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Abstract
A large population study using ultra-high-throughput DNA sequencing to re-sequence a genetic
locus associated with type 1 diabetes reveals rare protective alleles.

Unlike inherited Mendelian diseases such as cystic fibrosis,
the common complex diseases such as diabetes and heart
disease have no single predisposing genetic factor. But, over
the years, alleles at various genetic loci that either decrease
or increase the risk of developing such diseases, in relation
to their incidence in the general population, have been
uncovered. Geneticists have made the somewhat artificial
distinction between ‘common’ and ‘rare’ when describing
alleles at polymorphic genetic loci. Classically, ‘common’
variants are those occurring at a frequency of more than 1%
in any one continental population (for example, Europeans,
Asians or Africans), whereas ‘rare’ variants are present at a
frequency of less than 1%.
This distinction is used to frame the genetic approach to
discovering and testing DNA variants and linking them to
disease. For common variants, it is possible to screen a
reference population to identify a catalog of variants
(discovery phase), and then test these variants in collections
of cases and matched controls (case-control studies) using
high-throughput genotyping technologies (testing phase).
For rare variants, both the discovery and testing phases can
only be done in case-control collections themselves. In a
recent paper in Science, Nejentsev et al. [1] describe the use
of next-generation DNA sequencing of a large case-control
population to search for, and find, rare protective alleles at a
locus associated with susceptibility to type 1 diabetes, the
gene IFIH1 (interferon induced with helicase C domain 1).
A variety of resources have been developed to test the role of
common single nucleotide polymorphisms (SNPs) in
common human diseases such as type 1 diabetes. Most
notably, the International Haplotype Map (HapMap) Project

has generated a catalog of more than 3 million variants in
three continental populations (Europeans, Asians and
Africans) [2,3]. On the basis of the number of individuals
genotyped (n = 90 in each continental population), the
HapMap Project was calibrated to study DNA variants of
greater than 5% frequency. Phase III of HapMap, which is
nearly complete, will push the allele-frequency spectrum to
1% (by genotyping more individuals), and extend the project
to other continental populations (by genotyping individuals
of different ancestries). High-throughput genotyping technologies [4] and statistical methods [5,6] have been developed
to test common variants from the HapMap in large
collections of patients and controls. A number of successes
have emerged, including the identification of more than ten
loci associated with type 1 diabetes [7].
Because of these evolving resources, a more accurate
description of the allele-frequency spectrum is to classify
DNA variants as those that are truly common (greater than
5% frequency), those that are truly rare (for example, private
to a few families and of very recent mutational origin), and
those that are low frequency (greater than 0.1% but less than
5%). Low-frequency variants are of recent mutational origin,
but nonetheless segregate on a single ancestral haplotype
and are amenable to testing with high-throughput genotyping technology - if they have been cataloged in a reference
population. The number of low-frequency alleles available in
reference populations such as HapMap depends upon the
size of the reference population: the more subjects genotyped for known polymorphims, the larger the number of
low-frequency variants that can be cataloged. The vast
majority of common SNPs have been discovered and
deposited in the dbSNP database, and the majority of these
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have either been genotyped directly or adequately tagged by
a SNP in HapMap. However, many low-frequency variants,
and most rare variants, are not available in dbSNP and
therefore cannot be tested in genome-wide association
studies (GWAs). Thus, re-sequencing is required to discover
and test low-frequency and rare variants.

Next-generation re-sequencing
Conventional Sanger sequencing technology still accounts
for the overwhelming majority of DNA sequencing. However, cost constraints and throughput capacity limit its use
in medical genetics. More recently, new sequencing systems
based on massively parallel sequencing of short fragments
by techniques such as pyrosequencing have been developed,
which are poised to reduce DNA sequencing costs and raise
capacity by several orders of magnitude. Often called nextgeneration sequencing, this technology is expected to
mature rapidly over the next few years, prompting hope of
the ‘$1,000 genome’. If successful, these sequencing
advances will enable GWAs of common, rare and lowfrequency variants.
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In an association study using allele-frequency estimates, the
authors then identify two low-frequency SNPs in the IFIH1
gene that confer protection from type 1 diabetes. The SNP
with the strongest association, rs35667974, was observed on
an estimated 3 out of 960 case chromosomes, but 24 out of
960 control chromosomes (P = 0.00004); another SNP,
rs35337543, was observed on 7 case chromosomes and 23
control chromosomes (P = 0.005). Both SNPs were genotyped in an additional 8,379 type 1 diabetes patients and
10,575 controls from Britain, and 3,165 families from Europe
and the United States comprising one or more offspring with
type 1 diabetes and their parents. In this extended genetic
association study, rs35667974 was present at a frequency of
around 1% among cases and 2% among controls (combined
P = 2.1 × 10-16). This SNP resides in exon 14 and changes a
conserved isoleucine at position 923 to valine. The other
SNP, rs35337543, has a frequency of 1% versus 1.5% among
cases and controls, respectively, and has a combined P-value
of 1.4 × 10-4. It resides within a conserved splice donor site
at position +1 in intron 8 of IFIH1.

