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Non-exomic and synonymous variants in ABCA4
are an important cause of Stargardt disease
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Mutations in ABCA4 cause Stargardt disease and other blinding autosomal recessive retinal disorders.
However, sequencing of the complete coding sequence in patients with clinical features of Stargardt disease
sometimes fails to detect one or both mutations. For example, among 208 individuals with clear clinical evidence
of ABCA4 disease ascertained at a single institution, 28 had only one disease-causing allele identified in the
exons and splice junctions of the primary retinal transcript of the gene. Haplotype analysis of these 28 probands
revealed 3 haplotypes shared among ten families, suggesting that 18 of the 28 missing alleles were rare enough
to be present only once in the cohort. We hypothesized that mutations near rare alternate splice junctions in
ABCA4might cause disease by increasing the probability of mis-splicing atthese sites. Next-generation sequen-
cing of RNA extracted from human donor eyes revealed more than a dozen alternate exons that are occasionally
incorporated into the ABCA4 transcript in normal human retina. We sequenced the genomic DNA containing 15
of these minor exons in the 28 one-allele subjects and observed five instances of two different variations in the
splice signals of exon 36.1 that were not present in normal individuals (P < 10~°). Analysis of RNA obtained from
the keratinocytes of patients with these mutations revealed the predicted alternate transcript. This study illus-
trates the utility of RNA sequence analysis of human donor tissue and patient-derived cell lines to identify muta-
tions that would be undetectable by exome sequencing.

transport of all-trans-retinal from the outer segment disk to the
outer segment cytoplasm in the form of a mono-substituted
phospholipid known as N-retinylidene-phosphatidylethanolamine
(N-ret-PE) (3,4). When ABCA4 is defective, N-ret-PE tarries on

INTRODUCTION

Mutations in the gene encoding the ATP binding cassette transport-
er of the retina (ABCA4 NM_000350.2) cause a wide spectrum of

recessive retinal diseases that range in severity from Stargardt
disease to cone-rod dystrophy and retinitis pigmentosa depending
upon the degree of residual transporter function in the encoded
protein (1,2). The normal function of ABCA4 is to facilitate the

the inner leaflet of the outer segment disk long enough for a
second retinyl moiety to covalently bond to the nitrogen atom of
the ethanolamine, irreversibly forming a toxic, insoluble, bis-
retinoid known as A2PE. With relatively mild genotypes, the
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A2PE and its derivative A2E do not accumulate to injurious levels
in the photoreceptor cells but instead accumulate in the underlying
retinal pigment epithelium (RPE) as a result of the normal phago-
cytic turnover of the outer segments. There, the bisretinoids can (i)
engorge the RPE causing the clinical findings known as a vermil-
lion fundus or a masked choroid, (ii) accumulate beneath the
RPE as yellowish deposits known as pisciform flecks, and/or (iii)
cause the death of RPE cells. Cone photoreceptor cells are more
sensitive to bisretinoid accumulation than rod photoreceptors so
that A BCA4 genotypes of intermediate severity cause a cone select-
ive photoreceptor loss that is recognized clinically and
electrophysiologically as cone-rod dystrophy. The most severe
genotypes cause a sufficient accumulation of bisretinoid in the
rods that they also succumb, giving rise to a clinical and
electrophysiological phenotype similar to typical retinitis
Pigmentosa (2).

Viral-mediated gene replacement has been shown to rescue
the retinal phenotype caused by 4Abca4 mutations in mice (5)
and a phase 1 human clinical trial of such treatment is now under-
way (Clinical trial identifier: NCT01367444). Demonstrating the
therapeutic efficacy of gene replacement in later phases will be
facilitated by using the patients’ genotype to both choose the
optimal point in the disease course to administer the therapy as
well as to balance the disease severity among individuals in the
treatment and control groups. Schindler ef al. (1) demonstrated
that ABCA4 alleles contribute to an individual’s phenotype in an
additive fashion. They also calculated severity coefficients for 16
of the most common variations in the ABCA4 gene. This approach
is most applicable to patients who have clinical features and geno-
types that are both consistent with A BCA4 disease. However, geno-
type—phenotype correlations are rarely perfect even after decades
of careful study. In any population of patients with apparently her-
itable macular disease, there will be people who appear clinically to
have ABCA4 disease but who do not have two detectable disease-
causing alleles. It would be unwise to enroll such subjects into clin-
ical trials of invasive therapies such as gene replacement because if
their disease is caused by some other gene or non-genetic pheno-
copy, the treatment would not help them and could harm them.

