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medicine
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Abstract | The falling cost of sequencing means that we are rapidly approaching
an era in which access to personalized genomic information is likely to be
widespread. Here, four experts with different insights into the field of genomic
medicine answer questions about the prospects for using this type of
information. Their responses highlight the diverse range of issues that must be
addressed — ranging from scientific to ethical and logistical — to ensure that
the potential benefits of personal genomic information outweigh the costs to

both individuals and societies.

Are we already at a stage at which we
need to consider how personalized
genomic information can be used?

Alan E. Guttmacher. Personalized genetic
information (that is, information about a
limited number of specific genes) has long
been part of many individuals’ health care
and health records. The most pervasive use
of such information has long been newborn
screening. Indeed, for decades the vast
majority of newborns in many countries
have undergone screening that tests for
various conditions caused by mutations in
specific genes'.

By contrast, we have not yet entered the
era in which personalized genomic informa-
tion (that is, information about much or
all of a person’s entire genome) is a com-
mon part of health care or health records.
However, that era will be soon upon us? and,
unless we prepare now, we will not have
the scientific, logistical and ethical frame-
work that is required for the appropriate
and effective use of genomic information.
And, unlike past uses of genetic informa-
tion, future uses will include issues that are
well outside of what most would recognize
as health-care applications, ranging from
forensics to prediction of behaviour to

potential eugenics. Clearly, this wide range
of uses broadens the issues that we need
to address.

Amy L. McGuire. Absolutely. Technological
advances over the past decade have made it
possible to generate whole genome sequences
at a relatively low cost, and many predict

that the US$1000 genome is just around the
corner?. In addition, companies are offer-

ing extensive genotype information directly
to consumers. Admittedly, the ability to
generate personal genomic information has
outpaced our understanding of its functional
significance, limiting its present clinical util-
ity. This presents the perfect opportunity for
the medical and scientific communities to
adopt a preventive approach and to consider
the appropriate and inappropriate uses of
personal genomic information, both now and
in the future. For example, premature clinical
integration of genomic information may lead
to a cascade effect?, resulting in inappropriate
follow-ups that are potentially harmful and
that would constitute an unjustified use of
health-care resources®. Conversely, the appro-
priate integration of pharmacogenomic test
results may save lives and lead to improved
patient care®. As research advances, what
constitutes an appropriate use of genomic

information will change. Studying how
stakeholders are using and plan to use this
information can help to shape public policy
and inform professional guidelines.

Bruce Ponder. Yes. Tests are already being
marketed, but there are many issues to be
addressed. The first is how to demonstrate
benefit. The applications of genomic infor-
mation in medicine will be mostly to provide
information about the balance between costs
and benefits in decisions about screening,
prevention and need for treatment’. We need
to consider carefully how to recognize the
situations in which the additional informa-
tion from genome testing might be of most
help either to individuals or in the context of
public health, how to estimate the likely costs
and benefits, how to design and conduct the
studies (which may involve thousands of sub-
jects followed for many years) to demonstrate
that the proposed medical benefits are true
and, finally, how to factor in the economic,
social and ethical terms to the equation.

We must also consider questions of
education and understanding. The medical
decisions for which genomic information
will be used are often complex and involve
probabilities, not certainties. How should
we equip individuals to think about risks of
disease balanced against risks of intervention?
In particular, if tests are to be sold directly
to consumers, measures will be needed to
ensure that individuals receive appropriate
information and advice. Genomic testing will
highlight issues of access to medical interven-
tions based on risk, which will raise potentially
difficult issues of equity and acceptance.

Finally, when do ‘medical’ genomics-
based predictions shade into predictors of
more general personal attributes — such as
personality and longevity — and how will we
respond to the implications of these issues?

Kari Stefansson. There is still no consensus
on whether recent discoveries about the
genetics of common diseases have brought
us to a stage at which we need to begin to
consider how personalized genomic infor-
mation should be used to benefit individuals
and, through that, society in general.

