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Human tumors result from an evolutionary process op-
erating on somatic cells within tissues, whereby natural
selection operates on the phenotypic variability gener-
ated by the accumulation of genetic, genomic and epi-
genetic alterations. This somatic evolution leads to
adaptations such as increased proliferative, angiogenic,
and invasive phenotypes. In this review we outline how
cancer genomes are beginning to be investigated from
an evolutionary perspective. We describe recent prog-
ress in the cataloging of somatic genetic and genomic
alterations, and investigate the contributions of germ-
line as well as epigenetic factors to cancer genome
evolution. Finally, we outline the challenges facing
researchers who investigate the processes driving the
evolution of the cancer genome.

Organismal and somatic evolution
Evolution by means of natural selection is most commonly
discussed in conjunction with organismal change over
generations, thereby explaining phenomena such as speci-
ation, adaptation, and invasion of new habitats [1]. The
same evolutionary framework can be applied at the cellu-
lar level within an organism to understand processes
driven by somatic evolution, such as tumorigenesis. Pre-
cisely as predation and competition impose selective pres-
sures on organisms in their habitats, the human immune
system and the surrounding microenvironment exert se-
lective pressures on cells within a tissue (Figure 1). A
tissue compartment within a multicellular organism repre-
sents a complex environment with diverse mechanisms to
constrain cells from abnormal proliferation, death, self-
renewal, recruitment of blood supply, and dissemination
[2]. On occasion, however, changes in the DNA sequence,
genome structure or epigenetic regulation may arise and
enable an individual cell to overcome these constraints,
thereby gaining a selective advantage over its normal
counterparts. Such alterations can ‘sweep’ through the cell
population and cause clone expansion [3]. The pinnacle of
the somatic adaptation process is represented by tumor
cells that acquire the ability to proliferate autonomously
and evade selective pressures exerted by the immune
system, microenvironmental interactions within tissues,
exposures to genotoxic and non-genotoxic external stress,
and clinical interventions and other factors (Figure 1),
enabling them to invade surrounding tissues and metas-
tasize to distant organs.

But how do cancer cells evolve the properties enabling
them to survive and proliferate despite the mechanisms that
have emerged to constrain them? What are the genomic
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bases for cancer initiation and progression? And are cancer-
associated phenotypes gained via gradual accumulation of
alterations or through punctuated, catastrophic events?
Although the notion that cancer progression is an evolution-
ary process has been recognized for decades [4-6], this
framework of thinking has recently started to gain new
appreciation among cancer biologists and clinicians. Under-
standing the forces that govern cancer initiation and lead to
the acquisition of resistance to anti-cancer therapy repre-
sent very pressing issues in medical oncology. Here, we
review recent progress in elucidating the evolution of cancer
cells on the genetic, genomic, and epigenetic levels, and
provide new perspectives on the experimental and theoreti-
cal challenges of cancer genome research.

Somatic genetic evolution of cancer

Somatic genomic alterations are DNA sequence aberra-
tions that have accumulated in the genome of a cell during
the lifespan of the patient; these include point mutations,
deletions, gene fusions, gene amplifications and chromo-
somal rearrangements. In some cases these mutations are
benign, leading to somatic mosaicism in healthy individu-
als [7], whereas in other cases they lead to diseases such as
cancer. In 1914, chromosomal abnormalities were first
suggested to be causally related to tumorigenesis [8]. This
notion was confirmed half a century later with the arrival
of sophisticated cytogenetic techniques, which facilitated
the identification of the first specific translocation driving
human neoplasia: the t(9;22)(q24;q11) translocation re-
sponsible for generating the Philadelphia chromosome
[9], resulting in the BCR-ABL fusion oncoprotein causing
leukemiagenesis [9,10]. Since these groundbreaking find-
ings, somatic alterations of nearly 500 genes [11] have been
linked to cancer initiation and progression. Traditionally,
these alterations have been considered to arise sequential-
ly [12] and to give rise to the progressively more aggressive
and invasive phenotypes observed during tumorigenesis
(Figure 2).

