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ABSTRACT
Identification of the general molecular mechanism of cancer is the Holy Grail of cancer research. Since cancer is believed to be caused by a

sequential accumulation of cancer gene mutations, the identification, characterization, and targeting of common genetic alterations and their

defined pathways have dominated the field for decades. Despite the impressive data accumulated from studies of gene mutations, epigenetic

dysregulation, and pathway alterations, an overwhelming amount of diverse molecular information has offered limited understanding of the

general mechanisms of cancer. To solve this paradox, the newly established genome theory is introduced here describing how somatic cells

evolve within individual patients. The evolutionary mechanism of cancer is characterized using only three key components of somatic cell

evolution that include increased system dynamics induced by stress, elevated genetic and epigenetic heterogeneity, and genome alteration

mediated natural selection. Cancer progression represents a macro-evolutionary process where karyotype change or genome replacement

plays the key dominant role. Furthermore, the recently identified relationship between the evolutionary mechanism and a large number of

diverse individual molecular mechanisms is discussed. The total sum of all the individual molecular mechanisms is equal to the evolutionary

mechanism of cancer. Individual molecular mechanisms including all the molecular mechanisms described to date are stochastically selected

and unpredictable and are therefore clinically impractical. Recognizing the fundamental importance of the underlying basis of

the evolutionary mechanism of cancer mandates the development of new strategies in cancer research. J. Cell. Biochem. 109: 1072–

1084, 2010. � 2010 Wiley-Liss, Inc.
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C ancer research is at a crossroad. The generally accepted

concept of tumorigenesis states that cancer is caused by a

sequential mutation of oncogenes and tumor suppressor genes

[Hahn and Weinberg, 2002; Vogelstein and Kinzler, 2004; Wood

et al., 2007]. Now this gene-centric concept of cancer is seriously

challenged by the success of cutting edge genomic technologies.

Intending to solve the increasing confusion in the field due to the

failure to identify the long expected patterns of genetic alterations

universal to most cancers, the cancer genome sequencing project

was launched [Collins and Barker, 2007] based on the assumption

that cancer heterogeneity among patients is genetic ‘‘noise’’ and

could be eliminated by validation using large patient samples.

However, this costly approach is revealing even greater genetic

heterogeneity [Greenman et al., 2007; Wood et al., 2007; Heng,
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gene mutations are different among patients or even within the same

tumor [Bielas et al., 2006]! With more cancer samples being

sequenced, the list of mutated genes has increased extensively

coupled with the identification of more diverse molecular

mechanisms, not to mention that the epigenome project will soon

provide even more levels of heterogeneity and complexity [Jones et

al., 2008a; Heng et al., 2009]. The most challenging issue will not be

linking gene mutations or epigenetic alterations into known

pathways but will be predicting disease conditions and possible

responses following medical intervention based on the high levels of

diverse gene mutations or epigenetic alterations.

Increasing numbers of investigators are searching for alternative

causes including cancer stem cells [Schatton et al., 2009], metabolic
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stress and errors [Jones and Thompson, 2009], endoplasmic

reticulum (ER) stress [Moenner et al., 2007], oxidative damage

[Martien and Abbadie, 2007], ubiquitylation [Miasari et al., 2008],

aneuploidy [Duesberg et al., 2000, 2006; Shen et al., 2005], infection

and inflammation [Greaves, 2006; Mantovani et al., 2008; Wu and

Zhou, 2009], tumor/tissue interaction [Bissell et al., 2005; Nelson

and Bissell, 2006], immunodeficiency [Klein and Klein, 2005], diet

nutrients [Huang, 2002], and a large array of epigenetic effects

[Baylin, 2005; Jaffe, 2005; Feinberg et al., 2006; Zaidi et al., 2007;

Dolinoy and Jirtle, 2008; Esteller, 2008; Delcuve et al., 2009; Sharp,

2009]. These diverse approaches targeting different genetic/

epigenetic and cellular targets represent the same attempt to find

common causative patterns. Will one of these approaches finally

provide the long sought after magic bullet? The answer is no. Many

of these popular approaches come and go, representing another

wave of fashionable research [Harris, 2005; Heng, 2007a]. This

situation is analogous to the classic story of the blind men and an

elephant. No single molecular mechanism represents a universal

pathway for cancer, what then is the correct mechanism of cancer?

Last year, three important meetings were organized by the US

National Cancer Institute. These think tank meetings brought

together top scientists from physics, physical chemistry, engineer-

ing, mathematics, cancer biology, and clinical oncology to

collaboratively identify the most promising research questions

and strategies in cancer research. Not surprisingly, the physics of

carcinogenesis, cancer evolution, system complexity, and informa-

tion science were identified as top priorities. According to the NCI

leadership, these priorities are the next logical step in moving the

field forward (http://www.cancer.gov/ncicancerbulletin/NCI_Can-

cer_Bulletin_110408/page4). An understanding of the evolution of

complex cancer systems will not only unify these key priorities (as

both the physical characterization and information issues are

important components of somatic cell evolution) but also provide

the urgently needed conceptual framework and methodologies for

cancer research. Without it, we are left with only stacks of

contradicting case reports. The key challenge, therefore, is to

illustrate the evolutionary mechanism of cancer and to apply this

principle to guide our research as well as clinical applications.

In addition to the cancer genome sequencing projects, an array of

cutting edge genomic and proteomic technologies has been applied

to cancer research, including gene duplication studies [Feuk et al.,

2006], gene global expression and genomic analysis [Liu, 2004; Fan

et al., 2006], single DNA molecule detection of mutations [Bielas

et al., 2006], large-scale genome methylation studies, and individual

cell karyotypes among cell populations both in vitro and in vivo

[Heng et al., 2006a,b,c; Bartos et al., 2007; Ye et al., 2007; Ke et al.,

2009]. Collectively, the key information derived from these diverse

studies is the extremely high degree of genome system complexity

reflected as multiple levels of genetic and non-genetic (including

epigenetic) heterogeneity [Brock et al., 2009; Heng et al., 2009].

