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Abstract

With rare exceptions, spontaneous tumors originate from a single cell. Yet, at the time of clinical
diagnosis, the majority of human tumors display startling heterogeneity in many morphological and
physiological features, such as expression of cell surface receptors, proliferative and angiogenic
potential. To a substantial extent, this heterogeneity might be attributed to morphological and
epigenetic plasticity, but there is also strong evidence for the co-existence of genetically divergent
tumor cell clones within tumors. In this perspective, we summarize the sources of intra-tumor
phenotypic heterogeneity with emphasis on genetic heterogeneity. We review experimental evidence
for the existence of both intra-tumor clonal heterogeneity as well as frequent evolutionary divergence
between primary tumors and metastatic outgrowths. Furthermore, we discuss potential biological
and clinical implications of intra-tumor clonal heterogeneity.
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1. Introduction

Human cancers frequently display substantial intra-tumor heterogeneity in virtually all
distinguishable phenotypic features, such as cellular morphology, gene expression (including
the expression of cell surface markers and growth factor and hormonal receptors), metabolism,
motility, and angiogenic, proliferative, immunogenic, and metastatic potential [174].

It is widely accepted that tumor development can be regarded as a process of Darwinian
evolution. The evolutionary perspective is contingent on population thinking, where selection
forces work on a population of individuals with different heritable traits. Indeed, large numbers
of cell divisions, required for the emergence of full-blown malignancies and increased genetic
instability, seen in most cancers, present plenty of opportunities for the emergence of multiple
mutants. This genetic heterogeneity translates into phenotypic heterogeneity, and heritable
phenotypes will in turn provide material for selection forces to work on. However, it is likely
that a substantial fraction of phenotypic heterogeneity seen in tumors can arise from phenotypic
plasticity and differentiation of cancer stem cells and is therefore non-heritable.
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Although the existence of intra-tumor phenotypic heterogeneity has been recognized from the
early days of experimental cancer research, the relative contributions of heritable and non-
heritable mechanisms are still not clear, and yet the nature of tumor heterogeneity can have
profound implications both for tumor development and therapeutic outcomes.

2. Non-heritable sources of diversity in tumor cell populations

2.1. Cancer stem cells

The concept of cancer stem cells was proposed to explain heterogeneity of cancer cells more
than three decades ago (for an excellent historical perspective, see [2]). However, it has
emerged asa mainstream idea only relatively recently, initially for hematopoietic malignancies,
after the discovery that a phenotypically distinct subset of human acute myeloid leukemia cells
(CD34*CD38") can reconstitute the disease upon transplantation into immunodeficient mice
in limiting dilution assays, whereas all other leukemic cells are devoid of this ability [5].
Subsequently, the cancer stem cell concept has been expanded to encompass solid
malignancies: the CD44*CD24~ subset of human breast cancer cells was shown to be highly
enriched for the ability to initiate tumors upon transplantation into mammary fat pads of
immunocompromised mice [6], and the existence of phenotypically defined subsets of cells
enriched for tumor-initiating ability was later demonstrated for other solid cancers (reviewed

in [7]).

According to the cancer stem cell concept, only a minor fraction of tumor cells, termed “tumor
stem cells” is responsible for the maintenance and progression of tumors because these cells
possess the unique ability to both self-renew and differentiate into the bulk of tumor “non-
stem” cells. Thus, the majority of tumor cells are considered to be products of abnormal
differentiation of cancer stem cells, and, although some might be capable of limited
proliferation, they represent evolutionary “dead ends.” It is important to stress that the concepts
of clonal evolution and cancer stem cells are complementary rather than mutually exclusive.
It can hardly be doubted that tumor progression is contingent on acquiring specific mutations
in oncogenes and tumor suppressor genes. From an evolutionary perspective, limitation of self-
replicating capacity to a fraction of tumor cells means that the effective population size is
restricted to this stem-like compartment, rather than encompassing a bulk of tumor cells. The
implication is that phenotypic and genetic heterogeneity, associated with tumor stem cell
differentiation, are irrelevant for tumor progression (as long as they do not affect the tumor
stem cell subpopulation or lead to stem cell conversion), as selection can only work on the
heritable phenotypes of cancer stem cells.

The existence of morphologically defined subsets of cancer cells which are enriched for the
ability to form tumors in xenograft models has been demonstrated by multiple groups for many
hematopoietic and solid malignancies. Still, the concept of cancer stem cells remains a subject
of debate, especially in solid tumors. A major challenge to the cancer stem cell concept
originates from the observation that its definition is based on experimental evidence (e.g., tumor
initiation at limited dilution) that is highly subject to how the assay was performed. For
example, in experimentally induced or spontaneous cancers, the majority of cancer cells are
capable of initiating tumors in either syngenic or xenograft models [8' 9] and thus can be
considered cancer stem cells. When most of the cells in a tumor are cancer stem cells, singling
them out becomes meaningless. It has also been noted that numerical considerations frequently
reveal inconsistencies with data interpretation in experiments transplanting sorted cell
populations [10]. In addition, comparisons of the genetic compaosition of breast cancer
CD44*CD24~ cells, which are presumed to be “cancer stem cells,” versus CD44-CD24" cells,
which are considered to be “non-stem cells,” have revealed that in some cases these
subpopulations are genetically divergent [11: 12], which is inconsistent with a model of simple
differentiation.
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2.2. Phenotypic plasticity

An alternative explanation for the differential ability of specific subsets of tumor cells to initiate
tumors in xenograft models is the concept of tumor cell plasticity. According to this idea, the
majority of tumor cells can be viewed as stem cells with varying degrees of “stemness,” where
the “stemness” is influenced by microenvironmental cues and perhaps some stochastic cell-
autonomous mechanisms [13]. In fact, even for normal tissue stem cells, the simplistic model
of adifferentiation hierarchy through rigid, unambiguously definable stages, seems to be poorly
supported by experimental data. Observation of substantial phenotypic and functional
heterogeneity within normal stem/progenitor cell pools has led to the proposal of alternative
models of the organization of stem cell compartments that incorporate self-organization,
flexibility, and plasticity of stem cell properties [14716]. Importantly, mathematical models
that involve plasticity of the stem cell phenotype provide a much better match to experimental
data on stem cell dynamics than does the concept of rigid differentiation hierarchy [17].

Phenotypic plasticity is one of the basic features of organisms, as genotypes do not specify a
strictly defined, invariable phenotype, but instead a range of phenotypic manifestations within
a norm of reaction. The ability of tumor cells to alter their phenotype in response to
microenvironmental cues can be illustrated by the dramatic observation that teratocarcinoma
cells injected into normal blastocysts, can contribute morphologically normal cells into
different cellular lineages and tissues [18]. At this point, it is clear that interactions of tumor
cells with the microenvironment both shape malignant behavior and promote tumor
progression [19]. The microenvironment within a tumor is not completely homogeneous:
different regions of a tumor can have different densities of blood and lymphatic vasculature,
different numbers and types of infiltrating normal cells, and different composition of
extracellular matrix. Therefore, tumor cells within a given tumor are expected to experience a
range of microenvironmental cues, which would in turn translate into a range of phenotypic
manifestations.

