
Policy challenges of clinical genome sequencing
Around the world, genome sequencing is moving from research into the clinic, and in the UK plans
to sequence the genomes of 100 000 NHS patients are well underway. A clear policy on how to
conduct genomic testing is therefore both essential and urgent, argue Caroline Wright and
colleagues
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Genetic testing is moving from analysis of specific genes to
sequencing of the whole genome. Clinical genome-wide
sequencing is already offered by a handful of private companies
and diagnostic laboratories in the US and by some countries in
Europe. In December 2012, the UK prime minister announced
ambitious plans to sequence the whole genomes of 100 000
NHS patients over the next three to five years.1 And in July the
Department of Health set up Genomics England to help deliver
the 100K Genome Project into mainstream healthcare in the
NHS, with the initial focus on patients having genetic testing
for the diagnosis of rare disorders, cancers, and infectious
disease.2-6 Policy makers around the world are currently
grappling with how to guide the implementation of genome
sequencing in the clinic. Clear testing policy now needs to be
agreed that covers issues such as whom to test and how to store,
protect, and share genomic data appropriately.

Why sequence genomes rather than
genes?
Traditionally, molecular genetic tests have involved sequencing
single genes. Although this has proved to be a powerful method
for diagnosing patients with rare heritable diseases, it has
important limitations; a clinician has to select just one gene to
test from the roughly 20 000 in the human genome. For a few
rare disorders, such as cystic fibrosis, the clinical presentation
is sufficiently distinct to make this possible. But many conditions
are genetically heterogeneous, meaning that the same clinical
picture can be caused by mutations in any one of many
genes—for example, hypertrophic cardiomyopathy. Moreover,
small but important subsets of common diseases can be caused

by a single gene defect (such as MODY in diabetes), but it may
be impossible to identify these based solely on the clinical
presentation. Testing individual genes sequentially is slow,
expensive (costing hundreds of pounds each), labour intensive,
and often ultimately unsuccessful. All this makes the one size
fits all approach of testing every gene in the genome at a
competitive price (box 1) an attractive diagnostic option, as well
as facilitating research to find the cause of hitherto undiagnosed
genetic conditions.
The diagnostic power of genome sequencing, coupled with our
increasing understanding of the genetic aetiology of numerous
disorders, seems to offer new opportunities to prevent, diagnose,
and manage diseases. However, although scientific knowledge
and technologies continue to advance rapidly, there are
numerous outstanding questions surrounding clinical
implementation.Whom should we sequence? Howmuch of the
genome should be sequenced?What should be tested, validated,
and communicated to patients? How should individuals’
genomic data be securely stored for their own benefit while
being widely shared for everyone’s benefit? Opinions differ
dramatically,8 9 and a clear, evidence based genomic testing
policy now needs to be agreed as a matter of urgency for the
NHS.

Problem of data overload
The declining cost of DNA sequencing has shifted the diagnostic
bottleneck away from performing the assay (that is, determining
a genetic sequence) towards interpreting the test (predicting the
effect of genomic variants in an individual). Our ability to
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Box 1: What we know (and don’t know) about the human genome

• Sequencing a human genome—the complete genetic information encoded by a person’s DNA—currently costs around £4000 (€5000;
$6000)

• The exome is a subset of 1-2% of the genome that includes all protein coding genes (about 20 000); sequencing currently costs
£200-500

• Over 80% of the genes in the exome currently have no known role in disease
• The non-coding sequence that comprises the remaining 98-99% of the genome is even harder to interpret
• Most people have around 3-4 million variants (sites where an individual’s sequence differs from the reference genome), of which 30
000 to 60 000 are in the exome, including around 400 potentially damaging variants and, on average, two disease causing mutations7