A number of disease-causing ABCA4 mutations must lie
outside the coding sequences because some patients with
classic clinical features exhibit at most one disease-causing
variant when their coding regions are screened (1,6,7).
Shotgun sequencing of the introns of these patients has not
been very fruitful, in part because the gene is so large and in
part because it harbors many repetitive elements. In the
present study, we used sequencing of RNA extracted from
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normal human retina to identify sequences that are sufficiently
close to canonical splice signals that the splicing machinery
uses them for a detectable number of splicing events. We
hypothesized that such sequences could act as mutation suscep-
tibility sites that would make single nucleotide variations occur-
ring within them much more likely to cause disease than similar
variations elsewhere in the genomic sequence of the gene.

RESULTS

We reasoned that the individuals most likely to harbor a non-
exomic disease-causing mutation in 4BCA4 would be those
who (i) exhibited multiple characteristic clinical features of
ABCA4-related disease (see Materials and Methods) and (ii) har-
bored a single plausible disease-causing allele. Between 1997
and 2013, 208 probands were ascertained at the University of
Iowa with characteristic clinical features of ABCA4-associated
retinal disease. Sequencing of the ABCA4 coding sequences
and canonical splice junctions in these individuals revealed
zero (n = 3), one (n = 28) or two (n = 177) plausible disease-
causing mutations. The 28 unrelated subjects with one detectable
ABCA4 mutation served as the primary cohort for this study.
To estimate the number of different mutations that exist among
the currently undetectable 8.2% of ABCA4 disease alleles (34/
416) and to identify sub-regions of the gene that harbor them,
we performed haplotype analysis of the 28 one-allele probands
and their nuclear families. Ifa relatively small number of different
mutations account for the majority of the currently undetectable
disease alleles, we would expect to observe more haplotype
sharing among the members of the one-allele cohort than
among controls. Also, if some or all of these mutations are
ancient, historical recombination events might limit the sharing
to a small enough portion of the gene to materially aid in the iden-
tification of the mutations. To examine these possibilities, we first
developed a multiplexed allele-specific assay for 60 tagged SNPs
(Supplementary Material, Table S1) spanning the ABCA4 gene
(see Materials and Methods) and used this assay to genotype the
28 members of the one-allele cohort, their family members and
18 control trios. We observed 3 shared haplotypes that were
longer and more common in the individuals with 1 ABCA4
disease allele than in the 18 control trios (Fig. 1). Four members
of the one-allele cohort share a haplotype (H1) spanning 28 kb
centered on intron 31, three members share a haplotype (H2) span-
ning 114 kb centered on intron 16 and three members share a
haplotype (H3) spanning 17 kb centered on intron 30. The
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Figure 1. ABCA4 haplotype analysis. The positions of the 60-tagged SNPs used for the haplotype analysis are shown as small vertical lines beneath the schematic
diagram of the genomic structure of the ABCA4 gene. The SNP numbers correspond to those in Supplementary Material, Table S1. The 5" end of the gene is to the
left. The contiguous SNPs shared by subjects with haplotypes H1, H2 and H3 are shown as horizontal bars.
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remaining 18 members of the one-allele cohort exhibit haplotypic
compositions that are indistinguishable from those of the 18
control trios. These data show that none of'the currently undetect-
able disease-causing ABCA4 mutations in our patient population
is likely to represent more than 15—20% of the total.