In addition to phenotypic differences that arise in response to differences in environmental
conditions, cells can show heterogeneity of features even within apparently homogeneous
environments. Such heterogeneity, arising from noise in gene expression and existence of meta-
stable configuration of intracellular networks, is a very basic and evolutionarily ancient feature
of all living cells. For example, a minor fraction of genetically homogeneous bacterial
populations displays marked resistance to antibiotic treatment, a phenomenon termed
“persistence.” Notably, this resistance is maintained only over a couple of cell divisions, and
populations formed by the progeny of persistent bacteria have the same frequency of persistent
cells as the original population [20]. Observation of single-cell dynamics with the help of
microfluidic devices has linked persistence with reduced proliferation rates [21]. Thus,
explanation of heterogeneity in both growth rates and resistance to cytotoxic agents needs not
to involve stem cells.

The existence of similar heterogeneity has also been demonstrated in mammalian cells. Normal
and cancer cell lines display substantial heterogeneity in timing of apoptotic response to TRAIL
ligand. This heterogeneity does not depend on genetic or epigenetic mechanisms but is instead
caused by apparently noise-driven differences in levels of protein expression [22]. Plasticity
of tumor cell phenotype is not limited to apoptotic response. For example, genetically
homogeneous tumor cell lines display morphological heterogeneity, as mixtures of immotile,
rounded cells and motile, fibroblast-like ones can be found both in vitro and in vivo. In this
case, the phenotypic differences result from different, mutually exclusive, and inter-convertible
activation of Rac and Rho GTPases [23].

Concepts of cancer stem cells and phenotypic plasticity need not to be mutually exclusive.
Even if the majority of tumor cells in some (or many) cancers are incapable of sustained
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proliferation and, therefore, can be described as non-stem cells, the stem cell compartment can
still be phenotypically diverse and plastic. The subjects of tumor stem cells and stem cell
plasticity constitute a focus of very intensive research; therefore, it is likely that some of the
current controversies will be resolved relatively soon. Regardless of the outcome of the cancer
stem cell debate, it is likely that non-heritable mechanisms are responsible for a large fraction
of intra-tumor heterogeneity of cellular phenotypes.

3. Heritable heterogeneity

3.1. Intra-tumor clonal diversity

Non-heritable mechanisms of cellular heterogeneity, however, cannot be the only contributors
to the diversity of tumor cell phenotypes. Cancers are not static entities: they start from a
genetically normal cell and conclude with billions of malignant cells that have accumulated
large numbers of mutations in “driver” and “passenger” genes [24].

For the sake of simplicity, tumor evolution is often depicted as a clean succession of clonal
expansion rounds, where every new round is driven by the acquisition of an additional
mutational event, which leads to a selective sweep (Fig. 1A). This depiction aptly conveys the
sequence of the key mutations that drive tumor progression, as viewed on the macroscopic
scale from the endpoint of a malignant tumor. However, this depiction is unlikely to reflect the
dynamics of tumor evolution at the more fine scale. The acquisition of mutations is a stochastic
process, and there is no choreographer to determine which mutation should occur next so that
the tumor can progress to the next stage. Instead, random mutations are constantly produced
as a result of proliferation and increased genomic instability and then “tested” by Darwinian
selection. Only minority of random mutations are selectively advantageous, while a large
fraction of mutations will be discarded by selection. Furthermore, many neutral or even mildly
disadvantageous mutations can be retained in the population or even undergo some expansion
due to genetic drift. Moreover, the long-term evolutionary success of mutations providing a
positive selective advantage is not granted. Darwinian selection is context-specific and
oblivious to the future. As a consequence, some of the mutations that are selectively
advantageous at certain stages of tumor progression and can trigger substantial clonal
expansion may lead to evolutionary dead ends and, therefore, may not be present in a fully
malignant tumor. The complexity of tumor evolution is further influenced by the ongoing
alterations of tumor microenvironment associated with tumor progression [25], which are
likely to alter the selective pressures experienced by tumor cells. Therefore, at the microscopic
level, tumor evolution is likely to be non-linear, and substantial genetic heterogeneity is
expected in tumor cell populations (Fig. 1B).

It is useful to distinguish cellular genetic heterogeneity from clonal genetic heterogeneity
[26]. The former refers to genetic differences at the level of single tumor cells, whereas the
latter refers to genetic differences that have been amplified by clonal expansion. Focusing on
clonal heterogeneity instead of cellular heterogeneity eliminates some of the “noise” of tumor
evolution, as many of the variants detectable at the level of individual cells fail to clonally
expand because of their occurrence in a cell that has lost stem cell properties, unfavorable
effects on fitness, or simple stochastic reasons. However, “clonal heterogeneity” will not
necessarily be completely “noise-free,” as clonal expansion does not necessarily prove the
selective value of a mutation.

It should also be noted that, from a perspective of selection operating in the evolution of tumors,
stable, heritable changes in gene expression due to epigenetic alterations are indistinguishable
from similar changes caused by alterations in DNA sequences. Silencing of gene expression
by hypermethylation of promoter regions is frequently observed in cancers [27]; therefore,
heritable epigenetic changes should be included in considerations of clonal heterogeneity.
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The existence of clonal heterogeneity has been documented for a variety of malignancies,
including leukemias [28]; breast [11+ 29734], prostate [35737], colon [38740], brain [41+ 42],
esophagus [26], head and neck [43], bladder [44], and gynecological carcinomas [45];
liposarcoma [46]; and multiple myeloma [47]. Thus, the experimental evidence for clonal
heterogeneity is overwhelming. However, due to multiple technical challenges, the available
data are mostly fragmentary and likely represent only the “tip of the iceberg,” with the extent
of clonal heterogeneity and the dependence of clonal heterogeneity on tumor type, subtype,
and disease stage remaining mostly unexplored.

4. Methods of studying clonal heterogeneity

Apart from the lack of general interest, the scarcity of definitive publications on clonal
heterogeneity can be attributed to the substantial technical challenges faced by researchers who
want to study genetic heterogeneity in human cancers. In this section, we present an overview
of the approaches that have been used to study genetic heterogeneity, pointing out their
strengths and limitations. In addition, we discuss the issue of inadequate sampling and technical
caveats arising from the frequent necessity to analyze limited amounts of starting material. It
is useful to divide the approaches to study clonal heterogeneity into focused and genome-wide
methods.

4.1. Focused approaches

In focused approaches, analysis is limited to a particular genetic locus or a set of loci. The
advantage of focused approaches is that they allow for the analysis of specific genes that have
been implicated as drivers of tumor progression. Current knowledge of cancer genetics permits
focusing on genetic lesions specific for types and subtypes of a particular cancer. The obvious
disadvantage of these methods is that limiting analysis to a few loci will miss other potentially
important differences and will likely underestimate the extent and patterns of clonal
heterogeneity.

Most of the published reports on intra-tumor clonal heterogeneity have relied on the detection
of allelic imbalances. Most commonly, this analysis is performed on microdissected tumor
samples to ensure lack of contamination by normal cells and to provide adequate sample sizes.
The DNA is then isolated from the captured cells, and PCR is performed using primers against
microsatellite markers specific to regions that have previously been characterized as being
frequently altered in the particular type or subtype of cancer under study. Comparison to
controls, germline samples from the same patients, allows for the detection of alleles that have
been lost somatically. Although obtaining data is relatively simple, straightforward
interpretation is obscured by multiple technical caveats, such as frequently poor correlation
between chromosomal deletion/amplification and under/overrepresentation of relevant
microsatellite markers (for in-depth discussion, see [48]). Therefore, data obtained by analysis
of allelic imbalances often requires confirmation by independent techniques.

