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Abstract

Cancer is a disease caused by the accumulation of genetic alterations in association with
successive waves of clonal expansion. Mapping of the human genome sequence, in conjunction
with technical advances in the ability to sequence entire genomes, have provided new insight into
the mutational spectra and genetic events associated with clonal evolution of cancer. Moving
forward, a clearer understanding of those alterations that undergo positive and negative selection
throughout carcinogenesis and leading to metastatic dissemination would provide a boon not only
to our understanding of cancer evolution, but to the development of potential targets for
therapeutic intervention as well.
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1. INTRODUCTION

Cancer remains a major public health concern both in the United States and worldwide.
Although the estimated number of cancer-related deaths is declining in the United States,
cancer is still the leading cause of death among those younger than 85 years of age [1]. It is
now widely accepted that cancer is a set of diseases that results from the accumulation of
genetic alterations [2]. Particularly in the last decade, as the decreasing cost and increasing
feasibility of sequencing methodologies have made the technique more applicable to high-
throughput analyses, we have witnessed an explosion in the amount of genetic information
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available about many forms of cancer. The whole genomes of breast and colorectal cancers,
pancreatic adenocarcinoma, glioblastoma multiforme, acute myeloid leukemia,
mesothelioma, ovarian clear cell carcinoma, medulloblastoma, pancreatic neuroendocrine
tumors, head and neck squamous cell carcinomas, and multiple myeloma have now been
reported [3-12]. The many alterations identified include mutations in oncogenes and tumor
suppressor genes, gene amplifications and deletions, and chromosomal rearrangements; the
effects of these genetic alterations combine to provide a proliferative and survival advantage
to cells. Additional molecular changes may also occur that allow the resulting neoplasm to
invade into surrounding tissue and, eventually, metastasize to other organs.

Despite the wealth of sequencing data available for many tumor types, the genetic evolution
of these cancers remains, largely, a mystery. Tumors begin to evolve separately from their
surrounding normal tissue when a mutation confers a proliferative advantage on a single
cell. The progeny of this cell undergo additional mutations, some of which are acted upon by
positive Darwinian selection to produce another clonal expansion [13]. This continuous
process persists throughout the lifetime of the tumor, eventually yielding clones that have
the abilities to invade surrounding tissue, seed and survive in distant locations, and resist
treatment (Figure 1). The generation of and selection for these clones during cancer
evolution, in addition to the heterogeneity that develops as a result, are major challenges
faced when attempting to combat these diseases in the clinic.

However, the evolution of cancer is not as straightforward as a stepwise series of mutations.
As a result of genetic instability that develops within the tumor cells, cancers are often a
heterogeneous mix of genomes. The goal of many cancer geneticists is to understand this
genetic complexity at the molecular level. While the sequencing and analysis of many
cancer genomes provides an excellent first step in this process, little can be gleaned about
the evolution of various cancers from such data. The advent of next-generation sequencing
has provided cancer researchers with a powerful new tool in their arsenal to study the
evolution of cancer. This review will discuss the history of research into cancer evolution, as
well as the recent strides made possible by more advanced sequencing technology.

2. EARLY STUDIES OF CANCER EVOLUTION

The concept of clonal evolution in cancer was originally proposed by Peter Nowell, who
theorized that acquired genetic instability increases as a neoplasm progresses, resulting in
heterogeneity [14]. Consequently, numerous genetically distinct subclones develop within
the neoplasm, resulting in intratumoral diversity. As sublines evolve from the original
primary clone, a Darwinian selection process occurs to allow the cancer to become more
malignant [13]; subclones with a mutation resulting in a selective advantage (i.e. enhanced
tumor growth, and the abilities to invade and attract blood vessels) persist within the tumor,
whereas those subclones without such beneficial properties may eventually become
overgrown. This “survival of the fittest” within cancers, and cancer cell heterogeneity in
general, have been studied with increasing sensitivity as technology has developed.