We next considered a more focused possibility that cryptic
splice sites created by intronic point mutations could account
for a meaningful fraction of mutations in ABCA4. We hypothe-
sized that the sites most susceptible to such mutations might be
the sequences flanking the rare alternate splice junctions detect-
able in RNA extracted from normal retina. To test this hypoth-
esis, we performed next-generation sequencing of RNA
extracted from five different anatomic regions (nasal, temporal,
superior, inferior and macular) of human donor retina (see Mate-
rials and Methods). Over 95% of the ABCA4 splice junctions
observed in these sequencing data corresponded to the junctions
present in the normal full-length retinal transcript of the gene.
However, we also observed some minor splice variants (each
less than 1% of the total) that were present in multiple regional
samples (Fig. 2 and Supplementary Material, Fig. S1). To inves-
tigate whether sequence variations within these minor ABCA4
exons or their splice sites could be disease-causing, we
sequenced the genomic DNA containing 15 of these alternate
exons (Supplementary Material, Table S2) in the 28 members
of the one-allele cohort. We observed five instances of two dif-
ferent sequence variations in the cohort that were present
within the splice sites of a single minor exon (exon 36.1,
Fig. 2). These two variants (V1 and V2, Table 1) were present
in trans to known disease-causing 4BCA4 mutations, are pre-
dicted to increase the strength of the splice signal in which
they occur (Table 2) (8), were not present among 600 control
alleles ascertained in the same clinic population, and were not

-

present among 2184 alleles in the 1000 genomes database (9).
The most frequent of these (V1) is on the allele previously recog-
nized as bearing the haplotype H1 (Fig. 1). Fisher’s exact test
reveals that the number of exon 36.1 splice signal variants
found among the undetected alleles of the one-allele cohort (5/
28) is significantly greater (P < 10~ °) than among the ABCA4
alleles of controls (0/600).

Another sequence variant (V3, Table 1) was incidentally dis-
covered in one member of the one-allele cohort because of its
proximity to V1. Like V1 and V2, this mutation lies in trans to
the patient’s known disease-causing mutation and was not
observed in more than 600 control alleles ascertained at the Uni-
versity of lowa or in the 1000 genomes database. Unlike V1 and
V2, which each strengthen a detectably active minor splice
signal, V3 creates a new splice signal within the intron (Table 2).

To test the functional effects of these three mutations, we took
advantage of the fact that ABCA4 is expressed at low levels in
cultured keratinocytes. We established primary keratinocyte
cultures from at least one individual affected with each of
these mutations. After passaging these cultures three times,
RNA was extracted and used as template in an RT-PCR reaction
spanning the mutation and at least one canonical splice junction.
The resulting PCR products were separated with agarose electro-
phoresis, the bands were cut out of the gels and the DNA in these
bands was subjected to sequencing. Figure 3 shows the result of
this experiment for these three mutations. In each case, we
observed that the mutation dramatically increases splicing at
the alternate splice site when compared with the splicing
pattern of RNA extracted from control keratinocytes.

We observed one additional mutation (V4, Table 1) that
appears to strengthen a possible splice site (8) (Table 2) within
a minor exon observed in our RNA sequencing experiment
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V1 -1IVS36+1137 G>A

V2 - IVS36+1216 C>A

Figure 2. RNA sequence analysis from normal humanretina. Top: The genomic organization of 4BCA4is shown schematically with canonical exons in blue and the 15
mostabundant alternate exons in pink. The 5’ end of the gene is to the left. RN A sequencing data supporting a specific splice junction is shown as a purple arc linking two
exons. For 1 to 50 sequencing reads, the thickness of each arc is proportional to the number of reads supporting the given splice junction. Junctions supported by more
than 50 reads are all shown at equal height. The positions of disease-causing variants V1—V7 are indicated with labeled asterisks. Middle: The portion of the splice
junction map spanning canonical exons 36 and 37 is shown for samples obtained from five different regions of the retina (macula, superior, inferior, nasal and tem-
poral). Two alternate exons, 36.1 and 36.2, each have sequence support for their splice acceptor and splice donor junctions in at least two of these retinal regions.
Bottom: The sequence of alternate exon 36.1 and its flanking nucleotides is shown. Variant V1 (G> A, represented as R in the sequence) is 3 nucleotides upstream
of'the splice acceptor site, and variant V2 (C> A, represented as M in the sequence) is 4 nucleotides downstream of the splice donor site. Both variants increase the

similarity of the splice junction sequence to a canonical splice sequence (Table 2).
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Table 1. Splice variants identified in the one allele ABCA4 patients
Variant Haplotype Position Genomic ABCA4 Primary Validation cohort  Controls 1000 genomes
location (NM_000350.2) cohort (n-28)  (n=48) (n =300) (n=1092)