Studies of clonal heterogeneity may rely on the detection of amplification of specific
chromosomal regions by fluorescent in situ hybridization (FISH) [11: 261 42 44+ 47] or
immuno-FISH (FISH coupled with immunofluorescence) analysis [12]. In FISH analysis,
fluorescently labeled BAC (bacterial artificial chromosome) probes against regions amplified
in the particular cancer type, as well as control probes for centromeric regions, are hybridized
to cancer cells or tissue sections. Combination with immunofluorescence provides the
advantage of focusing on specific subtypes of tumor cells. FISH analysis is less vulnerable to
artifacts than are other approaches, such as analysis of allelic imbalances; thus, it can be the
approach of choice for the validation of differences initially detected by other means.
Disadvantages include its labor-intensiveness, as large numbers of cells need to be analyzed
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in order to generate statistically meaningful data. Also, although potentially suitable for the
analysis of chromosomal deletions, detection of amplified regions is more practical.

Clonal heterogeneity can be assessed by sequencing specific genes known to be frequently
mutated in a particular cancer [26+ 38: 43]. This analysis usually involves microdissection and
PCR amplification of the samples. The major advantage of sequencing is that it allows for
focusing on specific “driver” genes; thus, any heterogeneity will most likely be of functional
importance. Intensive studies in the field of cancer genetics, and recent sequencing of cancer
genomes [49751] allowed the identification of cancer-type-specific subsets of genes that
“drive” cancer progression. Therefore, it should be feasible to analyze samples for sets of genes
causally implicated in a given cancer. However, to the best of our knowledge, no such studies
have been reported thus far. Also, instead of the detection of specific nucleotide changes,
bisulfite sequencing of specific alleles can be used to detect heritable methylation changes
either in promoters of “driver” genes or in a larger set of “passenger” sites, which can be used
as markers to trace clonal expansion patterns [52].

Lymphoid malignancies sometimes present another unique opportunity for focused clonality
analysis. Early steps of development of B and T cells involve step-wise rearrangements of
immunoglobulin (Ig) and T-cell receptor (TCR) genes, respectively. Germline loci for Ig and
TCR genes contain multiple alternative gene segments, encoding for gene domains, that are
randomly chosen for rearrangements to generate thousands to millions (depending on the gene)
potential mature rearranged products [53] distinguishable by PCR [54]. While, in most cases,
a given leukemia or lymphoma arises from a cell with completed rearrangement, and, thus, all
of the cells in the malignancy start with an identical rearrangement, the immunogene loci often
undergo further rearrangements through recombination or somatic hypermutation, providing
a pattern that can be used to analyze evolutionary relationships among distinct clones.
Combining PCR and deep sequencing appears to be an especially promising way to analyze
this, as it allows for the detection of rare subclones without a priori knowledge of the products
of rearrangements [28]. One potential drawback is that the subclonal changes might have no
effect on fitness, i.e., they are evolutionarily neutral. However, the approach is still useful given
that it allows for establishing evolutionary relationships between primary disease and relapses
[55758] and permits tracing the evolutionary history of leukemias. Moreover, substantial
evidence suggests that Ig proteins and B cell receptors are actively involved in the development
of hematopoietic malignancies [59]; thus, at least in some cases, the subclonal changes might
be of functional importance.

4.2. Genome-wide approaches

Instead of focusing on particular loci, whole genomes can also be analyzed in clonal
heterogeneity studies. An obvious advantage of these approaches is that their success is not
contingent on a priori knowledge; therefore, potentially important differences, missed by
focused approaches can be detected. The major disadvantages of these methods are that the
functional impact of detected differences is often unclear and that the clonal differences might
be evolutionarily neutral. In addition, many genome-wide approaches suffer from limited
resolution.

Karyotypic analysis based on chromosomal banding was frequently used in early reports on
clonal heterogeneity [33' 41' 60 61]. In this technique, tumor cells are subjected to short-term
culture followed by fixation and staining, which reveals a pattern of chromosomal banding in
metaphase chromosomes. This method allows for the detection of large chromosomal
abnormalities, but it has several pitfalls. Karyotypic analysis requires culturing the cells, which
may lead to preferential outgrowth of selected tumor cell subpopulations, changing the
representation of the original tumor. It is also labor-intensive and has low resolution.
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More recent publications usually rely on comparative genomic hybridization (CGH) to detect
chromosomal aberrations. DNA from tumor and normal cells is differentially labeled with
fluorescent probes and, in the classical form of the assay, hybridized to normal metaphase
chromosomes. Fluorescent signal is then analyzed using specialized software, revealing
regions of chromosomal losses and gains. CGH is one of the most widely used techniques in
studies of intra-tumor clonal heterogeneity. It provides unbiased coverage of the whole
genome. However, hybridization to metaphase chromosomes gives limited resolution, as small
regions of deletion and amplification can be missed. Instead of metaphase chromosomes,
differentially labeled DNA can be hybridized to genomic arrays, allowing for the detection of
smaller-scale allelic imbalances up to the single-nucleotide level using single nuclear
polymorphism (SNP) arrays [11]. Notably, analysis of chromosomal imbalances can be
performed on the level of specific chromosomes (using chromosomal arrays) rather than on a
whole-genome scale [29]. Finally, clonal heterogeneity can potentially be detected by the
analysis of DNA content, where tumor cells are stained with DNA-labeling dye and subjected
to flow cytometric analysis (FACS). This approach reveals ploidy status and the distribution
of cells in different phases of the cell cycle, and, in cases of large differences, allows for the
detection of populations with distinct aneuploidy based on their shift from normal ploidy peaks
[26° 40’ 41+ 62]. The advantages of this method are that sampling issues are not much of a
problem (discussed below) and that it is capable of resolving even highly intermixed
subpopulations. However, its resolution is limited to the detection of clones that differ
substantially in DNA content. Therefore, the method provides limited molecular insights unless
distinct subpopulations are sorted and subsequently analyzed with more sensitive methods.

4.3. Sampling issues

One of the obvious challenges of studying clonal heterogeneity in human malignancies is the
issue of sampling. One aspect of this problem is the availability of representative biopsies.
Core biopsies, obtained for diagnostic purposes, sample only small regions of tumors, and,
therefore, are not likely to be informative about the clonal composition of each tumor as a
whole. Thus, adequate analysis of intra-tumor clonal heterogeneity often relies on access to
post-surgical samples from different regions of tumors.

Sample size is another important issue. When a tumor specimen is too large, most methods
will only provide an average picture, usually reflecting the dominant clone. Thus, potential
heterogeneity would be missed: while large numbers of cells pooled will quench the “noise,”
signal from minor subpopulations will be lost. The exception is deep sequencing of whole
genomes, which allows for the detection of mutant alleles present in a small fraction of tumor
cells [32]. On the other end of the spectrum, many of the analyses suitable for the
characterization of clonal heterogeneity can be performed with starting material of just single
cells [63]. Focusing on single cells, however, brings about the problem of dealing with cell-
to-cell variability (the cell-to-cell genetic heterogeneity discussed above), where some of the
distinguishable variants have no chances of clonal expansion and thus constitute evolutionary
“dead ends.” This problem of biological noise can potentially be dealt with by analyzing larger
numbers of individual cells, but scaling up the analysis will inevitably drive up the cost and
labor required, making these studies impractical. Moreover, single cell analysis suffers from
increased vulnerability to technical caveats related to the necessity to amplify single genomes
prior to the analysis (discussed below).

