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Although phenotypic intratumoral heterogeneity was first
described many decades ago, the advent of next-generation
sequencing has provided conclusive evidence that in addition
to phenotypic diversity, significant genotypic diversity exists
within tumors. Tumor heterogeneity likely arises both from
clonal expansions, as well as from differentiation hierarchies
existent in the tumor, such as that established by cancer stem
cells (CSCs) and non-CSCs. These differentiation hierarchies
may arise due to genetic mutations, epigenetic alterations, or
microenvironmental influences. An additional differentiation
hierarchy within epithelial tumors may arise when only a few
tumor cells trans-differentiate into mesenchymal-like cells, a
process known as epithelial-to-mesenchymal transition (EMT).
Again, this process can be influenced by both genetic and
non-genetic factors. In this review we discuss the evidence for
clonal interaction and cooperation for tumor maintenance
and progression, particularly with respect to EMT, and further
address the far-reaching effects that tumor heterogeneity
may have on cancer therapy.

Introduction

Increasing evidence suggests that intratumoral heterogeneity is
an important aspect of the tumor landscape. Until recently, lineal
evolution was widely accepted, a theory that posits that successive
mutations in a single cell could result in a homogenous tumor
with one dominant clone.'” Evidence supporting this theory
arose from genetic and molecular profiling of small areas of
tumors at static time-points, which was not representative of the
genetic complexity of the entire tumor, and thus only a dominant
clone was often detected.*” However, new technologies involving
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applications of next generation sequencing have allowed a much

6-8 .
more refined look at the landscape of human tumors,”™ revealing
their heterogeneous nature, as multiple clones with varied genetic
mutations have been found within a tumor. While intratumoral
heterogeneity was first described many years ago,” these recent
data lend credence to earlier observations, and have underscored
the importance of understanding both genotypic and phenotypic

intratumor diversity.

Causes of intratumoral heterogeneity
Intratumoral heterogeneity can be divided into 2 main catego-
ries: genetic and non-genetic. As these types of intracumoral het-
erogeneity have been reviewed in detail previously,'*"?

only briefly described below.

they are

Genetic heterogeneity

High resolution sequencing has revealed important driver and
passenger mutations within cells in the primary tumor®® and has
also led to the finding that different cells within the same primary
tumor can harbor different genetic mutations. These findings can
be reconciled with the theory of clonal evolution,"? in which a
tumor of monoclonal origin (arising from a single clone that
accumulates advantageous “tumorigenic” mutations over time)
may become heterogeneous due to the inherent genetic instability
of the cells in the tumor (a hallmark of cancer cells'®). Such insta-
bility results in divergent cell populations within the primary
tumor that can compete or cooperate as the tumor progresses. It
is also possible that 2 or more non-transformed cells within a tis-
sue may accumulate independent mutations and evolve to form a
malignant tumor only when they cooperate with one another. In
this case, the tumor would be polyclonal in origin and the cells
comprising the tumor would consist of different mutations
depending both on the clone from which they arose, and on the
changes in their genome over time.” Regardless of whether
tumors arise in a mono- or polyclonal manner, they can evolve to
be relatively homogenous, with one dominant clone, or heteroge-
neous, containing multiple clones. In the latter case, sub-clones
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may eventually out-compete one another, depending on whether
they contain more “advantageous” mutations, or can evolve in
parallel, a mechanism known as “branched” evolution. Indeed,
ultra-deep sequencing and multiregional genetic analysis of
human tumors has confirmed that branched evolution occurs in
various tumor types including chronic lymphoblastic leukemia
(CLL),"*™ melanoma,'®
cer.'” Branched evolution may also explain how different clones

. 8
renal cell carcinoma,® and breast can-

arising from the same primary tumor display wide mutation
spectrums and phenotypic diversity, differing not only in cellular
18 Lol . 20,21
morphology, ® gene expression, ~ and response to therapies
but also in metastatic abilities.”** It is important to note, how-
ever, that not all genetic mutations within a tumor cell or within
populations of cells have functional or advantageous phenotypic
consequences. The concepts of clonal and branched evolution

have been thoroughly reviewed elsewhere.'*2¢2

Non-genetic heterogeneity

Not only are tumor cells inherently unstable, they are also
constantly under selective pressure from the tumor microenviron-
ment due to their interaction with the extracellular matrix and
with cells in the microenvironment such as immune cells, endo-
thelial cells, and fibroblasts. The cells in the primary tumor also
face alterations in oxygen and nutrient availability and thus expe-
rience distinct selective pressures based on their location within
the primary tumor (whether centrally located in the tumor, or
located closer to blood vessels).?**° This combination of internal
and external pressures allows for outgrowth of subpopulations of
cells that may have genetic, epigenetic, and/or phenotypic differ-
ences,”**?? leading to intratumoral heterogeneity.