Vi H1 Exon36.1-3 G>A  chrl:94,484,001 ¢.5196+1137G>A 4 4 0 0
V2 - Exon36.14+4 C>A chrl:94,483,922 ¢.5196+1216C>A 1 0 0 0
V3 - IVS36+1056 A>G  chrl:94,484,082  ¢.5196+1056A>G 1 0 0 0
V4 - Exon 30.1 position ~ chr1:94,493,000 ¢.4539+2001G>A 1 0 0 0

110 G>A
V5 H2 Exon 30.1 position chr1:94,492.973  ¢.4539+2028C>T 3 4 1 0

138C>T
V6 - Val2114Val chrl:94,466,602 ¢.6342G>A 1 2 0 0

GTG>GTA
V7 H3 IVS33+3 A>G chrl:94,487,399 ¢c.4773+3A>G 3 0 0 0

(exon 31.1, Fig. 2). This mutation was observed in frans to the
known disease-causing ABCA4 mutation in one member of the
one-allele cohort, and was not observed in 600 control alleles
ascertained in lowa or in the 1000 genomes database.

In parallel to the minor splice variant experiments described
above, we also performed next-generation sequencing of the
168 kb genomic region containing the entire ABCA4 gene
(HG19 chr1:94 448 410—-94 616 987) in nine members of the
one-allele cohort using the Haloplex genomic fragment
capture strategy (see Materials and Methods). In total, this ex-
periment yielded 10 million uniquely mapped reads. These
reads were aligned to the reference human genomic sequence
using BWA (10). Departures from the reference were identified
with GATK (11). Across all nine samples, more than 3800 se-
quence variations were detected. These variants were prioritized
using the GATK variation quality score (greater than 50), and
population frequency (less than 1% in all available population
databases) resulting in an average of 10 high-quality variants
per sample (38 instances of 30 different variations). Of these,
only 12 instances of 8 variations were confirmed to exist by
Sanger sequencing and found to lie on the ABCA4 allele opposite
the individual’s previously known disease-causing mutation.
Five of these eight were present in the control subjects at a fre-
quency that is too common for an allele that causes a rare Men-
delian disease. One of the remaining variants (V3, Table 1) was
also detected in the minor splice variant experiments described
above. One novel variant (V5, Table 1) was observed in the
three members of the one-allele cohort with haplotype H2
(Fig. 1). This variant strengthens an acceptor splice signal (8)
within a minor exon that was observed in the original RNA se-
quencing data (exon 31.1, Fig. 2) but which was rare enough
that it was not included in the minor splice variant hypothesis.
Variant V5 was also observed in 1ofthe 600 control alleles ascer-
tained in lowa but was not observed among 2184 alleles in the
1000 genomes database. The one remaining rare variant in the
Haloplex data is a C to T variation in IVS 3 that is present on
the same allele as V5 in two of the three individuals with haplo-
type H2. It is also present in the same normal individual that
harbors V5. Since V5 is present in all three affected individuals
with the H2 haplotype, it seems more likely to be disease-causing
than the I'VS 3 variant.

We next asked whether any previously recognized variations
in ABCA4 might also be acting via increased splicing of arare al-
ternate exon. We did this by comparing our RNA sequencing
data to the list of all variants that we have previously observed

in patients suspected to have ABCA4-mediated retinal disease
(Supplementary Material, Table S3). We noted that a synonym-
ous codon variant in exon 46 (V2114 V) strengthens the donor
sequence of a rare alternate exon that was present in our RNA se-
quencing data from normal human retina. Despite its absence
among the 6500 exomes summarized on the exome variant
server (12), we had previously considered this variant (V6,
Table 1) to be non-disease-causing because of its lack of pre-
dicted effect on the ABCA4 protein. However, similar to V1—
V3, we were able to demonstrate altered splicing of ABCA4 at
the predicted splice junction in the cultured keratinocytes of a
subject harboring this mutation (Fig. 3). While reviewing the
list of variants previously judged to be non-disease-causing,
we also noted that three members of the one-allele cohort har-
bored an A to G mutation in the +3 position of the splice
donor sequence of [IVS33. Although in our experience variations
at the + 3 position are rarely disease-causing, this variation (V7,
Table 1) is predicted to weaken the IVS 33 splice signal (8) and
wasnot observed inany of 600 control alleles ascertained in lowa
or among the 2184 alleles in the 1000 genomes database. This
variant was found in the 3 members of the primary cohort with
haplotype H3 (Fig. 1) and was also identified by Duno et al.
(13) in 1 of their 161 patients with Stargardt disease.

