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Abstract

Analysis of spatial and temporal genetic heterogeneity in human cancers has revealed that somatic cancer evolution
in most cancers is not a simple linear process composed of a few sequential steps of mutation acquisitions and clonal
expansions. Parallel evolution has been observed in many early human cancers resulting in genetic heterogeneity as
well as multilineage progression. Moreover, aneuploidy as well as structural chromosomal aberrations seems to be
acquired in a non-linear, punctuated mode where most aberrations occur at early stages of somatic cancer evolution.
At later stages, the cancer genomes seem to get stabilized and acquire only few additional rearrangements. While par-
allel evolution suggests positive selection of driver mutations at early stages of somatic cancer evolution, stabilization
of structural aberrations at later stages suggests that negative selection takes effect when cancer cells progressively
lose their tolerance towards additional mutation acquisition. Mixing of genetically heterogeneous subclones in cancer
samples reduces sensitivity of mutation detection. Moreover, driver mutations present only in a fraction of cancer cells
are more likely to be mistaken for passenger mutations. Therefore, genetic heterogeneity may be considered a limita-
tion negatively affecting detection sensitivity of driver mutations. On the other hand, identification of subclones and
subclone lineages in human cancers may lead to a more profound understanding of the selective forces which shape
somatic cancer evolution in human cancers. Identification of parallel evolution by analyzing spatial heterogeneity may
hint to driver mutations which might represent additional therapeutic targets besides driver mutations presentin a
monoclonal state. Likewise, stabilization of cancer genomes which can be identified by analyzing temporal genetic
heterogeneity might hint to genes and pathways which have become essential for survival of cancer cell lineages at
later stages of cancer evolution. These genes and pathways might also constitute patient specific therapeutic targets.
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Background Characteristics of human cancer evolution

Malignant tumors can display a high degree of spatial and
temporal genetic heterogeneity [1, 2]. Genetic heteroge-
neity is the result of multilineage somatic evolution of
genetically unstable cancer cells and it is regarded as the
main reason for failure of classic cytotoxic drugs, as well
as modern targeted therapy [2]. In this review, we would
like to present evidence for the assumption that analyzing
spatial and temporal genetic heterogeneity enhances the
information content of molecular cancer profiling, key to
identifying suitable patient-specific therapeutic targets.
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Mutation load does not increase linearly with cancer
progression

The identification of only a few and specific mutations in
colon cancer has suggested that malignant progression
proceeds with the continuous accumulation of a lim-
ited number of oncogenic mutations followed by clonal
expansion of the mutated subclones resulting in a linear
multistep process of cancer evolution [3]. Subsequent
research on somatic cancer evolution which analyzed
primary tumors and metastases in individual patients
[4, 5], complex chromosome rearrangement events in
single cancers [1, 6-8] or multiple single cells within
one malignant tumor [1, 2, 9-11] could not confirm this
assumption. In contrast, most data suggest a non-linear
accumulation of structural and numeric chromosomal
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aberrations as well as of gene mutations. This has been
denominated punctuated evolution [10].

Chromosome aberrations such as aneuploidy, more
complex chromosomal rearrangement as well as abun-
dant gene copy number variations can be found in early
stages of malignant progression and these structural
mutations seem to get stabilized at later stages of somatic
cancer evolution and clinical progression. This has been
demonstrated in many tumors such as malignant mela-
noma, breast cancer, pancreatic cancer and prostate can-
cer [1,2,4-11].

Point mutations seem to be acquired more steadily
but at least in melanoma, more advanced tumors do not
always display higher mutation loads [12, 13].

This insight into somatic cancer evolution raises two
major questions:

+ Why do cancer cells acquire most structural muta-
tions (aneuploidy, rearrangements, translocations,
gene copy number variations) and probably most
driving point mutations during early stages of car-
cinogenesis where molecular and histologic signs of
genome destabilization such as atypical mitoses are
less apparent compared to metastasized cancer cells?