Based on these new findings, overwhelming yet previously

ignored evidence has been recently re-synthesized and formed the

genome theory of somatic cell and organismal evolution [Ye et al.,

2007; Heng, 2008a, 2009]. This new concept does not focus on the

identification of common patterns with specific molecular targets

(as there are no such commonly shared highly penetrant targets) but
JOURNAL OF CELLULAR BIOCHEMISTRY
focuses on system dynamics and how genome evolution creates new

bio-systems. In contrast to the gene-centric approaches, the genome

theory maintains the importance of genome level alterations and

selection that serves as a driving force for somatic cell evolution. In

support of this new concept, the evolutionary mechanism of cancer

has recently been established and linked to the total collection of

large numbers of diverse individual molecular mechanisms

[Ye et al., 2009]. The realization that the evolutionary mechanism

is more significant than any individual molecular mechanism and

that entire fields have been working on individual molecular

mechanisms places emphasis on the need for development of new

strategies to deal with the nature of complex systems and how they

affect cancer evolution. If almost every factor can contribute to

cancer evolution by producing system stress, then any given

individual factor would have limited predictive power. Therefore,

focus should be placed on the evolutionary patterns of a system’s

response to stress rather than on any specific stress to a system as

often there are many stress factors to be considered that could

contribute to the causal basis of cancer.

In this prospect, we will briefly review the concept of cancer

evolution, and a few key components of somatic cell evolution and

how it drives cancer progression through genome alteration

mediated macro-evolution. The rationale and research that led to

this discovery of the evolutionary mechanism of cancer and its

relationship to all the other molecular mechanisms are described.

Finally, the implications to basic research and clinical studies of this

concept as well as some new directions in cancer research will be

discussed.

CANCER FORMATION IS AN EVOLUTIONARY
PROCESS

All necessary and sufficient conditions for natural selection can be

found in the process of cancer formation [Crespi and Summers,

2005; Merlo et al., 2006; Heng et al., 2006a,b,c, Heng, 2007a; Ye

et al., 2007; Gatenby, 2009]. There must be heritable variation

(either genetic or epigenetic) in the population, and the variants

must display differential fitness (affecting either survival or

reproduction of cell populations). The fact that cancer cells compete

with normal cells for resources (nutrition and space) and the

observed clonal expansion from both in vitro models and in vivo

tumor samples strongly supports the conclusion that cancer

initiation–progression and acquisition of drug resistance represent

typical evolutionary processes.

The initial idea that linked evolution to tumors can be traced back

to over a century ago, when Boveri connected the dots between

abnormal chromosomes, inheritance among parental–daughter

cells, and cancer [Manchester, 1995]. In addition to the attempt

to develop the somatic evolutionary theory of cancer through

mathematical modeling (as a process of sequential accumulation of

somatic mutations) [Armtage and Doll, 1954], additional evidence

has come from chromosomal studies that led to the hypothesis that

cancer evolves through a sequence of chromosome aberrations and

the selection process [Yosida, 1966; de Grouchy et al., 1966]. In

addition to the contributions of Knudson [1971] and Cairns [1975],
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Nowell’s [1976] evolutionary view of cancer received the most

attention. By emphasizing the importance of genetic instability and

natural selection, Nowell’s idea initiated a series of evolutionary

studies that identified clonal expansion within many types of tumors

[Brentnall et al., 1994; Maley et al., 2006].

It is interesting to mention that the introduction of the cancer

evolution concept at that time and even now have failed to

revolutionize the field of cancer research. Today, most molecular

geneticists perceive cancer evolution as just a theoretical concept

which seems to have little relevance to their molecular character-

ization of gene mutations and cancer-specific pathways. It has been

reasoned that even if cancer progression is an evolutionary process,

such a process is still defined by common cancer gene mutations. It

seems that according to this thinking somatic cell evolution does not

matter, as long as we can identify the key cancer genes. For those

who are interested in cancer evolutionary studies, many have been

focused on clonal expansion, as recurrent types of changes can be

traced to illustrate the evolutionary path. It has been thought that

clonal expansion is the basis for accumulating mutations based on

the gene-centric concept of cancer evolution. In contrast, the

importance of high levels of heterogeneity in somatic evolution has

been more or less ignored. For example, in the formation of solid

tumors, there is an involvement of multiple cycles of clonal and

non-clonal expansion [Heng et al., 2006a,b,c; Ye et al., 2007]. Even

during the typical clonal expansion phase, there are significant

levels of heterogeneity within a cell population; however, most are

underdetected when mixed populations of cells are used for

molecular analysis. Furthermore, most of the somatic cell evolution

studies have been mainly limited to gene level analysis, which

overlooks the main feature of genome alteration mediated macro-

evolution that drives cancer evolution [Cahill et al., 1999; Tsao et al.,

2000; Merlo et al., 2006; Nowak et al., 2006; Beerenwinkel et al.,

2007; Heng, 2009].