Therefore, with respect to sample size, there is a need to balance signal-to-noise ratios. Many
studies achieve this balance by focusing on relatively small regions of tumors, ideally

representing morphologically distinct units, that are isolated by microdissection. The validity
of this approach is supported by the observation of the clustering of populations that differ in
gene expression [64] and genetic composition [38]. Moreover, in xenograft experiments, when
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tumors are produced from a mixture of distinct clones, these clones can segregate into distinct
zones, and the segregation appears to increase with progression [65]. However, sampling small
regions of tumors can still miss relatively small patches of genetically distinct cells, unless
large numbers of samples are taken from the individual tumors. In addition, if genetically
distinct clones are intermixed within small anatomically distinct units, such heterogeneity will
be missed due to pooling of cells.

Another approach to sampling is based on the analysis of phenotypically distinct
subpopulations after singling them out by FACS or by immunobead separation. For example,
analysis of the genomic composition of CD44*CD24~ and CD44-CD24* breast carcinoma
cells has revealed the existence of unexpected clonal divergence between the two populations
in some tumor samples [11]. Obviously, this approach can be valid only for the cases when
phenotypic differences can be related to differences in genetic composition, and genetic
heterogeneity within the populations will be missed.

4.4 Issues of quantity and quality

iscussed above, many methods of the analysis of tumor heterogeneity rely on microdissection
of small, anatomically distinct sections of tumors from frozen or archived tissues.
Microdissection allows for focusing the analysis on small, morphologically homogeneous
populations and avoids contamination with non-malignant cells. However, the technique leads
to increased DNA damage and thus reduced quality. The issue of DNA quality is especially
pronounced in the analysis of archived formalin-fixed paraffin embedded tissues.

Due to the low amount of starting material, many tumor heterogeneity analysis methods,
especially those involving whole-genome analysis, rely on prior amplification of whole
genomes. Several efficient methods for whole-genome amplification, relying either on PCR-
based or isothermal DNA amplification, have been developed over the last decades [66].
However, whole-genome amplification produces only a representation, not a replica, of the
genome, so, inevitably, representation bias is introduced. This bias might be more pronounced
in PCR-based techniques due to different efficiencies of amplification of fragments of different
sizes and nucleotide composition. However, even isothermal, linear amplification techniques
have been shown to suffer from substantial representation bias [67]. The issue of representation
bias is most pronounced when the starting material is small (<10 cells) [66], culminating at the
single-cell level. To some extent, bias issues can be reduced by using identically manipulated
control samples. However, acquiring robust data often requires confirmation by independent
methods, such as FISH analyses.

5. Sources of clonal heterogeneity

Tumor initiation and progression are dependent on rare, stochastic mutational events, and the
chances of any given individual getting diagnosed with a particular cancer within a limited
timeframe are relatively low, suggesting that cancers have to be clonal in origin, i.e., they are
likely to arise from a single cell gone rogue. This consideration, supported by substantial
experimental evidence, has led to a wide acceptance of the clonal origin of cancers [68 69],
although there might be some rare exceptions in cases of hereditary cancers [70]. Even though
most cancers start from a single mutated cell, mechanisms that constrain clonal evolution in
populations of normal progenitor cells are no longer fully functional in tumors, allowing for
an ongoing evolutionary process in populations of tumor cells [71+ 72]. Multiple rounds of
proliferation, often counter-balanced by cell death, are required to produce macroscopic
tumors, and genomic instability, observed in most cancers, is expected to constantly produce
new mutations, which serve as raw material on which tumor evolution can work.
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Given that any particular type of cancer progresses through a relatively narrow evolutionary
trajectory [73], “jackpot” mutations, which endow mutant clones with the ability to achieve
selective sweeps, are likely to be very rare. Most of the spontaneous mutations that occur are
neutral or deleterious, and, while grossly disadvantageous mutations will be discarded, neutral
or near-neutral mutations can undergo expansions due to genetic drift [74] and can sometimes
reach fixation in small tumors [75 76]. Therefore, for the rare mutations that confer competitive
advantage and thus can be selected for by Darwinian forces, achieving clonal dominance can
take a long time. Moreover, spatial constraints that exist within a tumor can slow down the
achievement of clonal dominance by substantially inhibiting competition among different
tumor cell clones. The importance of spatial constraints for the emergence and maintenance
of clonal heterogeneity is supported by experimental observations in colon cancer as well as
in silico modeling [38].

In addition to providing barriers to competition, spatial intra-tumor heterogeneity can support
the co-existence of genetically distinct clones by affecting selective pressures. Most tumors
represent at least partially structured habitats where individual cells within a tumor are
experiencing differences in interactions with extracellular matrix, physical contact with other
cells (both tumor and non-tumor), and gradients of oxygen, nutritional and growth factors, and
metabolites. Therefore, tumor cells within different parts of tumors could be expected to
experience different selective pressures, leading to the selection of different sets of mutations.

Mechanisms of competitive co-existence of different species have been a focus of intense
theoretical research in ecology [77: 78], and some of the predictions of this research were
validated in experimental studies on bacterial cell populations. It has been demonstrated that
a structured habitat in experimental microbial ecosystems, as opposed to a homogeneous
habitat, allows for the emergence of stable genetic diversity and that selection forces are
important for the maintenance of this diversity [79+ 80].

Mathematical modeling suggests that, even in the absence of substantial spatial heterogeneity,
evolving pre-malignant tumors are likely to be characterized by quasi-steady states with the
coexistence of multiple populations with different “strategies.” However, a clone that evolves
toward invasive cancer will be capable of invading and destroying pre-malignant populations
[81]. Another way to consider different “strategies” is through the prism of ecological
interactions, which we will discuss below.

6. Heterogeneity of distant metastases

Clonal heterogeneity within primary tumors is only one of the aspects of clonal heterogeneity
of cancers. Cancer is a systemic disease: malignant cancers shed large numbers of cells into
the blood stream and lymph vessels; some of these cells settle down in distant sites and develop
into metastases. Therefore, an understanding of clonal heterogeneity of cancers is incomplete
without an analysis of metastatic tumors and disseminated tumor cells. Moreover, distant
metastasis is the most fearsome aspect of cancer, since it is responsible for the majority of
cancer-related deaths, and, therefore, understanding the underlying biological mechanisms of
it is of primary importance.

When considering the clonal heterogeneity of metastatic tumors, two key questions need to be
considered:

1) What is the clonal relationship between primary and metastatic tumors: are tumor cells of
metastatic lesions direct descendants of clones present in advanced primary tumors, or have
they diverged at earlier stages of tumor evolution?
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2) What is the degree of genetic heterogeneity of metastatic tumors: are they more or less
clonally heterogeneous compared to primary tumors?

What is known about the clonal relationship between tumor cells in primary tumors and
metastatic sites? According to a traditional model of tumor development, tissue constraints
constitute a major evolutionary bottle-neck in cancer evolution [82]; thus, the acquisition of
metastatic ability is considered to be the final step in tumor development, contingent on the
acquisition of all of the other hallmarks of cancer [83]. This model implies that metastatic
tumors should be genetically similar to the bulk of primary tumor cells.