»  What are the mechanisms responsible for the appar-
ent stabilization of the cancer genomes at later stages
of malignant progression?

Aneuploidy is pseudo-stabilized under constant selective
pressure

Aneuploidy has fascinated generations of pathologists as
atypical mitoses, a key process leading to unequal distri-
bution of chromosomes are visible under the microscope
in cancer samples [14]. In addition, aneuploidy may
be directly visible as the presence of gigantic nuclei, of
multinucleate cells as well as of cancer cell nuclei which
strongly vary in size. There has been a long debate on
whether aneuploidy is one driver or the only driver of
carcinogenesis [15] but most scientists would agree that
under the concept of carcinogenesis and cancer progres-
sion as an evolutionary process, aneuploidy represents
one form of genetic instability which accelerates somatic
cancer evolution. An inherent feature of aneuploidy is
that one missegregation event during a cancer cell divi-
sion results in the duplication or loss of thousands of
genes which profoundly alters the genetic composition of
the progenitor cells [15-17]. It has been speculated that
this feature of aneuploidy allows cancer cells to respond
much faster towards environmental changes than by
acquisition of point mutations. It has to be mentioned
that aneuploidy is not the only mechanism leading to
multiple gene dosage changes through one rearrange-
ment event. The same effect will be achieved by other
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complex structural rearrangements of chromosomes
or chromosome parts such as chromotripsis and chro-
moplexy [5, 18, 19]. It might be expected that aneuploid
cancer cells constantly change their chromosome com-
position, but the genomes of aneuploidy cancers remain
remarkably stable at later stages of cancer progression
[11]. This behavior of aneuploidy cells has been replicated
in cell culture. It could be demonstrated that the chromo-
some composition of aneuploidy cancer cell lines is not
by itself stable, but that it may oscillate for many passages
around a predominant karyotype [16].

Parallel (convergent) somatic evolution is frequent

in human cancers

The analysis of subclone fate during somatic cancer
evolution in different cancers could demonstrate that
subclones may evolve through independent mutations
but targetting the same genes, chromosome regions or
the same molecular pathways [4, 5, 20—25]. This paral-
lel and multilineage somatic cancer evolution has been
explained by convergent phenotypic tumor evolution
[20]. It has been proposed to use the term “parallel evo-
lution” to describe these kinds of same-target independ-
ent mutations with one monoclonal origin and the term
“convergent evolution” to describe parallel mutation
acquisition in subclones originating from separate can-
cer initiating cells [24]. Parallel tumor evolution indicates
a strong selective pressure for additional mutations on
an already clonally expanded cell clone. In several stud-
ies it has been shown that parallel tumor evolution tar-
gets classic oncogenes as well as tumor suppressor genes
[4, 22-25]. This suggests that selective pressure for cell
autonomy and proliferative potential plays an important
role during this phase of cancer evolution.

Non-linearity of somatic cancer evolution can be explained
by a shift from external selective pressure to internal
cancer genome-mediated selective pressure

A continuous accumulation of gene mutations and struc-
tural mutations within a cancer subclone lineage should
be expected under the assumption that carcinogenesis
as well as cancer progression represents an evolutionary
process. In the absence of strong selection, mutations
loads in progenitor cells should increase proportionally
depending on the mutation rate. As fidelity of DNA rep-
lication as well as fidelity of equal chromosome distribu-
tion during mitosis should decrease in cancer cells with
increasing damage of genes implicated in DNA repair,
DNA replication and mitosis, the mutation rates of both
structural mutations and gene mutations should increase
during cancer progression [17]. Therefore, one would
expect that most gene mutations as well as structural
mutations occur at later stages of cancer progression. As
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this assumption could not be validated, the premise of
absent or weak selection must be wrong.