Although we did not observe any plausible disease-causing
mutations in the 3'UTR or the proximal promoter of ABCA4 in
the Haloplex sequencing experiment, only 9 of the 28
members of the one-allele cohort were included in this experi-
ment. We therefore used Sanger sequencing to reevaluate the
entire 3’'UTR as well as 1000 base pairs of genomic DNA up-
stream from the transcription start site in all 28 members of the
one-allele cohort. No plausible disease-causing variants were
observed in these individuals.

The 7 variations summarized in Table 1 are collectively re-
sponsible for 14 of the 28 (50%) previously undetectable
ABCA4 mutations in the one-allele cohort. Thus, we have now
detected two plausible disease-causing mutations in 191/208
individuals (91.8%) in the Iowa cohort of patients suspected to
have ABCA4 disease and 98.6% of these individuals have at
least one of their disease alleles identified.

We next wanted to see what fraction of a group of patients with
similar clinical features ascertained in other geographical areas
would harbor these same variants. This validation cohort con-
sisted of 48 unrelated individuals seen by physicians outside
the University of lowa who had both the clinical diagnosis of
Stargardt disease and a single plausible disease-causing
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Table 2. Predicted splice effect of variants identified in one allele patients (8)

Canonical human splice Intron Acceptor Donor Intron
sequence
—13 —12 —11 -10 -9 -8 -7 -6 -5 —4 -3 -2 -1 1 2 2 1 +1 +2 +3 +4 +5
T T T C A G G T A A
50.5% 522% 55.4% 524% 493% 464% 46.0% 50.9% 555% 28.1% 65.0% 100.0% 100.0% 49.0% 36.9% 63.9% 80.6% 100.0% 100.0% 60.5% 69.9% 78.3%
V1 chrl:94,483, C T G T C T A C A C G A G G A
997-94,484,011 0.2%
A
5.6%
V2 chrl:94,483, A G G T A C C
921-94,483,927 7.3%
A
69.9%
V3 chrl1:94,484, T A G T A A G
077-94,484,083 9.8%
80.6%
V4 chrl1:94,493, T G T C A A T G C T G A G G
000—94,493,014 19.9%
A
24.4%
V5 chrl:94,492, C T C C A G C A T C A G G A
959-94,492,973 28.0%
T
50.5%
V6 chrl1:94,466, T C G T G A G
600—-94,466,606 34.1%
A
60.5%
V7 chrl1:94,487, G G G T A T G
397-94,487,403 60.5%
G

34.1%
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Figure 3. Functional confirmation of ABCA4 variants in patient-derived cell lines. RT-PCR analysis of ABCA44 in RNA extracted from human control retina (lane 1),
human keratinocytes isolated from an unaffected individual (lane 2) and human keratinocytes isolated from a patient with 4BCA4 associated retinal degeneration
(lane 3). Two intronic splice site mutations (V1, A; and V2, B) in IVS 36 of the ABCA4 gene result in the introduction of an alternate exon (36.1, Fig. 2). An intronic
splice site mutation within IVS 36 results in the introduction of a 177 bp segment of IVS 36 (V3, C). A synonymous codon change (Val2114Val) in exon 46 creates a
premature donor splice site that results in deletion of the last 47 bases of exon 46 from the transcript (V6, D).

variation in ABCA4. Ten of these 48 individuals (20.8%) were
found to harbor 1 of the 7 variants from the lowa one-allele
cohort (Table 1). Relatives were available from 5 of the 10 to
demonstrate that these variants are in trans to their known
disease-causing mutation (Supplementary Material, Fig. S2).
This frequency was significantly greater (P < 10~ '°) than that
seen in controls (1/600).

