. 2005 Apr;
33(2): 181-3.

59. Mateen FJ, Krecke K, Younge BR, Ford AL, Shaikh A, Kothari PH, Atkinson
JP. Evolution of a tumor-like lesion in cerebroretinal vasculopathy and

TREX1 mutation. Neurology 75: 1211-1213, 2010.

60. Roine S, Harju M, Kiveld T'T, Poyhonen M, Nikoskelainen E, Tuisku S,
Kalimo H, Viitanen M, Summanen PA. Ophthalmologic findings in
cerebral autosomal dominant arteriopathy with subcortical infarcts and

leukoencephalopathy: a cross-sectional study. Ophthalmology 2006 Aug;
113(8):1411-7.

61. Rufa A, Dotti MT, Frezzotti P, De Stefano N, Caporossi A, Federico A.
Hemodynamic evaluation of the optic nerve head in CADASIL. Arch
Neurol. 61:1230-1233, 2004.

62. Hara K, Shiga A, Fukutake T, Nozaki H, Miyashita A, Yokoseki A, Kawata
H, Koyama A, Arima K, Takahashi T, Ikeda M, Shiota H, and 15 others.
Associaton of HTRA1 mutations and familial ischemic cerebral small-
vessel disease. New Eng. J. Med. 360: 1729-1739, 2009.

63. Dewan A, Liu M, Hartman S, et al. HTRA1 promoter polymorphism in wet
age-related macular degeneration. Science 2006; 314:989-92.

64. Deml, B, Reis LM, Maheshwari M, Griffis C, Bick D, Semina EV. Whole
exome analysis identifies dominant COL4A1 mutations in patients with
complex ocular phenotypes involving microphthalmia. Clin. Genet. 86:
475-481,2014.

116



REFERENCES

65. Soininen R, Tikka L, Chow L, Pihlajaniemi T, Kurkinen M, Prockop D],
Boyd CD, Tryggvason K. Large introns in the 3-prime end of the gene for
the pro-alphal (IV) chain of human basement membrane collagen. Proc.

Nat. Acad. Sci. 83: 1568-1572, 1986.

66. Choi JC. Genetics of cerebral small vessel disease. ] Stroke 2015 Jan; 17
(1):7-16.

67.Kuo DS, Labelle-Dumais C, Gould DB. COL4A1 and COL4A2 mutations
and disease: insights into pathogenic mechanisms and potential therapeutic
targets. HHum Mol Genet 2012; 21: R97-110.

68. Lanfranconi S, Markus HS. COL4A1 mutations as a monogenic cause of
cerebral small vessel disease: a systematic review. Stroke 2010; 41:¢513-518.

69. Vahedi K, Massin P, Guichard JP, Miocque S, Polivka M, Goutieres F, Dress
D, Chapon F, Ruchoux M-M, Riant F, Joutel A, Gaudric A, Bousser M-G,

Tournier-Lasserve E. Hereditari infantile hemiparesis, retinal arteriolar

tortuosity, and leukoencephalopathy. Neurology 60: 57-63, 2003.

70. Coupry I, Sibon I, Mortemousque B, Rouanet F, Mine M, Goizet C.
Ophthalmological features associated with COL4A1 mutations. Arch.

Ophthal. 128: 483-489, 2010.

71. Van Agtmael T, Schlotzer-Schrehardy U, McKie L, Brownstein DG, Lee AW,
Cross SH, Sado Y, Mullins JJ, Poschl E, Jackson IJ. Dominant mutations of
col4al result in basement membrane defects wich lead to anterior segment

dysgenesis and glomerulopathy. Hum. Molec. Genet. 14:3161-3168,2005.

72. Yoneda Y, Haginoya K, Kato M, Osaka H, Yokochi K, Arai H, Kakita
A, Yamamoto T, Otsuki Y, Shimizu S, Wada T, Koyama N and 21
others. Phenotypic spectrum of COL4A1 mutations: porencephaly to

schizencephaly. Ann. Neurol. 73:48-57, 2013.

117



NEW GENES INVOLVED IN RARE DISEASES IN OPHTHALMOLOGY

73. Yoneda Y, Haginoya K, Arai H, Yamaoka S, Tsurusaki Y, Doi H, Miyake
N, Yokochi K, Osaka H, Kato M., Matsumoto N, Saitsu H. De novo and
inherited mutations in COL4A2, encoding the type IV collagen alpha-2
chain cause porencephaly. Am. J. Hum. Genet. 90: 86-90, 2012.

