Gaceta Médica de México. 2014;150:553-8

ORIGINAL ARTICLE

Cancer genomes: where do we go from here?
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Abstract

In recent years, an exponential growth of knowledge on the molecular bases of cancer has ocurred. Particularly, the
creation of important initiatives to dilucidate the genomes of several types of cancer has allowed, for the first time, to
have complete catalogues of most mutational events, which opens important possibilities for oncology and public health.
The present opinion offers a perspective on the advances and future direction in Mexico. (Gac Med Mex. 2014;150:553-8)
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|ntroduction

Cancer comprises a group of diseases that share a
molecular pathogenic process. In this process, the
acquisition of genetic, genomic and epigenomic alter-
ations, together with interaction with tissue microenvi-
ronment, lead to the malignant phenotype. In turn, this
phenotype depends not only on the tissue of origin and
biologic particularities of the patient, but on specific
alterations of the genome, resulting of a Darwinian
evolution process in cancer precursor cells. Since this
process is, in general terms, random, most part of the
genomic changes has no relevance and is not perpet-
uated in the genome during the carcinogenic process
and, therefore they are known as “passenger” modifi-
cations. Only a minority of the so-called driver modifica-
tions are selected and preserved during carcinogen-
esis. For these reasons, there is not only great
heterogeneity among tumors of different patients, but
also among a tumor's own cancerous cells. This ge-
nomic heterogeneity reflects in phenotypic diversity
that gives opportunity for acquired chemotherapy-re-
sistance and the motor that drives the invasion and
metastasis processes to occur.
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From the hope, a few years ago, of finding a series
of alterations common to all tumors, currently we have
focused on the reality of an existing, much more var-
ied genomic landscape, with a few high mountains
(e.g., p53 and Ras), several small mountains (e.g.,
NF1and 2, PDGFRA) and many hills (e.g., Caspase-8,
ACVR18) in a valley of irrelevant and varied mutations
in the different tumor types. However, even these
mountains and hills allow for the idea of the existence
of a tumor genomic signature to be continued, which
allows for diagnostic and prognostic tests and, most
importantly, for targeted therapies to be developed.

The idea of targeted therapy is not new, having start-
ed with the search for antagonists to hormone recep-
tors and, in particular, to active kinase inhibitors (ABL),
resulting of the fusion present in the Philadelphia chro-
mosome. However, the methods to detect genes re-
sponsible of cancer and the time required to have
proofs of principle were based on complcated, long
and individual molecular assays. With the advent of
high-volume technology for screening and sequencing,
these times have been dramatically reduced (Fig. 1).

Importance of the catalogue
of alterations in cancer

Based on the notion that a specific and reduced
group of genetic, genomic and epigenomic alterations
lead to the malignant phenotype, over the past few
years, many investigators have devoted their time on
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Figure 1. Historic graph of the time elapsed since the identification of genomic alterations of genes responsible of cancer and the approval
of a drug targeted against them by the U.S. Food and Drug Administration.

trying to create a catalogue of these. In addition to
basic interest on knowing the carcinogenic process,
identifying these alterations has allowed and continues
to allow for diagnostic and prognostic tests to be cre-
ated and, most important, identification of new thera-
peutic targets for targeted therapy (Fig. 2). Since the
beginning, this work was arduous, given that the mo-
lecular tools that were employed were low-volume and
limited to one or a few genes at one time. With the
human genome project and the drive of the creation of
new high-volume tools, the strategy was deeply trans-
formed. Now it is possible to conduct genomic studies
where all the structural alterations and genic mutations
present in a particular tumor are analyzed. In view of
this, dozens of high-impact articles have been pub-
lished globally describing most of these anomalies in
small groups of patients, including some Mexicans'®.
However, the picture is still incomplete, given that, for
statistical reasons, a much larger group of tumor sam-
ples has to be sequenced. Furthermore, infrequent

tumors are still missing, non-codifying regions and
epigenomes have not been adequately covered, there
is not much information on non-caucasic populations,
etc. Therefore, it is required to keep generating informa-
tion of this nature, through close collaboration between
clinical and basic investigators; in addition, joining efforts
and establishing co-operation between national and
foreign institutions is necessary for the benefit of our
patients.

