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ABSTRACT

BACKGROUND

Age-related macular degeneration (AMD) is the most common cause of irreversible vi-
sion loss in the developed world. The study of a rare mendelian form of macular degen-
eration implicated fibulin genes in the pathogenesis of more common forms of this
disease. We evaluated five fibulin genes in a large series of patients with AMD.

METHODS

We studied 402 patients with AMD and 429 control subjects from the same clinic pop-
ulation. Patients were examined by means of indirect ophthalmoscopy, slit-lamp mi-
croscopy, and fundus photography to establish the presence and phenotypic pattern
of AMD. DNA samples were screened for sequence variations in five members of the
fibulin gene family.

RESULTS

Amino acid-altering sequence variations were found in all five fibulin genes, many of
which were observed only in patients with AMD. Several of the altered residues have
been conserved during evolution. Seven of the 402 patients with AMD had amino acid-
altering sequence variations in the fibulin 5 gene, whereas none were observed among
429 control subjects (P<0.01). In addition, these seven patients all had small, circular
drusen, which are commonly referred to as basal laminar or cuticular drusen.

CONCLUSIONS
Missense mutations in the fibulin 5 gene were found in 1.7 percent of patients with
AMD. Many variations in other fibulin genes were also found in these patients, and the
evolutionary conservation of the affected residues suggests that several of these varia-
tions may also be involved in AMD.
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FIBULIN 5 MUTATIONS IN AGE-RELATED MACULAR DEGENERATION

GE-RELATED MACULAR DEGENERA-

tion (AMD) is the most common cause of

irreversible vision loss in the developed
world.* In most patients, the disease is manifest
as ophthalmoscopically visible yellowish accumu-
lations of protein and lipid (known as drusen) that
lie beneath the retinal pigment epithelium and with-
in an elastin-containing structure known as Bruch’s
membrane. In the United States alone, more than
7 million people have drusen of sufficient size and
number that they are at substantial risk for severe
visual loss.* AMD is likely to be a mechanistically
heterogeneous group of disorders, and the specific
disease mechanisms that underlie the vast majority
of cases are currently unknown. However, a num-
ber of studies have suggested that both genetic and
environmental factors are likely to play a role.>””
On the basis of the study of other inherited retinal
disorders, AMD is likely to display extensive ge-
netic heterogeneity, involving functional sequence
variations in numerous genes, sometimes singly
and sometimes in combination. Because AMD is a
late-onset disorder, many of these variations are
likely to have subtle effects on the proteins they en-
code and will therefore have variable expressivity
and incomplete penetrance.

In the pastdecade, many groups used positional
cloning to try to identify genes that cause early-
onset heritable macular diseases in the hope that
identification of these genes would provide insight
into the late-onset forms of disease. Several genes
were identified with the use of this approach,®14
but none have convincingly been demonstrated to
be involved in a clinically significant fraction of
late-onset macular degeneration.*>*® The mende-
lian macular disease that is arguably most similar
to “typical” AMD is variably known as malattia lev-
entinese, Doyne’s honeycomb retinal dystrophy,
and radial drusen'” and is caused by a single muta-
tion (Arg345Trp) in the fibulin 3 gene (also known
as EFEMP1).

Marmorstein et al.'® examined the eyes of an
86-year-old patient with malattia leventinese and
discovered that fibulin 3 accumulates within and
beneath the retinal pigment epithelium but not
within the drusen themselves. These authors also
showed that in patients with typical AMD, fibulin 3
accumulates between the retinal pigment epitheli-
um and drusen, but not elsewhere. Furthermore,
while investigating the potential pathophysiolog-
ical mechanism of the single disease-causing mis-
sense mutation, they discovered that the mutant
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fibulin 3 protein was not secreted from transfected
RPE-] cells at the same rate as the wild-type protein
and appeared to be misfolded.

Despite the clinical and histopathological simi-
larities between malattia leventinese and typical
AMD, variations in the coding sequence of fibulin 3
have not been found in patients with AMD.*3 In
this study, we tested the hypothesis that variations
in other members of the fibulin gene family are in-
volved in the pathogenesis of macular degeneration
by examining the coding sequences of the genes for
fibulin 1, 2, 4, 5, and 6 in more than 400 patients
with AMD.