Many studies that compared the genetic composition of primary tumors and secondary
metastatic sites have found very close clonal relationships between the two in the majority of
cases [34+ 84786]. Similarly, analysis of gene expression profiles revealed very similar patterns
between primary tumors and metastatic sites, a scenario highly unlikely for genetically
divergent clones [87789]. Another prediction from the linear model of tumor progression is
that different metastases should display close clonal relationships among each other. Indeed,
this prediction is supported by a recent study that compared the genetic composition of
anatomically distinct metastatic lesions in 29 prostate cancer patients using SNP arrays and
CGH [90]. In all cases, different metastatic lesions within the same patients demonstrated close
clonal relationships, signifying monoclonal origin [90]. This demonstration of monoclonality
of metastatic cancers is especially interesting given that primary prostate cancers are frequently
multi-focal [91: 92] and show substantial intra-tumor genetic heterogeneity [35' 36].

While the evidence of the close genetic relationship between primary and metastatic tumors is
compelling, some cases display dramatic divergence, challenging the model where acquisition
of metastasis is considered to be the last step of tumor progression. Radically different patterns
of allelic losses, indicative of a high degree of genetic divergence, have been reported between
primary tumors and lymph node metastases in prostate cancers [85] and between primary
tumors and asynchronous metastases in breast cancers [86]. Highly divergent clonal evolution
was also evident in a subset of cases in CGH studies of primary tumors versus lymph node
metastases in breast cancers [34] and of primary tumors versus metastatic tumors in renal cell
carcinomas [84]. A recent report, comparing sequences of primary tumors and metastases in
lobular breast cancers, revealed multiple mutations present only in metastases and several other
mutations with increased frequency in metastatic sites [32].

Important clues about the clonal evolution of tumors and the relationship between primary
tumors and metastatic sites can be gained by the analysis of disseminated tumor cells. Because
peripheral blood, bone marrow, and lymph nodes normally do not contain cells of epithelial
origin, cells that have disseminated from primary tumors can be detected by the use of
epithelial-specific markers, cytokeratins and epithelial cell adhesion molecule (EpCAM) [93:
94]. Unexpected findings were reported by Klein and co-authors, who employed a PCR-based
whole-genome amplification technique for the analysis of single disseminated tumor cells
[63]. The authors demonstrated that disseminated tumor cells could be detected both in the
bone marrow of patients and in mouse models of cancer at very early, pre-invasive stages of
breast cancer development [95]. More support for the early dissemination of cancer cells came
from CGH analysis of disseminated tumor cells from patients without overt metastases. These
cells contained surprisingly few chromosomal aberrations [96], while higher-resolution LOH
analysis did confirm the neoplastic origin of these cells and pointed to early events in tumor
progression [97]. Interesting results were obtained for esophageal cancers, one of the most
aggressive human carcinomas, where removal of primary tumors does not improve the chances
of patient survival [98], suggesting the importance of relatively early metastatic spread. Lymph
node and bone marrow metastases showed substantial divergence from primary tumors and
among each other, suggesting parallel evolution shaped by microenvironment-specific

Biochim Biophys Acta. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Marusyk and Polyak

Page 11

selection forces. Interestingly, HER2 amplification in disseminated tumor cells was found to
signify poor prognosis, whereas HER2 amplification in primary tumors had no prognostic
value, further underlying the significance of divergent evolution between primary tumors and
metastatic sites [99]. It should be noted, however, that since this analysis, based on the
amplification of single-cell genomes, is associated with many technical caveats, critical
interpretation of the data is highly warranted [100].

As discussed above, the obvious caveat of the studies of disseminated tumor cells is that the
potential of any given disseminated single tumor cell to initiate a metastatic tumor is unknown.
The mere fact that tumor cells survive at distant sites tells little about their ability to initiate a
secondary tumor. Indeed, even normal epithelial cells were capable of extended survival in
heterotopic sites in an animal model [101], and fetal cells are known to survive decades in
women following pregnancy [102]. Also, most carcinomas display pronounced chromosomal
instability, and, therefore, many disseminated cells might be a manifestation of “cell-to-cell
heterogeneity,” i.e., they are products of genomic instability without any substantial chance of
clonal expansion. Testing the relevance of these disseminated cells to secondary metastasis
formation is not trivial. The most compelling evidence comes from a mouse model of breast
cancer where the growth of lung metastases paralleled that of the primary site from early points
of tumor progression, and excision of mammary glands when primary tumors were still at the
in situ stages did not prevent or delay the development of metastases [95]. Tumor cells that
disseminated from early-stage tumors into the bone marrow were capable of lethal proliferation
upon transplantation into lethally irradiated mouse recipients [95]. While these findings are
compelling, their relevance to human cancer is not clear, especially considering that the genetic
heterogeneity of disseminated cancer cells in mouse tumors appears to be less pronounced than
that in human tumors.

Another group demonstrated that bone marrow aspirates from carcinoma patients contain
disseminated tumor cells that are capable of proliferation in cell culture and that the extent of
this proliferation is inversely correlated with patient survival [103]. CGH analysis of
disseminated tumor cells from breast cancer patients confirmed their high divergence from
primary tumors [104]. This study demonstrated substantially higher numbers of genomic
abnormalities in disseminated tumor cells compared to the studies of Klein etal., despite similar
staging of the tumors analyzed, suggesting that the ability of disseminated cells to form
metastases is contingent on the acquisition of a large number of genetic alterations. Additional
evidence for parallel clonal evolution comes from the detection of metastatic tumors with
unknown primary origin, which constitute a significant fraction of clinical cases [105]. In
addition, analysis of the growth kinetics of primary and metastatic tumors is inconsistent with
metastatic spread being a late event [106].

In summary, large amounts of evidence support the close clonal relationship of primary tumors
and metastatic outgrowths. However, there is also strong evidence that suggests that metastatic
spread can be an early event during tumor progression; thus, primary and metastatic tumors
might become quite distinct genetically as they evolve. Some of the observed discrepancies
might stem from technical issues, but it is plausible that the development of spontaneous human
tumors is not confined to a single scenario. It is also possible that while many tumor cells are
capable of early dissemination, only tumor cells that have acquired large numbers of oncogenic
mutations are capable of initiating secondary tumors at metastatic sites.

Clearly, more studies are required to clarify the clonal relationship between primary and
metastatic tumor cell populations, as this relationship could not only illuminate the
evolutionary history of cancer development but also create a more solid ground for therapeutic
decision making. Currently, the majority of therapeutic decisions are being made based on the
analysis of primary tumor specimens [107]. Yet, this approach could only be justified in cases
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where the genetic compositions of primary and metastatic tumors are similar, especially when
making decisions about emerging therapeutic approaches that target specific genetic changes.
In addition, elucidating the issue of early versus late origin of metastasis-initiating cells is
important for determining the usefulness of therapeutic approaches that target tumor cell
invasion.

The question of clonal heterogeneity within metastases remains unexplored, and, notably,
clonal heterogeneity within primary tumors has limited direct therapeutic relevance, as, in most
cases primary tumors can be successfully removed by surgery, but this is most often not the
case for metastatic outgrowths. Therefore, elimination of metastatic clones has to rely on
adjuvant therapies, and it is likely that the success of these therapies will depend on the extent
of the heterogeneity of these tumor cell populations, as we discuss below.

7. The biological impact of clonal heterogeneity

Despite strong evidence that many tumors are composed of mixtures of distinct subclones
rather than being monoclonal, the knowledge about the extent of this heterogeneity at different
stages of tumor development of different types and subtypes of cancer and before and after
treatment is still lacking. One notable exception is Barrett's esophagus, where higher clonal
diversity was shown to strongly correlate with risk of malignant progression [26], but, besides
this example, the functional importance of clonal heterogeneity in human tumors remains
largely unexplored. Clonal heterogeneity is likely to have a strong impact on tumor evolution
via two different mechanisms. First, clonal diversity can provide a more diverse input material
on which selection can work, thereby feeding tumor evolution during progression and
therapeutic escape. Second, the co-existence of genetically distinct clones within a tumor can
result in a network of biological interactions among the distinct clones. These biological
interactions are likely to modulate progression and therapeutic responses; thus, the behavior
of a tumor composed of distinct clones might be different from that of a monoclonal tumor or
the behavior of the sum of the individual clones.

