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Abstract Massively parallel sequencing (MPS) has
transformed our capacity to analyze the genome. Technology now facilitates the production of hundreds of gigabases
of sequencing data from single instrument runs and is flexible
to study design, allowing analyses of full genomes through a
range of targeted sequencing strategies involving one to
thousands of samples. The search for new cancer susceptibility genes is no longer limited by sequencing technology;
theoretically, MPS can be advantageous to studies searching
for genetic variation responsible for cancer predisposition
across the risk spectrum. Genetically uncharacterized rare
syndromes are now being unraveled at a much increased rate
(including rare cancer-related syndromes), yet complex
diseases such as common cancers have proven to be more
challenging. MPS has revealed the complexity of the human
genome, and our current study designs and bioinformatic and
computational approaches need to be refined to realize the
full potential of MPS for it contribute to the identification of
new cancer susceptibility genes.
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Introduction
Sequencing continues to be a dynamic and evolving technology. The so-called next-generation sequencing technologies have become affordable to a large number of
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laboratories with increasingly diverse applications.
Although cost still limits inspiration and aspiration in some
settings, commercial competition has rapidly made significant advances such as whole human exome sequencing,
via high-throughput exome-enrichment kits [1, 2], affordable for studies of considerable scope [3, 4•, 5•, 6, 7••].
Constant increases in the amounts of sequencing data that
can be generated from single instrument runs now place
whole genome sequencing close to parity with whole
exome sequencing from several perspectives [8]. Successful incorporation of barcoding and multiplexing has also
impacted the cost-effectiveness of new sequencing technology and has allowed a broader number of research
initiatives to use this technology in their study designs.
Researchers aiming to identify rare mutations in new susceptibility genes for cancer have embraced this technology.
Certainly, the application of this technology has revealed
the human genome to be much more complex and variable
than previous understood [9]—but has (or will) the application of this technology lead to new discoveries?
Genetically uncharacterized rare syndromes are now
being unraveled at a much increased rate (including rare
cancer-related syndromes [10]). These studies have been
attractive to early exome sequencing endeavors as they can
be successfully performed on a very small number of wellselected samples and have demanded less from bioinformatic variant filtering pipelines, which are still in their
infancy [11–13]. Although intrinsically valuable in their
own right, studies of Mendelian disorders have also acted
as pilot studies or foundation studies for the application of
this new technology to the study of the missing heritability
of more complex diseases, such as common cancers. Now
the technology is considered routine in a large number of
research-active environments, can it play a role in identifying rare mutations in new susceptibility genes for cancer?
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What Is the New Technology?
Massively parallel sequencing (MPS) includes many highthroughput approaches to sequencing that share the feature
of sequencing massive amounts of DNA (or RNA) in
parallel. Although the detail of the chemistry used differs
between platforms, all platforms work on the basis of
sequencing spatially separated, clonally amplified templates (referred to as a library). MPS is also referred to as
‘‘next-generation sequencing,’’ but here I use the term
‘‘massively parallel sequencing’’ (MPS), allowing for
several more and anticipated ‘‘next generations’’ of sequencers. At the time of writing, at least five sequencing
platforms with various protocols for library preparation,
sequencing chemistry, fragment read length, run times, and
amount of sequencing data that can be produced in an
instrument run are regarded as having established themselves in the marketplace.
The step from the (previous) gold standard Sanger
sequencing (based on the chain termination method
described by Sanger et al. [14]) to MPS (sequencing by
synthesis) has not been another small step in the slow
incremental improvements to sequencing technology—it is
something like a technological revolution. Genetic research
of diverse endeavors has been, or will be, substantially
changed by this new technology, and activities are already
under way to introduce this technology into the diagnostic/
clinical arena [15–17].
To date, exome capture followed by MPS has been a
much more feasible option compared with whole genome
MPS for most applications in cancer genetics. This is a
result of (1) the availability of commercially produced
exome-enrichment products, (2) most of the currently
identified disease-causing mutations in Mendelian disorders being in coding (or flanking intronic) regions of genes,
thus making the approach arguably sound, (3) the availability of strategies to interpret exomic and proximal splice
junction sequencing variation in terms of possible disease
association [18–23], and (4) cost (exome MPS had been,
until 2012, approximately ten times more expensive that
genome MPS despite the cost of the front-end enrichment
process/products).
Very recently there has been less compelling justification for undertaking exome capture followed by MPS
rather than whole genome MPS for cancer gene discovery
projects. The key factors to change in a relatively short
period of time are as follows: (1) the cost differential,
which is now more moderate (around threefold to fourfold); (2) computational capacities and analytical pipelines
have developed to make possible the analysis of significantly larger data files; (3) there is increasing interest in
interpreting and ability to interpret noncoding regions of
the genome, and (4) some of the technical limitations
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experienced with exome capture followed by MPS (associated with the capture process) are not encountered.
MPS platforms are not limited to the sequencing of
genomes and exomes (DNA), transcriptomes, and methylomes, and other sequencing targeted strategies are
emerging as innovative approaches to address current
research questions.