In most cancers a specific mutation may be detected
which is present in all cancer cells and thereby defines
the monoclonal origin of the cancer. Often, this mutation
is cell type specific, targets an oncogene or inactivates
both copies of a tumor suppressor gene, induces prolif-
eration and thus leads to an initial clonal expansion. This
initial and positive selection is mediated by the micro-
environment and the differentiation status of the cell
which together allow that a specific mutation results in
cell proliferation. In most cases this expanded cell clone
must accumulate further mutations leading to sequential
or parallel subclone formation for full malignant con-
version. Parallel evolution in this second stage indicates
that selection indeed plays a significant role in cancer
evolution.

In Darwinian evolution, mutation acquisition in sub-
clones creates subclone heterogeneity which is then
reduced by positive selection of the fittest subclones and
negative selection of clones with lower fitness or lethal
mutations. Detectable genetic heterogeneity as well as
mutation load is therefore modified by the selective pres-
sure. The high degree of genetic heterogeneity, the already
significant mutation load in early stage cancers as well
as the selection of mutated genes suggest that the initial
clonal expansions are positively selected by the require-
ments of the microenvironment and by the advantages of
genetic instability. In the majority of all human cancers,
genetic instability is present in the form of chromosomal
instability; a minority of cancers evolves through genetic
instability at the nucleotide level. Genetic instability can
be detected already in early cancers and even in cancer
precursors. At later stages, both forms of genetic insta-
bility may be present simultaneously in cancer cells or
subclones [4]. The early appearance of genetic instability
can be explained by the observation that most cancers
require multiple mutations for full malignant transforma-
tion. Only subclones with defects which reduce genetic
stability will acquire the necessary set of mutations dur-
ing the short life time of the organism and the limited
proliferation potential of precancerous cells.

Early selection for chromosomal instability will lead
to early acquisition of structural aberrations which con-
fer a fitness advantage. Additional structural aberrations
may occur when proliferation approaches the Hayflick
limit and shortening of telomeres impedes regular chro-
mosome distribution during mitosis. Overcoming the
Hayflick limit can lead to telomere-driven chromosomal
instability and most probably represents an additional
non-linear event leading to profoundly rearranged cancer
genomes.
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As it is very unlikely that genetically unstable can-
cer cells stabilize their genomes at later stages through
uprated mechanisms of gene and chromosome repair,
one must hypothesize that with accumulating muta-
tion load in genes and increasing chromosomal aber-
rations, cancer cells progressively lose their tolerance
towards additional mutation acquisition. Negative selec-
tion of additional mutations is sufficient to explain the
observed stabilization of cancer genomes at later stages
of cancer progression within an evolutionary context.
Rasnick has postulated in 2002 that there exists a point
of maximum disorder of the genome that still sustains
life [26]. A similar hypothesis states that restrictive
effects of the genome architecture on lineage selection
during somatic cancer evolution are mediated by the
reduction of functional genome redundancy due to sig-
nificant loss of genetic material by chromosomal insta-
bility and progressive inactivation of genes by crippling
mutations [27]. Computer simulations of chromosom-
ally unstable genomes further support the assumption
of negative constraints on cancer evolution mediated
by a rearranged cancer genome [27, 28]. A recent study
on methylation patterns has suggested that epigenomic
reprogramming rather than additional mutations might
be responsible for phenotypic heterogeneity of cancer
subclones at later stages of somatic cancer evolution
[29]. Analysis of resistance mechanisms to immunother-
apy of malignant melanoma also suggest that changes
in gene expression not directly related to specific gene
mutations might enhance phenotypic variability [30].
Epigenomic reprogramming might therefore constitute
an alternative or additional mechanism responsible for
apparent stabilization of cancer genomes at later stages
of cancer progression.

Not all chromosomal rearrangements will result in neg-
ative constraints. Doubling of genes and especially whole
genome doubling leading to tetraploidy seems to relieve
negative constraints of chromosomal instability [31].
Genome doublings can be detected in all stages of can-
cer progression. Early events may induce chromosomal
instability and thereby accelerate carcinogenesis while
late events may enhance viability of cancer cell popula-
tion by enhancing tolerance to chromosomal instability
and gene loss [31]. This interpretation is in line with the
hypothesis of restrictive effects of the genome architec-
ture on lineage selection as gene doublings increase func-
tional genome redundancy.