2.1 Cell-Based Studies

Evidence that distinct cell populations within a tumor progress along separate evolutionary
paths originally came from studies examining differences in metastatic capability of sublines
generated from a single tumor. One of these early clues stemmed from the observation that
B16 melanoma cell clones have differential survival capabilities when injected into the
bloodstream, with a vast minority of cells (0.2%) surviving [15]. Follow-up studies were
performed using sublines generated from the parental B16 cell line. After intravenous
injection of these clones, it was found that, compared to the parental cell line, the clones
were inconsistent in their metastatic behavior, both in terms of the number and location of
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metastases formed, suggesting that the individual clones arose along separate evolutionary
paths [16]. Comparable studies showed analogous differences in metastatic capability
among clones of UV-2237 fibrosarcoma cells [17] and that clones that yielded a higher
metastatic burden tended to have a faster rate of genetic mutation than clones with low
metastatic burden[18]. Furthermore, the heterogeneity of metastatic potential became more
pronounced after a metastatic lesion had formed, again suggesting a temporal relationship
between metastasis and increasing genomic instability [19]. Once the concept of
heterogeneity of metastatic potential within a primary tumor was established, the question
was posed whether separate metastases within a patient are derived from the same cell.
Karyotypic analysis of K-1735 melanoma cell lines injected into mice indicated that
individual metastatic lesions can be derived from different cells within the primary tumor
[20]. This result provided an important piece to the puzzle of cancer’s evolution —
heterogeneity within the primary tumor leads to variable abilities to metastasize.

2.2 Cytogenetic Analysis

Another method that has been commonly used for the study of cancer evolution is
comparative genomic hybridization (CGH). This technique is able to detect small-scale copy
number changes [21]. Evolution of tumor samples can be predicted from CGH data based on
the frequency of these chromosomal gains or losses: should a particular region be altered in
most samples of a tumor, it is inferred that that genetic event occurred early in the evolution
of the tumor and was subsequently passed onto its progeny.

CGH has been applied in describing the evolution of metastases from the primary site of
cancer. In breast cancer, colorectal cancer, pancreatic cancer, and squamous cell carcinoma
of the lung, gross chromosomal gains and losses occur more frequently in distant metastases
than in the primary cancers [22-26]. Furthermore, direct comparisons of breast cancer CGH
data by hierarchical cluster analysis indicated that lymph node metastases tend to be more
similar to the primary cancer than are distant metastases, albeit in a small patient cohort
[26]. These results can be attributed to different selection pressures that are faced during
separate metastatic events, resulting in divergent evolution from the parental clone.
Additional evidence for this phenomenon was seen by Nishizaki et al., who noted certain
large-scale losses to be associated preferentially with lymph node metastases in breast
cancer [24]. Furthermore, particular gains and losses seen in metastases from squamous cell
carcinomas of the lung were consistently observed in patients, with a similar circumstance
occurring in pancreatic cancer, suggesting that certain alterations are selected for during the
metastatic evolution of these cancers [22,25].

CGH has also been utilized to address whether different metastatic lesions arise as a result of
similar evolutionary events. It appears that, in some tumor types, different metastases evolve
separately. For instance, in colorectal cancer patients, lung metastases harbored more
chromosomal changes than liver metastases, suggesting a greater evolutionary timeline for
lung lesions to develop [27]. In addition, CGH was used to show that in ovarian cancer,
bilateral ovarian tumors arise as metastases during the latter stages of these cancers’
development [28]. However, CGH has yielded murky results in determining the
evolutionary lineages of metastases. In breast cancer, a combination of CGH and fluorescent
in situ hybridization (FISH) demonstrated that metastases surgically removed at different
times from the same patient arise from one precursor clone in the primary tumor [29]. By
contrast, analysis of multiple metastases per melanoma patient indicated that some
metastases share a common progenitor clone, whereas others have evidence of separate
evolutionary paths [30]. Perhaps further advanced technology that allows more detailed
genetic analysis will yield insight of greater resolution into the clonality of multiple
metastases, although the possibility exists that the patterns of clonality observed in various
cancer types will be dependent on individual disease biology.
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Contrary to CGH, loss of heterozygosity (LOH) studies analyze loss of specific alleles in the
genome. Investigations of colorectal, bladder, and prostate cancer indicated that allelic
losses increase in frequency during progression from primary cancer to metastasis, although
no such differences were detected between primary breast cancer and lymph node
metastases [31-34]. Furthermore, in some cases a putative order of allelic changes has been
linked to disease progression, while others have associated specific LOH events with
invasive cancer and metastasis [34-36].

2.3 Sanger (“First Generation”) Sequencing

While cytogenetic studies such as karyotyping, CGH, and LOH were important in
identifying the regions of the cancer genome that undergo important changes necessary for
cancer evolution, the genes involved in the process remained largely unknown. First-
generation (Sanger) sequencing technology allowed researchers to analyze the clonality and
evolution of several different cancer types at single base-pair resolution.