DISCUSSION

ABCA4-associated retinal disease is one of the most common
causes of inherited retinal disease in children and young adults
and it is encouraging that clinical trials of viral-mediated gene
replacement are now underway (Clinical trial identifier:
NCT01367444). However, the advent of such therapy has
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Figure 4. Allelic diversity of ABCA4. This figure shows the number of different disease-causing ABCA4 variants (y-axis) that occur at each frequency (x-axis) in a
population of 404 patients with clinical features of ABCA4 disease ascertained by one of the authors. Variants seen eight or more times in the cohort are specifically

labeled. Of the 258 different plausible disease-causing variants seen in this cohort,

heightened the need for sensitive and specific genetic testing for
this disease because for invasive mechanism-specific treatments
like gene replacement, it is essential to know the cause of the
patients’ disease with certainty. ABCA4 is particularly challen-
ging for molecular diagnosticians because the gene is extremely
polymorphic with hundreds of alleles (1,6,14—16) that vary in
pathogenic severity from benign to non-functional in small
degrees (1). This allelic diversity is compounded by the fact
that ABCA4 genotypes of varying severity cause a wide range
of phenotypes, and each of these phenotypes overlaps those
caused by mutations in a number of other genes. An additional
difficulty is that ABCA4 disease alleles are recessive and are
found in the heterozygous state in about 1 in 50 individuals in
the general population. The final challenge, and the subject of
this study, is that like many genes, a clinically meaningful frac-
tion of disease-causing mutations in 4BCA4 lie outside its
coding sequences (1,6,7).

One can initially suspect the existence of non-exomic auto-
somal recessive mutations in anumber of ways. Linkage analysis
of multiplex families can map the location of the disease-causing
mutations to the locus of a known disease-causing gene, while
sequencing of the coding regions of the gene reveals no (17) or
only one (18) plausible disease-causing variant. Alternatively,
one can study a large cohort of unrelated individuals who
share classic clinical features of recessive disease and observe
that a subset of them manifest only one or no disease-causing var-
iants in the coding sequences of the expected disease-causing
gene. Since most human phenotypes are genetically heteroge-
neous and some also have a number of non-genetic phenocopies,
the most likely individuals to harbor a non-exomic autosomal re-
cessive mutation are members of multiplex families with evi-
dence of linkage to a specific locus and isolated individuals
with a single disease-causing mutation and convincing clinical
features of the disease in question. In the present study, we inves-
tigated 28 unrelated individuals with multiple clinical features
suggestive of 4ABCA4-associated retinal disease, but only a

168 (65%) were observed only once.

single plausible disease-causing mutation identified after
Sanger sequencing of the complete coding sequence and splice
junctions of the ABCA4 gene. Haplotype analysis of these 28
individuals revealed that only three of the previously undetect-
able mutations were likely to be present in more than one
member of the cohort and that the most common of these
accounted for only 4 of the 416 alleles in the original cohort of
208 patients. The haplotype analysis also suggests that 18 of
the 28 undetectable alleles in the one-allele cohort seem to be
present only once in more than 400 alleles. The large fraction
(65%) of ABCA4 mutations with allele frequencies of 1/400 or
less (Fig. 4) limit the utility of allele specific testing methods
and increase the dependence on patient derived cell lines for
functional demonstration of their pathogenicity.

The sensitivity of a genetic test for an autosomal recessive
disease is clinically important for two related reasons. First,
each increment of additional sensitivity increases the fraction
of affected individuals with two discoverable alleles, increasing
the accuracy of counseling for these individuals and increasing
the likelihood that mechanism-specific therapy will be useful
for them. Second, each increment of additional sensitivity also
increases the likelihood that observation of a single disease-
causing variation in an individual is irrelevant to their disease.
The ability to exclude a gene as the cause of disease in a given
patient and move on to other diagnostic possibilities can be
very important for diseases that are as genetically heterogeneous
as the photoreceptor degenerations.

It is noteworthy that new mutations and new classes of muta-
tions continue to be identified in the ABCA4 gene 16 years after
its first association with retinal disease. Although this is due in
part to improvements in sequencing technology, it is also due
to our improved understanding of the detailed phenotype of
the disease. The careful definition of a gene-specific-phenotype
will become even more important as clinical DNA sequencing
begins to be used to routinely query the entire genome. For a se-
quence variant to have true utility for clinical decision making,



the pre-test probability that the region of the genome harboring it
is involved in the patient’s disease will have to be sufficient to
overcome the very large amount of non-disease-causing vari-
ability in the genome. For example, in the current study, there
were two dimensions of pre-sequencing focus that enabled a stat-
istically significant result: (i) the clinical definition of ABCA4
disease that was employed when choosing the primary screening
cohort and (ii) the relatively small portion of the ABCA4 gene
that was screened in the experiment (15 segments ranging in
size from 178 to 635 base pairs, each containing a minor exon
detected by RNA sequencing).

