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Abstract

Introduction—Tumors in the large intestine have been postulated to arise via a stepwise
accumulation of mutations, a process that takes up to 20 years. Recent advances in lineage tracing
and DNA sequencing, however, are revealing new evolutionary models that better explain the vast
amount of heterogeneity observed within and across colorectal tumors.

Areas Covered—A review of the literature supporting a novel model of colorectal tumor
evolution was conducted. The following commentary examines the basic science and clinical
evidence supporting a modified view of tumor initiation and progression in the colon.

Expert Commentary—The proposed “cancer punctuated equilibrium” model of tumor
evolution better explains the variability seen within and across polyps of the colon and rectum.
Small colorectal polyps (6-9mm) followed longitudinally by interval imaging with CT
colonography have been reported to have multiple fates: some growing, some remaining static in
size, and others regressing in size over time. This new model allows for this variability in growth
behavior and supports the hypothesis that some tumors can be “born to be bad” as originally
postulated by Sottoriva and colleagues, with very early molecular events impacting tumor fitness
and growth behavior in the later stages of the disease process.
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1.0 Introduction

As the technologies emerge that allow thousands of molecules including DNA, RNA, and
proteins to be rapidly assayed (“multi-omics”) and big data evolve, new evolutionary
theories of tumorigenesis have been proposed. These theories provide new insights into
tumor initiation and progression to invasive disease. This commentary will briefly review
longstanding historical models of tumorigenesis in the colon, and highlight emerging
theories of tumor evolution.

2.0 Tumor Evolution

Historically, cancers in the large intestine were believed to arise via the gradual stepwise
accumulation of mutations [1, 2]. The progression from benign adenomatous polyps, to
more advanced pre-malignant polyps with foci of high-grade dysplasia, to locally invasive
cancer, and eventually to metastatic disease was thought to be driven by the accumulation of
mutations that perturb specific genetic pathways at each step in the tumorigenic process.
Seminal papers in the field of cancer biology demonstrated that 80-90% of colorectal
tumors are initiated following the loss of activity of the Adenomatous polyposis coli (APC)
gene [3, 4]. This tumor suppressor gene is lost following two inactivating mutations or one
mutation followed by a loss-of-heterozygosity event such as somatic recombination or
chromosomal loss. The gene encodes a member of the B-catenin destruction complex. Loss
of APC activity results in the stabilization of p-catenin, which then translocates from the cell
membrane to the nucleus and consequently leads to aberrant WNT signaling. Dysregulated
WNT signaling is often followed by mutations in KRAS/NRAS, the TGFp pathway,
PIK3CA, TP53or any combination of several of these alterations. At each step, a new
mutation was thought to generate a sub-clone with the most advantageous mutation profile
and a strong selective advantage, outcompeting less fit clones in a Darwinian fashion and
prompting progression to the next stage of the disease process.

Under a stepwise or linear evolution model, the resulting tumors should have three defining
characteristics: (1) all tumors have the potential to progress from a benign to malignant state;
(2) cancers take a long time to form, possibly even as long as 20 years; and (3) cancers can
be relatively homogeneous, as natural selection would over time select for the most
malignant tumor clone. All of these characteristics were supported by early studies.
However, whether these three characteristics are required for colorectal tumor formation and
progression or not is being questioned because of new evidence generated with emerging
technologies.

2.1 Tumor Fate

The first defining characteristic of the linear evolution model is that all tumors have the
potential to progress to cancer. This underlying assumption implies that the transformation
from a benign to malignant merely requires the accumulation of the “necessary” driver
mutations. Recent studies have demonstrated that colorectal polyps have different growth
fates, and that these fates might be dictated in part by transcriptional and methylation
changes. Pickhardt and colleagues reported that after a surveillance interval ranging from
1-7 years (mean interval, 2.3 years), only 22% of small (6-9 mm) polyps were significantly
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growing in volume (=20%/year) (figure 1 A-B), whereas 28% of these benign colorectal
tumors were shrinking in volume (=-20%/year) (figure 1 E-F), with 10% showing complete
regression [5]. While polyp growth alone is not indicative of progression, polyp size has
been reported to be the major independent risk factor associated with high-grade dysplasia
and cancer [6, 7, 8].