METHODS

A total of 402 unrelated patients with the clinical
diagnosis of AMD were enrolled in the study after
providing written informed consent. Among these
patients, 367 were patients of the Retina Clinic of
the University of Iowa, and the remaining 35 were
patients of retina specialists elsewhere in the Unit-
ed States. All patients had been examined by fellow-
ship-trained retina specialists and had received a
diagnosis of AMD on the basis of the presence of
one or more of the following features: drusen,
disruption or atrophy of the retinal pigment epi-
thelium, and choroidal neovascularization. Ap-
proximately 40 percent of the study patients had
choroidal neovascularization.

Two groups of unrelated control subjects from
the University of lowa were studied. The first group
consisted of 263 subjects (general-population con-
trols) over the age of 50 years who had no history of
macular degeneration. The eyes of these subjects
were not examined as part of this study. The sec-
ond group consisted of 166 subjects over the age
of 50 years (average age, 75.5) who had no family

Table 1. Number of Different Sequence Variations.
No. of No. of
Synonymous and  Amino Acid-Altering
Fibulin Gene Noncoding Variations Variations
Fibulin 1 21 8
Fibulin 2 26 13
Fibulin 4 6 2
Fibulin 5 7 7
Fibulin 6 11 13
Total 71 43

Total Variations

29
39
8
14
24
114

JULY 22, 2004

347

Downloaded from www.nejm.org on November 12, 2009 . For personal use only. No other uses without permission.
Copyright © 2004 Massachusetts Medical Society. All rights reserved.



348

The NEW ENGLAND JOURNAL of MEDICINE

Table 2. Amino Acid Variants.

Gene and Variant

Fibulin 1
Gly96Ser
Alall9val
lle164Val
Val428Leu
Ala564Thr
Arg577Trp
His688Arg
His695Arg

Fibulin 2
Glu66Lys
Pro84Arg
His1l44Arg
Thr210Pro
1 bp insertion (t) at codon 228
Ala311Thr
Val356Met
Ser361Gly
Asn387Thr
Pro409Leu
Glu556Gly
Arg566Leu
Pro1110Ala

Fibulin 4
Pro47Ser
Gly93Ser

Fibulin 5
Val60Leu
Arg71Gln
Pro87Ser
1le169Thr
Arg351Trp
Ala363Thr
Gly412Glu

Fibulin 6
Met2328lle
11e2419Thr
Ala2463Pro
Glu2494Gln
Ile4638Val
GIn4651His
Asp4744Glu
Asp5088Val
Arg5173His
His5245GlIn
11e5256Thr
GIn5346Arg
Pro5506Ser

Nucleotide Change

ggtoagt
geeogte
atcogtc
gtg-tig
gca—aca
cgg-teg
cac—>cge
cac—>cge

gag—aag
cceocge
cac—>cge
aca—cca
gce—acc
gtg—atg
agc-gge
aac—acc
ccgoctg
gaa—gga
cga—cta
cca—gca

cca-tca
ggc—age

gttt
cgg—cag
cceotec
att—-act

cgg-tgg
gctact

888838

atg—ata
ata—aca
gca—cca
gag-cag
attogtt
cag—cac
gat—gaa
gat-gtt
cgc>cac
cac—cag
att—act
caa—cga
ccetec

Patients (N=402) Controls (N=263)*

OO HHFOHO

—

—

o

ONHHFWHOH,HFNOHH

HHEFHEFONONOHFWUOO

no. of heterozygotes

NHFOHHOHOHM

—

o

[eNeoNoNoNoNoNo]