An important non-genetic source of heterogeneity within
the tumor is thought to arise from differentiation hierarchies
that exist within tumor cell populations.'” For example, tumor
heterogeneity may result from cells within the primary tumor
existing in different states of “stem-ness," a hierarchy that can
be regulated and maintained in part by the microenviron-
ment.”>>> In this scenario, cancer stem cells (CSCs), which
have the ability to self-renew as they asymmetrically divide,
can propagate the tumor, whereas non-CSCs within the same
tumor would not have this ability. These 2 different popula-
tions of cells (CSC and non-CSC) would then further give
rise to diverse sets of cells as they accumulate mutations or epi-
genetic changes, and undergo selection separately, leading to
increased heterogeneity within the tumor. In the CSC theory,
a small population of cells within the primary tumor drives
tumor progression and metastasis,”® and thus the most effec-
tive therapies should target this population as well as the bulk
of the tumor. Importantly, studies have shown that CSCs
within a tumor are resistant to many commonly used thera-

10.37.38 2nd thus when left behind, contribute to metasta-

pies,
sis.””*! Recently, the potential of a bidirectional relationship
between CSCs and non-CSCs has been recognized in breast
cancer and B cell-lymphoma among others, where cells can
shift between CSC and non-CSC states throughout tumor

evolution.*>*” This shift berween stem cell-like and non-stem
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cell-like states can be spontaneous, and has been shown to be
under the influence of oncogenes and the tumor microenvi-
ronment.' 44

The 2 concepts of clonal evolution and CSCs attempt to
explain intratumoral heterogeneity and may be mutually exclu-
sive when defined in the strictest senses. Though there are differ-
ences between these theories, specifically in terms of the existence
of a differentiation hierarchy and the tumorigenic potential of
only a few cells within the tumor (among others*®), they do over-
lap. Clonal evolution and both genetic and non-genetic altera-
tions can give rise to CSCs that have the ability to both self-
renew and differentiate to further generate distinct clones within
the tumor. Indeed, studies have shown that both CSCs and non-
CSCs have different patterns of mutations, indicating that they
have evolved from distinct clones in the primary tumor.*”°
(Fig. 1)

Much discussion has been devoted to the role of CSCs in
tumors as critical contributing factors to intratumoral heteroge-
neity.'%'>*” However, additional altered differentiation states
may contribute to this heterogeneity as well. For example, in epi-
thelial cancers, the trans-differentiation of epithelial tumor cells
to more mesenchymal-like cells through an epithelial-to-mesen-
chymal transition (EMT) may be another critical component of
the heterogeneous tumor landscape. This phenomenon can at
times be linked to CSCs, as EMT has been shown to increase
CSC-like characteristics.>”***! However, CSC and EMT do not
always go hand-in-hand.”® Nonetheless, an EMT is highly associ-
ated with a gain in metastatic abilities, even when only a small
proportion of the tumor has undergone this transition.’*>°
Thus, EMT may be considered as a largely (although not exclu-
sively) non-genetic contributor to intratumoral heterogeneity.
The importance of EMT in the context of a heterogeneous tumor
will be discussed in detail within this review.

Can clonal cooperation affect tumor initiation
and progression?

A by and large unanswered question in the field with respect
to intratumoral heterogeneity is whether different subpopulations
of clones within the primary tumor interact to affect tumor main-
tenance and/or progression, or whether cells are actually recruited
to the tumor and induced to be tumorigenic. Indeed, recent stud-
ies have shown that tumor maintenance may require interaction
between clones in a primary tumor, as well as between tumor-ini-
tiating cells and progenitor cells in the environment.