While well-controlled longitudinal progression studies in humans are not possible for
obvious ethical reasons, multiple studies in mice have also reported differences in the growth
and progression of adenomas. Tumors from mice with the simultaneous induction of
pathogenic mutations in Apc, Krasand Pik3ca still progress through a histological adenoma-
to-carcinoma sequence, but have an increased rate of progression, demonstrating that
mutational profile of the tumor is not predictive of the stage of the disease [9, 10].
Furthermore, Paul Olson and colleagues reported that in a long-lived Apc”"* mouse model
of colon cancer, adenomas fell into different fate categories, with some growing, some
remaining static in size, and some regressing [11]. Interestingly, these authors also identified
a microarray-based gene signature from biopsies taken at an early time point when the tumor
first emerged that distinguished adenomas that remained as adenomas from adenomas that
progressed to intramucosal carcinomas. They did not, however, identify differentially
expressed genes between early and late biopsies of single tumors followed longitudinally,
indicating that the transcriptional changes associated with progression were present from
very early on in the lifetime of the tumor. These data taken from both human clinical
observations as well as laboratory experiments in mouse models provide solid evidence that
not all tumors will progress to invasive cancers via the accumulation of driver mutations.

2.2 Time

The second defining characteristic of the stepwise evolution model is that colorectal cancers
(CRCs) form over many years. This conclusion arose primarily from the finding that
colorectal polyp and cancer prevalence is associated with age as well as from observations
from patients with colorectal polyps that were lost at follow-up in the clinic [2]. While the
adenoma-to-carcinoma sequence still likely takes years, a stepwise, linear process is not
supported. In 2008 Jones and colleagues concluded that the formation of adenomas takes on
average 17 years, while the formation of liver metastases from a large adenocarcinoma took
less than 2 years [12]. At the time, these authors still argued for a step-wise evolution model,
even though their own data demonstrated a non-linear process. Additionally, the clinical
observations of interval CRCs have demonstrated that an accelerated tumor formation rate
can occur in some cases, assuming early cancers were not missed at the initial colonoscopy,
compared to the 17-20 year prediction. Furthermore, the finding of clonally related cancer-
synchronous polyps to adenocarcinomas by Yang and colleagues demonstrates unequal
times to progression even in neoplastic tissue with a similar genomic changes [13].
Additionally, studies in the laboratory mouse reveal a subset of tumors with an accelerated
time to progression. Leystra and colleagues reported a noncanonical model of CRC, in
which mice with activated PI3K do not begin with a polypoid adenomatous precursor mass
[14]. These mice rapidly develop mucinous invasive adenocarcinomas and share several
histologic characteristics to human CRCs, including high-grade nuclear atypia, mucin lakes,
and budding at the leading edge of the invasion fronts. This autochthonous model
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developing highly aggressive cancers again emphasizes that extended periods of time are not
always necessary for the development of invasive colon cancer.

2.3 Tumor Fitness

The final underlying assumption of a stepwise evolution model is that mutations cause
significant differences in tumor fitness so that natural selection can act upon the population
of tumor cells driving clonal expansions. While cell-culture-based experiments have shown
significant differences in proliferation, migratory ability, and colony formation owing to
single mutations, these results are not necessarily duplicated /n vivo. Interestingly,
histologically normal-appearing epithelial cells from patients with FAP contain mutations in
numerous genes, of which many (23%) were also present in colon polyps [15]. Some of the
mutations found in non-tumor tissue from patients with sporadic colorectal cancer or even
individuals who were disease-free altered a known driver gene, indicating that mutations in
certain genes alone are insufficient to induce neoplastic transformation /n vivo [15, 16, 17].
Along these lines, Bozic and colleagues calculated the selective advantage conferred by
driver mutations and found that it was surprisingly small, 0.4% [19]. Thus, clones with
mutations in key driver genes may not sweep through a tumor but clones with different
mutation profiles may co-evolve.