The advent of next-generation sequencing technologies
has stimulated rapid cataloging of all alterations in cancer
genomes and has enabled researchers to look at large-scale
genome events such as chromosomal lesions and copy-num-
ber variations as well as small-scale aberrations repre-
sented by point mutations, small insertions and deletions.
The analysis of glioblastoma (GBM) and ovarian cancer
samples by the Cancer Genome Atlas project, for example,
revealed interesting differences between these two cancers
[12,13]. At the genome level, ovarian cancer and glioblasto-
ma stand in marked contrast regarding somatic copy-
number alterations (SCNAs). High-grade ovarian cancers
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Figure 1. Natural selection acting at the organismal and somatic levels. Multiple selective pressures are present at both the organismal (a) and somatic (b) levels. In the
organismal realm, competition with other species, predation, resource limitation and others dictate the habitat boundaries and frequencies of organisms. In the somatic
realm, constant immune system surveillance for abnormality, targeted therapy to inhibit division of particular cells, the constraints of the cell cycle program, the blood
supply for nutrients, and many other factors determine the microenvironment within which each cell exists. Any cell that gains the capability to overcome these
physiological constraints and to avoid immune system attack gains a reproductive advantage over its neighbors, thus leading to clonal expansion. An analogy in the
organismal world to such clonal expansion is a growing herd of zebras that out-competes other grazers and successfully evades predators. An important distinction
between organismal and somatic evolution is that adaptive traits are inherited via sexual and asexual reproduction, respectively.

have a larger degree of both chromosome-arm and focal
SCNAs when compared to GBMs. At the gene level, both
cancers show tumor protein 53 (T/P53) mutations in a ma-
jority of the samples; the retinoblastoma (RB) and RTK/
RAS/pi(3)K pathways are the most frequently altered sig-
naling pathways in ovarian cancer and GBM, respectively.
Many other whole-genome analyses of cancer cells have
been completed to date, and the collective picture of the
mutation spectra provides important insights into the dy-
namics of cancer genomes. Several trends are emerging:
(i) The number and patterns of somatic alterations vary
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dramatically across cancer types. At one extreme,
childhood medulloblastomas can harbor fewer than
ten genomic alterations [14], whereas over 50 000
somatic changes have been observed in primary lung
adenocarcinoma samples [15]. These diverging pat-
terns may be accounted for by a combination of factors
such as the total number of cell divisions a clone has
undergone, the cell-intrinsic rate at which alterations
are accumulated, the selective environment of a cell,
and the presence and effects of exogenous mutagens.
For instance, the total number of cell divisions
undergone by adult lung cancer cells is expected to
be larger than that generating a childhood medullo-
blastoma cell. The intrinsic mutation rate of a cell
depends on the status of its telomeres and DNA repair
enzymes; for instance, colorectal or pancreatic cancer
cells with mutations in mutL. homolog (MLH]1), a gene

(i1)

involved in DNA repair, suffer increased frequencies
of nucleotide changes and small insertions and
deletions [16]. The neighborhood of copy-number
alteration boundaries often have increased single-
nucleotide variations, probably due to the deployment
of error-prone DNA polymerases for trans-lesion
synthesis [17]. Eroded telomeres, on the other hand,
contribute to chromosomal rearrangements and
instability [18]. Additionally, exposure to cell-extrin-
sic mutagens such as tobacco smoke or ultraviolet
(UV) radiation further escalates the rate of altera-
tions, leaving behind distinctive signatures of DNA
damage [19].