Figure 1 describes the concept that early carcinogen-
esis and somatic cancer evolution is driven primarily by
positive external selective pressures on the background
of genetic instability which leads to genetic heteroge-
neity while negative selection due to constraints of the
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Fig. 1 Schematic representation of somatic cancer evolution as a phylogenetic tree with early parallel evolution and strong negative selection
at later stages of cancer progression. This results in a strong early rise of mutation load and structural rearrangements followed by limited further
increase of mutation load after cancer cells have reached a point of maximum tolerable disorder of the genome. Q indicates extinction of a sub-
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cancer genome prevails during later cancer evolution
and thereby stabilizes the initial chromosomal rearrange-
ments detected in subclone lineages. A deduction of this
concept is that analyzing different subclones during early
cancer evolution reveals which mutations, genes and
pathways are positively selected in the cancer while ana-
lyzing subclones during late cancer evolution will reveal
which genes and pathways have become essential for sur-
vival of progressed cancer cells.

Parallel multilineage evolution and aneuploidy reduce the

detection threshold of driving mutations

During early somatic cancer evolution, oncogenic path-
ways may be targeted independently in different subclone
lineages through individual activating mutations. In the
monoclonal state, hemizygous activating mutations may
suffice for clonal expansion. If two different mutations
target the same pathway in two subclones of similar
size, each mutation might represent less than 25% of the
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detected DNA sequences given the admixture with nor-
mal cells in all cancer samples. With additional subclone
formation, driving mutations might be further diluted
and thereby escape detection. Detection of hemizy-
geously or homozygeously deleted tumor suppressor
genes might become even more demanding when present
in only a fraction of subclones [25].

Analysis of spatial and temporal heterogeneity allows the
identification of evolutionary pathways and putative new
therapeutic targets

Genetic analysis of multiple areas of a primary tumor will
reduce admixture of subclones, if present, and thereby
enhance the sensitivity of detection of driving muta-
tions as well as detection of gene deletions (Fig. 2). It
will also allow the identification of parallel evolution
and thereby the identification of positively selected evo-
lutionary pathways in cancer specimens. The knowledge
of positively selected evolutionary pathways in individual
patients provides two-sided information: On one hand,
targeting an activated or inactivated signal transduction
pathway which is positively selected in identified cancer
subclones might also prove effective in not yet identified
cancer subclones of the same patient. On the other hand,
identification of parallel evolution with strong selection
of an activated or inactivated signal transduction path-
way might indicate that different subclones harboring

primary
tumor

Fig. 2 Schematic representation of somatic cancer evolution as a
phylogenetic tree. Different colors represent subclones and indicate
genetic heterogeneity in the primary tumor and its metastases. a, b,
¢, d indicate sampling of cancer specimens. Spatial heterogeneity is
detected by sampling and analyzing either g and b or c and d and
will result in an enhanced sensitivity for detection of subclones and
mutations. Analyzing a or b together with ¢ or d will reveal temporal

heterogeneity. X indicates extinction of a subclone
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mutations in different genes of the same pathway might
already exist in the patient which reduces clinical efficacy
of therapeutic targeting of the predominant mutation.

If one assumes the premise that the cancer genome is
stabilized at later stages of cancer progression by negative
selection, then the genetic analysis of multiple areas of
one metastasis will probably not provide additional infor-
mation. In contrast, analysis of different metastases in
one patient will allow distinguishing individual subclonal
lineages as a metastasis should represent a monoclonal
proliferation originating from one single cell of one line-
age (Fig. 2).