5749 5609

HHOOOOOHOOOOO

Degree of Conservation

no. of conserved variations/
total no. of variations

0/3

8/8, algae

3/5, sugar cane

2/6, other mammals
6/6, bacteria

2/5, frog

3/5, other mammals
6/8, worm

3/3, algae
4/4, wheat
0/2

3/4, sea urchin
Frame shift::
1/4, algae
0/2

0/2

0/2

2/2, rodent
1/3, horse
2/2, rodent
1/4, bacteria

4/7, fungus
4/4, other mammals

6/6, fly

4/4, chicken
1/3, cow
6/6, fish
6/6, chicken
6/6, chicken
6/6, algae

2/2, rodent
2/3, chicken
8/8, barley
4/4, fish
2/2, mouse
2/2, mouse
1/3, cotton
1/2, mouse
4/4, wheat
4/5, fish
4/4, frog
10/10, fish**
6/6, worm

*

and 6, whereas all 429 controls were screened for variations in the fibulin 5 gene.

A total of 263 general-population controls were screened for coding-sequence variations in the genes for fibulin 1, 2, 4,

" Values are the number of nonhuman species that share this residue with humans. The species with the greatest phylo-

genic distance from humans with a sequence that is homologous to that of humans is also given.

§ This common variant is reported as the allele frequency.

9§ This extremely common variant could not be reliably detected with the use of single-strand conformational polymor-
phism analysis, and the allele frequency was determined on the basis of sequencing data from 25 controls and 27 pa-
tients. In our screening population, the published wild-type allele (isoleucine) is the least frequent.

| Review of fundus photographs of this patient revealed several drusen near the optic-nerve head.

**This entry combines our own homology data with those of Schultz et al.22

I This insertion would be expected to cause the translation of 43 incorrect residues followed by a premature stop. There-
fore, many highly conserved residues would be lost.
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history of macular degeneration and who had been
examined by an ophthalmologist and found to be
free of macular degeneration. The patients and con-
trols from the University of Iowa were all enrolled
during the same period by the same clinic. Over
80 percent of both groups described themselves
as “caucasian.” Genotype data from previous stud-
ies of large subgroups of these groups*®?° have
shown that the patient and control groups are
closely matched ethnically.

DNA was extracted from peripheral blood ac-
cording to a previously described protocol.?* Sam-
ples from the 402 patients with AMD and the 263
general-population controls were screened for cod-
ing-sequence variations in the genes for fibulin 1,
2, 4,5, and 6 with the use of single-strand confor-
mational polymorphism analysis as previously de-
scribed.?® With the exception of a single exon each
in the genes for fibulin 1 and fibulin 2 (which would
not amplify reliably), the entire coding sequences
of fibulin 1, 2, 4, and 5 (a total of 67 amplimers)
were screened. Twenty-five of 107 exons of fibulin
6 were selected for screening on the basis of the
location of known functional domains. An addi-
tional 166 controls without AMD were screened
for variations in the entire coding sequence of fibu-
lin 5. Samples from all 402 patients with AMD and
all 429 controls were screened for the GIn5346Arg
change in exon 104 of the fibulin 6 gene reported
by Schultz et al.** with the use of a denaturing
high-performance liquid chromatography assay.
The three samples found to harbor the GIn5346Arg
change were confirmed by means of bidirection-
al automated DNA sequencing. Differences in
the frequencies of coding-sequence variations be-
tween patients with AMD and controls were eval-
uated by means of Fisher’s exact test. To evaluate
the evolutionary conservation of residues with se-
quence variations, we used the nucleotide BLAST
program and published expressed sequence tags.
Each exon from the human fibulin 5 gene was used
to identify homologous expressed sequence tags
across multiple species. The expressed sequence
tags used for subsequent analysis exhibited a min-
imum of 80 percent agreement with the human se-
quence.

For reverse-transcriptase—polymerase-chain-
reaction (RT-PCR) analysis of the expression of fibu-
lin 5, total RNA was extracted from the neurosen-
sory retina and the retinal pigment epithelium of
an eye from an adult donor with the use of Qiagen
RNeasy minipreps. One microgram of DNase-treat-

ed RNA was reverse-transcribed in a random primed
reaction with SuperScriptllI reverse transcriptase.
Then 25-ng aliquots of this material were amplified
by means of PCR.