The mutation rate may not be constant over time.
Recent evidence suggests that the notion of cancer
cells gradually accumulating genomic alterations in a
stepwise manner may be too simplistic. Investiga-
tions of cancer cell karyotypes have led researchers to
suggest a genome-based stochastic evolutionary
model of cancer, observing that cancer cells switch
between specific punctuated and stepwise phases
during the course of their genome evolution [20,21].
The punctuated phase is characterized by large-scale
genome alterations and tremendous heterogeneity
among cells, driven by genomic instability. The
stepwise phase, by contrast, is marked by relatively
low-level genome alterations such as gene mutations
or small rearrangements and is comparatively more
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Figure 2. Cancer progression. The progression to cancer begins with the emergence of the first genetic, epigenetic or genomic alteration in normal cells (blue circles) and
usually ends with a large population of malignant cells invading multiple tissues (a). This process involves the evolution of multiple ‘novel’ cellular traits. Most somatic
alterations in epithelial cells lining the colon, for instance, are not advantageous and will disappear with the death of a cell. Occasionally, an alteration that increases the
proliferation rate of a cell arises, allowing this cell to increase in number. This population of ‘rogue’ cells can decline with the onset of anti-cancer therapy; however, the
arrival of an alteration conferring drug resistance reverses the effects of treatment and allows new growth (b). In some cases, resistance to an anti-cancer drug may already
be present in a small subset of tumor cells. In such a scenario, the population of sensitive cancer cells will decline and eventually be replaced by drug-resistant cells. Further
alterations may be necessary to enable tumor cells to metastasize (¢) and spread to other tissues (d); these changes might arise before diagnosis and treatment or, as shown
in this example, thereafter.

stable, generating more homogeneous clones. The
dynamics of switching from the punctuated to the
stepwise phase of genome evolution was hypothesized
to reflect complex phenomena such as the establish-
ment of immortality, drug resistance, or overcoming
of particular selective pressures. Later on, detailed
studies of chromosomal rearrangements in chronic
lymphocytic leukemia and osteosarcoma samples led
to the hypothesis that cancer cells may undergo
‘catastrophic’ events, termed chromothripsis, wherein
the genome acquires a large number of rearrange-
ments within a single breakage—fusion event [22].
The fact that cells can tolerate this magnitude of
genomic reshuffling implies a level of selective
advantage for such events. These rapid changes in
cancer genomes are more reminiscent of punctual
rather than gradual evolution, as proposed in several
recent studies [22,23]. In organismal evolution, the
punctuated equilibrium hypothesis relates to a
controversial claim made about the pattern of
morphological change in the fossil record [24].
According to this idea, most phenotypic traits change
relatively little over long periods of time, but when
phenotypic change does occur, it tends to result in
a radical and rapid transformation [25,26]. The

(iii)

hypothesis of a punctuated equilibrium does not
exclude intermediate phenotypic states, but rather
advocates a rapid transition from one equilibrium
state to another, and hence the two competing models
are not necessarily mutually exclusive. The question
remains concerning the extent to which this idea also
applies to cancer genome evolution. Future investiga-
tions will elucidate the mechanisms, frequency and
general applicability of these concepts to cancer in
general.

There is a relatively limited number of recurrent
alterations within and across cancer types. With
several prominent exceptions, such as frequent
rearrangements of the erythroblastosis virus E26
oncogene homolog (ERG) in prostate cancer [27],
characteristic TP53 mutations in high-grade ovarian
cancers [13] and universal fusions in the breakpoint
cluster region c-Abll oncogene (BCR-ABLI1) in
chronic myeloid leukemia [28], there is a relatively
limited number of recurrent alterations within and
across cancer types. For instance, alterations in TP53,
Kirsten rat sarcoma viral oncogene (KRAS), murine
sarcoma viral oncogene homolog Bl (BRAF) and
phosphoinositide-3-kinase catalytic « polypeptide
(PIK3CA) have been found across many cancer types,
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but their frequency within each type is relatively
small [11,29]. A case in point is PIK3CA, the most
frequently altered gene in breast cancer, which is,
however, altered in only 26% of all breast cancer
samples (n > 5000) [29]. Similarly, serine/threonine
kinase 11 (STK11) is the most frequently mutated
gene in cervical cancer but is found in only 14% of
samples (n > 200) [29]. It is thus more meaningful to
cluster altered genes based on gene family member-
ship or affected signaling pathways. This approach
has identified several gene families prominently
altered across cancer types and subtypes, most
notably the protein kinase gene family and the
RAS-regulated signaling pathways controlling apo-
ptosis, cell differentiation, migration, and others [12].
These findings highlight the variability among cancer
cells within the same sample and across patients, and
support the necessity of single-cell studies, as
discussed below.