• Most currently known clinically relevant variants are located in the exome

generate data now far outstrips our ability to interpret it.
However, like with many other tests in medicine, the diagnostic
accuracy varies according to the clinical history and pre-test
probability.
One of the big issues we face is ambiguity around how to
interpret genomic variants in an individual, particularly when
he or she has no known family history or symptoms of a disease.
When a patient presents with a particular phenotype, and a
pathogenic mutation in a relevant gene is found, this can be
identified as the cause of the disease with reasonable certainty.
However, contrary to popular belief, the reverse is not always
true. People can carry a disease causing variant without having
the disease, either because of incomplete penetrance (not
everyone carrying a particular genetic mutation will develop
the disease) or age dependent penetrance (the disease does not
manifest until later life). Without knowledge of the effect of
mutations in the general population, we simply do not know
how likely an unaffected individual carrying a particular
mutation is to manifest that disease. Moreover, it is often
difficult to predict the severity and course of disease in
individuals even for well characterised variants in well known
genes.
Figure 1⇓ relates to genome analysis of a patient, which
confirmed the clinical suspicion that he had
Charcot-Marie-Tooth disease.10This diagnosis could have been
made by analysing the sequencing results for a panel of just 40
genes known to cause neuropathy to identify the two relevant
variants. These variants could be interpreted with confidence
in the knowledge that the patient had a clinical diagnosis of an
inherited neuropathy, making the odds that a variant in a
neuropathy gene will be disease causing much higher than in a
member of the general population.
But what about the rest of his genome? Analysis identified 159
known variants in other genes that are associated with various
different diseases and traits—often termed incidental findings.
What does this mean for him? This question is much more
challenging to answer, and we must beware of overinterpreting
the data. For example, this adult patient has a homozygous
mutation in the IGHMBP2 gene previously thought to cause a
disease that is fatal in infancy (spinal muscular atrophy with
respiratory distress type 111 12). Unfortunately, our understanding
of this and many other genetic variants is often incorrect, and,
had he been an infant when his genome was sequenced,
exploring this result would have wasted valuable resources and
caused enormous distress.
The problem with sequencing an individual’s genome is that it
will inevitably create many such difficulties in every single case
unless a strategy is developed to partition the data and
interrogate subsets of it according to the presenting clinical
problem.

Incidental findings—screening by another
name?
The question of how to handle incidental or secondary findings
arising from genomics is a topic of heated international
debate.13-16Questions relate to whether, when, and what to report
back to patients and research participants, how the process could
or should be managed, and the inevitable resource implications.
Although professional organisations have now made
recommendations (table⇓),17 18 these differ on important areas
such as screening in children and remain highly controversial.19

Sequencing a genome does not equate to screening a genome,
and we can chose to limit our analysis to any number of specific
variants or diseases. For clinical genome sequencing, we suggest
that the detailed analysis should be limited to the pertinent
genes—that is, those likely to be relevant to the disease
phenotype under investigation (fig 2⇓). Analysing the
non-pertinent genes can give rise to a potentially large number
of opportunistic findings and can be considered similarly to
genomic screening.20 The crucial difference between pertinent
diagnostic findings and opportunistic screening is the prior
probability of disease in that individual—that is, the likelihood
of the diagnosis before testing based on clinical findings—which
affects how the results are interpreted.
When considering whether to offer any form of genomic
screening, we must bear in mind the experience of existing
screening programmes: it is easy to overstate potential benefits
while underestimating potential harms, and well established
and internationally recognised screening criteria should be
applied when considering what (if any) additional genomic
screening should be offered to those undergoing sequencing.
Importantly, each variant-disease relation must be evaluated
separately in light of the evidence associating them and the
availability, invasiveness, and cost of confirmatory testing and
treatment.
Well characterised and easily treatable diseases for which the
benefits of cascade screening of relatives have been established
could be initial candidates for opportunistic genomic
screening—for example, DNA based screening of relatives of
patients with familial hypercholesterolaemia has been shown
to considerably improve cost effectiveness of diagnosis and
health.21 Integration of genetic testing with established screening
programmes should be formally evaluated before such data are
used for this purpose. Screening for breast cancer susceptibility
variants, for example, could be combined with existing risk data
to target mammographic surveillance at womenmost at risk.22 23

Widening public understanding
Professional and public opinion on whole genome sequencing
varies widely, and the results of ongoing large scale social
science studies exploring this area should ultimately contribute
to policy.24 Some argue that anyone undergoing genomic testing
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should have the right to see all the test results, even when their
clinical importance is uncertain. Although this position may
seem to respect individual autonomy, it does not resolve the
question of whether healthcare providers have a duty to search
for and act on clinically actionable variants, or indeed to
interpret data with uncertain predictive value that is not directly
pertinent to the current clinical question (or the clinician’s
immediate expertise). And what of the autonomy of relatives,
who may be affected by clinically actionable variants?
Individuals differ substantially in their tolerance for uncertainty,
and the challenge of interpretation is underappreciated by both
clinicians and the public, many of whom still regard genetic
information as highly deterministic.
Questions also arise over how to balance the need for data
sharing for the common good with the importance of respecting
an individual’s right to personal privacy and confidentiality.
Clarity over legal and professional responsibilities are needed
so that clinicians are not driven to overinvestigate because of
fear of repercussions.
The challenge lies in ensuring that patients are aware of the
issues surrounding genome sequencing, the consequences of
results, and procedures for data sharing and storage before
agreeing to participate. In the recently launched Personal
Genome Project UK, the healthy volunteers undergoing genomic
sequencing must pass an online examination testing their
understanding of genetics and sign a lengthy consent form.25
Exactly how the informed consent process will work for the
government’s 100K NHS genome project remains uncertain.