Two additional findings in this study are also noteworthy with
respect to personalized genomic medicine. First, despite exten-
sive efforts to identify the second allele in the 28 members of
the primary cohort, a second allele was not identified in 50%
of these probands. Second, the novel mutations identified in
the primary cohort account for an even smaller fraction of the
missing alleles in the validation cohort (19.6%). One possible
explanation for these observations is that ABCA4 is not the
disease-causing gene for some of these patients. Another possi-
bility is that mutations quite distant from the coding sequence
could be involved. For example, Sagai and co-workers (19,20)
showed that mutations up to 1 Mb from the coding sequence of
a gene can affect expression of the gene sufficiently to cause
disease. Most large genes contain a number of repetitive ele-
ments that are difficult to assess with any sequencing strategy,
and ABCA4 is no exception. For example, there are 18 Alu
repeats within the introns of A BCA4 that have not been thorough-
ly examined by any of the sequencing experiments that have
been conducted to date. The difference in the findings between
the primary and validation cohorts is likely due to the fact that
the majority of mutations in ABCA4 are quite rare, present in
fewer than 1/200 disease-causing alleles (Fig. 4). Thus, groups
of patients with fewer than 50 members that are ascertained in
different geographical areas are likely to harbor variants that
are unique to each group. This, coupled with the fact that the val-
idation cohort was sequenced much less extensively than the
primary cohort is likely the explanation for the difference in sen-
sitivity between these groups. This also suggests that for many
disease-associated genes, genomic sequencing will be required
to achieve mutation detection rates greater than 95%.

MATERIALS AND METHODS
Human subjects

All subjects provided written informed consent for this research
study, which was approved by the Institutional Review Boards of
the participating centers and adhered to the tenets set forth in the
Declaration of Helsinki. The individuals in both the primary and
validation cohorts had one plausible disease-causing mutation
detected in ABCA4 after assessing the entire coding sequence
and canonical retinal splice junctions with automated bidirec-
tional Sanger sequencing using an ABI 3730 sequencer (Life
Technologies, Carlsbad, CA, USA). In addition, each member
of the primary cohort reported normal visual acuity in early
childhood, a family history compatible with autosomal recessive
inheritance, and exhibited five or more of the following features
of ABCA4-associated retinal disease: decreased visual acuity
before age 20, decreased visual acuity as the first visual
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symptom, symmetrical fundus findings, pisciform flecks,
beaten metal macular atrophy, bulls-eye maculopathy, peripa-
pillary sparing, vermillion fundus, masked choroid on fluores-
cein angiography, nummular pigment overlying extensive
macular atrophy, central outer retinal atrophy on optical coher-
ence tomography and central scotomas on Goldmann perimetry.
Each member of the validation cohort had a clinical diagnosis of
Stargardt disease made by their referring ophthalmologist before
any molecular testing was performed.

DNA extraction

Blood samples were obtained from all subjects. DNA was
extracted by following the manufacturer’s specifications for
whole blood DNA extraction using Gentra Systems’ Autopure
LS instrument (AutoGen Inc., Holliston, MA, USA).

Haplotype analysis

Sixty tagged SNPs spanning the 4 BCA44 gene were selected from
the International HapMap Project (http://hapmap.ncbi.nlm.nih.
gov) (Supplementary Material, Table S1). The selected SNPs
were required to be compatible with TagMan SNP genotyping
assays and were informative for HapMap haplotype assignment.
Allele-specific genotyping was performed on the missing alleles
of each of the 28 probands, their relatives and 18 control trios
using the TagMan SNP genotyping assays (Life Technologies)
in a high-throughput micro-fluidic system (Fluidigm, San
Fransisco, CA, USA) as per the manufacturer’s instructions.
Haplotypes of the missing ABCA4 alleles were identified by
subtracting the genotype of the known allele.