Identifying causal genetic events

Given that cancer genomes often harbor hundreds or thou-
sands of genetic alterations, how many of these play a
causal role in tumorigenesis? Genetic lesions accumulating
in the genome of a cell create heritable phenotypic varia-
tion, which is subject to natural selection. Distinguishing
between genomic alterations that are positively selected
during tumorigenesis (‘drivers’) and those that tag along
(‘passengers’) is a primary focus of cancer genomics re-
search. Owing to the lack of recombination in mitotically
dividing cancer cells and the limited ability to analyze the
genomes of single cells, traditional population genetics
approaches [30] are not appropriate to search for drivers.
Instead, methods designed to uncover driver alterations
aim to identify genes or regions in which changes occur
across independent cancer samples and more frequently
than expected by chance [31-33]. To aid in the identifica-
tion of genes that are mutated in cancer cells more fre-
quently than expected in the absence of selection, a method
was devised where the probability for each gene to be
mutated was calculated given the local background muta-
tion level [34], while correcting for the number of nucleo-
tides sequenced, the effects of nucleotide composition, and
the number of tumor samples analyzed. The resulting
cancer mutation prevalence (CaMP) score yielded 122
and 69 candidate driver genes in breast and colorectal
cancers, respectively. This method has instigated exten-
sive discussion about such approaches [35-37]. The dn/ds
ratio test, commonly used in molecular evolution studies,
has also been implemented in cancer genome analyses to
identify the relative proportions of driver and passenger
alterations [38,39]. This test relies on the assumption that
natural selection will skew the frequency of non-synony-
mous mutations in cancer cells as a result of their potential
effects on protein function. A high dn/dg ratio suggests the
presence of positive selection and thus driver mutations. A
recent study [39] reported >1000 base substitutions in
protein kinase genes across various cancer types, with a
dn/ds ratio of 1.66. This analysis suggests that, indeed, the
protein kinome (the full complement of human protein
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kinases) harbors many drivers in cancer samples, with
20% of all substitutions representing driver mutations.
Similarly, the GISTIC methodology (genomic identifica-
tion of significant targets in cancer [40]) aims to identify
significant copy-number alteration events. This method
was recently applied to data of >3000 cancer samples from
26 tissue types, identifying 158 genomic hotspots that are
prone to focal somatic copy-number alterations and are
enriched for several gene families, including the B-cell
leukemia/lymphoma 2 (BCL2) family of apoptosis regula-
tors [32]. Another approach [41] utilized information from
sequence alignments of a large number of homologs to
calculate a ‘functional impact score’, which was used to
categorize somatic DNA mutations based on the extent of
its impact upon protein function. Using this approach, a
ranked list of the top ~1000 genes was assembled with
mutations affecting protein function relevant to cancer
[41]. A variety of additional approaches have been imple-
mented to uncover drivers by, for example, integrating
copy-number variation and gene expression [31] and phy-
logenetic analysis [23,42].