The first benefit of these catalogues is the possibility
of profoundly improving the design of clinical trials for
new oncologic drugs. Knowing the molecular sub-
groups and biological idiosyncrasy of each patient will
allow for statistical approaches to determine the effec-
tiveness of each drug to be subdivided and improved.
This should increase the number and effectiveness of
therapies available for our patients and decrease times
and costs associated with the therapeutic process.

With these catalogues, now it is possible to design
lower-cost projects intended to determine the usefulness
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Figure 2. Phases of genomic discovery. Based on the catalogue of genomic alterations it is possible to perform assays for molecular diagnosis
and classification of each neoplasm, as well as to perform functional research on affected mechanisms. This information is useful for the
search of therapeutic targets and biomarkers that enable oriented clinical trials that will lead to personalized or precission medicine. In this
last phase, personalized genomic profiles, both of the tumor and the patient, will not only allow for more accurate molecular diagnosis and
classification, but also for much more personalized prognoses and therapies.

of molecular markers for diagnosis, prognosis and
therapeutic prediction, which can be accomplished in
a directed and complete manner.

Some achievements that are starting to emerge from
this type of high-volume strategy are the development
of diagnostic tests, such as Mammaprint® and Onco-
type® for breast cancer, the establishment of therapeu-
tic targets with the use of biomarkers, such as KIT and
PDGFRA mutations for the use of imatinib or lapatinib
in gastrointestinal stromal tumors; mutations in EGFR
for the use of gefitinib and erlotinib in the case of lung
cancer; mutations in BRCAT to indicate the use of
olaparib in breast cancer; BRAF mutations for the
use of vemurafenib in the case of melanoma, ALK
fusions for crizotinib, etc. There is plenty of potential

for personalized and combined use of these drugs in
the adjuvant setting.

However, it is necessary for these achievements to
be considered in the light of the challenges that have
to be contemplated for their application. In the first
place, there is the cost of these drugs, which cannot
be absorbed by the national health system at this mo-
ment. However, with the entry into force of the Mexican
Official Standard on pharmacogenomics and the Offi-
cial Standard 177 ammendments by the Federal Com-
mission for Protection Against Sanitary Risks (COFE-
PRIS - Comision Federal para la Proteccion contra
Riesgos Sanitarios), the possibility is opened to the
production of interchangeable generic drugs in the case
of drugs with expired patent, which in this sense is a
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start to have more affordable drugs for everyone. The
second challenge is to establish enough oncology centers
qualified to perform the biomarker analyses required
for these tests. There are different models in first-world
countries, which range from centralized, federally sup-
ported models, as in the case of France, to disseminated,
commercial models, as in the case of the U.S.A.

Is a change of paradigm towards
precission medicine possible in
oncology?

In order to capitalize on the use of new technologies,
we have to operate a change in the paradigm of oncol-
ogy. We need to pass from medicine based exclusively
on pathological diagnoses to those deeply supported
on mechanisms; from grouping by organ to molecular
and biological subclassification; from standardized to
personalized treatment and, with all this, to early de-
tection and intervention, using methods to determine
the relative risk®.