Holland and colleagues examined this issue in a study using
human platelet-derived growth factor (hPDGF)-induced murine
gliomas that are thought to arise from one cell of origin (glial
cells) but are heterogeneous in nature.”’ Using 2 different mouse
models of hPDGF-driven gliomas, along with lineage tracing
studies, the authors were able to distinguish which cells in the
tumor were derived from the cell of origin, versus which cells
were not, and were then able to perform tumorigenic and expres-
sion analyses on the 2 different populations. The heterogeneity
in these gliomas arises from the ability of the tumor cells to
recruit normal neural stem cells as well as progenitor cells (that
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Figure 1. Heterogeneity can arise from both
genetic and non-genetic mechanisms. Intratu-
moral heterogeneity can arise through a vari-
ety of mechanisms. (A) A strictly genetic
mechanism can involve genetic mutations
(lightening bolt), some of which may give a
clone a fitness advantage over nearby tumor
cells (light blue and orange genotype is more
fit than green genotype). This model can
involve genetic fitness being selected for by
the local microenvironment. An increased
oxygen and nutrient supply may select for
one type of clone (light blue), while the oppo-
site could be true for another clone (orange).
This pattern of mutation can repeat over time,
yielding a tumor with numerous clones. Such
mutations can be stochastic in nature, can be
influenced by genomic instability and can be
influenced by chemo- and radiation therapy,
in addition to other sources. (B) An alternative
model involves cancer stem cells (CSCs),
which arise due to differentiation hierarchies
that may not involve genetic alterations, but
may act in combination with mutations. A
self-renewing tumor cell, the CSC, can
undergo asymmetric division, increasing the
overall number of CSC and non-CSC tumor
cells. Genetic mutation of a CSC can lead to
the outgrowth of a more fit genetic clone
(dark blue), that may or may not be affected
by the local microenvironment. Additionally,
the microenvironment can trigger phenotypic
changes, such as what occurs in a hypoxic
environment (red cells). Importantly, if the
original clone is outcompeted over time, it
would not be detectable in patient biopsies.

don’t overexpress hPDGF), but proliferate
to contribute to the tumor mass. Interest-
ingly, when the gliomas were induced by
hPDGEF in mice with germline deletions of
Ink4a, Arf, and/or PTEN, the recruited
population (not derived from the cell of
origin) was expanded such that it could
dominate regions of the tumor. Impor-
tantly, transplantation studies revealed that
these recruited cells could give rise to glio-
mas on their own, exhibiting expression
profiles and genetic abnormalities that
were seen in the glioma cells, but not in
the normal progenitor cells. Thus, the
authors demonstrated that non-cell-of-
origin cells in glioma can actually be trans-
formed non-cell autonomously by the
glioma environment, providing a new para-
digm for gliomagenesis.
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expression of Wntl in the mammary epithelial cells was shown

In another such study by Gunther and colleagues, cooperation  to result in bi-clonal, heterogeneous tumors consisting of basal
between distinct clones in a Wntl-driven murine mammary and luminal epithelial cells. A requirement for Wntl in tumor
tumor was shown to be essential for tumor maintenance.”® In  maintenance was shown using an inducible Wntl system, since

this study, the mouse mammary tumor virus (MMTV)-Wntl  deprivation of Wntl led to tumor regression. Interestingly, some

murine mammary tumor model was employed, where aberrant  cells within this heterogeneous tumor cell population were found
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to spontaneously acquire Hras mutations. On further analysis of
the Hras mutant tumors, the authors found that half of the
tumors consisted of basal and luminal cells with identical Hras
mutations. On the other hand, the remaining half of the tumors
consisted of basal cells that harbored mutant Hras and expressed
low Wntl levels and luminal cells that contained wild-type Hras
and high Wntl levels. They also found that the luminal cells
within the heterogeneous tumors were the main source of Wntl
that helped in the maintenance of the tumor mass. When the
tumors were deprived of the Wntl ligand to imitate targeted
therapy, the basal cells recruited other luminal cells to provide
the required Wntl, which led to tumor recurrence. Hence,
within the heterogeneous Wntl-driven mammary tumor, the
low Wntl-expressing, mutant HRas basal cells required Wntl
from the high-Wntl expressing luminal cells to maintain tumor
mass, indicating that interclonal cooperation is necessary in this
context for tumor maintenance.