Germline predisposition to cancer

The task ofidentifying causative changes in cancer genomes
is further complicated by the intricate interplay of somatic
mutations and inherited alterations. Three recent studies
[43-45] have made progress towards identifying germline
susceptibility alleles, showing that Janus kinase 2 V617F
(JAK2V®1™) mutations in myeloproliferative neoplasms
(MPNSs) are preferentially found within a particular inher-
ited JAK2 haplotype. This haplotype block is tagged by a
single-nucleotide polymorphism (SNP) close to the
JAK2V6'™ mutation, and heterozygotes for this haplotype
were demonstrated to be significantly more likely to acquire
the JAK2 mutation in cis to the predisposition allele as
compared to the other chromosome. According to these
studies, this single haplotype accounts for about half of
the MPN risk attributed to inherited factors. The effect size
is larger than that of most susceptibility alleles identified in
genome-wide association studies, and is comparable in effect
size to that of germline ataxia telangiectasia mutated (ATM)
mutations in breast cancer [46]. Possible mechanisms
explaining this interplay between germline and somatic
mutations remain to be identified. So far, two hypotheses
have been suggested. First, the haplotype could confer a
hypermutator property to the JAK2 locus and could thus
enable the rapid accumulation of JAK2V6'"™" mutations in
cells of individuals carrying this susceptibility allele. This
hypothesis is supported by the observation that three
patients harbored clones with JAK2V6!™" mutations on
different alleles [45], suggesting that the mutation arose
at least twice in these individuals. The biological basis for
this hypermutator phenotype remains to be identified. Sec-
ond, the haplotype could lead to a different fitness effect of
cells carrying the JAK2V®1™" mutation once it emerges, thus
leading to a larger chance that the clone harboring this
mutation survives stochastic fluctuations and leads to clini-
cally manifest disease. The hypothesis of a functional differ-
ence is supported by the finding that the numbers of
granulocyte—-macrophage progenitors in normal individuals
carrying the risk allele are smaller than in those without the



allele. Again, the biological underpinnings of how such
differences would lead to fitness effects remain to be eluci-
dated. These and many more genome-wide association
studies of melanoma [47], gastric [48], breast [49], ovarian
[50] and other cancers suggest that the generation of somatic
alterations in cancer genomes might have germline under-
pinnings, thus complicating the search for novel driver
alleles for therapeutic targeting.

Epigenetic determinants of cancer genome evolution
DNA methylation and histone modifications play a crucial
role in gene regulation and the spatial architecture of the
genome [51]. It has been known for decades that DNA
methylation patterns change dramatically in cancer cells
as compared to their normal counterparts [52], and can
transcriptionally silence specific tumor suppressor genes
[53]. With the recent development of the Chip-seq [54] and
high-throughput bisulfate sequencing [55] technologies,
whole genomes can now be interrogated at single-nucleo-
tide resolution to gain insights about histone modifications
and DNA methylation, respectively. Growing evidence
suggests that epigenetic changes — which involve extensive
alterations of chromatin and lead to altered expression
profiles of particular genes without affecting the primary
DNA sequence — also play a key role in cancer initiation
and progression [51].

In a classic study, genome-wide loss of DNA methylation
was observed to be one of the earliest epigenetic alterations
in cancer [52]. Since then, many reports have documented
that synthetically induced epigenetic changes can trigger
tumorigenesis. Embryonic stem cells from DNA methyl-
transferase 1 (Dnmt1) knockout mice, for instance, display
an increased rate of accumulating genomic alterations [56].
Furthermore, genetically engineered mice carrying hypo-
morphic Dnmtl, which leads to a global erosion of DNA
methylation, spontaneously develop tumors [57]. These
findings highlight the fact that epigenetic abnormalities
may have the potential to increase the risk of tumorigenesis.

Epigenetic abnormalities commonly arise in healthy
cells of somatic tissues; in fact, the frequency of epigenetic
changes in mice is one to two orders of magnitude larger
than the rate of somatic DNA sequence alterations [58],
and the extent of such abnormalities typically increases
with age [59]. Epigenetic abnormalities can predispose
cells to genomic instability and an increased risk of accu-
mulating the genomic alterations leading to cancer. In-
deed, several of the frequently mutated cancer genes [e.g.
Dnmtl1 and enhancer of zeste homolog 2 (Ezh2)] are epige-
netic modifier enzymes [29]. An aberrant epigenome can
introduce genomic alterations via multiple mechanisms
(Figure 3):

(i) Epimutation of DNA repair genes. Several pieces of
evidence suggest that epigenetic alterations of DNA
repair genes contribute to tumorigenesis. For in-
stance, epigenetic silencing of the MGMT gene, which
encodes the O%-methylguanine DNA methyltransfer-
ase, inhibits repair of DNA guanosine adducts,
leading to an increased ratio of G:C to A:T mutations
[60]. Similarly, epigenetic silencing of another DNA
repair gene, breast cancer 1 (BRCA1I), is associated
with a poor prognosis in breast cancer patients [61],
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whereas de novo constitutional MLH1 epimutations
confer early-onset colorectal cancer [62].