The Search for Cancer Predisposition Genes
Over the last few decades a small collection of cancer
predisposition genes have been identified by applying, at
least by today’s standards, rather blunt tools. Many of these
early findings were assisted by clinical observations of
phenotype that facilitated the selection of rare families
most likely to have dominantly inherited disease that were
most informative for linkage studies. These families
included (1) families selected by having thousands of
polyps in the colon and a predisposition to the development
of colon cancer (familial adenomatous polyposis) that led
to the identification of the adenomatous polyposis coli gene
(APC) [24–26], (2) families with multiple cases of breast
and ovarian cancer that led to the identification of BRCA1
[27, 28] and (3) families with both male and female breast
cancer that made possible the identification of BRCA2 [29,
30]. Mutations in these genes are typically rare and associated with a high risk of cancer (Fig. 1). Much more
diverse clinical phenotypes associated with carrying
mutations in these genes are now apparent, and there is
evidence that some mutations are associated with more
moderate risk [31] and/or attenuated disease [32].
As linkage studies failed to identify further reliable
signals, the search for further cancer predisposition genes
moved into a phase of candidate gene screening. This
screening was supported by advances in Sanger sequencing that allowed a move away from manual chain-termination radioactive sequencing in slab gels to fluorescent
capillary-based sequencing that allowed automated basecalling. Candidate genes were predominantly selected on
the basis of having some relationship with the previously
identified cancer predisposition genes (same pathway and
or function), and led to the identification of another small
number of cancer susceptibility genes. Illustrative examples of this include the screening for MUTYH mutations
(particularly in APC mutation negative families with a
high number of somatic G:C[T:A mutations in their
tumors) owing to its role in base excision repair [33, 34]
and the screening for PALB2 mutations in BRCA1 and
BRCA2 mutation negative affected women from multiplecase breast cancer families because the PALB2 gene
product was known to interact with BRCA2, and biallelic
mutations in PALB2, similar to biallelic BRCA2

Curr Genet Med Rep (2013) 1:175–181

177

Fig. 1 The figure adapts a popular approach to illustrating the
spectrum of genetic variants associated with different magnitudes of
cancer risk [69]. The strength of massively parallel sequencing (MPS)
to characterize genetic variants associated with cancer risk spectrum
and the niches of pre-MPS and post-MPS methodology are indicated.
For cancer-predisposing genetic variant discovery research, the
resources of highly selected multiple-case families have been
successfully used to identify high-risk genetic variants using linkage

and later candidate gene mutation screening projects. Studies of all
breast cancer, typically case–control studies, have been successfully
used to identify common genetic variants associated with very small
increases in risk via high-density SNP array genotyping. MPS has the
potential to identify genetic variation associated with a broad
spectrum of cancer risk (depending on the study design) and usually
requires follow-up validation initiatives that can also be MPS-based

mutations, caused Fanconi anemia [35–37]. Mutations in
these genes are also generally very rare and are thought to
be associated with, on average, more moderate cancer risk
[35] and in some instances more moderate phenotype (e.g.
biallelic MUTYH mutation associated colon cancer) [33,
38]. Further developments in high-throughput, cost-effective mutation screening methods that generally applied
Sanger sequencing in a validation phase made possible
considerable candidate gene sequencing and resequencing
that further defined mutation frequency and associated
cancer risks [39–45] (see Fig. 1). The frequency of some
specific mutations in a number of these genes has made
possible mutation-specific risk estimation, which provides
evidence for much higher cancer risk associated with
some mutations (ATM c.7271 T[G [46–48]; PALB2
c.3113G[ [49], PALB2 c.1592delT [50]) and evidence for
alternative modes of genetic inheritance of risk (e.g.,
colorectal cancer risk associated with monoallelic mutations in MUTYH [43].

Cancer, ‘‘Missing Heritability,’’ and MPS
A considerable proportion of the heritable risk for common
cancers remains unexplained. Current estimates of what
proportion of familial risk is explained by what we currently know about genetic cancer risk are in the order of
30–48 % for common cancers. These estimates include
contributions from rare mutations in genes that convey
high to moderate risk of cancer (discussed earlier) and the
large number of common genetic variants (individually
associated with very small increased risk) identified via
genome-wide association studies. For breast cancer, the
current estimate of the proportion of familial risk explained
by common genetic variants is approximately 28 %, and
another approximately 20 % is explained by rare mutations
in breast cancer susceptibility genes such as BRCA1,
BRCA2, and PALB2 [51]. For prostate cancer, 70 identified
common genetic variants account for approximately 30 %
of the familial risk [52].
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The nature of the missing heritability of common cancer
is currently a matter of conjecture and has received much
attention. A proportion of this missing heritability is likely
to be explained by rare mutations in a large number of
different genes [53–55].
Can the application of MPS technology uncover more of
the missing heritability of common cancer? In the context
of identifying rare mutations in genes that are associated
with high to moderate risk of cancer, the challenge is no
longer a technical one but rather an issue of study design
and data interpretation.
A fundamental part of the leap from the methodology
applied in past candidate gene mutation scanning projects
(see earlier) to MPS platforms is the capability to search for
cancer susceptibility genes in a so-called agnostic manner.
To successfully achieve an agnostic approach to find additional cancer susceptibility genes, several aspects of the
study design need to be carefully considered, although most
require the incorporation of several assumptions about the
underlying genetic architecture [56••].