Analysis of the temporal heterogeneity during somatic
cancer progression by sampling the primary tumor and
its metastases or by analyzing metastases before and after
therapy will also allow distinguishing individual subclone
lineages (Fig. 2). Furthermore, this approach might iden-
tify changes within the cancer genomes which represent
adaptations to the selective pressure induced by treat-
ment and it might reveal which mutations, non-mutated
genes and pathways have been conserved during somatic
cancer evolution despite ongoing mutation acquisition.
Both, mutations which evolve under treatment and genes
and pathways which are conserved during progression
might represent additional therapeutic targets besides
known driving mutations.

The amount of biological information deduced
from analyzing genetic heterogeneity depends

on the applied molecular techniques

The amount of biological information which can be
deduced from analyzing genetic heterogeneity in cancer
samples depends on the applied molecular techniques.
Used methods for molecular profiling vary significantly
with regard to their spatial resolution, the amount of
parallel information they are able to deliver and their
requirement for input tissue. Accordingly, the gain in bio-
logical information obtained by analyzing multiple can-
cer specimens or multiple single cells also depends on the
used technique (Table 1).

Comparative genomic hybridization (CGH) will detect
imbalances of genetic content which resulted from ane-
uploidy or from complex structural rearrangements.
As CGH covers the whole genome, it is able to provide
information on the presence, amplification or loss of
genetic material at multiple chromosomal loci [32]. This
parallel information allows distinguishing subclones
as well as identification of conserved structural muta-
tions during cancer progression when multiple cancer
samples of one patient are analyzed, but CGH is not
able to differentiate which of the two autosome chro-
mosomes is lost or amplified in aneuploidy cancer cells.
Parallel evolution of aneuploid cancer cells may involve
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Table 1 Additional biologic information through analysis of genetic heterogeneity

Technique

Spatial heterogeneity within
the primary tumor or within metastases

Temporal heterogeneity during
cancer progression

SNP-array, CGH, LOH-microsatellite
analysis

Gene specific Sanger-sequencing

Lower detection threshold for structural chromosomal
aberrations and tumor suppressor gene deletions

In the primary tumor: identification and differentiation
of subclone lineages and of parallel evolution

In metastases: identification of conserved genes

Lower detection threshold for identification of driving
mutations in the primary tumor: identification of

Lower detection threshold for structural chromosomal
aberrations and tumor suppressor gene deletions

Identification and differentiation of subclone lineages

Identification of positive and negative selective pressure
for the presence or loss of genes and pathways

Identification of adaption mechanisms of the cancer
genome under treatment

Lower detection threshold for identification of driving
mutations

subclones and of parallel evolution

NGS on pooled cells
mutations

Lower detection threshold for identification of driving

Identification of subclones

Identification of positive selective pressure for gene
mutations

Identification of adaptive mutations under treatment

In addition: identification of adaptive mutations under
treatment

Lower detection threshold for structural chromosomal
aberrations and tumor suppressor gene deletions
In the primary tumor: identification and differentiation

of subclone lineages

In metastases: identification of conserved genes and

pathways
NGS on single cells

chromosomal aberrations

Highest detection sensitivity for driving mutations,
tumor suppressor gene deletions and structural

In addition: lower detection threshold for identification of
driving mutations
Identification of adaptive mutations under treatment

Identification and differentiation of subclone lineages
Identification of conserved genes and pathways

Sanger sequencing or NGS of -
liquid biopsy

Identification and differentiation of subclone lineages
Identification of adaptive mutations under treatment

independent loss or amplification of either autosome
which may not be resolved by CGH [4]. Thus, the exact
nature and the sequence of structural rearrangements
during somatic cancer cell evolution may be difficult to
determine by CGH alone. Moreover, detected losses or
amplifications must span large regions of the genome in
order to be detected and CGH may produce false posi-
tive results when the amount of input DNA falls below
a threshold.

