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Summary

The discovery of the genes and cellular pathways 
that play fundamental roles in several diseases, and the 
understanding of many diseases at a molecular level due to 
the advances in the field of genomics, have revolutionized 
the diagnosis, therapy and prevention of human diseases. 
Application of genetic testing in numerous medical fields, 
including pharmacogenomics and oncogenomics, raised 
numerous ethical questions and introduced legal instru-

ments that are aimed at ensuring the appropriate protection 
of human research participants. For the effective develop-
ment of human genomics and translation of novel, validated 
biomarkers into potentially useful clinical applications in 
personalized medicine, there is a need for clear ethical 
standards and principles in all phases of clinical research.
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Oncogenomics in the era of personalized medi-
cine

The recent rapid pace of discovery in genomics 
and biotechnological progress are impressive and hold 
great promise for use in drug discovery, translational 
and personalized medicine [1,2]. Advances in through-
put, quality and efficiency of sequencing methods, such 
as the next generation sequencing techniques, will assist 
genome-wide association studies (GWAS) and gener-
ate vast quantities of rich data on many thousands of in-
dividuals. As sequencing technologies move from the 
lab bench to the clinic, they have important impact and 
usefulness for solving complex biological problems and 
for predicting phenotypes from genotypes, but they also 
raise important ethical issues [3,4]. This article reviews 
the current scope of oncogenomics, and the ethical im-
plications that should be considered carefully both in 
genomics research and in the clinic.

Molecular and cell biology have revolutionized 
not only diagnosis, therapy and prevention of human 
diseases, but have also greatly contributed to the under-
standing of their pathogenesis. Genomics has provided 
the first systematic approaches to discover the genes and 

cellular pathways that play fundamental roles in dis-
ease. GWAS strategy consists in screening the genome, 
using high coverage genotyping arrays, from 100,000 
to 2.3 million single nucleotide polymorphisms (SNPs) 
per array [5]. These data increasingly allow to define the 
individual risk for a given disease and to predict the in-
dividual prognosis of a disease as well as the efficacy 
of therapeutic strategies for personalized medicine [6].

The field of human genome research is in a rapid 
discovery phase. Completion of the Human Genome 
Project in 2003, the Phase 1 HapMap project in 2005, 
and the first phase of the Encyclopaedia of DNA Ele-
ments (ENCODE) project in 2007, have provided sci-
entists with a wide array of research tools to apply to 
important medical issues, while simultaneously deep-
ening the understanding of the architecture and func-
tion of the genome. The recent initiation of the second 
phase of the ENCODE project, the “1000 Genomes” 
project and The Cancer Genome Atlas (TCGA), prom-
ise to accelerate the acquisition of new knowledge [7,8]. 
The rapid developments of next-generation sequencing 
technology and bioinformatics are directed towards the 
goal of a “1,000 dollar genome sequence”, as an impor-
tant tool to realize personalized medicine: perfectly tai-
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ensure that such research is sound and ethically con-
ducted [21]. The use of GWAS in medical research and 
the increased ability to share data give a new approach 
to the serious ethical questions of consent, feedback of 
results, privacy, and the governance of research. GWAS 
create particular challenges because they produce fine, 
detailed genotype information at high resolution, and 
the results of more focused studies can potentially be 
used to determine genetic variation for a wide range of 
conditions and traits [22].

Ethical issues in genomics research and genomic 
medicine

The era of personalized medicine, as “a form of 
medicine that uses information about a person’s genes, 
proteins, and environment to prevent, diagnose, and 
treat disease” (National Cancer Institute), brings in fo-
cus the ethical implications of research and genetic test-
ing, such as informed consent, that are also relevant to 
translation of genetic/genomic data into clinic. Person-
alized clinical medicine raises several important ethical 
issues such as cost and equity of access, confidentiality 
and disclosure, and the most important fact that the unit 
of concern is the risk to the family and not only to the 
tested individual [23].

Ethical regulation should be applied in each phase 
of genomic research in medical genomics, during the 
current period of transition from the investigational to 
the practical personalized medicine. Consumers should 
be protected from harms of premature translation of re-
search findings, while encouraging the innovative and 
cost-effective application of novel data into personal-
ized medical care [6]. Taking into consideration that the 
distinctions between genetic and genomic medicine are 
considered more quantitative than qualitative [6], but al-
so that the similarities between genetic and nongenetic 
predictive testing appear much greater than the differ-
ences [24], both genetic and genomic research share 
very important ethical and legal implications.