Based on sequencing analysis followed by three-dimensional reconstruction of the tumor,
most colon cancers examined could be divided into one major clone, with several minor
clones throughout [37]. Sequencing has also shown that the presence of mutations in KRAS
and 7P53varies throughout primary colorectal cancers; however, heterogeneity of these
particular mutations tends to fade over time after the clones containing the altered gene
products undergo positive selection [38]. A similar instance of reduction in heterogeneity
over time was observed in B cell chronic lymphocytic leukemia (CLL) by the sequencing of
VyDJy rearrangements [39]. These results suggest that heterogeneity precedes positive
selection of particular clones in the evolution of cancer, and disappears as positive selection
ensues.

Sanger sequencing has also provided important information about the progression from
primary cancer to metastasis. A broad view of the mutational landscape of colon cancer
showed that the total number of point mutations across the genome increased as the lesions
evolved from adenoma to colon cancer and, ultimately, to metastasis [40]. Similar results
were obtained in pancreatic cancer, albeit in greater detail. For example, our laboratory
sequenced distinct regions of primary pancreatic tumors as well as multiple metastatic
lesions obtained from patients at rapid autopsy [41]. We showed that genetically discrete
subclones exist within the primary pancreatic cancer, and that each metastatic lesion arises
from a different subclone at different evolutionary timepoints. Furthermore, based on a
calculated proliferative rate, the known rates of mutation, and the number of mutations
identified by whole-exome sequencing of multiple subclones within the primary tumor and
distant metastases, a timeline for pancreatic cancer evolution was proposed: the major clone
(parental clone) develops over the course of 11.7 years, metastatic subclones arise within the
primary carcinoma after an additional 6.8 years, and lethal distant metastases arise within
2.7 years after. A similar study of colorectal cancers yielded a comparable evolutionary
timeline: it takes 17 years for an advanced carcinoma to arise from a large adenoma, but
only 1.8 years for the carcinoma to metastasize [40]. These results emphasize that the
positive selection events necessary for cancer initiation and evolution occur over the course
of several decades. Consequently, there is a large window of opportunity for cancer
detection and treatment.

3. SECOND-GENERATION SEQUENCING IN CANCER

3.1 Advantages of Second-Generation Sequencing in Cancer Applications

Despite the major advances made in deciphering how cancers develop by methods such as
CGH, LOH, and Sanger sequencing, there are several advantages to next-generation
sequencing technologies that make it preferable to the aforementioned techniques for the
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study of cancer evolution. Next-generation sequencing circumvents the problem of reduced
DNA quality that results from areas of necrosis within the tumor [42]. Furthermore, specific
assays have been developed such that it is easier to detect alterations in DNA other than
point mutations; to date, next-generation sequencing has been applied to the study of
chromosomal rearrangements, copy number changes, and RNA sequencing [43-45]. Finally,
it is extremely rare for a cancer sample — be it from a biopsy or surgical resection — to be
purely cancerous. Normal genomes dilute the cancer genomes such that rare genetic variants
can be difficult to detect with Sanger sequencing. Next-generation sequencing technologies
allow detection of genomes at much lower frequencies than Sanger sequencing [42,46].
Given the large amount of data generated by next-generation sequencing studies, the
challenge for researchers has been to determine the evolutionary significance of the genetic
aberrations identified in these analyses.

3.2 Analysis of Primary Cancer Heterogeneity and Evolution using Next-Generation
Sequencing

As mentioned, a major advantage of second-generation sequencing technology is the ability
to successfully sequence genetic material from lower-frequency samples[46]. Consequently,
uncommon subclones may be examined in various cancer types. Multiple clones were
identified in one-quarter of CLL patients using 454 sequencing of the IGH locus [47].
Similarly, in chronic myelomonocytic leukemia (CMML) and myelodysplastic syndrome
(MDS) patients, deep sequencing of the 7E72gene revealed the presence of scarce clones in
several patients, in which a dominant clone could also be identified [48]. It should be noted
that many of these patients’ 7£7.2 mutations went unnoticed by Sanger sequencing.
Heterogeneity in ploidy of breast cancers was also observed by single-cell sequencing [49].
That more advanced sequencing technology is able to identify these rare populations of
cancer cells is truly remarkable, especially when the frequency of the clones is considered —
Campbell and colleagues were able to identify clones that comprised as low as 0.02% of the
cells within the cancer[47].