UNIQUE FEATURES OF SOMATIC CELL EVOLUTION

It has been puzzling why somatic cell evolution occurs so rapidly

(a few decades in most cancer evolution cases) when compared to

organismal evolution where millions of years may be involved. This

time-scale difference has increased doubts for some researchers

who consider cancer evolution and organismal evolution to be

fundamentally different. A key breakthrough came from the study of

karyotypic evolution during the immortalization process using an in

vitro cell culture model [Heng et al., 2004a, 2006a,b,c]. Multicolor

spectral karyotyping [Heng et al., 2001, 2003; Ye et al., 2001, 2006]

was used and karyotypic evolution was analyzed both in individual

cells and cell populations following various stages of cellular

immortalization. This study revealed the following interesting

findings:
(a) G
enome-based macro-evolution (reflected as the formation of

new karyotypes) serves as the driving force for immortaliza-

tion.
(b) T
here are two phases of karyotypic evolution. One is the

discontinuous phase within which the karyotypes are not
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traceable between different passages of culture or even within

the same passage; the other phase is the classic stepwise

continuous phase within which karyotypes can easily be traced

for hundreds of passages, and the majority of cells share similar

karyotypes. Importantly, these two phases represent punctu-

ated (or macro-evolution) and Darwinian (or micro) evolution,

respectively, and these two distinctive phases are part of the

same evolutionary process (Fig. 1).
(c) T
he two phases were co-mapped with system stability. System

stability was measured by the level of stochastic genome

alterations. When genome systems are unstable evidenced

by high frequencies of non-clonal chromosome aberrations

(NCCAs), then evolution enters into the punctuated phase.

When genome systems are relatively stable, as illustrated by

dominant clonal chromosome aberrations (CCAs) and low

frequencies of NCCAs, then evolution enters the Darwinian

stepwise phase.
(d) In
 the unstable phase, genome-level heterogeneity is extremely

high as every cell is drastically different at the genome level.

This important observation, coupled with the fact that karyo-

types define a given genome system, provide the genetic

underpinning of the high degree of heterogeneity that is

universally detected in cancers [Foulds, 1954; Dexter et al.,

1978; Heppner, 1984; Heppner and Miller, 1998; Aubele et al.,

1999; Gonzalez-Garcia et al., 2002; Bartos et al., 2007; Bayani

et al., 2007; Ye et al., 2007; Jones et al., 2008b].
(e) B
y repeating the same experiments, or analyzing the parallel

clones derived from the same initial cell population, the

immortalized cells display unique distinctive karyotypes,

demonstrating the stochastic nature of karyotypic evolution

during cellular immortalization.
Additional follow-up experiments demonstrated that genome-

based macro-evolution can be detected in most of the major

transition steps in cancer including immortalization, transforma-

tion, metastasis, and drug resistance [Heng et al., 2008]. The

common pattern of genome system replacement during all these

major transitions also supports the concept that karyotypes define

bio-systems; and that karyotypic evolution is the key event in

cancer evolution.

Together, these analyses challenge the traditional evolutionary

concepts regarding somatic cell and organismal evolution. In

particular, the discovery of the surprising relationship between

macro- and micro-evolution calls upon the need to re-evaluate the

contributions of gene mutations and chromosome aberrations

during cancer progression. For example, the importance of high

levels of ‘‘genetic noise’’ observable as karyotypic heterogeneity in

cancer evolution need to be determined as well as deciding the

meaning of specific gene mutations or pathways when stochastic

karyotypic alterations occur. It is also important to determine the

key differences between macro- and micro-evolution, and key

features between somatic cell and organismal evolution.

The evolutionary dynamic patterns of prokaryotes and eukar-

yotes have been compared with the two phases and their patterns

of somatic cell evolution. Interestingly, the punctuated phase

mimics prokaryotic evolution, while the Darwinian phase mimics
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 1. A diagram showing the two phases of karyotypic evolution observed from major transition processes of cancer progression (e.g., immortalization, metastasis, drug

resistance). The different shapes represent different karyotypes (genome systems). Within the punctuated dynamic phase, at the beginning of treatment, all cells display

relatively stable karyotypes, during progression or treatment, most of the karyotypes alter under stress, and there is high level of non-clonal chromosome aberrations (NCCAs)

detected indicating an unstable stage. There are different dominant karyotypes detected (clonal chromosome aberrations or CCAs), but none of them survive for long. They are

constantly replaced by new genomes through genome shattering. Within the Darwinian stepwise phase, in contrast, dominant karyotypes (CCAs) emerged and last a much longer

time. The three examples illustrated in this phase represent stochastically formed CCAs derived from the same cell population. According to the genome theory macro-evolution

occurs during this punctuated phase where highly dynamic genome system replacement dominates; while microevolution occurs during the stepwise or Darwinian phase where

dominant karyotypes exist for long periods of time (illustrated by the same shapes but with minor modifications over the time).
eukaryotic evolution where karyotypic relationships can be used to

build an evolutionary tree. This comparison has surprisingly

revealed the relationship between sexual reproduction and system

stability. In brief, we have linked the punctuated phase to the

dynamics of asexual species and the Darwinian phase to sexual

reproduction phase (by hypothesizing that the main function of sex

is to maintain the system identity by filtering out altered genomes).

The significance of this work is obvious. First, it provides a

convincing explanation for the main function of sex as limiting

rather than increasing genetic diversity [Heng, 2007b; Glansdorff

et al., 2009; Gorelick and Carpinone, 2009; Wilkins and Holliday,

2009]; second, it states that the evolutionary patterns of prokaryotes

and eukaryotes (with sexual reproduction) are fundamentally

different; third, it points out the conflict between the gene and

genome levels. Specifically, the main function of the genome is to

reduce diversity at the genome level to maintain system identity,

and at the gene level the recombination mechanism can promote

diversity to provide additional features within a given system; and

lastly, it illustrates a key difference between somatic cell evolution

and organismal evolution. Somatic cell evolution displays obser-

vable patterns of both prokaryotic (punctuated macro-evolution)

and eukaryotic (stepwise/Darwinian or micro) evolution. Despite the

fact that punctuated evolution was introduced to describe

phenotypic changes in multicellular organisms at a time scale

much greater than cellular evolution [Gould and Eldredge, 1993],

the concept fits well with prokaryotic and somatic cell evolution in

terms of the pattern of genomic macro-evolution. Furthermore, due

to the absence of a sexual filter that can constantly preserve the

genome system, somatic cell evolution is much more quickly

mediated by the accumulation of drastic genome level alterations.
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Now, it is understood that for organismal evolution, if we study

the micro-evolution within a species, there are no karyotypic

changes no matter how many generations occur. In cancer

evolution, however, the key is the replacement of the karyotypes,

and therefore, the main driving process is genome alteration

mediated macro-evolution.