Early Experiences
It could be well argued that the most successful application
of MPS is the discovery of rare variants in new susceptibility genes for cancer is the identification of HOXB13 as a
prostate cancer susceptibility gene [57••]. This is a fusion
of old data and the new technology as the investigators
applied targeted capture of genes within a region of 17q2122 that demonstrated linkage in a proportion of multiplecase families [58]. Targeted capture followed by MPS in
selected individuals from families selected for linkage to
this region revealed a rare (found in four of 94 DNA
screened) but recurrent mutation in HOXB13 (G84E) that
has subsequently been extensively validated as associated
with prostate cancer risk [59–61]. Similar large collections
of linkage data are available for other cancer studies, and
several similar initiatives are under way.
There are some recent reports from breast cancer
researchers who have applied exome capture followed by
MPS to multiple, affected members of multiple-case breast
cancer families. This design offers researchers some
capacity to use the family design in data filtering pipelines
to both manage sequencing artifacts and annotate variant
sharing between relatives [3, 56••, 62•].
Some demonstration of the intrafamily exomesequencing approach to identify breast cancer susceptibility genes has been realized. Thompson et al. [5•] have
reported rare variants in FANCC and BLM, which are
responsible for the autosomal recessive disorders Fanconi
anemia and Bloom syndrome, respectively, and Park et al.
[63] have reported rare variants in XRCC2. These genes
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have been identified as strong candidates from early initiatives, with strong reliance on prior gene function
knowledge, rather than application of an agnostic gene
assessment algorithm. Larger-scale validation of these
genes as breast cancer susceptibility genes has provided
further insight into their possible role in cancer predisposition [63, 64], yet have also illustrated the challenges
when conducting these studies for common cancers, with
variable phenotypes, mutations that are likely to be rare
(and in a number of different genes), and penetrance far
from complete [3, 4•, 5•, 56••, 63].

Integration with Other MPS Datasets
Other data sets generated via the application of MPS, such
as cancer genomes and transcriptomes, can provide additional information that can be useful in the search for new
cancer susceptibility genes. A study of familial pancreatic
cancer that applied exome capture followed by MPS of the
cancer genome identified a PALB2 germline mutation and
found a further three mutation carriers when PALB2 was
sequenced in a further 96 highly selected pancreatic cancer
families [65].
Transcriptome sequencing could offer a complement or
indeed a substitute for exome sequencing [66, 67]. There
are indeed some promising aspects to this approach as it
facilitates the analysis of variants within the coding region,
bypasses the need for exome enrichment, and offers some
cost advantages. Naturally, there are also some limitations,
notably tissue specificity, which needs to be considered in
the study design and application [68].

‘‘Next-Generation’’ Collaboration
Coordinated international collaborations are beginning to
emerge that have the potential to advance the discovery of
additional cancer susceptibility genes by increasing the
likelihood of identifying functionally relevant genetic variants in the same genes in multiple families by combining
MPS data [7] (COMPLEXO; http://www.path.unimelb.edu.
au/research/labs/southey/Complexo.dwt). Pooling of information about common genetic variation in case–control
studies has proven to be a successful way to measure the role
of common variants associated with cancer predisposition
via the consortium model such as the Breast Cancer Association Consortium (http://ccge.medschl.cam.ac.uk/consortia/
bcac/index.html), the Consortium of Investigators of Modifiers of BRCA1/2 (http://ccge.medschl.cam.ac.uk/consortia/
cimba/index.html), the Ovarian Cancer Association Consortium (http://ccge.medschl.cam.ac.uk/consortia/ocac/aims/
aims.html), and the Collaborative Oncology Gene–
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Environment Study (http://www.cogseu.org). However,
combining data from MPS studies has additional challenges
that demand refinement of our bioinformatics analysis
pipelines to both handle the volume of data available and
conform to data interpretation and filtering methods. International collaboration also offers the opportunity to gather
the magnitude of resources necessary to validate potential
cancer susceptibility genes identified via combined MPS
studies. However, even with international coordination, the
rarity of mutations in some of the yet to be identified cancer
susceptibility genes may mean that empirical demonstration
of an association with cancer risk is not possible, and that
other, potentially functionally based, assays may need to
be relied on.
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Conclusion
11.

MPS has revealed the complexity of the human genome
and has great potential to reveal more of the missing heritability of diseases such as common cancer. However, our
current study designs and bioinformatic and computational
approaches need to be refined to realize the full potential of
MPS for it to contribute further to the identification of new
cancer susceptibility genes.
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