Remaining challenges
To harness the full power of next-generation sequencing for
testing the complete spectrum of alleles in human diseases,
at least three challenges must be addressed. The first is to
capture the target of interest; the second is to identify DNA
variants from sequence data; and the third is to test the DNA
variants for their role in disease. These three issues are now
major bottlenecks in the widespread application of nextgeneration sequencing in medical genetics and I shall
discuss the recent study of Nejentsev et al. [1] with those
points in mind. Despite success in identifying two new
protective alleles, their work illustrates well the limitations
imposed by the three challenges.

Protective low-frequency variants in IFIH1
Nejentsev et al. [1] ask a simple question, which they answer
quite convincingly by re-sequencing using the Roche/454
instrument: do low-frequency or private rare mutations
predispose to common forms of type 1 diabetes? To address
this, they sequenced the coding exons of ten genes with prior
evidence of importance in type 1 diabetes; six of these genes
harbor common SNPs that influence the risk of the disease
(PTPN22, PTPN2, IFIH1, SH2B3, CLEC16A, and IL2RA).
The authors capture 31 kb of target sequence using PCRdirected amplification of DNA pooled from either 10 cases or
10 controls and eventually identify 212 SNPs in this region
(many important details on the sequencing and SNP calling
are included in the Supplementary methods to [1]). This
represents an average of 1 SNP per approximately 150 bp.
From the pooled sequencing data, Nejentsev et al. [1]
estimate that 33 SNPs have frequencies greater than 3%, and
that 179 have frequencies less than 3%; of these 179, 156
were previously unknown.

Several important details in the study of Nejentsev et al. [1]
pertain to the three issues noted earlier: target capture; SNP
calling from sequence data; and the statistical approach with
which they test for association. To capture the coding exons
of these ten genes, they used a PCR-based method, which is
laborious and expensive. In the current study, 144 separate
PCR fragments were required. It would be very difficult to
scale this method to larger portions of the genome (for
example, all coding exons). Other target-capture approaches
also have limitations, including a lack of specificity of
enrichment for the region of interest and the uniformity with
which targets are captured [8,9].
The current study called SNPs and estimated allele
frequency directly from the sequencing data. This was done
from pools of ten individuals, without barcode identifiers. It
is not clear how accurate this method will be. The study
reports a strong correlation (r2 = 0.99) between allelefrequency estimates from sequencing and genotyping data.
However, these data are from only eight SNPs in twenty
pooled DNA samples. Closer inspection of Supplementary
Figure 1 of [1] shows that some of the pools have very
different allele-frequency estimates, which raises questions
about the accuracy of allele-frequency estimates from pooled
sequencing data.
Finally, the association study design mimics that used for
common SNPs: each individual SNP is tested for association
in cases and controls separately, without regard to putative
function and gene context. A more powerful approach,
especially for truly private rare variants, might be to test
whether any gene (or prespecified gene set) has an excess
number of rare variants in either cases or controls [10].
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This study shows that low-frequency variants can influence
the risk of type 1 diabetes. Both rs35667974 and rs35337543
would be classified as low frequency rather than rare, private
mutations, but even so re-sequencing was necessary to
discover and test both of them. There are ongoing studies to
expand SNP discovery and genotyping in reference
populations (for example [11]). These resources should
enable large-scale genetic association studies of putative
functional SNPs such as rs35667974 and rs35337543.
However, re-sequencing will be required to test the full
spectrum of alleles, from truly common to truly rare. And, as
demonstrated by Nejentsev et al. [1], next-generation resequencing represents a powerful tool.
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