Another difference between somatic cell and organismal

evolution is that, in terms of macro-evolution, each tumor is a

successful independent run of evolution, thus many cases together

illustrate multiple runs of evolution. In contrast, a eukaryote’s

precedent historical evolution is only one possible run of evolution.

For any given single run of evolution, it is much easier to trace the

evolutionary tree as there is much less stochasticity when compared

to multiple runs of evolution.

THE UNDERSTANDING OF THE EVOLUTIONARY
MECHANISM OF CANCER AND ITS RELATIONSHIP
WITH OTHER MOLECULAR MECHANISMS

Based on these newly discovered features of somatic cell evolution,

we have attempted to establish the evolutionary mechanism of

cancer. To achieve this goal, we have carried out three types of

experiments and synthesis in the past 10 years.

First, we have illustrated that, various factors, genetic and non-

genetic alike can cause the genome system to become unstable as

measured by the elevated level of NCCAs. The factors examined

include gene mutations related to genetic instability (ATM, p53);

expression of oncoproteins, carcinogenic treatment, ER stress,

the aging process, nutrition status, and cell culture conditions
THE EVOLUTIONARY MECHANISM OF CANCER 1075



[Heng et al., 2004b, 2006a,b,c, unpublished work; Shen et al., 2005].

Overwhelming evidence can be found in the literature linking the

unstable genome to infections, wound healing, and the micro-

environment [Radisky et al., 2005; Krizhanovsky et al., 2008; Heng

et al., 2009; Lacoste et al., 2009]. Most significant, we have recently

linked most of the factors that induce higher levels of NCCAs to

system stress. In other words, no matter what type of treatment

or molecular changes we introduce into a system, they all function

as stress to the involved system. Under stress, regardless of its

type or where it comes from, the general consequences of stress

are to increase the level of system dynamics, especially when the

stress is high or the system being examined is unstable [Heng et al.,

2010].

Second, as we have demonstrated, when genome systems are

unstable as induced either by various treatment or caused by the

system itself (such as telomeric shorting), the cell population

heterogeneity often increases. Under selection pressure, the level of

NCCAs will decrease in many populations some however under the

same culture conditions, will remain in the unstable phase for a

much longer time. When the degree of genome instability is

moderate, new CCAs often will not form within a short period of

time. By changing the selection conditions or by longer periods of

selection even under the same conditions, there will be more

opportunities for new CCAs to be established [Ye et al., 2007]. It

should be pointed out that even under similar selection conditions,

the formation of CCAs seems to be a stochastic process so that

different CCAs will be formed from different groups. The elevated

dynamics level of a system under stress often will not have a fixed

response.

Third, we have demonstrated that, genome-based cell population

heterogeneity is linked to tumorigenicity [Ye et al., 2009]. Using six

well-characterized in vitro tumor progression models representing

various types of cancer including human breast and prostate cancers

as well as mouse ovarian cancer, we asked the following question:

outside of models representing different types of cancer or different

cases of the same type of cancer, what is the common feature if we

consider them as independent systems using the somatic cell

evolutionary principle? When compared with their molecular

mechanisms, different cases of cancer are clearly very different,

ranging from micro-satellite instability, to downregulation of

E-cadherin and expression of A2 and E2Fl. Even in the four breast

cancer models that were derived from the same MCF10 system,

distinctive molecular mechanisms were involved including centro-

some amplification, activation of cdD1 and Bcl-2, increased

expression of PCNA and gadd45, and altered stromal–epithelial

interaction. When comparing the end products of evolution for all

sublines of these model systems, however, they can easily be

classified as two groups: the group with high tumorigenicity

demonstrated by both in vitro and in vivo assays and the group with

low tumorigenicity. Clearly, the end products of evolution are much

less diverse compared with the pathways. What about the cancer

evolutionary process for the sublines of these various models? When

comparing the alterations at the genome level with spectral

karyotyping, a clear picture has emerged. In all sublines displaying

high tumorigenicity, regardless of which molecular mechanisms

were detected, they all share the high levels of genome hetero-
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geneity, illustrated by the high frequencies of NCCAs! In contrast,

for all sublines with low tumorigenicity, they displayed distinctly

lower frequencies of NCCAs. The common link is genome system

heterogeneity! According to the evolutionary principle, it makes

perfect sense that system heterogeneity, especially at the genome

level serves as key material for cancer evolution.

The evolutionary mechanism of cancer can be described in three

components or steps (Fig. 2): (1) stress-induced genome system

instability (the diverse causes of cancer); (2) this instability produces

genetic and epigenetic heterogeneity (A diverse population is

essential for evolution); (3) somatic cell evolution, mainly macro-

evolution, is based on a series of genome system replacements which

breaks the multiple system constraints (such as the tumor suppressor

function of genome integrity, tissue architecture, and immunesys-

tem safeguards).