Single nucleotide polymorphism (SNP)-arrays and
loss-of-heterozygosity (LOH)-microsatellite analysis rep-
resent techniques which enable parallel quantification of
gene copy number alterations at multiple genetic loci but
also permit assigning alleles to autologous chromosomes.
Both techniques should therefore allow a more sensitive
detection of parallel evolution and a better resolution
of the underlying structural rearrangements compared
to CGH. SNP-arrays and LOH analysis still require sig-
nificant amounts of input DNA when multiple genetic
regions are analyzed.

Single cell analysis of structural rearrangements can
be achieved by fluorescence in situ hybridization (FISH),
but this technique provides information on only a limited
number of genetic loci which reduces its ability to differ-
entiate between multiple subclones.

Detection of gene mutations by Sanger sequencing
has a high sensitivity for identifying driver mutations in
oncogenes or inactivating mutations in tumor suppressor
genes. Sanger sequencing may be performed on single
cells but the amount of input DNA rises with the number
of analyzed genes. Subclones can be identified by indi-
vidual mutations only when multiple areas of a primary
tumor or the primary tumor and its metastases are ana-
lyzed. Subclones with the same set of driving mutations
but with different chromosomal rearrangements may not
be distinguished by Sanger sequencing alone. As cancers
contain only few driving mutations despite a high overall
mutation load, Sanger sequencing of oncogenes or tumor
suppressor genes will only provide a limited amount of
information on genetic heterogeneity compared to CGH
or SNP-arrays and it does not confer information on
structural rearrangements which is necessary to identify
conserved structural mutations or conserved essential
genes during cancer progression.

As each technique has its specific limitations, combi-
nation of different techniques has been advocated for
reconstruction of somatic cancer cell evolution and
detection of genetic heterogeneity but this approach fur-
ther enhances the amount of input DNA which in turn
reduces its spatial resolution [27].
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A breakthrough in analyzing genetic heterogeneity as
well as structural rearrangements has been provided by
next generation sequencing (NGS) [1, 2, 5, 6]. When NGS
is used on selected genes, multiple genes may be analyzed
in parallel using very little input DNA providing resolu-
tion of genetic heterogeneity even at the single cell level.
The most significant information gain is provided when
NGS involves whole genome sequencing as this approach
further allows detection of deletions, insertions as well
as chromosome breaks and fusions. These can be used
to detect complex chromosomal rearrangements as well
as to reconstruct the phylogeny of structural rearrange-
ments during somatic cancer evolution [33, 34]. Thereby,
whole exome or whole genome sequencing should be
able to identify conserved mutations, conserved non-
mutated genes and conserved pathways during somatic
cancer evolution which might represent additional thera-
peutic targets.

Mutations in cancers may also be detected in the serum
of the patients (=liquid biopsy) as tumors release their
DNA by necrosis or apoptosis to the blood stream in the
form of cell free DNA. Although DNA detected by liquid
biopsy should represent a mixture of subclones, sampling
of cell free DNA at different time points and before and
after treatment should enable the identification of sub-
clones as well as of adaptive mutations conferring resist-
ance to treatment [35].

Genetic heterogeneity, has been made responsible for
primary and secondary resistance to classic as well as
targeted therapies [36]. Whether resistant cell clones
are present already before therapy or are evolving under
therapy-induced selective pressure is difficult to differ-
entiate as the resistant cell clone might represent only a
small fraction of the whole tumor mass and might thereby
escape molecular detection. An important conceptual
advance is the assumption that early parallel evolution of
driver mutations is likely to confer primary resistance to
treatment and that early parallel evolution is more likely
to occur in cancers which are positively selected by muta-
tions providing only a small increase in fitness. In con-
trast, mutations conferring a strong increase in fitness will
place the cancer cell lineage on a fitness peak and thereby
promote linear evolution and selection of resistant sub-
clones only under therapy [36]. Resistance mechanisms
have been studied extensively in BRAF-mutated melano-
mas and it could be demonstrated that various genetic
mechanisms ranging from BRAF gene amplification to
alternative driver gene mutations may mediate BRAF
inhibitor resistance [37]. Molecular mechanisms of resist-
ance to novel immunotherapies with checkpoint-inhib-
itors have also been identified in malignant melanoma
[30]. Nevertheless, analysis of genetic heterogeneity has
not entered clinical routine practice yet, mainly due to the
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lack of controlled studies on the impact on clinical out-
come of tumor heterogeneity of specific mutations.