Next-generation DNA sequencing

Capture of the genomic region containing ABCA4 (chrl:94
448 410-94 616 987) was performed using a Haloplex custom
capture kit following the manufacturer’s instructions (Agilent
Technologies Inc., Santa Clara, CA, USA). Nine samples were
barcoded, pooled and sequenced according to the manufacturer’s
instructions on one paired end 100 bp lane of an Illumina HiSeq
sequencer (Illumina, San Diego, CA, USA) at University of
Iowa’s DNA Core Facility.

Human donor tissue

With the consent of the donor’s family, the eyes of a 91-year-old
Caucasian female with no history of eye disease were obtained
immediately after death from the Iowa Lions Eye Bank.
Retinal punches (4 mm diameter) were collected from the
macula (centered on the fovea centralis) as well as from the tem-
poral, superior, nasal and inferior quadrants ~15 mm from the
macula. All punches were collected within 6 h of death.

Patient derived cells

Keratinocytes were isolated from 3 mm punch biopsies obtained
from patients with clinically diagnosed stargardt disease, who
harbored one plausible disease-causing ABCA4 mutation, fol-
lowing informed consent. Isolation was performed as described
previously (21). Briefly, the epidermis was carefully dissected
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free from the underlying dermal tissue, placed in a flat bottom
1 ml tube containing 500 wl of 1 mg/ml dispase and incubated
for 16 hat4°C. Following incubation, the epidermis was careful-
ly pealed free from the remaining dermal layer and placed in
0.25% tryspin/EDTA and incubated for 30 min at 37°C. Follow-
ing incubation tissue was triturated with a polished pasture pipet
to liberate cells. Cells were pelleted via centrifugation and cul-
tured in low calcium epilife media (Gibco, M-EPI-500-CA).

RNA isolation and RT-PCR

Total RNA was extracted from human donor retina or cultured
human keratinocytes using the RNeasy Mini-kit (Qiagen, Valen-
cia, CA, USA) following the provided instructions. Briefly, cells
were lysed, homogenized and diluted in 70% ethanol to adjust
binding conditions. Samples were spun using RNeasy spin
columns, washed and RNA was eluted with RNase-free water.
One microgram of RNA was reverse transcribed into cDNA
using the random hexamer (Invitrogen, Carlsbad, CA, USA)
priming method. All PCR reactions were performed in a 50 pl
reaction containing 1 x PCR buffer, 1.5 mm MgCl,, 0.2 mm
dNTPs, 100 ng of DNA, 1.0 U of Platnium Taq (Invitrogen)
and 20 pmol of each gene-specific primer (Integrated DNA
Technologies, Coralville, IA, USA). All cycling profiles incor-
porated an initial denaturation temperature of 94°C for 10 min
through 35 amplification cycles (30 s at 94°C, 30 s at annealing
temperature of each primer and 1 min at 68°C) and a final exten-
sion at 68°C for 5 min. PCR products were separated by gel elec-
trophoresis using 2% agarose e-gels (Invitrogen).

RNA sequencing

Isolated RNA was sent to the Hudson Alpha Institute (Hunts-
ville, AL, USA) for paired-end sequencing by Illumina HiSeq
(Illumina). Reads were aligned to the hgl9 human reference
genome with TopHat, using RefSeq gene transcript models for
initial transcriptome alignment. Cufflinks was used for generat-
ing transcript assemblies and abundance estimation. Reference
annotation-based transcriptome assembly was implemented
using the RefSeq gene models. Junction information was visua-
lized using the Integrative Genomics Viewer for alternate exon
identification (Broad Institute, Cambridge, MA, USA).

Selection of 15 genomic regions for analysis in the
primary cohort

Alternate exons in the ABCA4 RN Aseq data were selected for se-
quencing in the primary cohort if they were present in at least 10
sequencing reads in two or more of the five retinal regions.
Fifteen alternate exons met these criteria (genomic coordinates
provided in the Supplementary Material, Table S2). Seven of
these 15 alternate exons were present in all 5 retinal regions
with greater than 10 reads. Three of the seven had reads connect-
ing them to other exons in both directions. These 15 regions were
sequenced in all 28 members of the primary cohort and 300 un-
affected control individuals using automated DNA sequencing
with dye termination chemistry on an ABI 3730 sequencer
(Life Technologies).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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