Interestingly, there is a simple relationship between the

evolutionary mechanism and diverse molecular mechanisms, and

that is,

Evolutionary mechanism ¼
X

all

individual molecular mechanisms

The evolutionary mechanism of cancer defines how system stress

drives genome replacement (macro-evolution) leading to cancer,

where the individual molecular mechanisms are linked to different

genetic and epigenetic and non-genetic alterations. These altera-

tions either can serve as a stress to the genome system (an initial

condition that is essential for evolution) or provide new interaction

between genetic elements participating in alternative pathways

essential for somatic cell evolution. Based on our analysis, all

factors, genetic or non-genetic alike, internal or external alike, as

long as they function as a detectable stress to a given system, can all

contribute to cancer evolution (either through micro- or macro-

evolution). On the other hand, it is not easy for cancer evolution to

be successful as there are multiple levels of system homeostasis

existing. The vast majority of cells will not be able to attain the

threshold of cancer without forming new genomes [Hanahan and

Weinberg, 2000; Heng et al., 2008], despite the fact that many

molecular pathways and combinational pathways have been linked

to one of the hallmark phenotypes. The most effective way to

drastically increase the probability of successfully progressing to

cancer is through genome-level alterations (genome system

replacement). When each individual tumor forms, if considered

as an end product of evolution, can be characterized by known

pathways. However, it is extremely difficult to predict which

pathways will become dominant prior to tumor formation. In

addition, current molecular analysis that is based on mixed cell

populations can only profile the ‘‘average molecular pathways’’

which can be very misleading. According to our recent studies, most

tumors are composed of cells that are not karyotypically clonal

indicating that cancer was attained through different pathways. This

is based on the concept that different karyotypes define different

genome systems [Heng et al., 2008; Heng, 2008a], and that the same

pathways can change function within different systems. Therefore,

characterizing a pathway is less meaningful to understand the

general mechanism of cancer and to ultimately understand how
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 2. A diagram that shows the interactive relationship between stress, system heterogeneity, and genome-based somatic cell evolution. For a large number of individual

molecular mechanisms, their alterations will generate system stress, which increases the genome system dynamics and is reflected as increased genetic and epigenetic (also non-

genetic) heterogeneity which is acted upon by natural selection. Additional complexity is a result of system instability (caused by any specific molecular mechanism),

stochastically generating system heterogeneity. In return, the newly formed system heterogeneity can create new stress in the system at higher levels. A few examples of

molecular mechanisms are listed to illustrate this point. It should be noted that, for each category listed, there is a great deal of variation. For example, the number of gene

mutations can reach to billions per tumor and the number of histone modifications could have millions of possibilities. The combination of all these probabilities is potentially

infinite. However, most stress-induced system dynamics will not lead to genome system replacement in vivo, and most of the newly formed genomes will not be able to become

the dominate cell population due to constraints at multiple levels. Therefore, cancer is the result of evolutionary probability.
cancer can be clinically managed. Interestingly, there is very little

analysis on most of the clones which do not reach the cancer stage.

We predict that, most of them will similarly display a domination of

some known molecular pathway. The key message here is: the most

significant alterations are the ones that affect the phenotypic

selection and are directly related to the genome context. Less

important are the individual genes or pathways due to the
JOURNAL OF CELLULAR BIOCHEMISTRY
unpredictable nature of pathway replacement during genome

evolution, even though individual pathways can contribute to

and often can be detected at a given stage of cancer progression by

‘‘average detection methods’’ (e.g., monitoring the specific proteins

with Western blot analysis by averaging the profile of a mixed cell

population, which could be very different from individual cells that

provide the heterogeneity for evolution).
THE EVOLUTIONARY MECHANISM OF CANCER 1077



With that said, despite the fact that no individual molecular

mechanism can serve as a general mechanism in the majority of

cancer cases, from a purely academic point of view, it is still

interesting to characterize individual mechanisms and determine

each mechanism’s level of contribution to the process as a whole.

Given the fact that there have not been any dominant gene

mutations identified, and that cancer evolution can proceed through

many different mechanisms, a much more productive research goal

would be to identify mechanisms related to genome dynamics and

macro-evolution. Specifically this can be achieved by using genome

level diversity as a new biomarker to measure, in the clinic setting,

system instability and determine the likely potential for cancer

formation and treatment responses.

GENOME THEORY OF CANCER EVOLUTION

As the total number of individual molecular mechanisms is very

large (and the combination of molecular mechanisms can reach an

unmanageable number), it is important to move our research from

the characterization of individual molecular mechanisms to the

understanding of the overall system behavior during cancer

evolution. To do so, we need to switch from gene-centric thinking

to genome-centric thinking. To achieve such an important

transition, we have recently introduced the genome theory of

cancer and organismal evolution [Ye et al., 2007; Heng, 2009; Heng

et al., 2009]. The following concepts are directly related to somatic

cell evolution:
(a) T
he genome represents the highest level of genetic organiza-

tion. The relationship between the genome and genes can

simply be referred to as the relationship between the ‘‘whole’’

system and the ‘‘parts.’’ The whole is not equal to the sum of the

parts and so the genome is not equal to the sum of all the genes.