RESULTS

We found 114 different variations in the sequences
of'the genes for fibulin 1, 2, 4, 5, and 6 (Table 1). Of
these, 62 percent would not be expected to alter the
structure of the encoded protein, whereas the re-
mainder (38 percent) would alter one or more ami-
no acids. Table 2 lists all the amino acid-altering
variations we observed as well as their distribu-
tion in patients and controls. All but two of these
changes were so rare that they were observed only
in the heterozygous state. The two common chang-
es— Ser361Glyin fibulin 2 and Ile2419Thr in fibu-
lin 6 — were observed in the homozygous state in
some subjects, but the frequencies of homozygos-
ity were the same among patients and controls and
were compatible with the presence of Hardy-
Weinberg equilibrium. Table 3 shows the number
of patients and controls who had one or more ami-
no acid variants in a given fibulin gene. Only fibulin
5 showed a significant association between amino
acid variations and AMD (P<0.01 by Fisher’s exact
test). Fibulin 2 and fibulin 6 each had a very com-
mon amino acid change that was present in equal
frequency among patients and controls (Table 2).
After the removal of these changes from the analy-
sis, the remaining variations in these genes were
still not significantly associated with the AMD phe-
notype (Table 3).

Table 3. Amino Acid Variants in Patients and Controls.*

Gene Patients Controls P Value

no. /total no.

Fibulin 1 14/402 17/263 0.09
Fibulin 2 21/4027 17/263 0.50
Fibulin 4 4/402 1/263 0.65
Fibulin 5 7/402 0/429 0.006
Fibulin 6 14/402 3/263 0.08

* Two very common changes — Ser361Gly (in fibulin 2)
and 11e2419Thr (in fibulin 6) — were not included in this
analysis.

T One patient had two different changes in fibulin 2; thus,
the number of patients with fibulin 2 changes is one less
than the number of fibulin 2 mutations shown in Table 2.
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Figure 1. Locations of Amino Acid—Altering Sequence Variations in the Six
Members of the Fibulin Gene Family.

The repeating domain structures of the six members of the fibulin gene family
are shown: epithelial growth factor (EGF)-like domains, calcium-binding EGF-
like domains, anaphylatoxin domains of fibulin 1 and fibulin 2, and immunoglo-
bulin domains of fibulin 6. Numbers within the immunoglobulin domains
indicate the number of repeats. Each of the amino acid-altering sequence
variations listed in Table 2 is shown: solid circles represent variants found
only in patients with AMD, hatched circles variants found in both controls
and patients, open circles variants found only in controls, and boxed circles
variants found in a codon that was completely conserved among all homolo-
gous expressed sequence tags (Table 2). All of the fibulin 5 changes were
observed only in patients with AMD, and six of the seven changes in this se-
quence occurred in residues that were completely conserved. The frame-shift
mutation in fibulin 2 is enclosed by a circle because it would eliminate a num-
ber of completely conserved residues. The fibulin 3 gene was not screened in
the study and is included only for comparison.*® The disease-causing change
in this sequence is shown as a boxed asterisk instead of a circle because it was
only observed in patients with radial drusen — not typical late-onset macular
degeneration.*® The GIn5346Arg change in fibulin 6 previously reported by
Schultz et al.?? is marked with an arrow.

The GIn5346Arg change in fibulin 6 reported by
Schultz and coworkers** was observed in two pa-
tients with AMD and one control subject. However,
this control had had photographs taken of his eyes
in our glaucoma clinic in the past, and careful re-
view of these photographs revealed several small,
round drusen near the optic-nerve head that were
similar in appearance to those seen in the patients
with fibulin 5 changes.
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Figure 1 shows the placement of the amino acid
variations we observed with respect to the repeated
domain structure of the fibulin gene family. The in-
sertion of 1 bp in fibulin 2 would be expected to
cause a premature truncation of the molecule be-
fore the anaphylatoxin and epidermal growth fac-
tor (EGF)-like domains. This particular variation
was observed in seven of eight affected members of
alarge family with AMD (data not shown). Similar-
ly, the GIn5346Arg change in fibulin 6 (previously
reported by Schultz et al.??) is found in the EGF-
like domain that is nearest the carboxy terminal of
a cluster of these domains — a position similar to
the location of the Arg345Trp mutation in fibulin 3.
Figure 1 also shows which of these variations were
observed only in patients with AMD and notin con-
trols, since these would be somewhat more likely
to be true disease-causing variations than those ap-
pearing with equal frequency among patients and
controls.