Focus on diagnosis
Given the limitations in our understanding of genomic variation,
intelligent use of sequencing technology demands that we select
which parts of the massive amounts of data we want to
interrogate in detail to answer a clinical question. However, the
remainder of the data should be made available for research.
An informed, targeted approach to genome analysis makes the
clinical test a more discrete and definable entity that is possible
to interpret and reduces unwanted incidental findings. As
knowledge grows, additional portions of the data could be
interrogated as appropriate.
We therefore suggest that clinical genome sequencing efforts
should initially focus on delivering diagnoses for patients rather
than premature opportunistic screening. By combining genome
wide sequencing with clinically targeted analysis (or gene panel
tests) in patients whose clinical presentation suggests a primarily
genetic aetiology, we can maximise interpretable, pertinent
findings andminimise non-pertinent, incidental findings. Before
genomic screening is considered, we need systematic,
longitudinal investigation of variants in large populations to
determine penetrance, and this could be done through ongoing
biobank sequencing projects. Guidance and educational material
for clinicians and patients involved in genomic sequencing in
the NHS should be developed, covering the purpose and
limitations of testing, the uncertainties of interpretation, and the
importance of sharing data.
In addition, all variants ascertained clinically or through research
should be deposited in accessible databases of genomic
variation. To facilitate this, we need international collaborative
efforts to systematically record and share genotypic and
phenotypic information,26 such as the DECIPHER consortium,27
the Leiden Open Variation Database,28 or the Locus Reference
Genomic collaboration.29 This will allow us to assemble
sufficient evidence to reap the benefits of the genomic revolution
responsibly and effectively.
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Key messages

Genome sequencing is now sufficiently cost effective to be offered clinically
Nevertheless, interpretation of individual genomic variation remains challenging and the importance of incidental findings is unclear
It is premature to offer opportunistic genome screening without knowledge of population penetrance
Clinical genome sequencing efforts should initially focus on delivering diagnoses for patients
A shared database of sequencing results linked to phenotypes is needed to facilitate research

28 Fokkema IFAC, Taschner PEM, Schaafsma GCP, Celli J, Laros JFJ, den Dunnen JT.
LOVD v.2.0: the next generation in gene variant databases. Hum Mutat 2011;32:557-63.

29 Dalgleish R, Flicek P, Cunningham F, Astashyn A, Tully R, Proctor G, et al. Locus reference
genomic sequences: an improved basis for describing human DNA variants. Genome
Med 2010;2:24.

Accepted: 8 October 2013

Cite this as: BMJ 2013;347:f6845
© BMJ Publishing Group Ltd 2013

For personal use only: See rights and reprints http://www.bmj.com/permissions Subscribe: http://www.bmj.com/subscribe

BMJ 2013;347:f6845 doi: 10.1136/bmj.f6845 (Published 22 November 2013) Page 4 of 6

ANALYSIS

http://www.bmj.com/permissions
http://www.bmj.com/subscribe


Table

Table 1| Key differences between the American College of Medical Genetics and Genomics (ACMG) and European Society of Human
Genetics (ESHG) recommendations regarding whole genome sequencing in healthcare

ESHG17ACMG16

It is preferable to use a targeted approach to avoid unsolicited findings, and
genomic screening is not specifically advocated

Diagnostic laboratories should routinely screen all clinical exomes/genomes for
a list of known variants in genes associated with medically important conditions

Guidelines for informed consent need to be developed, but patients’ claims to a
right not to know do not automatically over-ride professional responsibilities

Patients cannot opt-out of genomic screening; it is the responsibility of the clinical
team to provide appropriate pre- and post-test counselling

Guidelines for testing minors need to be developed relating to what “unsolicited
information” should be disclosed

The genomes of minors should be screened for variants offering clinical utility to
their parents
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Figures

Fig 1 Example of patient genome analysis.10 A man was investigated to find the cause of his familial Charcot-Marie-Tooth
syndrome, for which a genetic diagnosis was subsequently achieved. But what should be done with information on other
variants relating to different diseases and traits?

Fig 2Categorisation of variants. By restricting clinical genomic analysis to a targeted approach based on the clinical question,
it is possible to maximise pertinent findings and minimise non-pertinent ones. Only coincidental findings cannot be avoided
using this strategy, such as a large deletion in a developmentally delayed child affecting genes for both a neurodevelopmental
disorder and predisposition to cancer
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