The information at the genome and gene levels is very different

and the properties of the genome cannot simply be determined

from the genes. The conflicting relationship between DNA/

genes and chromosomes/genome has been illustrated by

experimental approaches. When identical human DNA seg-

ments are inserted into the mouse genome by transgenic

approaches, newly formed meiotic chromatin loops are differ-

ent in loop size depending on the location of insertions along

the chromosomes (close to telomeres or in the middle of

chromosomes, for example) [Heng et al., 1996], demonstrating

that the structure of inserted DNA is constrained by chromo-

somal position. When 12 copies of human protamine genes

were introduced into a mouse genome, only one copy was

expressed at a given time for multiple copy tandemly arrayed

transgenes. This is likely related to the association of the

transcriptional machinery and nuclear matrix and illustrates

that the chromatin loop domain constrains gene function

[Heng et al., 2004b]. It is also recently discovered that there

is a drastically conflicting relationship between genes and the

genome when discussing the function of sexual reproduction

[Heng, 2007b]. The main function of sex at the genome level is

to reduce the diversity by eliminating drastically altered
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genomes, while at the gene level is to increase the diversity by

genetic recombination. By ‘‘filtering’’ out altered genomes, the

identity of the same genome system (the identity of species)

is preserved. The recombination of different genes can

be tolerated by the genome as they only modify certain

features of the system but do not replace the system itself

[Heng, 2009].
(b) T
he genome context, not individual genes or pathways, defines

a given biological system. The genome context refers to all

genes and regulation elements (including other types of geno-

mic DNA) of a given system and their genomic topology within

nuclei. This is different from the traditional molecular biolo-

gical viewpoint that ignores the physical constraints of the

position of and distribution of genes which defines their

potential interactive relationships. The genome theory states

that the interactive relationships represent the blue print of life.

To illustrate this point, we have introduced the ‘‘shattering

genome model’’ to hypothesize how the self-organization

principle can organize a network according to the genomic

geography among all genes [Heng, 2009]. For a given species

(or system), the number of genes (parts) is sufficient for its

biological functions. The important feature is how the genes are

organized and interact. We hypothesize that the chromosomal

composition and position of chromatin domains in the nucleus

(a feature of karyotypes) provides the self-organization matrix

to form the genetic network structure. Thus, the genes of a

given karyotype form a specific interactive relationship and

their functions are defined by the genome system.
(c) T
he genome is the principle platform of somatic cell selection.

Particularly during macro-evolution when new karyotypes are

produced. Macro- and micro-evolution represent different

levels of changes. Macro-evolution is not simply achieved

by the accumulation of micro-evolution. Macro-evolution

creates new genomes and micro-evolution modifies the exist-

ing genome. In cancer progression, to achieve the cancer

transition events (immortalization, transformation, metastasis,

and drug resistance), macro-evolution is required. For gene

systems to evolve, selection acts upon the entire genome rather

than the individual parts (genes), thus the substantial majority

of alterations at the gene level will not be simply subjected to

positive or negative selection.
(d) T
he genome package determines the pattern of epigenetic

changes and potential response to the environment. Among

the multiple levels of genetic and epigenetic relationship, each

level can influence the other, but the impact of the genome

level is more dominant. The function of a specific gene or

epigenetic level of change might be very different when the

genome system alters. Genome-level alterations, particularly

when drastic, lead to macro-evolution. Epigenetic and gene

mutations often lead to micro-evolution.
(e) H
igh levels of system heterogeneity are not ‘‘noise’’ but a key

feature of system dynamics essential for system adaptation [Ye

et al., 2007; Heng, 2008b; Heng et al., 2009]. It is important to

note that there are high levels of stochastic alterations at

the genetic and epigenetic levels and the regulation of many

of the pathways are less precise than we would have hoped. The
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heterogeneity issue is especially true of cancer formation, as

some tumors occur through cell populations with highly

diverse genomes.
(f) S
omatic cell evolution is much more drastic than organismal

evolution. Even though the patterns of somatic cell evolution

are similar to prokaryotic evolution, the combinational change

at the chromosome level in somatic cell evolution is more

drastic and happens more quickly. Sexually reproducing eukar-

yotes have sexual filters that constantly eliminate altered

genomes [Heng, 2007b], and evolution is much slower in this

case than somatic cell evolution.
(g) In
 somatic cell evolution, the pattern of evolutionary dynamics

during (either the stepwise or discontinuous phases) is deter-

mined by system instability. Both internal and induced

instability can change the pattern of evolution.
(h) T
he evolutionary mechanism of somatic cell evolution is

equal to the total collection of all the individual molecular

mechanisms.
(i) T
o analyze the evolutionary potential, it is more effective

to measure genome system heterogeneity (or population diver-

sity) at the genome or cell levels rather than at the lower

levels of gene or epigenetic alterations [Heng et al., 2009].

The diversity of karyotypes has recently been linked to tumor-

igenicity [Ye et al., 2009].
Clearly, the focus of the genome theory is distinctively different

from the gene theory that considers genes to be the basic unit of

genetic information as well as a key element in evolutionary

selection. According to the genome theory, most genetic informa-

tion cannot be defined at the gene level as the function of an

individual gene is genome context dependent. The evolutionary

mechanism of cancer is also a logical implication of the genome

theory that focuses on the genome-mediated phenotypic selection

rather than individual molecular pathways. Of course, the genome

theory of somatic cell evolution is in its infancy. Increasing

knowledge and additional principles will be included with the

maturation of this theory.

IMPACT AND IMPLICATIONS

Even though it now seems obvious, it has taken decades to establish

such a simple relationship between the evolutionary mechanism of

cancer and diverse molecular mechanisms. Clearly, the establish-

ment of this relationship is of great importance. First, it ultimately

challenges the traditional concepts and approaches of current

cancer research that have narrowly focused on individual molecular

mechanisms. Historically, this seemed very promising when only a

handful of common mutations were expected to cause cancer.