As recently stated by the Director of Human Ge-
nome Project Francis Collins [25], the consequences of 
genome research have thus far been modest, with the 
exception of significant advances in cancer, macular 
degeneration and prediction of drug responses. GWAS 
in cancer already identified over 150 regions associated 
with two dozen specific cancers [18]. This rapid pace of 
development in genomics is followed by the increasing 
concern in the field of “genethics”, defined as the “study 
of the ethical issues that arise out of the science of genet-
ics and the uses of genetic technologies” [26].

Genomic research advances and creates large a-

loring diagnostics and treatments to a patient’s genetic 
make-up [9].

Over the past decade, human genome catalogues 
enabled the discovery of the specific genes for Mende-
lian (monogenic) diseases and resulted in establishing 
genetic associations between genomic loci and complex 
(multigenetic) traits, many of them diseases [10]. There-
fore, the comprehensive genomic approaches have re-
sulted in the identification of ~2,850 genes underlying 
rare Mendelian diseases, ~1,100 loci affecting com-
mon polygenic disorders and ~150 new recurrent tar-
gets of somatic mutation in cancer [8]. As of May 2011, 
over 800 GWASs have been published on 150 human 
diseases and traits, reporting over 2,400 SNPs with sta-
tistically significant associations and odds ratios [11]. 
These discoveries are propelling research throughout 
academia and industry. Genome-wide association stud-
ies highlighted numerous genes, coding and non-coding 
variants, implicated in disease pathogenesis [12].

Oncology offers multiple examples of how ge-
nomic medicine has changed disease understanding. A 
major near-term medical impact of the genome technol-
ogy revolution will be the elucidation of mechanisms of 
the cancer pathogenesis, leading to improvements in the 
diagnosis of cancer and the selection of the proper can-
cer treatment, including the advances in gene therapy, 
epigenetic-based therapies and gene silencing [13-15].

TCGA, a 10-year multi-institutional effort aims 
to characterize the cancer genome. Thanks to second-
generation sequencing technologies, several cancer ge-
nomes have been recently sequenced, including acute 
myeloid leukemia, breast cancer, non-small-cell lung 
cancer, and small-cell lung cancer [16]. Tumor-gene-
expression signature models, combined with clinically 
relevant data such as survival outcomes, provide one of 
the clearest examples of the use of genomic information 
clinically as prognostic tools. MammaPrint® and On-
cotype DX® are two such prognostic tests that are now 
clinically available for use in breast cancer, significantly 
predicting the risk of metastatic recurrence and improv-
ing the clinical decision-making [11].

Complex disorders, including cancer, have a mul-
tifactorial etiology, caused by several genes and envi-
ronmental causes. Researchers nowadays study the 
myriad of genetic polymorphisms and variants, which 
may represent risk factors for common diseases [12,17-
20]. A full understanding of the genetic and molecu-
lar basis of diseases will require capturing much of the 
genetic variation across human populations. Accom-
plishing this will involve collaborations with relevant 
communities, taking into account how genomics is un-
derstood and perceived by different racial, ethnic and 
cultural groups, to form effective partnerships that will 
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a high genetic risk the opportunity to have unaffect-
ed children without having to consider termination of 
pregnancy [29]. PGD should be included in each re-
productive health care program. It is recognized as an 
important alternative to pre-natal diagnosis. However, 
diagnosis from a single cell remains a technically chal-
lenging procedure, and the risk of misdiagnosis cannot 
be eliminated [30]. On the other hand, PGD for genetic 
defects with incomplete penetrance, such as cancer, is a 
very controversial issue from the ethical point of view. 
Doubts about the moral acceptability of PGD increase 
if there are preventive/therapeutic options for the car-
rier [31]. The discussion mainly focuses on hereditary 
tumors, more particularly hereditary breast and ovarian 
cancers caused by mutations in BRCA 1 and 2. While 
the proposed applications of PGD caused significant 
commotion in many countries, there now seem to gain 
an increasing support. This should be no surprise, as the 
life-time risk of breast cancer for a female carrier may 
be as high as 85% in seriously affected families, her risk 
of ovarian cancer as high as 60%, periodic medical ex-
aminations aimed at early detection are not (entirely) 
reliable, while preventive surgery is rather invasive and 
has adverse effects on the quality of life [31].

Appropriate genomic medicine counseling in-
cludes communicating with patients about the uncer-
tainty and the evolving nature of predictions based on 
genomic information; interpreting information from 
direct-to-consumer genetic tests (DTC); ensuring fair 
access to genomic medicine; assessing the effectiveness 
of genomically informed diagnostics and therapeutics; 
using genomic information to improve behavior change 
interventions; addressing issues associated with pre-
implantation, prenatal and postnatal genetic diagnoses; 
and determining how constructs of race and ethnicity 
relate to the biology of disease and the potential to ad-
vance genomic medicine [21].