There are those who insist that the risks
conferred are too small to be of any use®.
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It is true that the effect of each sequence
variant may be modest or small. In many
common diseases, however, several associ-
ated variants have been discovered and their
combined effect is formidable and may be of
considerable clinical value. It is important to
keep in mind that if the disease is very com-
mon, the relative risk does not have to be
large to be clinically relevant. The example I
would like to use is that of heart attack. If we
take 12 recently discovered sequence vari-
ants that are associated with the risk of heart
attack and that are independent of known
risk factors®, they can be used together in a
genetic test for the risk of heart attack. This
test alone can allow for the identification
of the 10% of people of European descent
whose risk of developing a heart attack is
1.6 times greater than the population aver-
age. As the lifetime risk of suffering a heart
attack is 49% for men over the age of 40,
this test allows us to find men who have on
average a 79% lifetime risk. Individuals who
are in the top quintile of the concentration

of low-density lipoprotein cholesterol have a
heart attack risk that is 1.3 times the popula-
tion average, which translates into a lifetime
risk of 64%. Hence, a genetic test based on
recently discovered sequence variants could
identify people with an added risk of heart
attack that is twice that of those who are

at the top of the cholesterol curve. In this
context, it is important to keep in mind that
the ability to assess the risk of heart attack
by measuring serum cholesterol has trans-
formed cardiology into the most important
field of preventive medicine.

As an example of a situation in which a
new genetic test based on common variants
would not be useful, consider a test for the
risk of multiple sclerosis that would allow us
to identify 10% of the population with 1.6
times the population average risk of devel-
oping the disease. The population risk of
developing multiple sclerosis is only 0.1%,
which for the individual is not markedly less
than the risk of those who are positive for
the test (0.16%).

Is direct-to-consumer genetic

profiling helpful?

A.E.G. There is a long tradition of
underestimating the ability of patients to
understand information about their health.
Well into the twentieth century, most
physicians thought it inappropriate to write
articles or books about pregnancy aimed at
the lay public. Today, bookstores have large
sections devoted solely to such works, and
mothers and newborns seem not only to have
survived this democratization intact but also
to be better off for their empowerment.

To state the obvious, information
is power, and particularly so when it is
about yourself. A process that enables indi-
viduals to learn about themselves has the
potential to be truly empowering. However,
if the process is not fact-based or does not
supply a context that allows the individual to
understand and harness the information, it
can lead to misinformation, misunderstand-
ing, misjudgement or misbehaviour. The
challenge for direct-to-consumer genetic
profiling is much like the challenge for any
direct-to-consumer information; it must
be accurate and understandable, and its
implications and limitations clear. If direct-
to-consumer genetic profiling develops
such that consumers gain power over their
health and lives, it should be largely helpful.
If it develops, instead, such that purveyors
simply gain power over consumers, it will be
largely harmful.

A.L.M. Much of the information that is
provided by direct-to-consumer compa-
nies is recreational (for example, ancestry
information and information about traits
such as bitter taste and running speed).

This information may not be helpful in the
clinical sense, but it is likely to be harm-
less, and consumers may find it interesting
or entertaining. Most direct-to-consumer
companies claim that all of the informa-
tion they provide is recreational (see, for
example, 23andMe), but the US Government
Accounting Office has found that some of
this information is health-related and could
be interpreted as diagnostic'. For this type
of health-related information to be helpful
clinically, it must be valid and have proven
clinical significance. Direct-to-consumer
profiles that report genetic associations with
odds ratios of 1-2 arguably lack clinical util-
ity. Knowledge of this information would
only be helpful if it leads to improved health
behaviours, which are recommended regard-
less of one’s genetic profile. For more highly
penetrant genetic variants, professional
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judgement is required to assess the signifi-
cance for the individual and to determine
appropriate follow-ups in the context of a
complete medical evaluation'®. Therefore,
direct-to-consumer genetic profiling that is
provided without the involvement of a com-
petent health care provider may not only be
unhelpful, it may be harmful.

B.P. Is checking your own blood pressure
or cholesterol helpful? With any test, it
depends upon the action that follows and
whether it is appropriate. There has been
an idea that somehow genetic information
is different and more dangerous than other
types of medical information. This voodoo
idea should not colour the debate: genomic
information should be evaluated and used
in the same way as any other medical test.
Even the implications for other family
members are not generally different from
those of an observable family history or a
diagnosis of diabetes or hypertension.

The possible advantage of direct-to-
consumer testing is that it will be quicker
and cheaper than the traditional face-to-face
consultation, so more information can reach
more people. And there is the principle that if
people want information, they should be able
to get it. However, information is like a pill —
once swallowed, it is impossible to retrieve.
So, just as with pills, there is a duty of govern-
ment and society to ensure that the pill is
accurately labelled and is used appropriately.

