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a b s t r a c t

Sequence capture enrichment (SCE) strategies and massively parallel next generation sequencing (NGS)
are expected to increase the rate of gene discovery for genetically heterogeneous hereditary diseases, but
at present, there are very few examples of successful application of these technologic advances in trans-
lational research and clinical testing. Our study assessed whether array based target enrichment followed
by re-sequencing on the Roche Genome Sequencer FLX (GS FLX) system could be used for novel mutation
identification in more than 1000 exons representing 100 candidate genes for ocular birth defects, and as a
control, whether these methods could detect two known mutations in the PAX2 gene. We assayed two
samples with heterozygous sequence changes in PAX2 that were previously identified by conventional
Sanger sequencing. These changes were a c.527G > C (S176T) substitution and a single basepair deletion
c.77delG. The nucleotide substitution c.527G > C was easily identified by NGS. A deletion of one base in a
long polyG stretch (c.77delG) was not registered initially by the GS Reference Mapper, but was detected
in repeated analysis using two different software packages. Different approaches were evaluated for dis-
tinguishing false positives (sequencing errors) and benign polymorphisms from potentially pathogenic
sequence changes that require further follow-up. Although improvements will be necessary in accuracy,
speed, ease of data analysis and cost, our study confirms that NGS can be used in research and diagnostic
settings to screen for mutations in hundreds of loci in genetically heterogeneous human diseases.

� 2010 Elsevier Inc. All rights reserved.

Introduction

The goal of our study was to evaluate the capacity of array
based sequence capture target enrichment (SCE) and massively
parallel, next generation sequencing (NGS) to successfully identify
mutations in candidate genes for the developmental ocular birth
defects anophthalmia, microphthalmia and coloboma.

The advent of NGS technologies is expected to transform the
practice of medical genetics [1–3]. With the high throughput and
decreased sequencing costs achieved by NGS, it is no longer impos-
sible to sequence hundreds or even thousands of exons and other
genomic sequences in an individual with a suspected genetic dis-
ease. It is predicted that in the near future NGS might replace array
based techniques and Sanger sequencing in their current clinical
applications for the detection of mutations [1,3]. Additionally,
NGS provides entirely new research and diagnostic capabilities,
including whole genome screening for novel mutations and
sequencing biological specimens for the genomic signature of no-
vel infectious agents [4,5].

NGS could be particularly advantageous in research and testing
for genetically heterogeneous hereditary conditions. Common dis-
orders evaluated by clinical geneticists are caused by heteroge-
neous Mendelian loci and lend themselves to enrichment
strategies followed by NGS. Examples include intellectual disabil-
ity [6], deafness [7], familial cardiomyopathy [8] and retinitis pig-
mentosa [9]. In these conditions there are often very subtle
phenotypic differences between affected patients to guide molecu-
lar diagnostics by indicating which gene is likely to be mutated in a
particular individual. Current diagnostic evaluation proceeds by
sequencing a series of genes, individually or in small sets, based
on the relative frequency of the mutations and the sensitivity of
available assays. If there is no predominant mutation(s) causing
the disease, the pathogenic change often remains unknown even
after very extensive and expensive molecular testing. With enrich-
ment strategies followed by NGS, sequencing of all genes impli-
cated in a particular genetic disorder could be performed
simultaneously, efficiently and at low cost.

While clearly superior to traditional Sanger sequencing, NGS
has had little impact on clinical testing to date. There are very
few examples of successful application of NGS in translational re-
search and diagnostics. Clinical testing using NGS is currently of-
fered for Hypertrophic Cardiomyopathy (HCM), Dilated
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Cardiomyopathy (DCM) and Long QT syndrome (http://www.
genedx.com/). NGS has also been explored as a method to perform
rapid human leukocyte antigen (HLA) typing for high resolution
allele identification [10,11], and to develop assays for Neurofibro-
matosis Type 1 [12], autosomal recessive ataxia [13] and mito-
chondrial disorders caused by mutations in the mitochondrial
genome and 362 nuclear genes controlling mitochondrial function
[14]. Ng et al. applied targeted sequencing of all coding regions
(‘‘exome”) to show the presence of causative mutations in four
unrelated individuals with a rare dominantly inherited disorder,
Freeman–Sheldon syndrome (FSS) [15] and to discover the gene
for a rare recessive disorder of previously unknown cause, Miller
disease [16]. Exciting applications have also been described in can-
cer research, where NGS has been applied in discovering new can-
didate genes for acute myeloid leukemia [17,18], glioblastoma
multiforme [19] and other malignancies [20].

We describe the first study which showed the feasibility of
using genomic enrichment by sequence capture followed by NGS
to investigate genetic causes of the ocular birth defects anophthal-
mia, microphthalmia and coloboma. These eye anomalies are
among the most prevalent causes of childhood blindness, affecting
annually �2 per 10,000 newborns worldwide [21]. Although they
can be of different origins, the majority are caused by defects in
genes which regulate normal eye development [22–25]. There is
increased evidence that mutations in large numbers (possibly hun-
dreds) of different genes can cause congenital eye malformations,
but no single gene is responsible for a high percentage of cases
[23–25]. Anophthalmia, microphthalmia and coloboma therefore
represent disorders where simultaneous sequencing of large num-
bers of candidate genes by NGS is an ideal approach to study genet-
ic causes and demonstrate the feasibility of NGS for clinical
diagnostics.