2.4 Intratumoral Heterogeneity

2.5 “Born to

Next-generation sequencing and multi-omic technologies are revealing vast amounts of
intratumoral heterogeneity. Solid tumors can have sub-clonal passenger mutations and even
some sub-clonal driver mutations [12, 20, 21, 22, 23, 24, 25]. The presence of sub-clonal
driver mutations in frank cancers is inconsistent with a linear evolution model. Multiple
research groups have demonstrated that while mutations in APC and KRAS are often clonal
or founder events, oncogenic mutations in P/IK3CA and the Notch and Hedgehog signaling
pathways are often sub-clonal [26, 27].

be Bad”

In addition to the finding of intratumoral heterogeneity and sub-clonal driver mutations in
cancers, classic cancer-associated events are now being found in premalignant precursors.
Sottoriva and colleagues demonstrated the presence of both sub-clonal mutations and copy
number events in colon adenomas [23, 28]. Similarly, Sievers and colleagues recently
reported sub-clonal driver mutations, including the KRAS G12D variant, in small (6-9mm)
colon polyps [29]. Utilizing a unique cohort of patients with small polyps for which
volumetric growth rate was available, they were able to determine that detectable, sub-clonal
mutations must have arisen before the polyp was of a detectable size. This finding supports
the hypothesis that some precursor lesions might be “born to be bad” as originally postulated
by Sottoriva and colleagues [28] and that early molecular events may dictate later tumor
growth and progression.

Consistent with the finding of early genomic events, Luo and colleagues identified genome-
wide DNA methylation alterations in non-tumor colon tissue and tubular adenomas have
been recently identified [30]. Epigenetic alterations occur commonly in adenomas, sessile
serrated polyps, and colorectal cancers and appear to cooperate with gene mutations to drive
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the adenoma-to-carcinoma sequence. The most prominent aberrations in DNA methylation
related to the development of cancer include: 1) hypermethylation of CpG islands in gene
promoters and other regulatory genomic domains (e.g. enhancer loci), which can silence
tumor suppressor genes, and 2) hypomethylation of repetitive genetic elements, which may
lead to genomic instability [31]. DNA methylation affects CpG rich regions, called ‘CpG
islands’, in the 5" region of genes and results in transcriptional silencing via effects on
transcription factor binding and changes in chromatin structure [32]. The aberrant CpG
island DNA methylation of genes is common in many cancers, including colorectal cancer
[33, 34]. The process of aberrant gene methylation begins early in the adenoma-to-
carcinoma sequence, is involved in both the canonical and alternative pathways to cancer,
and likely affects the initiation and the progression of colorectal cancer [35]. The global
patterns of aberrant DNA methylation are unique for different cancer types and may reflect
the epigenome of the progenitor cell that gives rise to a cancer, which may impact on the
malignant potential of different colon polyps [36]. Of interest, Luo, Grady, and colleagues
[30] showed that molecular subtypes of adenomas exist (low-methylator vs. high-methylator
subtypes). The low-methylator subtype has a methylation pattern similar to that of the
normal colon, whereas the high-methylator subtype has a pattern similar to that of
chromosomal unstable (CIN) colorectal cancer, which is the most common type of
colorectal cancer.

Together, the results from all these studies indicate that new models are needed to more
accurately describe tumorigenesis in the large intestine. Modern sequencing technologies
and mathematical modeling techniques, in combination with annotated clinical surveillance
information, have provided the data necessary for new insights.

3.0 New Models of Tumor Evolution

3.1 Big Bang Tumor Evolution Model

Recently, an alternative model of CRC evolution has emerged — the “Big Bang” theory of
tumorigenesis [28]. In this model, the first few neoplastic cell divisions leading to the
establishment of an adenoma generate many passenger mutations and copy number
alterations. This increased evolutionary tempo may be due in part to the process of
neoplastic transformation itself and chromosomal missegregation or some other form of
genetic instability [37, 38, 39, 40]. Once all the necessary driver mutations are acquired,
cancers grow from a single expansion of a diverse population of tumor cells, characterized
by neutral evolution instead of Darwinian survival [27, 41, 42, 43]. This model accounts for
the presence of intratumoral heterogeneity in CRCs not explained by the stepwise growth
model. In this Big Bang growth model, intratumoral heterogeneity arises as a function of
time, becoming detectable upon analysis when the population has expanded to a sufficient
size, and not as a function of increased fitness. Therefore, the most recently acquired
mutations will be at the lowest frequencies in the population, often undetectable by bulk
genomic methodologies, and might explain why drug-resistant sub-clones are undetectable
prior to treatment in the clinical setting.