Nowadays, reviewing any major cancer research journal, the vast

majority of publications are using similar methods and even nearly

identical presentations to characterize different gene mutations

or pathways. The popular ‘‘pattern’’ of research articles is the

‘‘discovery’’ of one specific or a number of genes that are involved in

cancer formation in experimental settings. Following a number of in

vitro tumorigenicity assays it was found that either overexpression
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or reduced expression can generate tumors in vivo in immunodefi-

cient mice (the research evidence). The clinical connection to these

genetic aberrations has been claimed to be found in some patient

samples (the clinical evidence). Finally, targeting specific therapy

works well in vitro and in animal models which seems to hold

promise for clinical studies. Each of these specific stories on

individual causes is very promising, and there are so many of them.

Yet, the big picture in cancer research now is rather confusing, as

most of these stories seem to come and go despite people’s efforts to

find the next important story on what causes cancer. Knowing what

we know today, continuing to focus on individual molecular

mechanisms is not justified, particularly when the penetration of

any single molecular mechanism is low among patient populations.

The realization that cancer occurs through an evolutionary

mechanism explains why most of the published gene mutations/

epigenetic alterations or experimental manipulations seem to cause

cancer under experimental settings, and these characterized genetic

mutations are detectable in patients, yet, there is no common pattern

of gene mutation detected in patient populations in most cancers.

While each individual molecular mechanism can explain some

cases, there are so many cases with drastically different molecular

mechanisms, it is a challenge to identify the clinically useful

common pattern as we had hoped. In a sense, many of the

established molecular mechanisms are correct in that they can cause

cancer and are thus important, but they are less important in the

search to control cancer as they only represent a small portion of the

total potential causes of cancer. In addition, the individual

molecular mechanisms can easily switch with each other during

cancer progression and in particular during medical intervention.

According to the organization principle of the genome, in a given

system, there are many possible pathways based on the same gene

set. When the dynamic levels of a system are changed, the pathways

can be altered. Since cancer cell populations display extremely high

levels of heterogeneity, such pathway alterations can be elevated

within and especially among different genomes.

By understanding the evolutionary mechanism of cancer, other

mysteries can be better explained. For example, only a certain

portion of patients are affected by cancer even when placed under

similar stress, such as smoking. For example, only 20% of heavy

cigarette smokers develop lung cancer by 75 years of age in the

absence of death by other causes. It is an issue involving genetics/

stress and chance, based on evolutionary probability. One needs

a ‘‘perfect storm’’ to develop cancer. Genetic and stress factors

certainly can increase the probability of cancer, but it is not a sure

thing in any individual.

At first glance, by understanding the mechanism of cancer

evolution, it seems to offer less specific strategies to directly

fight cancer. However, the new way of thinking is essential for the

entire field to establish the right conceptual framework and to

identify correct targets and to re-configure the effort and resources

of cancer research. This paradigm shift will change the way we study

and treat cancer by providing the fundamental concepts of the

cancer process leading to the emergence of the correct path of the

management of this terrible disease.

An important effect following the establishment of the evolu-

tionary mechanism of cancer will be to promote cancer prevention.
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Since stress and its mediated genome-level heterogeneity are keys to

triggering cancer evolution, prevention should focus on how to

reduce system stress and how to slow down the processes that

increase genome-level heterogeneity. This can also be applied to

drug treatments as well as to earlier diagnosis. For most drug

therapies, the most common approach is to target the death of cancer

cells. However, this introduces stress and that often can increase the

degree of heterogeneity of a cancer cell population in the long run

despite short-term induction of cancer cell death. The end result will

be to speedup the process of drug resistance through cancer

evolution [Heng et al., 2009]. Normal cells will be at a survival

disadvantage as they are much less dynamic than cancer cells,

particularly as many of the check point mechanisms within normal

cells will not allow them to be drastically changed. As for early

diagnosis, one also needs to consider the potential negative

impact (only the benefits are typically discussed in the field), as

many of the earlier lesions will not progress into clinically

defined cancer. It is possible that the introduced stresses can in

fact promote some of them to form resistant cancer. This important

question needs to be carefully examined based on the evolutionary

concept.

Another important implication of the evolutionary concept of

cancer is to re-examine some of the long accepted beliefs which

have guided our research efforts. For example, we have believed that

knowledge of physiological (or developmental) conditions is

directly transferable to pathological conditions, and vice versa.

However, based on the genome theory, it is possible that the

developmental or pathological processes are not the same involving

different levels of system alterations. The developmental process is a

well-controlled process where each aspect can be linked to a specific

gene function for a given genome, while pathological changes such

as cancer progression is a stochastic process involving genome

replacement. As we have illustrated, genome replacement is

fundamentally different from gene mutation [Heng, 2009; Heng

et al., 2009]. Only genome replacement involves different genome

systems. When pathological changes involve chromosome altera-

tions, the information is no longer at the gene level. Therefore, there

seems to be a knowledge gap that exists between gene-dominated

physiological or developmental changes and genome-dominated

pathological changes that might prevent us from simply transferring

information. Our recent studies have further illustrated this point by

linking various molecular targeting events to system stress. Most

significant, one can control the specificity of molecular targeting

(during the initial experimental phases), but as soon as the system

becomes unstable, the outcome of the system is less predictable

[Heng et al., submitted]. Similarly, this knowledge gap applies to the

genome versus gene and specific case studies versus population

prediction in biology.

The above-discovered knowledge gap brings into question one of

the long held beliefs in the field that even though there may be many

individual molecular mechanisms, if they are all known then we will

be able to finally control cancer. Knowing all the individual

mechanisms (even if this were possible) will result in very few

clinical applications. First, it would be very challenging to list all of

the combinations of mutation profiles and epigenetic changes, as

each tumor hosts over a billion individual mutations. Then there is
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an issue of the knowledge gap. Yes, we probably can develop a map

of pathways after many decades’ of hard work (this map will be

highly dynamic and not easily interpreted); however, knowing the

map and knowing how the pathways can switch between each other

(within and among different genome systems) means completely

different things, not to mention the fact that the same pathway can

have drastically different functions within different genomes.