We showed that the combination of array based SCE with re-
sequencing on the GS FLX instrument using Titanium chemistry al-
lows concurrent sequencing of more than 100 candidate genes for
anophthalmia, microphthalmia and coloboma. However, improve-
ments will be necessary in several areas including accuracy, speed,
ease of data analysis and cost to allow successful diagnostic imple-
mentation of NGS for simultaneous mutation testing in hundreds
of genes in genetically heterogeneous human diseases.

Materials and methods

We tested whether two known sequence changes in the renal-
coloboma syndrome (a.k.a. Papillorenal syndrome, OMIM
#120330) associated gene PAX2, which were previously character-
ized by Sanger sequencing, can reliably be detected by NGS. The
first variant was a missense change in exon 5, c.527G > C, which re-
sulted in serine to threonine amino-acid change S176T. This base
substitution was identified in one of our previous studies in a
father of a proband with ocular birth defects, but not in his affected
child. Since detailed clinical information for the parent was not
available, the change was described as a variant of unknown clin-
ical significance.

Since short stretches of mono-, di-, and trinucleotide repeats
represent hotspots for disease causing frameshift mutations in
genomic DNA, we wanted to determine if this mutation type is
detectable by NGS. Therefore, the second sequence change selected
for the study was a deletion of one base in a polyG stretch in exon 2
of the PAX2 gene (c.77delG), which has previously been described
by Schimmenti et al. [26].

We designed a custom 385,000 probe SCE array with more than
100 candidate genes for eye malformations. The list of selected
candidate genes is provided in Table 1. The genes were chosen
based on reports of mutations identified in patients with

coloboma, microphthalmia and anophthalmia [22,23,25]. Addi-
tionally, a comprehensive literature search was performed for pub-
lished mutations associated with ocular phenotypes in animal
models [27,28]. Some genes were included based on their role in
signaling and developmental pathways which are known as impor-
tant for eye formation and function [24].

Appropriate SCE probes for the regions of interest were chosen
in collaboration with Roche-NimbleGen design team (Roche-Nim-
bleGen, Madison, WI). Only protein coding regions (coding exons)
of the 112 candidate genes were targeted on the array. We selected
385,000 long oligonucleotide probes (>60 bp) to tile the exons of
the genes of interest with a very high density. All the probes had
the uniqueness score of one (defined as having no match in the
genome other than itself longer than 38 bp, allowing up to five
insertions/deletions/mismatches in that match), to exclude repeti-
tive regions from probe selection and avoid capturing pseudogene
sequences [29]. Upon completion of the design and manufacturing
of the array, the SCE on samples of genomic DNA from two patients
with known mutations in the PAX2 gene was performed at the
NimbleGen service laboratory (Roche-NimbleGen, Madison, WI),
following previously described protocols [30–32]. Briefly, �20 lg
of each patient’s genomic DNA were randomly fragmented by neb-
ulization to an average size of 500 bp. Linkers were ligated to the
DNA fragments to provide a priming site for post-enrichment
amplification of the eluted fragment pool. The fragments were
denatured and hybridized to the custom SCE array. After a 72-h
hybridization, unbound material was removed by stringent wash-
ing. The arrays were transferred to the NimbleGen elution system,
and the enriched fragment pool was eluted and recovered from the
array. The enriched fragments were amplified with 22mer linkers
to generate enough DNA template for downstream applications.
After amplification, the amount of captured DNA was measured
by spectrophotometry and the product was tested for enrichment
level by quantitative PCR with four proprietary QC control loci.
These QC loci are conserved in both human and mouse genomes
and have been empirically determined to accurately predict
enrichment with several different array designs.

Sequencing of the two SCE prepared samples was performed on
the GS FLX instrument using Titanium chemistry, at the University
of Iowa DNA Facility following standard protocols. Two samples,
separated by gaskets, were sequenced independently on two re-
gions of the picotiter-plate. Briefly, amplified fragments from SCE
were end-repaired and ligated to adapter oligonucleotides. The li-
brary was diluted based on the results of a previously performed
titration, so that upon denaturation single DNA fragments hybrid-
ized to individual beads containing sequences complementary to
adapter oligonucleotides. The beads were compartmentalized into
water-in-oil microvesicles to allow clonal expansion of separate
DNA molecules bound to the beads by emulsion PCR. After ampli-
fication, the emulsion was disrupted, and the beads containing
clonally amplified template DNA were enriched. The beads were
again separated by limiting dilution, deposited into individual
picotiter-plate wells, and combined with sequencing enzymes.
Iterative pyrosequencing was performed on the picotiter-plate by
successive flow addition of the four dNTPs. A nucleotide-incorpora-
tion event in a well containing clonally amplified template pro-
duced pyrophosphate release and picotiter-plate well-localized
luminescence, which recorded by a charge-coupled device (CCD)
camera. With the flow of each dNTP reagent, wells were imaged,
analyzed for their signal-to-noise ratio, filtered according to qual-
ity criteria, and subsequently algorithmically translated into a lin-
ear sequence output [33–35].

Data analysis was performed using the Roche proprietary soft-
ware package for the GS FLX system. Image acquisition, image
processing and signal processing were performed during the run.
Post run analysis was conducted using the GS Reference Mapper.
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