Today, the conventional approach is to screen one
cancer specimen for druggable mutations by Sanger
sequencing or by NGS prior to initiation of targeted ther-
apy and to repeat genetic analysis on a recurrent tumor
sample in case of resistance. In this case, chances are
elevated that de-novo mutations detected in the recur-
rence are responsible for resistance and might represent
additional therapeutic targets. An approach which might
gain importance in the future is the monitoring of tumor
protein release to the serum during targeted or immune
therapy and performing genetic analysis of cell free DNA
as a liquid biopsy whenever a rise in serum tumor mark-
ers indicates enhanced tumor proliferation due to resist-
ance to therapy (Fig. 3). This approach is based on the
assumption that cycling malignant tumors constantly
lose tumor proteins and tumor DNA to the serum due
to significant cell death by apoptosis or necrosis. The
cell loss factor of malignant tumors is estimated to range
between 50% and over 90% making release of cancer pro-
teins or DNA to the serum a valid surrogate marker for
in vivo cancer cell proliferation [35, 38]. Repeated genetic
analysis during therapy by liquid biopsy would not only
allow correlating genetic changes to emerging resistance
but would also permit identifying the subclonal composi-
tion of the treated cancer.

Conclusions

Non-linearity of mutation acquisition during somatic
cancer evolution as well as parallel evolution of cancer
subclones have been described in many human cancers
and they have been designated with different adjectives.
Some authors focused on the primary role of aneuploidy
in carcinogenesis; others have emphasized the complex-
ity of chromosomal structural rearrangements while
some have identified restrictive or permissive effects of
the cancer architecture on somatic evolution. The com-
mon denominator is that cancer genomes are shaped by
selective pressures and tend to become very complex
already at early stages of somatic cancer evolution. Most
structural and numeric chromosomal aberrations found
in early cancers tend to persist at later stages despite
ongoing genetic instability. Apparent stabilization of
unstable cancer genomes can be explained by negative
selection.

Positive selection can be easily identified at early
stages of carcinogenesis and it is reflected by identifica-
tion of a limited number of driving mutations in onco-
genes and tumor suppressor genes. The identification
of driving mutations in cancers has led to the devel-
opment of targeted therapies which have significantly
enlarged the armamentarium against this deadly disease.
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Unfortunately, many patients still succumb to cancer
despite the use of targeted therapies. Genetic heteroge-
neity, in part due to parallel evolution, has been identi-
fied as one culprit. It has been proposed that negative
selection might play an important role at later stages of
cancer progression. The overwhelming numbers of muta-
tions found in cancers do not target classic oncogenes or
tumor suppressor genes. It is tempting to assume that
some, if not most of these mutations are not innocuous
but mediate the putative negative selection effects at
later stages of cancer progression by reducing functional
genome redundancy. These mutations or the remaining
non-mutated pathways could represent additional thera-
peutic targets. The challenge will be to identify them
against a background of bystander mutations.

The leading paradigm in cancer evolution is that
genetic instability results in genetic heterogeneity lead-
ing to a phenotypically diverse pool of cancer subclones
upon which selection can act. Identification of selection
during cancer evolution has and will continue to lead to
identification of therapeutic targets. Positive or negative
selection cannot be assessed directly in clinical specimen
but may be deduced by the analysis of genetic hetero-
geneity during cancer evolution. Incorporating genetic

heterogeneity in the analysis of malignant tumors should
therefore greatly enhance the information content of
molecular analysis of cancer genomes, and help identify
patient-specific therapeutic targets.
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