7.1. Clonal heterogeneity as a fuel of tumor evolution

Tumorigenesis is an evolutionary process, fueled by new mutations and driven by Darwinian
selection [108' 109]. Therefore, higher genetic complexity of tumors is expected to provide
more material on which selection can work, resulting in a faster pace of evolution. Although
even genetically homogeneous tumors can be expected to constantly spur new clones, the
complexity resulting from the branching of a monoclonal tumor will be less than the complexity
generated by branching from a tumor composed of multiple distinct clones. Thus, clonally
heterogeneous tumors can generate a larger variety of genetic variants to be tested by selection.
In other words, genetically diverse tumors can explore larger areas of adaptive landscape,
increasing the probability of clones reaching fitness peaks (Fig. 2A).

The clonal composition of tumors can be especially important in determining responses to
dramatic changes in the environment, such as changes induced by anti-cancer therapy. In this
case, the pre-existence of resistant clones within a tumor can make the difference between
tumor extinction (treatment success) and tumor evolutionary adaptation (treatment failure)
(Fig. 2B).

A vivid illustration of the importance of clonal heterogeneity in therapeutic resistance can be
found in chronic myelogenous leukemia (CML). CML is a leukemia caused by the
chromosomal translocation that creates Ber-Abl, a chimeric protein with abnormal kinase
activity. CML patients, at least in the chronic phase, show remarkable response to an inhibitor
of Ber-Abl, imatinib mesylate. However, a significant fraction of these patients suffer from
relapse of their disease, and the relapsed leukemias often contain mutations that make Bcr-Abl
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insensitive to inhibition by imatinib [110]. Analysis of patient samples collected before
treatment often revealeds the presence of resistant subpopulations of leukemic cells; therefore,
the treatment is thought to provide selective pressure that drives the expansion of these therapy-
insensitive cells, causing the eventual relapse of the disease [1117113].

Mutational mechanisms of therapy resistance have been demonstrated for many other cancers.
For example, gastrointestinal stromal tumors are predominantly driven by different activating
mutations in KIT, many of which can be targeted by imatinib therapy. Despite strong clinical
response, in many cases, tumors relapse with secondary resistant outgrowths resulting from
additional resistance-conferring mutations in KIT. In some cases, different resistant mutants
could be found in different nodules of the tumor, or even within the same nodules [114] (and
references therein). A different type of resistance has been documented for tumors associated
with inactivating mutations in BRCAL and BRCA2. These tumors are deficient in homologous
recombination-mediated DNA repair (HRR), which increases their genomic instability but
makes them highly sensitive to platinum compounds and PARP (poly ADP ribose polymerase)
inhibitors. Despite strong initial response to these agents, many patients suffer from relapse of
drug-resistant tumors. Studies from the Ashworth and Tamaguchi groups have demonstrated
that the mutations that confer resistance are usually deletions that restore BRCA protein activity
and thus improve HRR [115: 116]: instead of preventing the primary action of the drugs, they
restore the DNA repair ability of the tumor cells. These examples do not exhaust the
documented cases for mutational mechanisms of resistance; however, amore detailed overview
lies beyond the scope of this discussion.

Except for imatinib-sensitive Ber-Abl mutants, pre-existence of resistant cell types prior to
treatment has yet to be demonstrated. Moreover, the generality of the mutational mechanisms
of acquiring therapeutic resistance remains an open question. For example, array-based CGH
analysis of breast cancers pre- and post-therapy failed to show selection of non-modal cell
lineages [117]. Nonetheless, intra-tumor heterogeneity is likely to represent a strong challenge
to therapeutic success, as larger genetic diversity within a tumor would be expected to increase
the probability of the pre-existence of resistant cell types that could be selected for by treatment
and ultimately result in relapse of resistant tumors. Notably, in addition to the scenario of cancer
therapy, selection for mutant variants rather than mutagenesis was proposed to be the key
mechanism responsible for the carcinogenic action of a wide range of growth-limiting
carcinogens [1187122].

7.2. Biological interactions among distinct tumor clones

Cancers can be viewed from an ecological perspective that focuses on interactions of organisms
with their environment and among each other [72+ 75 1237125]. When applying an ecological
perspective to human cancers, subclonal populations of tumor cells that differ in heritable traits
are considered distinct “species,” whereas infiltrating normal cells, extracellular matrix,
vessels, etc. are considered the environment. This perspective can be extended to include not
only primary tumors, but also disseminated tumor cells and metastatic lesions, as they share
the same systemic environment. Clearly, there are limits to the applicability of ecological
concepts in understanding tumor biology. Ecological theory has been primarily developed for
understanding the population dynamics of multicellular, sexual organisms, and many concepts
and definitions used in general ecology need to be adapted in order to be applicable to tumor
cells. In addition, the differentiation hierarchy within tumors complicates the applicability of
the ecological perspective even further. Yet, there are strong parallels between populations of
tumor cells and populations of asexual organisms, such as microbes, and considerations of
these parallels can potentially improve our understanding of tumor biology and suggest novel
therapeutic approaches. The importance of the ecological perspective to human tumors may
be highlighted by blooming studies on the tumor microenvironment, as it is increasingly clear
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that understanding alterations within tumor cells is only part of the picture, and we need to
understand interactions between tumors and their microenvironment in order to account for
multiple aspects of tumor progression and therapeutic resilience [25' 126].

A major implication of the ecological perspective is that co-existence of phenotypically distinct
clonal populations of tumor cells should inevitably lead to the formation of a network of
biological interactions, which could be either direct or mediated by the tumor
microenvironment. Some of the key interactions that are likely to exist between distinct tumor
clones are summarized below.

Competition—is likely to be the strongest and most important biological interaction between
tumor cells. Long-lived multicellular organisms have developed powerful mechanisms to limit
the competitive outgrowth of mutant cells. These mechanisms include intrinsic tumor-
suppressive mechanisms, wherein activation of strong oncogenes triggers activation of tumor-
suppressive networks, resulting in senescence or death of mutated cells [127]. In addition,
oncogenic mutations that can trigger stronger proliferation without engaging intracellular
tumor suppressors often result in loss of stemness [128: 129], indicating additional, extrinsic
tumor suppressor mechanisms. Therefore, it has been proposed that wild-type phenotype
confers the highest fitness under normal conditions in populations of healthy, young progenitor/
stem cells [130]. Moreover, the spatial organization of normal tissues can limit the role of
competition between genetically distinct cells even further, confining stem cells to small pools
[109]. However, carcinogenic and growth-limiting conditions can substantially modify the
fitness landscape, allowing for the competitive outgrowth of oncogenically mutated cells,
thereby initiating malignant evolution [122: 1317133]. Tumor progression is associated with
further loss of tumor-suppressive mechanisms and disintegration of normal tissue morphology;
thus, tumors start to resemble ecological systems rather than integrated tissues, and competition
becomes the strongest biological interaction. The role of competition is further strengthened
by the limited nature of resources: while, under tissue culture conditions, tumor cells are
capable of limitless exponential growth, clonal expansion within tumors is severely constrained
by the limited availability of oxygen, nutrients, growth factors, and space (habitable niches).
Limited resources intensify competitive interactions both within and between interacting
species (cancer subclones) [134]. In large, spatially homogeneous populations, competitive
interaction results in the fixation of a clone with the highest fitness value [75' 109]. However,
as discussed above, fixation can be inhibited by spatial organization, which limits competition
to within clones. In addition, the existence of regions with distinct fitness values can mediate
the co-existence of clonally distinct populations. Finally, a stable co-existence of multiple
clones is also possible when fitness is density-dependent [135].