Additionally, the Big Bang growth model allows for variation in tumor growth fates. Sets of
mutations that are acquired early at the Big Bang event can contribute to the tumor fate,

Expert Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sievers et al. Page 6

allowing for an accelerated growth rate if the right combination of alterations are present.
This concept of some tumors being “born to be bad” attempts to explain those interval
cancers and polyps that progress faster than the predicted time of 20 years. While the Big
Bang growth model seeks to better explain some of the variation across tumor growth and
progression, it is only one evolutionary phenomenon.

3.2 Punctuated Equilibrium Tumor Evolution Model

Recently, a more comprehensive model of tumor evolution has been described considering
the process of Big Bang growth as well as updated theories of evolution [44, 45, 46, 47]. The
cancer “punctuated equilibrium” model seeks to better explain how tumors evolve, a process
that encompasses potentially long periods of stasis, punctuated by rapid periods of
transformation and molecular changes (figure 1C) [48]. Within this model, three
evolutionary processes are at work: (1) stasis—this phase is characterized by the neutral
accrual of passenger mutations, which results in the stable phenotype; (2) gradualism—this
phase is most similar to the stepwise growth model in which molecular changes are acquired
in a sequential manner, under natural selection, which results in a quantifiable impact on the
phenotype; and (3) punctuation events—this phase is derived from the Big Bang growth
model where periods of genomic instability result in many molecular changes to occur
simultaneously, which results in a dramatic phenotypic change. These punctuation events are
not restricted to mutations, they are a mechanism of evolutionary change and thus can
include epigenetic and transcriptional alternations that result in a change in the phenotype.
Together, these three mechanisms change our understanding of how and when selective
pressure is active and allows hon-mutation events to contribute to the evolution of a tumor.

The inclusion of these three mechanisms of evolutionary change into this novel model of
CRC development better explains the variability across adenoma growth patterns as well as
the finding of intratumoral heterogeneity within adenomas and cancers. One major criticism
of the classical stepwise acquisition model is the observation that adenomas can have
different growth fates. The inclusion and timing of the three different mechanisms within the
punctuated equilibrium model allow for variation in the evolutionary tempo, while
functioning within the context of the adenoma-to-carcinoma sequence. For example, within
the normal-appearing colonic epithelium during the static phase prior to the formation of a
visible mass, eventual clonal passenger mutations are accumulating in a non-selective
manner. From this point, gradualism or a punctuation event may occur, allowing for a
phenotypic change resulting in the development of an adenomatous mass. This phenotypic
change can be the result of mutations, copy number changes, and epigenetic or
transcriptional changes. Following a period of gradualism or punctuation, another static
phase could occur, allowing for the neutral expansion of multiple tumor clones. Polyps that
progress likely undergo additional rounds of punctuation and stasis, allowing for the
emergence of a clone that is better able to cope with hypoxia and metabolic stress, a clone
that has a more mesenchymal phenotype, and in some cases a clone with an invasive
phenotype (figure 1C-D). This would be in contrast to polyps that remain unchanged in their
volumetric size. These polyps may remain in evolutionary stasis for extended periods of time
(figure 1G—H). While the molecular basis of tumor regression is speculative, polyps that
regress in size over time and those that resolve completely may become more immunogenic
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or even lose their ability for neoplastic growth through a punctuation event that impairs the
fitness of the neoplastic cells.