(i1)) Epimutation of genes located in signaling pathways.
Emerging evidence also supports the notion that
epigenetic alterations of particular signaling path-
ways influence tumorigenesis. For instance, methyl-
ation of the estrogen receptor CpG island is linked to
the development of colorectal cancer in humans [63].
Furthermore, epigenetic silencing of secreted friz-
zled-related protein (SFRP) leads to an activation of
the Wnt pathway, thus promoting cell proliferation
during tumorigenesis [64]. Such epigenetic changes
may lead to early oncogenic pathway addiction [65].

(iii) Facilitation of DNA secondary structure-mediated
mutagenesis. Many DNA secondary structures, such
as the G-quadruplex structure, have mutagenic
potential, and epigenetic modifications can affect
the stability of such structures, thus leading to an
increased risk of genomic breaks at the sites of such
structures [66].

(iv) Control of replication timing and nuclear architec-
ture. DNA replication timing and higher-order
chromatin structures are determined, at least partly,
by epigenetic states of genomic regions, which in turn
can affect the patterns of alterations in cancer
genomes [67,68].

(v) Non-coding RNA-dependent regulation of crucial
pathways. It was recently demonstrated that com-
peting endogenous mRNAs regulate the expression of
phosphatase and tensin homolog (PTEN), a known
tumor-suppressor gene [69]. Additionally, a micro-
RNA-mediated network was found to regulate
established oncogenic pathways in glioblastoma
[70] and T-cell lymphoblastic leukemia [71]. These
findings support the hypothesis that hitherto little-
studied factors, such as non-coding RNAs, are
causally implicated in tumorigenesis

(vi) Epigenetic regulation of repeat elements. Changes in
the methylation patterns of long and short inter-
spersed elements (LINEs and SINEs) are frequent in
cancer cells. Interestingly, aberrant expression of
satellite repeats in pancreatic and other cancers was
found to be correlated with overexpression of LINE-1
elements [72], which can lead to a drastic remodeling
of the cancer genome. Applying high-throughput
methods to identify LINE-1 mutations, a recent
study discovered 7,743 somatic LINE-1 insertions in
three healthy adult human brain samples [73].
Furthermore, hypomethylation of intragenic LINE-
1 can repress transcription of genes in cancer cells
through argonaute 2 (AGO2) [74].

(vii) Epigenetic promotion of metastasis. Recent findings
suggest that the long non-coding RNA HOTAIR
reprograms the chromatin state of cancer cells,
thereby promoting metastasis [75].

These findings, although fascinating, represent only the
beginning of the investigation into epigenetic determi-
nants of cancer evolution.

Epigenetic changes have several interesting attributes,
such as reversibility and the ability to affect the penetrance
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Figure 3. Genetic and epigenetic determinants of cancer genome evolution. The human genome is organized into highly complex structures with multiple levels of
organization. The highest level comprises chromosome packaging into the cell nucleus (a). DNA strands in close spatial proximity are more likely to interact during
replication and transcription, leading to chromosomal rearrangements and gene fusions (b). Aberrant methylation and acetylation of histone tails can result in gene
expression and splicing variation (c). DNA sequence alterations may modulate gene expression and change protein amino acid composition (d). Aberrations at all of these

levels may influence the mutational landscape of cancer genomes.

of somatic mutations. Although cancer genomes accumu-
late a large number of genetic alterations, some of the
disease-causing genetic variants can be masked by epige-
netic modifications [76]. Furthermore, epigenetic states
are reversible, thereby allowing tumor cells to exploit or
suppress various genetic alterations under different cir-
cumstances [51,76]. Moreover, epigenetic heterogeneity in
a clonal population of cancer cells allows selection to
operate dynamically on the same mutation pool. As a
result, promoter methylation patterns of specific genes
are often associated with sensitivity to chemotherapeutic
drugs [77].