Amensalism—is an interaction in which one interacting party is inhibited by the other
without being affected itself. Under the competitive context, this interaction is also referred to
as “interference competition.” As tumors grow under conditions of limited resources,
amensalistic interactions can provide a competitive advantage to a clone that can inhibit other
clones while being (at least relatively) resistant. A classical example of amensalism is an
interaction between antibiotic-producing fungi and sensitive bacteria. An example of this type
of interaction between genetically distinct human cells can be found in Ber-Abl-driven
leukemias: up-regulation of 24p3, an iron transporter, by Ber-Abl leads to the depletion of iron
and subsequent apoptosis in wild-type cells; Bcr-Abl expressing cells are resistant to this effect
due to their downregulation of the ligand for 24p3 [136]. The existence of this type of
interaction has also been documented among distinct tumor clonal populations, both in cell
culture and in vivo, although the exact mechanisms are unclear [137: 138]. The concept of
amensalism can be extended to interactions between primary and metastatic tumors, as many
human and experimental tumors can suppress metastatic outgrowth by inhibiting angiogenesis
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[139+ 140] or inducing dormancy of single disseminated tumor cells through uncharacterized
mechanisms [141].

Thus, amensalism can work as a weapon in competitive “warfare” between distinct clonal
populations. Although seemingly counterintuitive, this “warfare” can stabilize the co-existence
of multiple genetically distinct variants. A vivid example for this stabilizing effect can be found
in the natural community of soil microbes, which often display staggering species diversity
despite inter-species competition for common resources. Mathematical modeling predicted the
emergence and spatial organization of species that differ in production of antibiotic substances
and antibiotic sensitivity [142]. Importantly, it was proposed that similar mechanisms can lead
to the stable coexistence of distinct clones in tumors [143].

Antagonism—including predation and parasitism, is an interaction in which one interacting
party can capture biomass from the other one. This interaction is widespread in natural
ecosystems, and there are clear parallels between organism-tumor and host-parasite
interactions. However, antagonism is unlikely to be relevant for the interactions between
distinct tumor clones.

Commensalism—is a positive interaction in which one interacting party benefits the other
without itself being affected. An example of this type of interaction can be found in normal
tissues: mammary epithelial cells from estrogen receptor null mice (ERa —/-) fail to grow and
do not develop branching structures upon transplantation into cleared fat pads. However, when
mixed with wild-type epithelial progenitors, ERa —/— cells do proliferate and contribute to
different lineages and different parts of the mammary gland [144]. A recent publication from
the Weinberg lab demonstrated the relevance of this interaction in a human xenograft model,
where an “instigator” tumor cell line augmented the proliferation and metastasis of genetically
distinct “indolent” tumors that were incapable of forming macroscopic outgrowths on their
own [145]. In this case, the “instigation” was mediated by systemic effects, which could at
least partially be attributed to the secretion of SPP1 (osteopontin) by the “instigator” cells
[145].

Although not experimentally validated, this interaction can account for the co-existence of
clonal variants that differ in their angiogenic potential. If the fitness benefit of angiogenic factor
production is higher than the associated fitness cost, an angiogenic clone can undergo
competitive expansion and reach stable equilibrium with non-angiogenic “free rider” clones
[146]. Interestingly, mathematical modeling shows that, under certain physiologic conditions,
“free riders” capable of faster proliferation can out-compete the angiogenic clone, leading to
the collapse of the tumor [135]. This prediction can potentially explain spontaneous regression
of neuroblastomas accompanied by massive necrosis [147].

Mutualism—(cooperation) is a positive interaction in which both interacting parties can
benefit from each other. Positive interactions between species have been widely documented
in natural ecosystems. Mathematical modeling suggests that mutualistic interactions can lead
to the coexistence of distinct species even under competitive contexts [148: 149]. It has been
suggested that mutualistic interactions between distinct tumor clones can play an important
role in tumor evolution by maintaining the survival and proliferation of tumor cells until one
of the clones achieves a “full deck” of malignant mutations required for clonal dominance and
full-blown malignancy [150' 151]. To the best of our knowledge, however, such interactions
between distinct clonal tumor populations have not been experimentally documented.

Of note, most of the biological interactions are not mutually exclusive, and the net outcome
for the interacting species will depend on the net sum of the different interactions. This net
result can lead to both augmentation and retardation of overall tumor growth and progression.
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Elucidation of biological interactions between populations of tumor cells might be a very
formidable task; however, it can deepen our understanding of tumor biology and uncover new
therapeutic targets.

implications and future directions

The question of whether tumors are genetically homogeneous or rather consist of a number of
genetically distinct clones is not a mere intellectual curiosity. Co-existence of distinct clones
within a tumor can have profound clinical implications for disease progression, diagnosis, and
therapeutic responses. Here, we will review the major clinical implications of tumor clonal
heterogeneity and provide recommendations for future studies.

8.1. Sampling issues

Biopsies used for diagnostic purposes sample only small regions of tumors. Given that tumors
are thought to evolve from a single initiated cell and that the identity of this initiated cell
strongly influences the biology of cancer, small biopsies might be sufficient to accurately
identify stages and subtypes of tumors. However, as the field of cancer treatment is moving
toward the development of targeted therapeutic approaches, the question of whether the
expression of a therapeutic target in a biopsy is representative of the whole corresponding
tumor becomes of primary importance. For example, clonal heterogeneity involving different
mutational statuses was documented for KRAS [37' 40] and TP53 [26' 37] genes, for which
targeted therapy is currently being developed. Heterogeneous expression of the therapeutic
target does not necessarily mean that the tumor will not be responsive to the treatment,
especially if the targets are responsible for the “common good.” For example, targeting an
angiogenic clone can also eliminate non-angiogenic “free rider” clones, which are dependent
on the secretion of angiogenic factors. Still, clonal heterogeneity needs to be accounted for in
the development of targeted therapy approaches.

8.2. Biomarkers

The index of clonal diversity is a strong predictor for malignant progression in Barrett's
esophagus [26]; thus, it can be used for guiding treatment decisions. Although experimental
evidence is still lacking, it is likely that Barrett's esophagus is not a biological oddity and that
clonality measurements will turn out to be of predictive value for malignant progression in
other cancers as well. However, sampling multiple regions from the same tumor is impractical
for most cancer types, and it is not yet clear if obtaining accurate clonality measurements can
be achieved using current routine diagnostic methods. Yet, it is possible that measurements of
clonal heterogeneity can be useful irrespective of their utility in routine diagnostics. As we
have discussed above, substantial clonal heterogeneity between primary and metastatic tumors
can pose a barrier to targeted therapy. Since biopsies of metastases are frequently unavailable,
it would be worth investigating if the clonal heterogeneity of primary tumors is indicative of
clonal divergence in metastatic outgrowths. Also, though multiple biopsies from a single tumor
might be impractical, the degree of cellular and molecular heterogeneity within a relatively
small sample might also turn out to be of predictive value.