Oncogenomic testing and ethical issues

With the emergence of newer and cheaper tech-
nology to scan an individual’s genome, the likelihood 
increases that clinically relevant research results will 
be revealed [32]. Genetic testing has indeed been intro-
duced for predispositions to adult-onset breast, ovarian 
and colon cancer, but for a wide range of other com-
mon conditions genetic susceptibility testing has still 
to come [33].

Oncogenomic testing is a comprehensive ap-
proach that became part of the core practice in cancer 
prevention and management. Novel translational on-
cogenomics research is rapidly expanding with a view 

mounts of data, and therefore very important recom-
mendations for genomic research have been proposed 
and published by McGuire et al. [27]. Three major ethi-
cal concerns are considered and used to guide research 
practice and stimulate policy development: a) reporting 
back research results; b) obligations of researchers to 
third-party relatives; and c) future uses of samples and 
data. Three recommendations are issued regarding re-
turning of research results: 1) the obligatory formal re-
search protocol for whole genome sequencing and eval-
uation by the ethics board; 2) provision of training for 
physicians to enable the communication of research re-
sults, follow-up and clinical care; 3) only validated data 
of known clinical significance should be integrated into 
the health record. Obligations for third-party relatives 
are also guided by three recommendations: 1) implica-
tions for family members should be discussed during the 
initial informed consent process; 2) investigators ought 
to strongly encourage the research participant to discuss 
the research data and make a family decision about data 
release; 3) as long as the GWAS data are validated, the 
permissibility of unauthorized disclosure will depend 
on the clinical relevance of the information and the po-
tential to avert or alleviate known health risk. Future use 
of samples and data sharing must be consistent with the 
original informed consent, or in some circumstances in 
which the participant has agreed to re-contact, re-con-
sent might be warranted [27].

Ethical issues in genomics research and genomic 
medicine include ensuring appropriate protection of hu-
man research participants, since they are often including 
vulnerable populations (for example, children and the 
disabled) and deceased individuals [21,28]. For special 
ethical considerations about genetic and genomic test-
ing for cancer-predisposing genes in children, numer-
ous recommendations and guidelines are developed. 
Testing for cancer-predisposition genes in children is in-
dicated if a malignant disease can develop in childhood 
and if evidence-based-risk-reduction strategies exist 
and should be implemented in childhood. Examples in-
clude retinoblastoma-gene testing, RET-gene testing for 
MEN2 and APC-gene testing for familial adenomatous 
polyposis (FAP) [23]. The current American Medical 
Association guidelines for genetic testing in children 
suggest that when no treatment is available for chil-
dren at risk for an early-onset disease, the option to test 
the children should be placed at the parents’ discretion 
[24]. On the other hand, carrier testing in children for 
an early-onset disease with available treatment options 
is recommended and sometimes required, including the 
parents’ informed consent [24].

Preimplantation genetic diagnosis (PGD) is an 
alternative for prenatal diagnosis, giving couples with 
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be potentially worthwhile, then the framework for its 
implementation has to be determined: clinical genet-
ics, medical specialist care, primary care as a genetic 
screening program or as a commercial offer [12].

An excellent example of hereditary common dis-
ease is breast cancer. Only 10% of all breast cancers 
are hereditary, and <1% of the general population is 
estimated to carry a mutation in BRCA1 or BRCA2. 
Women who carry a BRCA mutation are given options 
of early and intensive surveillance, chemoprevention 
and prophylactic surgery. The role of oncologists and 
geneticists is to help women understand their risk status 
and undertake preventive and risk-reducing strategies in 
order to reduce the morbidity and mortality associated 
with hereditary or familial cancers. Since the initial ap-
plication of BRCA testing in oncology practices, special 
concern has been raised regarding the limited predic-
tive power of genetic testing, due to the low gene pen-
etrance, the possibility of new mutations and the role of 
environmental factors in carcinogenesis and tumor pro-
gression. Furthermore, preventive and interventional 
measures are still being developed with the risk that the 
genetic testing may have negative psychological reper-
cussions for individual professional and family life [35].