74. Jeanne M, Labelle-Dumais C, Jorgensen J, Kauftman WB, Mancini GM,
Favor J, Valant V, Greenberg SM, Rosand J, Gould DB. COL4A2 mutations
impair COL4A1 and COL4A2 secretion and cause hemorrhagic stroke.
Am.]. Genet. 90: 91-101, 2102.

75. Plaisier E, Alamowitch S, Gribouval O, Mougenot B, Gaudric A, Antignac C,
Roullet E, Ronco P. Autosomal-dominant familial hematuria with retinal
arteriolar tortuosity and contractures: a novel syndrome. Kidney Int. 67:

2354-2360, 2005.

76. Plaisier E, Gribouval O, Alamowitch S, Mougenot B, Prost C, Verpont MC,
Marro B, Desmettre T, Cohen SY, Roullet E, Dracon M, Fardeau M, Van
Agtmael T, Kerjaschki D, Antignac C, Ronco P. COL4A1 mutations and
hereditary angiopathy, nephropathy, aneurysms, and muscle cramps. New

Eng ] Med. 357: 2687-2695, 2007.

77. Plaisier E, Chen Z, Gekeler F, Benhassine S, Dahan K, Marro B, Alamowitch
S, Paques M, Ronco P. Novel COL4A1 mutations associated with HANAC
syndrome: a role for triple CB3(IV) domain. Am.].Med.Genet. 1522:2550-
2555, 2010.

78. Gould DB, Marchant JK, Savinova OV, Smith RS, John SW. Col4al
mutation causes endoplasmic reticulum stress and genetically modifiable
ocular dysginesis. Hum Mol Genet 2007; 16: 798-807.

79. Gusellaetal. A polymorphicDNA markergeneticallylinked to Huntington’s
Disease. Nature 306, 234-239. 1983.

118



REFERENCES

80. Conneally PM, Haines JL, Tanzi RE, Wexler NS, Penchaszadeh GK, Harper
PS, Folstein SE, Cassiman JJ, Myers RH, Young AS, Hayden MR, Falek
A, Tolosa ES, Crespi S, Di Maio L, Holmgren G, Anvret M, Kanzawa I,
Gusella JF. 1989. Huntington disease : No evidence for locus heterogeneity,
Genomics 5: 304-308.

81. 'The Huntington’s disease Collaborative Research Group. A novel gene
containing a trinucleotide repeat that is expanded and unstable on
Huntington’s disease chromosome. Cell, 72 971-983. 1993.

82. Seo JH, Kim I, Yu HG. A Case of carotid aneurysm in familial retinal
arterial tortuosity. Korean ] Ophthalmol. 2009 Mar;23(1):57-8

83. Takenouchi T, Ohyagi M, Torii C, Kosaki R, Takahashi T, Kosaki K.
Porencephaly in a fetus and HANAC in her father: variable expression of
COL4A1 mutation. Am | Med Genet A. 2015 Jan; 167(1):156-8.

84. Cummimngs CF, Hudson BG. Lens capsule as a model to study type IV
collagen. Connect Tissue Res. 2014. Jan-Feb; 55 (1): 8-12.

85. Fujimura N, Klimova L, Antosova B, Smolikova J, Machon O, Kozmik Z.
Genetic interaction between Pax 6 and B-catenin in the developing retinal
pigment epithelium. Dev Genes Evol 2015 Apr; 225 (2): 121-8.

86. Enns GM, Shashi V, Bainbridge M et al. Mutations in NGLY1 cause an
inherited disorder of the endoplasmic reticulum-associated degradation
pathway. Genet Med 2014.

87. The shifting model in clinical diagnostics: how next-generation sequencing

and families are altering the way rare diseases are discovered, studied and
treated. Might M, Wilsey M. Genet Med 2014 Oct;16(10):736-7.

119






New genes involved in rare
diseases in ophthalmology

Dr. Jaume Crespi received his medical degree from
University of Barcelona, Hospital Clinic (1997-2003). He
performed his Ophthalmology residency at the Sant Pau’s
Hospital, UAB (2004-2008). He received a resident grant
from the European Board of Ophthalmology and did a
tellowship in Ocular Oncology at Helsinki’s Eye Hospital.
He is currently a Senior Retinal Specialist at Sant Pau’s
Hospital and at Institut Comtal d"Oftalmologia where he practices surgical and
medical retina.

Dr. Crespi is focusing his research interest on macular diseases, anti-VEGF
therapy and rare/genetic diseases in Ophthalmology. He is the lead investigator
of several clinical studies involving age-related macular degeneration, ocular
genetics and diabetic retinopathy. Besides this research interest, he is also active
in the education of ophthalmology residents, speaks at national conferences and
publishes papers in ophthalmology journals.