8.3. Therapeutic response

The ecological perspective suggests that biological interactions between tumor clones could
have a dramatic impact on tumor evolution, both in natural progression and in evolution in
response to selection forces created by therapeutic interventions. This suggestion is supported
by experimental studies in mice that have demonstrated that the growth of tumors resulting
from transplanting mixtures of clones cannot be predicted from the behavior of tumors
developed from individual clones [65]. Similarly, experimental tumors composed of multiple
clones display different sensitivity to cytotoxic drugs compared to monoclonal tumors, as
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clonal interactions can either potentiate or inhibit therapeutic efficacy. Therefore, clonal
heterogeneity adds an additional level of complexity to our understanding of the biology of
tumor development and poses challenges for the development of successful therapies.
Moreover, as discussed above, high genetic heterogeneity of tumors means high probability
of pre-existent clones that are resistant to therapeutic intervention and can be selected for by
therapy, resulting in therapy failure.

On the other hand, clonal heterogeneity can potentially be exploited for therapeutic benefit.
Maley et al. proposed two such strategies of anti-cancer therapy. First, boosting the selective
advantage of benign clones can be used to drive malignant clones to extinction. Second, the
selective advantage of clones sensitive to a particular therapy can be boosted, allowing them
to achieve clonal dominance, and then treatment can be applied. In silico modeling confirmed
that these strategies can be much more efficient compared to standard cytotoxic therapies
[152]. Unfortunately, these strategies are not yet feasible, as we lack the knowledge of how to
single out or boost benign or chemosensitive clones.

Gatenby and co-authors have recently proposed another strategy, termed adaptive therapy,
which both accounts for the heterogeneity of tumor cells and takes advantage of it [153]. The
conventional approach of adjuvant therapy is to hit tumors with the highest tolerated dose of
cytotoxic drugs in a hope to kill the largest possible numbers of tumor cells, thereby decreasing
the probability of the emergence of resistant mutants. However, this strategy would be expected
to fail if resistant clones already exist before the treatment starts. Indeed, despite initial
therapeutic responsiveness, treatment almost inevitably ends with the outgrowth of resistant
tumors. Instead of completely eradicating tumors (which is not practically achievable in most
cases), adaptive therapy aims to keep tumor size at bay by adjusting drug dose and timing of
drug administration based on tumor response. This strategy prevents resistant variants from
reaching fixation by maintaining the dominance of therapy-sensitive variants. Importantly, the
feasibility of adaptive therapy is not contingent on knowledge of the exact mechanisms of the
resistance, though the applicability of this idea has yet to be confirmed.

8.4. Future directions

Despite the substantial clinical significance of the issue of clonal heterogeneity, the subject
remains very poorly explored. Therefore, we believe that a more systemic approach is needed
to characterize the extent of clonal heterogeneity of different types and subtypes of cancers
through different stages of tumor development, including disseminated tumor cells and
metastases. Whether clonal heterogeneity changes in response to chemotherapy needs to be
determined as well. Comprehensive characterization of tumor clonality is contingent on the
development of approaches that can combine a focus on “driver” lesions with large-scale
analysis. Advances in our understanding of the genetic composition of cancers make these
analyses potentially feasible; however, methodology allowing for robust and cost-efficient
analyses of small tumor samples is still lacking.

Accounting for the biological interactions among distinct clonal populations within tumors
might pose the biggest challenge. The co-existence of multiple clones within a tumor leads to
a complex network of interactions both among the clones and between the clones and the tumor
microenvironment. Thus, tumors are likely to behave as complex systems and should be treated
as such, especially given that more simplistic views of tumors as homogeneous entities appear
to provide satisfactory results only in model systems where the complexity of experimental
tumors is low. While deciphering the full extent of the interactions occurring within tumors
may be an impossible task, we might be able to identify critical links and use this knowledge
to control or eliminate tumors. Rich knowledge accumulated in the fields of evolutionary
biology and ecology can provide useful insights for improving the clinical management of
cancer patients.
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Genetic drift

GLOSSARY

Fitness the ability of a cell to contribute to future generations (function of
proliferation and survival). In the context of this discussion, fitness is only
applicable to cells that have substantial self-renewal capacity and is relative
to other cells in a population.

Population in our context, population refers to tumor cells, limited by tumor margins
(localized tumors) or by a whole organism (disseminated tumors and
metastatic outgrowths).

Selection change in the frequency of an allele in a population resulting from

differences in the fitness values of the alleles.

change in the frequency of an allele in a population resulting from
stochastic causes.

Selective rapid increase in allele frequency driven by positive selection; results in

sweep fixation or near fixation of a mutation.

Fixation an allele reaching 100% frequency in a population.

Norm of range of phenotypic manifestation of a given genotype in response to

reaction differences in the environment.

Fitness mapping of relations between fitness values and genotypes. Each possible

(adaptive) genotype and its corresponding fitness value are represented on the fitness

landscape landscape by a single spot. Fitness landscape is multi-dimensional, but
visualization is limited to 2-D or 3-D. Higher fitness values are represented
by peaks, lower ones by valleys. Similar genotypes are located on the
adjacent coordinates.
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Fig. 1. Schematic view of monoclonal and multiclonal models of tumor progression

Increasing color intensity correlates with tumor progression, whereas different colors reflect
different clones. A: Traditional, linear model of clonal succession, where progressive
mutations in oncogenes and tumor suppressor genes drive linear succession of rounds of clonal
expansion, manifested as tumor progression. B: Multi-clonal model of tumor progression:
although all cells in tumors originate from a single initiated cell, the evolution of the tumor is
more “messy”, with genetically divergent tumor clones co-existing within tumors for
substantial periods of time. The population sizes and characteristics of clones change as tumors
evolve, with some clone populations expanding in size and others remaining unchanged or
becoming extinct. In advanced stages of tumor evolution, tumors might become dominated by
single clones.
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Fig. 2. The effect of clonal heterogeneity on the ability to explore the fitness landscape

Fitness landscape (see glossary) is represented as a 3-D topographical map. Higher elevation
represents higher fitness. Crosses of different colors represent genotypes of tumor cell clones.
New mutations, branching from parental genotypes (represented by dots), can only explore
genotypic space in the vicinity of their parental genotypes. If one of the progeny genotypes
lands on a hill, it will be subjected to positive selection, which will enable further evolutionary
progression toward the fitness peak. A: Clonal heterogeneity increases the probability of tumor
progression. Left: the genotypic vicinity of the green clone includes regions of lower fitness
and one small fitness peak. The probability that the mutant progeny of this clone reaches the
hill of a larger fitness peak is very low. Right: when a tumor is composed of several genetically
distinct populations (red, blue, and green), new mutants spurring from these clones can
“sample” a larger region of fitness landscape, increasing their probability of reaching the hill
of a larger fitness peak. In this case, some of the mutations branching from the blue clone are
subjected to positive selection, allowing them to ultimately reach the fitness peak (indicated
by blue arrow). B: Cancer therapy might lead to dramatic alterations of the adaptive landscape
(compare fitness landscape in parts B and A). As a result, fitness of a given clone can become
either higher or lower. A genetically heterogeneous tumor has higher probability that at least
one of its clones will end up in a region with higher fitness value in the altered landscape (red
clone in this case), enabling its evolution toward the fitness peak.

Biochim Biophys Acta. Author manuscript; available in PMC 2011 January 1.



