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Next-generation sequencing (NGS; also known as
deep sequencing or ultra-high throughput sequencing)
has probably been the most important tool for geno-
mic research over the past few years. NGS has led
to numerous discoveries and scientific breakthroughs
in the genetic field. The sequencing technology that
has entered the research laboratory in the past decade
is now being introduced into the clinical diagnostic
laboratory. Consequently, NGS results are becoming
available in the medical arena as abundance of clini-
cally relevant variants, conferring predisposition to dis-
ease, are being discovered at a growing rate (Stanley,
2014).

Since its first utilization, NGS has been revolutio-
nizing nearly all medical disciplines. Examples include
de novo mutation studies (Soler, 2013), cancer geno-
mics discovery (Shern, 2014), prediction of targeted
therapy/actionable mutations (Kohsaka, 2014) and
noninvasive prenatal testing (Tsui, 2014). The imple-
mentation and integration of NGS in these fields is as-
certained by the flood of relevant publications (close
to 1,500 NCBI PubMed records, under the term
‘next generation sequencing’ or ‘deep sequencing’ in
humans, during 2013). This immense inflation of
NGS-derived data, its accessibility, its transfer to the
medical field and the overall interest means that
there is a need for an overview on its implications
on the medical arena and the general public.

NGS allows sequencing of an entire human gen-
ome (whole-genome sequencing; WGS) or the entire
protein-coding DNA, representing 1–3% of the human
genome (whole-exome sequencing; WES) in less than
a day. This allows for large-scale, comprehensive stu-
dies comprising many sequenced individuals to be per-
formed with unprecedented speed.

Decreased sequencing costs (with one major se-
quencing provider, Illumina, claiming the arrival of

the $1000 genome (Hayden, 2014)) have provided re-
markable opportunities for the launch of large colla-
borative projects focused on WGS. As more people
have their genome sequenced, the interpretation and
understanding of human genetic variance becomes
deeper. This in turn facilitates the differentiation be-
tween pathogenic variants and variants of uncertain
significance. Moreover, this accumulation of popu-
lation genetic data potentially increases the number
of identified clinically relevant variants that are medi-
cally actionable.

Certain points have to be considered while debating
if genome sequencing should be available to the gen-
eral public and be performed regardless of clinical
indication, whether it is following a physician’s recom-
mendation or through a private setting, possibly mar-
keted as an ‘X-ray for the genome’. When facing the
decision whether to sequence your own genome,
there are several arguments supporting and opposing
this decision.

Advantages and implementations:

. Development of an effective preventive medicine
platform by collecting the entire set of an individual’s
genetic variations may uncover certain known,
disease-associated mutations. Some of these dis-
eases may be alleviated by lifestyle modifications
and/or early medical treatment. Early detection of
these types of mutations can prevent morbidity
and might delay mortality. In a recent report, 42%
of people surveyed introduced positive changes
into their health behavior after receiving genomics
results (Green, 2014). Four pilot research programs
were recently launched by the National Institutes of
Health (NIH) to explore the potential of newborn
genome sequencing in preventing a vast array of
disorders and conditions starting at birth (NIH,
2013).

. Precision medicine, also known as pharmaco-
genomics, allows for the elucidation of the effect
that specific genetic variants have on the metab-
olism and action of a certain drug. This field is
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developing rapidly, with a constant increase in
known mutations modulating drug response. The
field of personalized medicine was initiated by
revealing single nucleotide polymorphisms (SNPs)
that account for some of the genetic variability
between individuals and made possible the use of
genome-wide association studies (GWAS) to exam-
ine genetic variation and risk for many common
diseases. One example is the clinical impact of the
major CYP polymorphisms (CYP2D6, CYP2C19
and CYP2C9) on drug therapy. CYP2D6 is respon-
sible for the oxidative metabolism of about 25% of
prescribed drugs (NIH, 2013). The ultra-rapid meta-
bolizer phenotype can cause therapeutic inefficacy
of antidepressants, whereas an increased risk of tox-
icity has been reported in poor metabolizers with
several psychotropics (Samer, 2013). Variations in
CYP2C19 are associated with decreased clopidogrel
metabolic activation, resulting in a decreased anti-
platelet effect, and an increased likelihood of a
cardiovascular event (Mega, 2009). Besides SNP
detection, NGS enables detection of many other
genetic variations – such as small insertions and
deletions ranging from 1 to 10,000 bp in length
and larger forms of structural variation that may
optimize patient drug treatment by tailoring specific
pharmacogenomics-based therapy and better moni-
toring of genomic biomarkers for each individual
patient.