Given the complexity of the medical
questions that testing may raise, one must
ask whether written information alone can
ever be adequate. Medical consultation
and possible further investigation might
be offered through the testing company,
but this raises the possibilities of conflicts
of interest and inappropriate interven-
tion. Alternatively, in a socialized system
the availability of commercial direct-to-
consumer testing may carry the risk that the
rest of us will pick up the health-services bill
for increased demand, again not all of which
may be appropriate. I would like to see all
direct-to-consumer testing, as well as testing
offered through the health services, within
a framework of regulation and rigorous
evaluation of its effects.

K.S. Over the past decade or so there has
been a substantial change in the behaviour
of consumers of health care. Today there is
hardly a patient between the age of 15 and
70 who goes to see a physician for a new
condition without having downloaded from
the internet a large amount of information
on their condition. It could be argued that

thereby the consumers of health care are tak-
ing more control of their own affairs. Access
to information about the genetic risk of dis-
eases would allow this development to pro-
ceed to the next level. The man who knows
the nature of his disease is more likely to
seek appropriate help to treat it, and by the
same logic a man who knows the risk he has
of developing a disease is more likely to seek
help to mitigate the risk. It is also important
to recognize that by learning about your
genetic risk of diseases, you are simply learn-
ing about certain aspects of who you are.
One of the assumptions of our culture is that
it is always helpful to learn in more detail
who you are. It is important that people can
access this information without having to go
through a health-care professional because
such an intermediary could serve as a barrier.
There is no evidence in support of the
notion that knowing your genetic risk of
common diseases is harmful.

What will be the longer-term impact of
personal genomic information?

A.E.G. Genomic information has already
begun to alter understanding of human
biology, health and disease, as overtly dem-
onstrated by the spate of genome-wide asso-
ciation (GWA) studies of the past four years
(see the National Human Genome Research
Institute Catalog of Published Genome-
Wide Association Studies). Many see GWA
studies as primarily providing personalized
genomic information about risk for disease.
Although GWA studies certainly do that,
what they say about the underlying biology
of disease is perhaps even more important.
The first disease for which a GWA study was
performed, age-related macular degenera-
tion (AMD), is but the first example of this"’.
A series of GWA studies implicated several
genes involved in inflammation in the
pathogenesis of AMD'®. Before these studies,
few thought inflammation was an important
part of the causation of AMD; now,
new approaches to treatment and even
prevention of the disease are possible.
GWA studies and other sources of per-
sonalized genomic information will have
other important long-term impacts. They
will enable health care based on individual
biology (and, eventually, individual environ-
mental exposure information), rather than
our current ‘one size fits all’ paradigm. We
will no longer treat patients as representa-
tives of large categories of humanity, but as
the individuals that they truly are. This will
be among the most transformative changes
in the history of health care.
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A.L.M. 1t is hard to know what the longer-
term impact of personal genomic informa-
tion will be. Some believe it will transform
the practice of medicine and empower
consumers/patients to take personal respon-
sibility for their health and become active
participants in their medical care”. Others
worry about the ‘Gattaca effect’ and fear that
the routine generation of personal genomic
information will lead to social stigmatization
and marginalization and an overwhelming
demand for genetically superior ‘designer
babies. Both of these predictions are
grounded in hype and a deterministic view
of genetics. More realistically, personal
genomic information will become one,
among many, clinical factors that are consid-
ered in medical diagnostics and treatment
planning. Medicine has always been
‘personal, and good medicine requires a
comprehensive approach to clinical care.
The ability to generate whole-genome
sequences represents a major technological
advance. However, contrary to early predic-
tions, we are already beginning to see that
the clinical integration of such information
will affect the practice of medicine gradually
and in subtle and nuanced ways.

B.P. Personalized genomic information will
alter the way we think about screening and
prevention. Although risk criteria — most
obviously age — are used in current pro-
grammes, they are still generally thought
of as whole-population interventions. Now,
just as with individually tailored treatment
for disease, we are starting to think in terms
of targeted interventions for specific groups.
The design and evaluation of programmes
for screening and prevention will change.
Better definition of disease subtypes will
allow treatment to be matched to the indi-
vidual, including the more effective evalua-
tion and development of new drugs, with a
reduced risk of discarding new treatments
that are effective in a specific small subset of
patients. For variants that carry a significant
attributable risk, mechanism-based preven-
tion might conceivably lead to a substantial
reduction in disease burden. In cancer, germ-
line genetic variation may influence somatic
pathways or host responses to tumour devel-
opment; if so, it might prove an additional
prognostic in decisions over the aggressive
management of screen-detected lesions.
Ultimately, early-life profiling for risks of a
spectrum of diseases might be the basis for
individually tailored lifelong programmes of
risk reduction. However, we need much more
information before we can judge how much
of this potential can be realized.
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K.S. Personalized genomic information

is going to drive the paradigm shift from
interventional to preventive medicine. This
paradigm shift is the only way in which
health-care costs are going to be contained
in a meaningful manner.