The predictive testing of apparently healthy 
children may be justified if the results of such testing 
achieve a positive balance between the medical benefit 
of testing and the potential harm. In some of the famil-
ial cancer disorders such as FAP, screening for tumors 
in early or mid-childhood may be warranted for those 
children known to carry disease-associated gene muta-
tions [38]. After identification of the pathogenic muta-
tion, the predictive testing of the family members has 
high accuracy, practically 100%. Mutation-positive 
subjects can accordingly be advised to appropriate sur-
veillance or prophylactic treatment, while the follow up 
of the mutation-negative subjects can be discontinued 
[38]. Recognition of a hereditary cancer syndrome in 
a family provokes anxiety in the family members. The 
possibility of genetic testing for the diagnosis of the mu-
tation status of the relatives may cause ambivalent feel-
ings. A mutation-negative result naturally is reassuring 
but the finding of a pathogenic mutation may increase 
anxiety, even though it enables appropriate surveil-
lance and treatment. The finding of a mutation-positive 
result in FAP or hereditary nonpolyposis colon cancer 
(HNPCC) causes worry about the organization of per-
manent surveillance and proper prophylactic treatment 
throughout the rest of the life, including screening and 
testing of all family members [38].

Further integration of personalized medicine in-
to the clinical workflow requires overcoming several 
barriers in education, accessibility, regulation and re-

to the application of new technologies, findings and 
computational models in both pharmaceutical and clini-
cal areas [34]. Genetic and genomic testing in oncology 
is the unique domain of personalized medicine, since it 
“is now de rigueur used in medical oncology, where it 
has shifted traditional paradigms”, as stated by Offit [6].

The identification of DNA mutations predispos-
ing to cancer susceptibility is now expanding to include 
whole-genome profiling for personalized approaches 
to cancer patients and DTC genetic testing. Knowledge 
about the ethical and legal implications of genetic test-
ing is becoming essential for oncologists, who are be-
ing asked with increasing frequency to counsel their 
patients with respect to the medical, psychological and 
social repercussions of genetic information, even when 
obtained outside the context of an established patient-
doctor relationship [35].

There is hope that the time will come soon when 
oncologists will be able to characterize the molecu-
lar fingerprint of a tumor, which represents the genetic 
profile of malignancy. Molecular genetic testing can 
detect both highly penetrant gene mutations and poly-
morphisms [36]. Genetic information refers to genetic 
testing for patients and/or for family members up to 
fourth-degree relatives. When a cancer-predisposing 
mutation has been identified in the family, predictive 
genetic testing offers an opportunity to practise preven-
tive oncology, since the goal in this specialty is to limit 
the effect of cancer by means of prophylactic surgical 
measures or early detection [23]. However, there may 
also be negative implications of returning results to par-
ticipants, such as emotional distress, the dissemination 
of premature conclusions, and additional resources and 
costs associated with conveying results [37]. At present, 
there is no standard mechanism for disclosing research 
results. There is an urgent need to educate medical care 
providers to become specially trained to interpret and 
communicate data and provide sufficient counseling to 
proband and his or her relatives [27].

The era of genomics presents the promise of per-
sonalized prevention and drug treatment, which has 
been met with enthusiasm by many people, but called 
into question by others. In the light of these new devel-
opments in research, there is a pressing need to assess 
the possibilities for, and implications of genetic testing 
and screening in common diseases from both a clini-
cal and a societal perspective. As with genetic testing 
in rare Mendelian disorders, these assessments should 
comprise analytic validity, clinical validity, clinical util-
ity, and ethical, legal and social issues, as well as health 
economic aspects. Should a genetic test for a common 
disease have sufficiently high clinical utility in a spe-
cific setting, and should implementation in health care 
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imbursement The integration of genomic research in-
to the clinic needs to be standardized and streamlined 
[11]. Ethical thinking will inevitably continue to evolve 
as the science does, and quality, privacy and justice in 
genomics will continually be invoked [39,40]. The ben-
efits and harms of genetic and non-genetic testing in on-
cology are similar, with the main differences emphasiz-
ing the ethical implications of genomic information for 
family members. Clinical validity and clinical utility 
are guiding the clinical management of certain tumors 
and improve health outcomes by reducing morbidity 
and mortality. The magnitude of the medical benefit de-
pends on many technological and analytical factors, but 
above all on principal bioethical postulates of avoiding 
any medical or psycho-social harm and on the patient 
informed consent being a sine qua non. Application of 
strictly ethical and non-discrimination policies such as 
the European Council protocol on genetic testing for 
health purposes and GINA in USA [41,42], will signifi-
cantly improve the willingness of patients to work with 
physicians and genetic counselors and to undergo any 
genetic test that contributes to better management of 
their health care and health choices.
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