Obviously, we need to study the evolutionary mechanism of cancer

by studying three key components (stress, genome heterogeneity,

and natural selection). Despite not knowing many of the details at

this stage, the hope lies with the approach to control cancer by

influencing the patterns of system evolution.

In addition to shedding new light on cancer research, the

evolutionary mechanism of somatic cell evolution also provides

valuable understanding of organismal evolution. Due to the

difficulty of examining long-term evolutionary processes in nature,

as it is particularly difficult to have a time window long enough to

observe macro-evolutionary events, many of the important issues in

evolutionary theory are untested. The somatic cell evolution model

can now be used for this purpose, as different systems share common

patterns of system dynamics and patterns of evolution.

CONCLUSION

The concept of cancer evolution is not new to cancer researchers

[Cairns, 1975; Nowell, 1976; Crespi and Summers, 2005; Merlo et al.,

2006; Nowak et al., 2006; Heng et al., 2006a,b,c; Heng, 2007a, 2009;

http://en.wikipedia.org/wiki/Somatic_evolution_in_cancer]. How-

ever, a number of key principles and their implications in somatic

cell evolution have not been understood until now with the

establishment of the genome theory [Heng, 2009; Heng et al., 2009].

To convince readers that the evolutionary concept is under

appreciated in the cancer field, we would like to ask some simple

questions: If it is known that cancer is an evolutionary process, and

the key feature of evolution is its stochastic nature, then why are

we still trying so very hard to identify universal patterns of

genetic alteration in cancer? If somatic cell evolution is driven by

genome alteration mediated macro-evolution, why do we still

focus on the gene and pathway studies that are more relevant to

micro-evolution? If the evolutionary mechanism of cancer is

equal to the combination of all individual molecular mechanisms,

and there are so many different types of molecular mechanisms,

how useful is it to try to establish individual molecular

mechanisms? The chilling fact is, we do not know or are unwilling

to believe the important implications of evolution on our cancer

research.

To move the field forward, we have to apply the evolutionary

principle not only to shake up the conceptual framework of cancer

research [Heng, 2007a] but also to establish new strategies that

treat cancer as a genome-based somatic evolutionary disease. At

the conceptual level, it is necessary to incorporate many well-

established paradigms within the genome theory of somatic cell

evolution, including the network theory [Barabási, 2003; Goh et al.,

2007], complex adaptive system theory [Holland, 1992; Gell-Mann,

1994; Kauffman, 1995; Coffey, 1998; Vincent and Brown, 2005;
JOURNAL OF CELLULAR BIOCHEMISTRY



Heng, 2008b; Ao, 2009], ordered heterogeneity [Rubin, 2006], and

various evolutionary theories that focus on the patterns and

dynamics of micro-evolution [Beerenwinkel et al., 2007; Gerhart

and Kirschner, 2007]. Equally important, we need to establish new

experimental systems to monitor the overall stress in a genome

system, to measure the level of genomic instability, to quantify the

degree of heterogeneity in cell populations, as well as to monitor the

interactions among subsystems under normal conditions and

conditions of stress. Many previously ignored genome-level

alterations need to be re-examined including defective mitotic

figures (DMF), free chromatin, and chromosome fragmentation

[Heng et al., 1988, 1992; Stevens et al., 2007; Ye et al., 2007], and

additional genomic methods to analyze both individual cells and

cell populations are urgently needed. Effort is also needed (including

mathematical modeling and computer simulation) to study the

status of genome system dynamics, and to monitor the transition of

the different phases or phenotypic hallmarks essential for cancer

progression and medical interventions [Quaranta et al., 2008]. A

special emphasis needs to be placed on determining which level of

genetic or epigenetic heterogeneity should be a priority. There is

now an urgent need to test the hypothesis that genome-level

alterations rather than variations at lower genetic and epigenetic

levels are the most important in cancer evolution as the genome-

level changes are the basis of macro-evolution [Heng, 2009]. One of

the immediate implications of the genome theory of cancer

evolution is the need to re-examine the strategies of sequencing

large numbers of ‘‘cancer genomes.’’ The key feature of cancer

evolution is macro-evolution-mediated genome replacement, and

different cancer cases represent different genome systems which

display different karyotypes, there is in fact no so-called cancer

genome. The cancer genome cannot be defined when cancer

karyotypes are drastically different within tumors and among

individual patients. The sequencing project will generate huge

amounts of data, which will powerfully demonstrate the evolu-

tionary mechanism of cancer but will offer very limited useful

information for cancer treatment and diagnosis. Studying collec-

tions of multiple cases of the same cancer in order to search for

common mutations is similar to the strategy of treating apples and

oranges the same and is seriously flawed [Heng, 2007a]. Some other

practical issues are determining how to slow down the evolutionary

process of cancer, and how not to unwisely accelerate evolution

when applying drug therapy (according to the evolutionary view of

cancer, overtreatment likely will have an overall negative effect

by accelerating cancer evolution), also how can we use system

homeostasis to constrain cancer by working on multiple home-

ostasis systems in individuals, and is it possible to apply the

evolutionary cooperation principle to slow down cancer evolution

yet not drastically change the cooperative and competitive

relationship between cancer and host (e.g., could cancer be directed

to enter into a highly homogeneous phase then constrained by the

system homeostasis mechanisms of the patient, or can cancer be

directed into a slow growth phase that will not trigger much

heterogeneity). Clearly, there are many more questions that need to

be addressed and many more avenues to be explored, but first of all,

it is essential that we appreciate the evolutionary mechanism of

cancer and change our way of thinking.
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