. While the combined costs of sequencing, data in-
terpretation and storage are still high, they represent
a one-time investment for the health provider.
Personal sequences remain intact from cradle to
grave and a single sequencing effort may aid in
countless health events during a person’s lifetime.

. The public has a fundamental right to know, col-
lect or receive information about their own health,
which also includes their genome content, whether
it involves positive or negative outcomes. If any
government, social or religious agency/group prohi-
bits this privilege, it would require strong legal or
moral justification.

. ‘Democratizing’ health care, expanding the access
given to individuals and enabling the acquirement
of as much data as they can in order to make the
most informative and founded choices concerning
their own health. This follows the historical trend
of patient empowerment, a shift from a paternalistic
approach to patient care, which tends to ignore per-
sonal preferences, towards a patient-centered care in
which one’s ability to understand and manage his
or her own health and disease is improved (No
authors listed, 2012). Empowered patients have a
better understanding of how to navigate between
the many players in the health care system including
family, physicians, health insurers and health care
regulators. Coping with the complexities of health

systems is crucial for achieving better health out-
comes. Access to as much information as possible
better equips the public to handle this task.

. By having an individual’s genome sequenced, upon
consent, information may be placed in a database,
which can be shared by researchers and geneticists
around the world. This data can then be used for
the development of tools and interpretations based
on the genomic information. Unsustainable cost in-
creases threaten the global health care system, and
additional progress is stymied more by social than
technological factors. Many algorithms have been
developed to detect and characterize complex gen-
etic rearrangements, such as insertions, deletions,
duplications and inversions, in the human genome.
However, these computational tools suffer from rela-
tively high false-positive and false-negative rates
compared to SNPs. One suggestion is that larger
cohorts are pivotal to improving these success
rates. Only by engaging health care consumers
(patients) as pioneers who provide both health-
related data and insights into pathophysiology can
we meet these societal challenges and thus ac-
celerate the pace of biomedical innovation (Hood,
2014).

Current challenges and limitations:

. Despite the fact that sequencing costs are rapidly
declining, the price for computational analysis and
data storage remain high, and may pose a financial
burden on health care providers and institutions if it
becomes a routine procedure.

. Although genetic data are considered protected
health information under the US Health Insurance
Portability and Accountability Act (HIPAA) and
similar laws worldwide, many of the protections
disappear when the information is ‘de-identified’,
meaning that the 18 identifiers specified in the act
(including names, addresses, birthdates etc.) are re-
moved (Angrist, 2013). Cross-reference information
from public databases to discover the identity of
DNA samples donated to research has recently
been proven (Gymrek, 2013) and might cause
any genome-sequenced individual to unintention-
ally reveal personal information. The risk of re-
identification from genomic data sources may affect
not only the sequenced individuals, but also their
first-degree relatives with whom they share a large
portion of their genome sequence. Moreover, we
now live in a ‘global village’ – people often move be-
tween countries and continents. However there is no
global privacy act among the various countries or
health providers. While a person might reside in a
country with outstanding genetic data protection,
they may later move on to countries with no such
protections, where leakage of their personal genome
data may take place.
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. A huge gap still exists between the total amount of
genomic data resulting from NGS and the interpret-
able amount according to the current knowledge
base. The lack of informed clinicians and geneticists
increases this gap, making it challenging for the
patient to interpret their own genetic information.
The data interpretation gap is demonstrated by
the case of 23andMe, a firm offering SNP genotyp-
ing services directly to consumers, which was lim-
ited by the US Food and Drug Administration
(FDA) in December 2013 in order to avoid the pit-
falls that can arise from false-positives or false-
negatives for certain gene variants. Here we have
a ‘catch 22’ situation: this gap cannot be closed un-
less many thousands of people will contribute their
personal genomes along with their health records.
The Personal Genome Project (PGP) approach
has begun to address this issue by limiting any
promises of privacy and confidentiality (Church,
2005). The project, founded in 2005, is dedicated
to creating a shared public platform of public gen-
ome, health and trait data. To date, it has more
than 2,000 participants, all of whom have agreed
to make public, and potentially identifiable, any
genomic, medical, environmental and trait data col-
lected about them during the study in order to help
science understand the relationship between geno-
type and phenotype.