Taken together, it has become increasingly evident that
epigenetic abnormalities are not only widespread in many
cancer types, but that some of them, either independently
or in conjunction with genetic alterations, play a crucial
role in establishing some of the hallmarks of neoplasms
[65,78]. These findings also contribute to the ongoing
debate about the epigenetic origin of cancer [78].

Intra-tumor heterogeneity

The studies outlined above suggest that each tumor may
contain a large number of individual clones, each defined
by different landscapes of genetic and epigenetic altera-
tions [79-83]. This heterogeneity is also obvious patholog-
ically, because different cross-sections of tumor tissue often
reveal diverse cell morphologies [84,85]. A series of land-
mark papers reported that some breast tumors consist of
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clones with different copy-number profiles [81,82]. Simi-
larly, it has been observed that breast tumors are highly
heterogeneous at both the genetic and cell-differentiation
levels [80]. In this study, immunofluorescence in situ hy-
bridization immunoFISH) was used to analyze the degree
of variability in individual breast tumors, finding that the
extent of heterogeneity was related to patient outcome.
Similar associations were also observed in a pre-malignant
condition, Barrett’s esophagus, in which a larger extent of
intra-sample heterogeneity was correlated with an in-
creased risk of progression to esophageal adenocarcinoma
[86]. Following up on these findings, it was recently dem-
onstrated that breast cancers are either monoclonal, with
the majority of tumor cells showing the same stable chro-
mosome structure, or polyclonal [79]. Both the mono- and
polyclonal types appeared to be equally common. Similar
observations have been made in lymphoblastic leukemia,
in which copy-number alteration data showed that poly-
clonal evolution is common in leukemiagenesis [12,13].
Furthermore, an analysis of somatic mutations in primary
pancreatic tumors and their matched metastases uncov-
ered multiple differences between the primary and the
metastatic samples [83]; the authors concluded that meta-
static capacity is obtained late in pancreatic cancer evolu-
tion. In glioblastoma, primary tumors consisting of clones
with mutually exclusive receptor tyrosine kinase amplifi-
cations have been reported [17]. In this study, mutational
data showed that these clones were derived from common



precursors instead of representing independent primary
tumors. These findings underscore the widespread hetero-
geneity within cancer samples and highlight the need to
design cost-effective ways to analyze tumors at the single-
cell level.

An important question in oncology is whether tumors
become resistant to chemotherapy because of de novo
somatic mutations or because of resistant clones already
present at the time of diagnosis or surgery. From a Dar-
winian point of view, such resistant clones might not have a
fitness advantage when untreated and might not be de-
tectable in the tumor bulk [79,80,87,88]. A timely detection
of resistant clones would, however, be essential for a reli-
able prediction of treatment responses and the choice of
therapy. Recent technological breakthroughs have made
possible the identification of single-cell heterogeneity and
are likely to provide answers to such questions [23]. With
current high-throughput methods, it is now possible to
obtain the copy-number status of 200 cells in a single
sequencing run, and this number is likely to increase
dramatically in the next years [89]. Using such techniques,
the landscape of copy-number alterations from a polyclonal
breast tumor was inferred [79], as well as from a monoclo-
nal breast tumor and its liver metastasis. Their analysis
allowed the authors to identify as well as approximately
date clonal expansion events, leading to the conclusion
that tumor evolution might be driven by a very small
number of such clonal expansions. Furthermore, single-
cell analysis has the potential to confirm or reject the self-
seeding hypothesis [90], which states that tumor cells from
a metastatic site could return to the primary tumor.