As we mentioned previously, the first step for this is
to start with the creation of informed catalogues of al-
terations in cancer. This involves high-volume tools,
particularly the use of new generation sequencing. In
this type of assays, libraries are produced of informa-
tional molecules to be studied, either total DNA, total
RNA or fractions enriched in functional elements such
as exons, methylated regions or regions bound to spe-
cific transcription factors, small RNAs, non-codifying
RNAs, panels of genes of interest, etc. There are di-
verse enrichment strategies, either using polymerase
chain reaction, specific probes to purify regions, frac-
tioning by size or presence of specific genomic marks
(e.g., polyadenine tails). Based on these libraries,
equipments with different platforms are used (lllumina,
SOLID, 454, etc.), which, with few exceptions, produce
short readings of sequences read in an unordered
manner. This approach (shot-gun) makes sequencing
easier, but complicates subsequent arrangement. This
can be relatively trivial when it comes to sequencing
of gene panels, but it becomes a limiting step in the
case of complete genomes, which require using
high-performance computing equipment and experi-
ence on bioinformatics. In view of these considerations,
in addition to the required storing space and associat-
ed costs, most part of efforts to sequence cancer ge-
nomes has taken place within large consortiums and
alliances between investigation groups, among which
two deserve to be mentioned: The Cancer Genome
Atlas (TCGA)'® of American origin and the Internation-

al Cancer Genome Consortium (ICGC)'", a global ini-
tiative. From the efforts by all these international
groups, we have found many new data of interest, such
as a large number of genes responsible for cancer,
new mutational mechanisms, cell processes not previ-
ously known to intervene in carcinogenesis and new
therapeutic targets. These studies also reinforced the
idea of the high heterogeneity present in this group of
diseases, not only between neoplasms originated in
different tissues, but also between patients and even
cancerous cells populations.

In the ICGC context, Mexico has participated in four
projects: breast cancer*, head and neck®, non-Hodgkin
lymphoma® and cervical cancer. In the case of breast
cancer, we found new genes involved with this group
of neoplasms such as CBFB and RUNX1, whose alter-
ations had only been described in lymphohematopoi-
etic tumors. The head and neck cancer project demon-
strated the existence of new genes with conducting
mutations, involved with epithelial differentiation, such
as NOTCH1, IRF6 and TP63. Finally, non-Hodgkin lym-
phomas analyzed in the initiative showed novel con-
ducting mutations in MEF2B, MLL2, BTG1, GNA13,
ACTB, P2RY8, PCLO and TNFRSF14 genes, in addition
to a new and interesting possible mechanism for Bel-2
gene alteration, mediated by an hypersomatic mutation
in the immunoglobulin H locus, probably due to the
action of cytidine deaminase. In the case of cervical
cancer, several non-mutated genes not previously de-
scribed were also found'. It should be mentioned that
only in the case of breast and cervical cancer, samples
of Mexican patients were analyzed. In the remaining
projects, the participation of national groups was fo-
cused on collaborative analysis work. Based on these
projects and the generated experience, several inter-
national initiatives, where Mexico takes part, have been
created’®, in addition to national initiatives, including
projects in Mexico City and Monterrey that are analyz-
ing different neoplasms such as soft tissue sarcomas,
pediatric tumors, pulmonary, pancreatic, cervical and
testicular carcinomas, etc'42.

The data generated by genomic analyses, deposited
both in the TCGA and the ICGC, can now be used to
lead to the development of diagnostic, prognostic and
predictive biomarkers for targeted therapy, to ideally
arrive to a personalized or more accurate medicine. In
this type of medicine, tumor and germinal genomic
profiles that allow for personalized diagnosis, prognosis
and therapy have to be obtained. In several countries,
the first initiatives to create specialized laboratories for
this purpose are already underway'6-°,
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The most important challenges to achieve this ad-

vance are several and include:

- Availability of the sample. For many tumors it is
clearly difficult to obtain a sample of sufficient
size. Due to inaccessibility, use of neoadjuvancy,
ethical reasons to perform incisional biopsies,
etc., in the initial studies, where no direct benefit
is derived for the patients, sufficient tumor mate-
rial is difficult obtain. An alternative option is the
use of archived material (paraffin-embedded
specimens). Although ideal, there are still several
methodological problems that make its routine
use difficult and expensive®. In particular, prob-
lems are centered on the recovery good quality
nucleic acids and in sufficient quantity for analy-
ses?’??. In addition to investigative efforts in this
regard, the development of pathologic samples
collection standard procedures will help to solve
the problems.