. Sequencing individuals’ DNA and informing them
that they have a slightly elevated genetic risk for
a certain disease could result in great disservice.
This information might motivate them to behave
insensibly. This in turn may uncover marketing op-
portunities for the private sector that will promote
all sorts of clinically unnecessary and potentially da-
maging screening, with further negative and unin-
tended consequences. More than a decade since
the Human Genome Project was declared complete,
fewer than 60 genetic variants are deemed worthy
for use in clinical care, most for severe conditions
in very young children (Green, 2013). Weeding
out irrelevant mutations, focusing on the significant
ones and deciding how to act accordingly is a tough
mission for health professionals, let alone for the
general public.

. There would be a surge in demand for all kinds
of tests, most of these would be unnecessary
and would create a significant burden on the health
care system. A recent study claimed that more
than a quarter of complex molecular genetic testing
orders are unnecessary (Miller, 2014) and this
number is expected to rise as more patients demand
further validations for their genome-sequencing
analysis.

. Some patients prefer not to know their genetic sus-
ceptibilities, especially if there is no cure for these
mutated genes. One survey showed that 50–70%

of patients would like to be informed about all
their results from genomic studies while 16–20%
considered genetic information to be riskier than
other types of personal medical data (Ruiz-
Canela, 2011). Another study emphasized that the
majority of patients desire to have the choice to
learn about the probability of conditions that may
develop, but given the choice, are not sure how
they would act (Townsend, 2012).

. The finding that many putatively damaging variants
are present as homozygotes in the genomes of
healthy individuals raises questions concerning the
extent to which these variants contribute to the
determination of phenotype. Several mutations
reported as ‘disease-causing mutations’ in the
Human Gene Mutation Database (HGMD) are
likely to be annotation errors (Xue, 2012). Thus,
it has to be carefully considered that NGS projects
involving healthy people may result in the inciden-
tal discovery of such silent ‘disease-related’ variants
(Table 1).

Recently, the American College of Medical Genetics
(ACMG) has published a recommendation that
laboratories conducting clinical sequencing of patients
should report mutations in 56 genes associated with
highly penetrant, monogenic disorders regardless of
the indication for which the sequencing was ordered,
and made the patient’s clinician or care team respon-
sible for consulting the patient regarding these results
(Green, 2013). It is reasonable to speculate that in the
foreseeable future, as the cost of such sequencing con-
tinues to fall, a majority of health plans will make it
easy for their members to have their entire genomes
sequenced and linked to their electronic health records
for these 56 genes and many others to come. Millions
of people will probably be keen to have their genomes
sequenced and may even be willing to pay for the
sequencing themselves. The challenging part will be,
as is today, the clinical interpretation of those gen-
omes (Isakov, 2013) and the development of useful

Table 1. Considerations one should take prior to
personal genome sequencing

Advantages and
implementations

Challenges and
limitations

Preventive medicine
improvement

Still expensive

Personalized treatment
development

Privacy breach
possibilities

A one-time investment for life Large interpretation gap
The right to know your genetic
data

Motivation to behave
insensibly

‘Democratizing’ health care Surge of unnecessary tests
Shared information will
advance health

Lack of Information
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patient–consumer recommendations. An analogy to
radiology, where unexpected anomalies are frequently
found, is commonly used to explain this challenging
complexity (Solomon, 2014). However, despite im-
pressive ongoing efforts that will continue to yield
great progress in the near future, we are not at the
point where interpreting a genomic data set is similar
to interpreting a radiologic study. It is important
not to oversell our abilities to understand and manage
the complexity of the human genome in clinical
practice.

Though historically human genetic studies focused
on the rare and unusual, and was dominated by a
handful of experts, the new wave of understanding
of the human genome cannot happen without our
large-scale participation. Dealing with the inevitable
limits of knowledge in a constructive manner is funda-
mentally different from setting limits to data gen-
eration in the presumed ‘best interest’ of the patient
or as a method to mask uncertainty and limit the doc-
tor’s liability (Lunshof, 2014; Jarvik, 2014). However,
when there is still so much about the function of genes
to be uncovered, how useful will free access to DNA
sequencing be? And when we reach a point that
enough information is gained and interpreted, would
you be ready to read your genes in order to know
your own medical future?
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