In addition to detection of exceedingly rare subclones within cancers, researchers have
begun to use next-generation sequencing to propose mechanisms by which mutational
selection and evolution occur within cancers. Sequencing of a non-small cell lung cancer
revealed two interesting patterns [50]. First, expressed genes had fewer mutations than
silenced genes and the mutations in expressed genes were less likely to be found in the
transcribed copy. Second, regions of the genome directly upstream of transcription start sites
also had reduced mutation rates. These results imply that, despite the widespread genomic
instability present within cancers, negative selection may exist to protect against mutations
in genes important for basic cell functions. A similar phenomenon was observed when the
IGH gene was sequenced in CLL patients [47]. Of the alterations detected in the regions of
IGH important for heavy chain structure, an unexpectedly high number of them were silent
mutations, indicating that changes to this particular locus are also selected against. While
this concept (that genes important for cellular function are not often mutated in cancers) was
previously assumed to be true, not until the age of next-generation sequencing was the idea
confirmed.

When considering the phylogeny of a cancer’s evolution, it is common to assume that clones
undergo divergent evolution. The results of some next-generation sequencing studies
indicate that convergent, or at least redundant, evolution may be occurring. In particular,
deep sequencing of a non-small cell lung cancer revealed multiple genetic events occurring
in the same pathways [50]. Strikingly, the EGFR MAP-kinase pathway was affected by
mutation or amplification of many different pathway members. While the existence of these
mutations in different subclones of the tumor was not described in the study, it is interesting
to speculate that the tumor may have evolved several different mechanisms toward
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“pathway addiction” rather than via addiction to one oncogene in the pathway. This concept
is particularly daunting when attempting to target these signaling networks in treating
cancers.

Next-generation sequencing has also allowed researchers to determine the overarching trend
for the mechanism of cancer evolution. Paired-end sequencing of chromosomal
rearrangements in multiple cancer types identified massive genomic rearrangements
occurring over relatively small regions of the genome [51]. Remarkably, these
rearrangements did not greatly alter copy numbers of the affected genes. The authors
propose that this phenomenon be called “chromothripsis,” or “chromosome shattering into
pieces.” Particularly due to the relative consistency of copy numbers after the complex
rearrangements of these genomic regions, the authors suggest that the rearrangement
resulted from a single event of chromosome destruction that was repaired by non-
homologous end joining, and that the resulting mosaic chromosome provides the tumor cell
with an evolutionary advantage, since, under normal circumstances, such a drastic genetic
hit would cause the apoptosis machinery to engage.

Such an event would give credence to a punctuated equilibrium model of cancer evolution.
The theory of punctuated equilibrium was originally proposed by Stephen Jay Gould and
Niles Eldredge as a theory of the mechanisms through which species evolve [52]. In contrast
to a more gradual model of evolution, punctuated equilibrium is characterized by long
intervals of “stasis,” or stability, followed by rare events that cause evolutionary change.
Certainly, one instance of chromosome destruction could be considered a rare event in the
evolution of many cancer types. However, more evidence is needed to further study whether
cancer evolution, in general, falls under the punctuated equilibrium model or if a more
gradual model of evolution is more accurate.

3.3 Studying Evolution of Metastatic Capability by Second-Generation Sequencing

A major question that remains in cancer research is whether there exist mutations that
promote the positive selection of metastatic clones. While the mechanism for normal cells to
divide is typically active and becomes dysregulated in cancer, a separate set of processes
must be deregulated on for a cell to gain the ability to successfully metastasize. Next-
generation sequencing has been utilized to determine differences in genetic profiles between
primary cancers and their matched metastases. Using paired-end sequencing, a lobular breast
cancer and its matched metastasis were compared [53]. Thirty-two total coding mutations
were identified in the metastatic lesion, of which nineteen were not detected in the primary
cancer. Of the remaining mutations identified in the metastasis, five were present in most
cells in the primary tumor, and six were detected in 1-13% of cells. These results highlight
two concepts: the intrinsic heterogeneity that develops within cancers as they evolve due to
genetic instability as well as the power of next-generation sequencing to detect extremely
rare clones of cells within a population. Additional analysis of matched primary and
metastatic pancreatic adenocarcinomas by massively parallel paired-end sequencing
revealed similar patterns [54]. Each patient had certain genomic rearrangements that were
present in the primary cancer and all of its corresponding metastases, whereas some
rearrangements were present in only a subset of lesions or only in one metastatic tumor.
Furthermore, lung metastases were determined to have evolved further than metastases to
abdominal organs, due to the number of rearrangements identified in each lesion. These
results confirm that individual metastases evolve separately within a cancer, a result reached
by Yachida et al. in a similar study using Sanger sequencing [41,54].