- Available platforms. Type and implementation.
There are several new- (second) generation se-
quencing platforms, with those provided by Illu-
mina (GAllx, Hi-Seq, MiSeq), Life Technologies
(SOLID, lon PGM, lon Proton), 454 (GS FLX, GS
FLX junior), etc. standing out®. The decision on
the use of each one of these is based on work
volume, experience on the analysis and costs.
Ideally, these platforms should be concentrated in
a small group of tertiary care hospitals, since this
way costs could be largely reduced, until the ad-
vance on technology enables to have small equip-
ments that perform the analysis with a better
cost-benefit profile.

- Analysis and interpretation. This is one of the most
complicated points. Depending on the platform
and the extent of the analysis, specialized com-
puting equipment and trained personnel are re-
quired. Requirements range from the analysis of
gene panels, which practically do not require ex-
perience or sophisticated equipment, to the anal-
ysis of complete genomes, which require using
super-computers and highly experieced person-
nel. Although there are several commercial pro-
grams, there is no general consensus on their
use. The open access software, developed by the
investigators themselves, is still the most widely
used for this type of analysis®*2%. Furthermore, an
important challenge is the ability to confere clini-
cal value to found mutations, either by the exis-
tence of targeted therapy, prognostic usefulness
or possible therapeutic synergism.

— Costs. Costs have decreased importantly over the
past few years. The cost of the human genome was
about 3 billion dollars, whereas, currently, it is possi-
ble to sequence a genome for 3,000-5,000 dollars®.
Prices keep falling with platform efficiency improve-
ment. The possibility of multiplexing samples and
to enrich specific regions or genes may reduce
costs enough to generate sufficient clinically use-
ful information, depending on the equipment and
the volume of samples.

An important question that we should consider is the
scope of the tests. This must consider both measured
clinical usefulness and impact on the course of the
disease, including the cost of the tests themselves. It
is important to consider that an additional variable,
inherent to this type of tests, is cost decrease when
high-volume assays are performed. The capacity of the
platforms and the possibility of marking each sample
with a bar code enable the processing of many sam-
ples simultaneously, which considerably reduces
costs. The alternative is establishing low-volume tests
that, although more expensive per gen, offer advan-
tages by making interpretation and assembly easier.

Other point to consider is the priorities on which the
medical community must focus. Both the impact on
healthcare costs and morbidity and morbility of the
neoplasm must be weighted, without forgetting to an-
ticipate a space for vulnerable groups, such as pedi-
atric populations. Therefore, it is important to reach a
consensus on the subject.

A specific example is that of the National Institute of
Cancer in France, which, in partnership with various
institutions, has developed a genomic biomarkers pan-
el for several tumors?’. This panel considers especifi-
cally “actionable” mutations, for which targeted therapy
approved by their healthcare system exists. In 2001,
more than 50,000 French patients received one of
these tests to guide their therapy. This is an example
of tests established in low-volume conditions, without
involving analyses of complete or partial genomes. The
analyses are carried out in a consortium of genetics
hospital centers with global and specific guidelines®.
This approach achieves cost reduction and a more
rational use of resources, although the entities them-
selves establish this series of tests as a transitional
process towards more complete analyses.

Finally, we must consider who should be responsible
for technological development. The scheme can be
public, as in the case of France and the Great Britain;
private as in the U.S.A., or a combination of both. The
possibility of developing tests in research institutions
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or tertiary care hospitals to subsequently disseminate
them to other healthcare centers is an attractive idea,
given the design of our healthcare system. Paricipation
of private initiative in specific niches should be encour-
aged the same way.

Final considerations

In the dawn of the present century, elucidation of the
human genome has become a reality. This has result-
ed in multiple larger magnitude projects focused on
health problems worldwide. In particular, the cancer
genome projects have maturated and provided many
new data that now we can use for the benefit of our
patients. It is essential applying these data in Mexico
and, through local and guided efforts, use them to
create useful and low-cost clinical tools that have an
important impact on health. There are several challenges
to be met, but research in Mexico is solid enough to
be able to overcome them.
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