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In this issue of the journal Ruth Walker and colleagues describe the genetic diagnosis of
neuroacanthocytosis disorders using a fairly new but rapidly prevailing genetic method,
exome sequencing.1 This work highlights a standing problem in diseases with a great deal of
genetic heterogeneity, how to reach a molecular diagnosis. Perhaps more importantly, it
illustrates how this issue may be overcome quite routinely in the near future.

Although not unique, the marked genetic heterogeneity associated with many clinical
presentations represents a diagnostic problem that is pronounced in movement disorders.
Illustrative examples abound, there are at least 19 identified genetic causes of autosomal
dominant ataxia,2 primary dystonia may be caused by known mutations at 10 different loci,3
recessive parkinsonism by mutations in at least 6 different genes,4–9 and in the case of
neuroacanthocytosis, there are four genes known to contain disease causing mutations,
including a very large gene, VPS13A.1

Facing genetically heterogeneous but clearly familial disorders in the clinic, a physician
faces a decision about genetic testing that must balance cost, time, likelihood of a positive
result, and the impact of any result on treatment, prognosis, and the patients family. A
common approach is to test the most likely candidate mutations or genes first, progressing
steadily through alternates until a verdict is reached, or the most plausible and testable
candidate pool is exhausted. This iterative approach can be highly inefficient; it may take a
substantial amount of time and money to find a mutation and oftentimes we still fail to
identify the causal genetic lesion. There are many reasons for this: while there remain a
large number of single gene disorders for which we don't know the genetic cause, many
gene tests are not routinely available, and variants are frequently discovered that are of
unknown significance.

The quite broad phenotypic heterogeneity associated with a large number of gene mutations
also presents a hurdle to identifying the specific genetic cause of clinical presentations. We
know that single-gene movement disorders can present with phenotypes outside of the norm.
Patients with a pathogenic LRRK2 mutation most commonly present with typical
Parkinson’s disease (PD);10 however, some of the earliest LRRK2 families described
included patients with presentations such as amyotrophy, dystonia, and dementia.11

Likewise, PLA2G6 mutations, which were originally associated with infantile neuroaxonal
dystrophy, are known to also cause dystonia-parkinsonism.7, 12 VCP mutations can lead to
any one or a combination of frontotemporal dementia, inclusion body myopathy,
amyotrophic lateral sclerosis, and Paget’s disease of bone.13 It is also reasonable to suspect
that the same genetic lesion may result in different clinical presentations based on genetic
background, and this may be evident across diverse populations. There already exists some
support of this in ataxia, where ATXN2 and ATXN3 expansion mutations, primarily
described in Caucasian spinocerebellar ataxia patients, may present as a dopa-responsive
and quite pure parkinsonism in patients of Asian or African lineage.14–16
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Given the challenges of substantial genetic and phenotypic heterogeneity, what is needed is
a way to screen all gene candidates for a disorder, including those outside of immediately
plausible candidate gene pool. Such a method needs to be quick and cost effective and
should ideally provide unequivocal results that are easily interpretable. Exome sequencing
promises to best some of these challenges. In essence this method aims to produce genetic
sequence data on every protein coding DNA basepair of the human genome, representing
about 1/100th of the diploid genome, or approximately 70 million base pairs per individual.
There are a number of approaches to this but they each center on creating a library from a
genomic DNA sample, which is enriched for the genetic regions of interest, then analyzed
using a second-generation sequencer. This method generates billions of basepairs of
information in quite short order. Sample preparation and sequencing takes ~ 3 weeks; but
many samples can be sequenced in parallel. Following this, a computationally intensive but
increasingly stable and accessible analysis generates a report of all variants detected, their
population frequencies, predicted effect on the protein product, and whether the variants
have been described before. Current costs for an exome sequence run at around $1000. In
the paper by Ruth Walker and coworkers this is exactly the approach that was taken. In this
study the investigators performed exome sequencing in two unrelated individuals with
neuroacanthocytosis. In both individuals this method revealed compound heterozygous
mutations in VPS13A, a known genetic cause of this disorder.

So is exome sequencing the panacea to current limitations faced in clinical testing? The
information it provides is certainly extensive, now quite accurate, and has been used to make
genetic diagnosis, including unanticipated diagnosis.17 There are, however, some limitations
to the method that bear consideration. In its current form exome sequence does not quite
capture all of the protein coding genome, and is generally unable to capture or accurately
sequence about 10% of this content. Exome sequencing is not particularly good at
identifying repeat mutations (i.e. triplet repeats seen in spinocerebellar ataxias for instance),
and although improving, methods for detecting gene deletions and duplications using exome
data are not well established.

Currently, exome sequencing is not clinically validated, and will likely require additional
follow up with established mutation discovery methods once a candidate variant has been
identified. Despite these limitations, the comprehensive nature of exome means that this
remains an attractive method for genetic testing; indeed companies are now offering this as
part of a diagnostic service. Given the breadth of sequencing afforded by this method, it is
also useful to consider the ramifications of unanticipated genetic findings. What are the
consequences of a collateral discovery of a BRCA1 mutation in a patient without cancer, or
in identifying a carrier of a recessive mutation who is about to start a family? One of the
earliest exome sequencing studies provides an example of this, finding not only the cause of
Miller syndrome (DHODH mutation), a rare multiple malformation disorder, but also
showing genetically that one of the patients had primary ciliary dyskinesia as a result of
DNAH5 mutations.18 These are clearly complex issues, that will require a shift in our view
of genetic data (and perhaps genetic determinism), most importantly this will require an
informed discussion with patients seeking genetic diagnosis using this method.

One early consequence of diagnostic exome sequencing is the identification of a large
number of variants of unknown significance and an opportunity exists here. It is likely that
clinical diagnostic services will be the primary producer of sequences in monogenic or
suspected genetic disease, eventually outstripping the throughput of research laboratories.
What is called for is a centralized database of variants identified, linked with phenotypes,
and this resource should be available for all of these clinical services to both data mine and
contribute to. This provides an opportunity to build statistical confidence in the pathogenic
role (or not) of identified variants based on data accumulating worldwide. While these are
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likely to be difficult waters to navigate, particularly using clinical data for research and
maintaining subject anonymity, this seems a worthy goal, likely to identify new genes, new
mutations and perhaps new risk variants; ultimately such a service would greatly help
genetic diagnostic accuracy and risk prediction.

Clearly exome sequencing is already making an impact in the research arena, and is now the
primary method in identifying novel genetic causes of disease. This has been discussed
extensively elsewhere, so I will not go into details here, but there exists a burgeoning gene
discovery literature that includes examples in movement disorders (EIF4G1 and VPS35
mutations in PD, TGM6 mutations in SCA).19–22

Lastly, it is worth noting that exome sequencing likely represents a half step toward a
complete genetic solution for genetic diagnosis, in the form of whole genome sequencing.
This method that has already been used to find new genetic causes of disease in the research
setting.23 One would expect this approach to rapidly find its way into the diagnostic field,
probably replacing exome sequencing, because whole genome sequencing provides much
more complete coverage and is better positioned to identify both structural and non-protein
coding mutations. Many of the challenges that we will face with the implementation and
interpretation of exome data will prepare us for whole genome sequencing data, although we
will likely have to be more thoughtful about how we approach low risk variability. The use
of exome sequencing, and the inevitable transition to whole genome sequencing in clinical
diagnosis presents us with a host of opportunities, challenges, and food for thought.
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