Next-generation sequencing has yielded some interesting, though inconclusive, results in the
push to identify metastasis-promoting mutations. Sequencing of a matched primary breast
cancer, xenograft, and brain metastasis revealed that while most mutations that were
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identified were present in all three lesions, two mutations (in SNEDI and FLNC) existed
only in the metastasis [55]. Additionally, a putative lung-specific alteration in the PARK2
gene was identified in a pancreatic cancer patient [54]. Two distinct alterations were
identified in this gene, one of which was found exclusively in the lung lesions, while the
other was only observed in peritoneal, liver, and omental metastases. As aforementioned,
CGH studies revealed that certain areas of the genome are consistently gained or lost as
squamous cell lung carcinomas and pancreatic adenocarcinomas metastasize [22,25]. The
next-generation sequencing projects described herein provide evidence that mutations in
specific genes occur in association with metastasis. These undertakings confirm the CGH
findings, although at much greater resolution. This comparison illustrates the true
advantages of next-generation sequencing compared to older techniques in the pursuit of
metastasis-driving genetic alterations. Although these results are exciting, as they suggest
that certain genes may be associated with organ-specific metastases, it is important to
emphasize that these results were obtained from only one patient, and a larger cohort must
be sequenced in order to verify putative metastasis-promoting genes as well as mechanistic
studies of the mutated genes.

Next-generation sequencing has also been applied to determining the clonal evolution of
metastasis, that is, whether multiple metastases arise from the same region of the primary
cancer. In this case, studies have yielded mixed results. While next-generation sequencing of
a femur metastasis, rib metastasis, and adrenal metastasis from a prostate cancer patient
revealed that the three lesions were clonal in origin, each metastatic lesion had genetic
abnormalities that were distinct from the other two [56]. Along the same lines, two
independent studies of breast cancer suggested that the primary tumors and one metastasis
per patient have common origins [49,55]. While these analyses have yielded very detailed
pictures of the genetic landscapes of the patients’ cancers, it is impossible to use this
information to make generalized statements about how metastases develop. However,
larger-scale applications of next-generation sequencing have suggested that independent
metastases arise from separate clonal entities in the primary cancer [54]. By examining the
patterns of rearrangements identified by massively parallel paired-end sequencing in
primary pancreatic cancer and multiple metastases per patient, Campbell and colleagues
determined that the metastases examined must have arisen from at least two discrete regions
of the primary tumor, again in line with the results of Yachida et al. [41,54]. Moreover,
rearrangement patterns were observed that support the idea that metastases can seed other
metastases [54].

Consequently, despite the advances in the amount of sequencing data that can be obtained
per patient using next-generation methods, larger patient cohorts will be necessary in order
to determine the dynamics of cancer metastasis, both in terms of causal mutations and clonal
evolution of the tumors.

4. Conclusions and Future Implications

It is still relatively early in next-generation sequencing era; yet, there has been a wealth of
information made available to date as a result of such new technologies, especially in the
field of cancer genetics. Understanding the events that undergo positive and negative
selection throughout carcinogenesis would provide a boon to our understanding of cancer
evolution. It is clear that next-generation sequencing has the potential to unlock these
mysteries, and further studies are likely to shed additional light onto this area.

Along the same lines, while many mutations have been identified as contributing to cancer
progression as a result of the high-throughput nature of next-generation sequencing, it is
important to identify which mutations are specifically selected for during clonal evolution.

Semin Cell Dev Biol. Author manuscript; available in PMC 2013 April 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Brosnan and lacobuzio-Donahue Page 8

As a result of genetic instability within the cancer, “passenger” mutations accumulate
alongside the “driver” mutations. While mutations that fall under the latter category have
important functions throughout cancer evolution, those in the former undergo neither
positive nor negative selection, but persist throughout the lifespan of the tumor, regardless.
Thus, sorting of mutations into either of these classes will be necessary for learning how
cancers evolve and, particularly, how metastases form.
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Figure 1. Schematic of intratumoral clonal evolution

Neoplasia begins when a genetic alteration (denoted by M) occurs in a normal cell that
confers a selective growth advantage. Over time, additional alterations accumulate in the
progeny of this cell, leading to successive waves of clonal expansion and the eventual
formation of subclones with differing abilities to metastasize and evade treatment. Subclonal
evolution is believed to follow Darwinian selection in that some subclones will become
extinguished by others with greater abilities to survive in the tenuous microenvironment of
the neoplasm.
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