Although whole-genome sequencing of single cells is
currently not possible [89], promising progress has been
made in single-cell transcriptomics [91,92]. Measurements
of the tumor genome, transcriptome, proteome and epi-
genome at the single-cell level at high resolution will
become a cornerstone of oncology in the future and will
allow the timely detection of driver events of tumor evolu-
tion and therapeutic resistance

But what are the underlying mechanisms creating these
patterns of genetic and phenotypic diversity in tumors?
The answer to this question is important because the
molecular mechanisms that generate tumor heterogeneity
are directly linked to cancer initiation and progression.
From a clinical perspective, tumor heterogeneity can dic-
tate the response of a patient to anti-cancer therapy and
increase the likelihood of drug resistance. For example,
stable coexistence of genetically distinct clones has been
documented in malignant brain tumors [93], in which three
different tyrosine kinases were amplified in different cells
in a mutually exclusive manner, bearing important clinical
implications for tumor resistance to targeted therapies.
Two models of tumor progression have been proposed — the
cancer stem cell and the clonal evolution models, each
making qualitative predictions about tumor heterogeneity.
The cancer stem-cell model postulates that a tumor origi-
nates from a single (or a few) cancer stem cell, giving rise to
differentiated cells with limited proliferation capability
[86,94]. In this scenario, cells arising from a cancer stem
cell would be genetically nearly identical, resulting in a
homogeneous tumor. Several analyses of leukemia [95],
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breast [96] and colon cancer [97] samples support the
cancer stem-cell model, showing that only a small fraction
of cells are capable of inducing a tumor in mice upon
transplantation. The clonal evolution model, on the other
hand, states that each cancer cell gives rise to descendants
with unlimited proliferation ability and that further ge-
netic and epigenetic alterations generate phenotypic vari-
ation. Natural selection then sifts through this variation,
driving expansions or contractions of particular clones
based on their relative fitness [4]. These theories have
recently been shown not to be mutually exclusive
[12,13]. In fact, these models serve as an umbrella for more
specific monoclonal and polyclonal models, all of which
share the above stated assumptions but differ in the num-
ber of distinct clones that ultimately dominate the tumor
cell population ([98] for more details).

Concluding remarks

We have outlined recent advances elucidating the muta-
tional landscapes of cancer genomes at the genomic, ge-
netic and epigenetic scales. The level of complexity,
however, does not stop here. The recently proposed fractal
organization of the genome is starting to reveal intriguing
relationships among phenomena such as the timing of
genome replication and locations of DNA breakpoints in
cancer genomes [66]. These findings provide fertile ground
for further investigations. Experimentally, challenges re-
main to obtain single-cell genomic and epigenetic profiling
data, which are both rapidly obtainable and cost-effective.
The ultimate dataset will contain information on DNA
sequence, copy number, DNA methylation, histone mod-
ifications, gene and protein expression as well as on chro-
matin architecture for the same sample, obtained from
single cells over a time-course of several years, both before
and after the administration of therapy. Computational
and mathematical modeling tools can then be applied to
address a flurry of questions. For instance, the relationship
between genomic, epigenomic, and higher-order chromatin
structure needs to be investigated, potentially leading to
insights into the regulation of genomic stability and gene
expression by the epigenome. Furthermore, insights into
the evolutionary dynamics of a tumor can be gained by
analyzing single-cell-based information, leading to better
diagnostic and prognostic tools as well as novel drug
targets.

Unique opportunities to gain new insights into the
evolution of cancer genome can also arise from unlikely
sources, such as from the study of organisms that success-
fully evade cancer altogether. Compared to mammals of
similar body size, naked mole rats have an exceptionally
long lifespan, slow senescence, and are resistant to spon-
taneous and experimentally induced tumorigenesis [99].
Recent sequencing of the naked mole rat genome is start-
ing to shed light onto the molecular basis of these extraor-
dinary traits and might provide a deeper understanding of
cancer resistance mechanisms [100]. In particular, distinct
modifications of proteins involved in telomerase lengthen-
ing, DNA repair and replication, cell cycle, and DNA
torsion control during transcription were identified. These
discoveries mark the beginning of efforts to decipher how
these insights can be implemented in cancer treatments.

161



The future might hold investigations of similar exceptions
to the rule of cancer as a general fate of long-lived multi-
cellular organisms, and will open up the opportunity for
further evolutionary inquiries into tumorigenesis.
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