The seven patients with amino acid changes in
fibulin 5 had all been examined and photographed
in the retina clinic at the University of Iowa in the
past 12 years. All seven described themselves as
“caucasian.” Five had fluorescein angiograms as
part of their medical record. Review of the retinal
photographs revealed that these seven patients all
had clusters of small, round, uniform drusen in as-
sociation with variable degrees of detachment of
retinal pigment epithelium. Figure 2A shows the
color fundus photograph and fluorescein angio-
gram of the patient with the Arg71Gln change in
fibulin 5. The most characteristic lesions are the
numerous small, round, yellow lesions visible at the
temporal edge of the macula. The larger, less dis-
tinct yellow areas nearer the center of the macula
represent areas of pigment epithelial detachment.
The fluorescein angiogram of this eye (Fig. 2B, 2C,
and 2D) reveals these small, dot-like lesions to be
brightly hyperfluorescent, whereas the areas of pig-
ment epithelial detachment are much less visible.
Three of the seven patients with fibulin 5 mutations
(43 percent) had evidence of choroidal neovascu-
larization when they were last examined. This rate
was nearly identical to the rate of choroidal neovas-
cularization in the group of patients with AMD as
awhole (40 percent).

Although fibulin genes are known to be widely
expressed and expressed sequence tags for fibulin 5
have been found in complementary-DNA libraries
derived from eye and brain, we confirmed the ex-
pression of fibulin 5 in the retina and the retinal
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Figure 2. Ophthalmoscopic and Angiographic Findings
in a 64-Year-Old Woman with an Arg71Gln Variation
in the Fibulin 5 Gene.

The retina of the patient’s right eye has numerous small,
round drusen surrounding several zones of pigment epi-
thelial detachment, the largest of which is marked with
an asterisk (Panel A). On fluorescein angiography, the
small drusen fluoresce more brightly than the detached
areas of retinal pigment epithelium (Panel B). Panels C
and D are enlargements of the left-hand and right-hand
boxed areas of Panel B, respectively. Representative dru-
sen are marked with arrows.

pigment epithelium by means of RT-PCR analysis
(data not shown).

DISCUSSION

The fibulins are a relatively recently recognized
family of extracellular proteins®3 that are widely ex-
pressed in the basement membranes of epithelia
and blood vessels. Their most recognizable struc-
tural feature is the tandem array of four or more
calcium-binding EGF-like domains (Fig. 1). Fibu-
lin 3, 4, and 5 are the smallest members of the fam-
ily and are nearly identical in their modular organi-
zation. In addition, fibulin 4 and fibulin 5 are over
40 percent identical to fibulin 3 at the amino acid
level. All fibulins have binding sites for other base-
ment-membrane proteins, such as fibrillin, fibro-
nectin, proteoglycans, integrins, and tropoelastin.
Fibulin 5 appears to be essential for the polymeri-
zation of elastin, because in mice and humans with-
out functional copies of the fibulin 5 gene, tro-
poelastin is synthesized but is not assembled into
its mature elastin fibrils.?4-26

In 1999, an amino acid variation (Arg345Trp) in
fibulin 3 was shown to be responsible for a specific
form of drusen that are inherited in an autosomal
dominant fashion.? The drusen caused by this mu-
tation are quite unusual in that they are distributed
in streaks and lines that radiate from the center of
the fovea. The molecular basis for this radial distri-
bution is unknown, but it may be relevant that fibu-
lin 6, or hemicentin, is capable of organizing cells
into linear arrays during development.?” In 2003,
Schultz and coworkers?? found that an amino acid
variation in fibulin 6 (GIn5346Arg) segregated in
a large family with AMD.