A second criticism of the classical stepwise acquisition model is the finding of intratumoral
heterogeneity within both adenomatous polyps and cancers. In the punctuated equilibrium
model, multiple clones can co-exist due to the variation of when natural selection is active.
Both punctuation events and stasis do not require natural selection to occur. In fact, the
mechanism of stasis specifically lacks natural selection and allows for the neural expansion
of all present tumor clones. This possibility allows a tumor as a whole to progress without
necessitating that a clonal sweep of the most malignant clone had to occur. Therefore,
tumors of any size can include various amounts of intratumoral heterogeneity. However, this
model is not restricted to tumors with high levels of intratumoral heterogeneity. Relatively
homogenous tumors can arise via the gradualism mechanism. Here, selection is active,
creating a population bottleneck, and allowing only the most fit tumor clone to survive.
While the punctuated equilibrium model is one way to explain the varying levels of
intratumoral heterogeneity seen in CRCs, an alternate mechanism involving early short-
range migratory ability and cell turnover [49] has been proposed.

Theoretically, the cancer punctuated equilibrium model does seem to better fit what has been
observed both grossly and on a molecular level during the adenoma-to-carcinoma sequence.
However, the precise timing of the three mechanisms during the evolution of a malignant
cancer as well as the dynamics between multiple clones remains unknown.

4.0 Expert Commentary

Understanding tumor evolution from initiation through metastatic spread is critical for long-
term CRC prevention, detection, and treatment. Resistance to targeted therapies has long
been acknowledged as a major problem when treating and managing metastatic cancers.
While precise mechanisms of pre-existing versus acquired drug resistance are under debate,
likely both mechanisms can occur depending upon the specific biological context. In this
sense, staying ahead of the process of evolution itself seems daunting. However, a deeper
understanding of the mechanisms of tumor evolution may lead to novel drug targets and
therapeutic approaches. In light of the cancer punctuated equilibrium model, targeting the
mechanism behind punctuation events may be able to prevent additional drug resistance and
may be useful in preventing cancerous tumors in high-risk populations. Furthermore,
understanding how convergent evolution functions both within and among the hallmarks of
cancer may lead to novel combination strategies to prevent further resistance to anti-tumor
therapies. Moreover, having a biomarker or measure of when a punctuation or evolutionary
event is occurring, such as CT-based radiomic metrics or changes in circulating tumor cells,
may enable prevention of the selection of a more malignant tumor clone and allow for
changes to a patient’s treatment regimen.

Immediate implications of this new model to CRC prevention are harder to pinpoint.
However, long-term changes to screening guidelines and modalities could conceivably be
implemented in the future. The cancer punctuated equilibrium model of tumor evolution
postulates that early molecular events impact tumor growth behavior later on. With a greater
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understanding of early events on polyp growth and progression behavior, screening intervals
may increase or decrease for patients with low- versus high-risk molecular characteristics
and other factors. Additionally, a better understanding of colorectal tumor evolution and
progression will allow for novel less-invasive screening mechanisms, increasing patient CRC
screening compliance without the unnecessary burden on Gl endoscopists.

In conclusion, theories of tumor evolution can themselves evolve as demonstrated by the
shift from a stepwise accumulation of alterations model, to a Big Bang model, to a
punctuated equilibrium model. This most recent model explains, via three evolutionary
mechanisms, the observed confounding evidence against previous models. Under this cancer
punctuated equilibrium model, increased intratumoral heterogeneity, rapid tumor
progression, periods of tumor stasis, and neutral evolution can all be explained. While surely
this model too will be subject to revision, at present it represents a major shift from the
previous longstanding model of tumor evolution.

5.0 Five-year View

Over the next five years this new model of tumorigenesis is likely be subject to revisions as
multi-omic and single cell resolution technologies improve. The previous five years have
seen immense improvement in these areas and have given rise to this new model of tumor
evolution. It is our hope that over the next five years researchers will be able to answer some
of the lingering questions in the field of cancer biology and tumor evolution: can crypts of
susceptible cells be identified prior to neoplastic transformation? Can adenomatous tumors
that are “born to be bad” be distinguished from their more benign counterparts? Where and
when does the malignant clone arise? Can tumor evolution be therapeutically targeted?