How do you see this information being
used most effectively?

A.E.G. Eventually, personalized genomic
information will become a cornerstone of
everyday health care. By personalizing
disease risk calculations, it will improve
preventive medicine approaches by person-
alizing them; for instance, suggesting
chemoprevention for men with greatly
increased risk for prostate cancer®'. By mak-
ing certain causes for a symptom constel-
lation more likely in a given individual, it
will guide many diagnostic work-ups. It will
improve therapeutics by making it possible
to sometimes subcategorize an individual’s
disease process according to its underlying
biology. It will improve pharmacological
efficacy by allowing drug selection based
on the patient’s individual genome and
therefore drug metabolism profile?.
Perhaps population-based public health
screening is the least obvious area of
health care for personalized genomic infor-
mation to have an impact on, but even here
its effects should be felt. As valuable as
population-based screening programs are,
they are currently blunt tools, and personal-
ized genomic information will individualize
and therefore sharpen them. For instance,
using knowledge of genetic make-up to
individualize recommendations for when
to start and how often to repeat mam-
mography or colonoscopy might improve
both heath care and health economics. And
using personalized genomic information to
calculate a pre-test likelihood of harbouring
prostate cancer might even improve
the predictive value of prostate-specific
antigen screening®.

A.L.M. More than 100,000 people die

each year from adverse drug reactions®.
Pharmacogenomics holds great promise for
helping to reduce this number, but it will
never be an exact science. Again, genetics
is just one factor to consider when treating
patients or determining drug dose. This
information will be used most effectively
when it is combined with other clinical
and environmental information to develop
a comprehensive view of a patient’s his-
tory, current medical condition and future
risk. The integration of personal genomic

information with other clinical information
in a dynamic electronic health record (EHR)
will maximize the utility of this information,
but it will require advanced informatics

and a major international investment to
create a common vocabulary that can be
used to make EHR systems interoperable
and to develop clinical practice guidelines
with the interpretive algorithms that are
necessary for the facilitation of effective
genomic counselling®.

B.P. Classification of the population into
high and low risk groups to target inter-
ventions such as screening and prevention
will be important, provided that enough of
the variation is scoreable to provide useful
discrimination’. But before then, any clear
correlation between genotype and risk that
affects a medical choice can potentially lead
to effective applications: for example, test-
ing for highly penetrant mutations, such as
for breast cancer susceptibility (BRCAI),
predicting the toxicity of drugs or radia-
tion, and genetically classifying disease
subtypes that require different manage-
ment. The higher the odds ratio associated
with the genotype, the more effective the
application will be. The advent of genome-
wide resequencing for searching for rare
variants with odds ratios of 2 to 4 will

be important?.

We can hope that by analogy with cho-
lesterol and statins, the development of
feasible strategies for prevention based on
mechanisms discovered through genetics
might be possible for some common vari-
ants with high attributable risk. Speculating
further, multiple genomic variants and
environmental risk factors may combine to
perturb cellular regulatory networks, which
in turn perturb cellular phenotypes and lead
to susceptibility?. If so, dietary or lifestyle
means might be found that counteract
the perturbation and provide a rational
‘physiological’ approach to prevention.

K.S. The age of the individual when the
genomic information is gathered has an
effect on the information’s usefulness:

the younger the individual, the greater the
potential usefulness. It would probably be
best to have this information in the hands
of both the individual and the health-care
system. In the health-care system, it is prob-
ably wise to keep the information under
the individual’s name and social security
number for the delivery of health care and
anonymously for the purposes of research
and generating health-care statistics,
where and when that is appropriate.

What are the barriers to making the
most of this potential?