Each of the five fibulin genes we examined had
atleastone amino acid variant in patients with AMD
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that was not present in control subjects. In all, we
observed 27 such changes, and many of these may
cause AMD. Fifteen of these 27 changes affect res-
idues that are completely conserved among all spe-
cies for which expressed sequence tags could be
identified with our search strategy. However, four
of the fibulin genes also harbor one or more amino
acid variations that were present in both patients
and controls, and eight of these variants (presentin
12 subjects) were present only in controls. Only the
variations in fibulin 5 were significantly more nu-
merous among patients than controls.

All seven of the amino acid-altering fibulin vari-
ants differed from one another. If we had observed
only a single variation, there is a possibility that an
unrecognized difference in ancestry might exist be-
tween the patients and controls or that the observed
variation was in linkage disequilibrium with a true
disease-causing variation nearby. However, given
that seven different variations were observed, the
most plausible explanation is that the variations
themselves are actually involved in the disease.
Six of these variations were completely conserved
among the four to six species for which homology
was detected. The expression of fibulin 5 in the ret-
inal pigment epithelium (the tissue beneath which
drusen accumulate) and the homology between
fibulin 5 and fibulin 3 (a gene known to cause hu-
man macular disease) are further evidence that
fibulin 5 has a role in the pathogenesis of AMD.

All seven of the patients with amino acid varia-
tions in this gene were found to have a phenotype
that includes small, round, uniform drusen. First
described by Gass in 1977,%® such drusen (when
very numerous) are referred to by clinicians as ei-
ther basal laminar or cuticular drusen. Gass et al.
later observed that patients with this phenotype are
prone to large detachments of the retinal pigment
epithelium.?® This observation suggests that the
molecular abnormality that gives rise to this type of
drusen might also alter the attachment of the reti-
nal pigment epithelium to Bruch’s membrane. The
photographs of five of the seven patients in this
study with variations in fibulin 5 revealed regions
of detachment of retinal pigment epithelium (Fig.
2). Cuticular drusen and detachments of retinal
pigment epithelium are present in at least 20 per-
cent of patients with AMD. Thus, missense chang-
es in the fibulin 5 gene cannot be the sole cause of
this phenotype.

The mechanism by which heterozygous mis-

sense mutations in the fibulin 5 gene could cause
macular degeneration is not known. The fact that
a drusen-causing missense variation in the closely
related fibulin 3 gene is associated with misfolding
and impaired secretion from retinal pigment epi-
thelial cells®® raises the possibility that a similar
mechanism may be operative for at least some of
the variations we observed. As noted, fibulin 5 is es-
sential for the polymerization of elastin in humans
and mice.?*"2° Elastin is a major component of the
multilayered structure, known as Bruch’s mem-
brane, in which drusen form, and it is possible that
reduced amounts of fibulin 5 protein in the extra-
cellular space — or changes in specific residues that
are important for the interaction with tropoelas-
tin — alter the normal assembly of elastin within
Bruch’s membrane. It is also possible that interfer-
ence with some other function of fibulin 5, such as
integrin-mediated cell attachment,?® will prove on
further study to be the mechanism involved in fibu-
lin 5-associated AMD. The fact that all of our pa-
tients with missense mutations in the fibulin 5 gene
had some ophthalmoscopically visible detachment
of the retinal pigment epithelium would support
such a hypothesis.

In conclusion, we have demonstrated a signifi-
cant association between sequence variations in a
member of the fibulin gene family and typical
AMD — the most common cause of irreversible
vision loss in the developed world. In addition, we
detected a number of other amino acid-altering
variations in other fibulin genes in our patients with
AMD, and the degree of evolutionary conservation
of some of these residues suggests that they, too,
may be involved in the pathogenesis of this disease.
These findings should intensify interest in the com-
ponents of Bruch’s membrane as important par-
ticipants in the pathophysiology of AMD and may
facilitate the development of a murine model of
AMD. Such a model would be useful in the search
for drugs and other interventions for this common

cause of blindness.
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