Reflecting on these questions in the context of the current model, we speculate that there are
previously unidentified factors that make certain cells more susceptible to neoplastic
transformation and that these factors, whether genetic, epigenetic, or signaling related, could
be identified. As an example, patients with familial adenomatous polyposis, and the
homologous ApcMi™* mouse model, get many tumors throughout their Gl tract. However,
why doesn’t the entire intestinal epithelium become transformed? Others have demonstrated
that a field of APC-deficient crypts may be a necessary intermediate in the establishment of
adenomas [50]. Certainly there is more to neoplastic transformation than driver mutations
alone. It is our hope that these additional factors could be identified and used as biomarkers
in the future to determine personalized screening timelines and distinguish benign
proliferative tumors from truly premalignant cancer precursors.

As our understanding of tumor biology and cancer evolution increases, we envision that the
process of tumor evolution itself could be therapeutically exploited. While mechanisms of
generating genetic diversity, such as the APOBEC family of DNA deaminases [51], are
currently being investigated as novel targets, understanding the role of convergent evolution
in the context of the hallmarks of cancer may also lead to promising therapeutic targets and
combinations. Similar to the concept of synthetic lethality, understanding the pathways
involved in tumor evolution, as well as the alternates when those fail, will be critical to
halting the rise of drug-resistant clones. While many of the complex interactions between
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tumor cells, their environment, and the immune system remain unknown, we predict that a
deeper understanding of these will lead to novel prevention and treatment options.
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Key Issues

Colorectal polyps have a variety of growth behaviors; some grow and
progress, some grow for a period of time and then remain static in size, and
some grow for a while and ultimately regress below limits of imaging-based
detection.

Early molecular events including genetic, epigenetic, and transcriptional
changes, contribute to the differential growth fates of colorectal polyps.

Some tumaors appear to be “born to be bad”.

Improvements in multi-omic technologies are revealing vast amounts of
intratumoral heterogeneity.

A stepwise model of tumor evolution is by itself insufficient to explain the
molecular and phenotypic intra- and intertumoral heterogeneity that is
observed in CRC tumorigenesis.

Two new models of CRC evolution have been described in the literature: Big
Bang growth and Cancer Punctuated Equilibrium.

The cancer punctuated equilibrium model encompasses three evolutionary
processes: stasis, gradualism, and punctuation.

Understanding tumor evolution will likely lead to novel prevention and
treatment options.
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Figure 1.
The cancer punctuated equilibrium model of colon tumor evolution better explains the

variability of colorectal polyp growth. Computed tomography colonography (CTC) images
from the initial (A) and final (B) scans from a patient with polyp that had an annual
volumetric growth rate of 59% that was followed over 2.1 years prior to polypectomy. Black
arrows point to the polyp that was followed longitudinally. (C) and (D) are possible
evolutionary trajectories for a growing polyp. Shading under the line represent levels of
intratumoral heterogeneity with punctuation events creating the greatest amount of
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heterogeneity. Tumorigenesis may begin with a punctuation event or periods of stasis and
gradualism, a second punctuation event may provide enough molecular diversity allowing
for malignant transformation. (E) and (D) are CTC images from the initial and final scans
from a patient with polyp that had an annual volumetric growth rate of —33% that was
followed over 0.9 years prior to polypectomy. (G) and (H) are possible evolutionary
trajectories for a regressing polyp. Tumor regression may occur with the emergence of a
negative or immunogenic phenotype acquired during a period of gradualism or via a
punctuation event.

Expert Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2018 August 01.



	Abstract
	1.0 Introduction
	2.0 Tumor Evolution
	2.1 Tumor Fate
	2.2 Time
	2.3 Tumor Fitness
	2.4 Intratumoral Heterogeneity
	2.5 “Born to be Bad”

	3.0 New Models of Tumor Evolution
	3.1 Big Bang Tumor Evolution Model
	3.2 Punctuated Equilibrium Tumor Evolution Model

	4.0 Expert Commentary
	5.0 Five-year View
	References
	Figure 1