A.E.G. To use personalized genomic infor-
mation effectively, we first need to under-
stand what it means. To know that someone
has a specific genetic variant (let alone a
collection of variants) is of limited benefit
without a sound understanding of the real-
world implications of the variant. Therefore,
we need to understand the biology of what
the variant does. Moreover, for most ‘per-
sonalized health care), we need also to know
how an individual’s knowledge of having
the variant will affect his or her personal
health attitudes and, more importantly, health
behaviours. Then we need to understand
how those health behaviours, and other
genome-based health interventions, will
affect health outcomes. A further barrier is
educating the health-care workforce about
both the science of genomics and how to
apply it effectively in clinical settings. This
will require multiple, concerted efforts
aimed at a wide variety of health profession-
als, both in training and in practice®. Similar
efforts are needed to increase the public’s
‘genetic literacy’”.

As difficult as these challenges are,
perhaps the greatest barrier is fully under-
standing gene-gene and gene-environment
interactions. To acquire that knowledge will
require much creative research; to apply it
will revolutionize health care.

A.L.M. The biggest barrier to making the
most of personalized genomic information
is our limited understanding of its functional
significance and its relationship to epigenetic
factors, including environmental contribu-
tions to health and disease. As our under-
standing increases, there will be additional
barriers to its successful clinical integration.
It will eventually become more economi-

cal to generate whole-genome sequences
than to order targeted tests for single-gene
disorders. Analysis and interpretation of this
vast amount of data has already proven to

be a challenge in the research context; it is
not likely to be any easier for the busy clini-
cian. Identifying information that may be of
clinical significance to the individual patient
will be impracticable without the use of auto-
mated systems and clear guidelines. There
are not enough clinical geneticists to help
patients interpret whole-genome sequencing
results, and research shows that primary-care
physicians lack the knowledge and expertise
to help patients understand even single-gene
genetic test results®; they certainly are not
prepared for whole-genome counselling.
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Finally, the current US reimbursement
system is not designed to cover the costs of
integrating personal genomes into routine
clinical care, which will require extensive
counselling and patient education. In the
context of the health-care reform debate

in the US, the implications of personalized
genomics in terms of cost, access and quality
of care must be considered.

B.P. In terms of gene discovery, only a small
proportion of the genetic variance of disease
risk has so far been identified. Affordable
re-sequencing may reveal rare variants, but
there may be a long ‘tail’ of effects so small
that they will be detectable only in combina-
tion, through their effects on phenotypes.
Furthermore, to derive the risks that are
associated with certain genes and to provide
interventions that are based on their mecha-
nisms of action, we will need to understand
how genes interact with each other and with
the environment in a mathematical and
mechanistic sense,

Demonstration of benefit will also be
important. Many of the applications of per-
sonalized genomic information will involve
targeted screening and prevention. The
assessment of such interventions is notori-
ously difficult, requiring careful design, large
numbers and long follow-ups. The incorpo-
ration of genomic information will require
new studies, which will rapidly be overtaken
by new gene discoveries. These studies must
be able to address issues of overall benefit,
public understanding and acceptance, as well
as lives saved.

Finally, there are issues of understanding.
Screening based on risk (for example,
age, family history and smoking history) is
commonplace but perhaps not commonly
perceived as such. The widespread use of
genetic testing will draw not only scientific
but also public attention to the ideas of risk
categories and access to medicine. Beyond
the expected issues of uptake and confiden-
tiality, we must ascertain how the public will
respond to this. Knowledge of increased risk
may create expectations of medical interven-
tions that may not match either what can
be provided or what is medically possible.
Knowledge of lower risk may induce false
reassurance and missed opportunities for
prevention, and the public may find it hard
to accept the withdrawal, on grounds of
reduced risk, of previously available screen-
ing. Education both of the public and of
policy makers will be needed.

K.S. There are several barriers to making
the most of the potential that lies in personal
genomics information. One is the difficulty
in getting our society to pay for ‘population
screening’ and subsequent preventive meas-
ures, although I believe that the arrival of
personal genomics information will eventu-
ally drive the acceptance of both. Another
barrier is the perceived complexity of genet-
ics. A third barrier is the concern that per-
sonal genomics information may be used to
discriminate against people. A fourth lies in
the conservative attitude of the medical pro-
fession, which is inclined to want to control
the access that individuals have to informa-
tion about their health and disease. Somehow
the medical profession seems to believe that
in some instances it may be more dangerous
to know than it is not to know about the risk
you have of diseases.
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