Additional studies have provided evidence for clonal coopera-
tivity not only in tumor maintenance, but also in tumor progres-
sion. Using a colorectal cancer model, Ellis and colleagues
demonstrated that both CSC-like cells and chemoresistant cells
within the primary tumor have the ability to confer chemoresist-
ance on surrounding “chemo-naive” cells.”” Specifically, colorec-
tal cancer cells were made chemoresistant through chronic
exposure to Oxaliplatin (OxR cells), a common chemotherapeu-
tic agent used in the treatment of colorectal cancer. Not only did
the OxR population of cells have an increased percentage of
CSCs compared to the chemo-naive parental cells, but the condi-
tioned media from OxR cells, when placed on chemo-naive cells,
led to their increased survival both in the presence or absence of
Oxaliplatin. In addition, subcutaneous injections of different
ratios of OxR and parental chemo-naive cells into mice resulted
in the largest tumors when the injections contained equal num-
bers of both cell types (in a 1:1 ratio), as compared to injection
of either pure population of cells, even though the total number
of cells injected into mice in each case was the same. Since the
investigators observed that the OxR cells grew at a slower rate
compared to the parental cells, the larger mixed in vivo tumors
suggest that the cell lines were non-cell autonomously interacting
to aid tumor growth. Intriguingly, the effect of the OxR cells was
shown to occur over significant distances, as injection of these
cells into one flank of a mouse promoted the growth of chemo-
naive cells that were injected into the other flank of the same
mouse. Thus, these studies again demonstrate that interclonal
cooperation is necessary for tumor maintenance and progression.

These aforementioned studies demonstrate that once a tumor
has formed, it can be composed of phenotypically and/or geno-
typically distinct clones that interact to the benefit of one or
more clones within the tumor. Thus, while competition between
clones may result in dominant clones with maximum fitness tak-
ing over the tumor,®® clonal cooperation can also occur, in which
co-existence of multiple different clones can impact tumor pro-
gression positively and lead to more aggressive disease. In recent
years, interclonal cooperativity has clearly been demonstrated to
impinge on metastatic dissemination.
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Metastasis and intratumoral heterogeneity
Approximately 90% of cancer related deaths occur due to

. . . . 6,61
metastatic C[lSSCI’l’lll’lathIl.5

There is thus an urgent need
to develop better therapies to combat metastatic disease and to
improve outcome, and indeed much basic research focuses on
gaining a more complete understanding of the molecular mecha-
nisms behind the metastatic cascade. During the process of
metastasis, tumor cells need to gain characteristics that enable
them to move out of the primary tumor, into and out of the vas-
culature, and into a secondary site where, perhaps after a period
of dormancy, they must regain the capacity to proliferate to colo-
nize at that site.* Thus, a tumor cell will form clinically detect-
able metastases only if it is able to successfully navigate the many
steps of the metastatic process. Metastasis is thus considered to
be an inherently inefficient process,*” with only a small percent-
age of the cells within the primary tumor having the potential to
colonize a secondary site. It would thus seem advantageous to
bestow dissemination potential upon as many cells within the
primary tumor as possible. This could be achieved through inter-
clonal cooperation and non-cell autonomous mechanisms and
would increase the likelihood of metastasis and outgrowth at the
secondary site. Thus, while one individual cell may not be able to
carry out each of the steps of metastasis, a neighboring cell may
allow it to perform a step it normally could not on its own.

There is still some controversy over whether tumor cells
innately contain the capability to metastasize, or whether meta-
static ability is a phenotype that cells gain from a set of genetic
and epigenetic changes that occur throughout tumor progres-
sion.?”®>%% Tt is likely that both these mechanisms could be at
play. This question is important to address since current therapies
mostly rely on the theory that metastases are similar to the pri-
mary tumor from which they arise.®””" Indeed, studies in breast
cancer have shown that primary tumor cells left behind post neo-
adjuvant treatment have molecular profiles different from
matched biopsy samples taken prior to the treatment. Genetic
profiling of these residual tumor cells revealed molecular altera-
tions that correlate with poor patient prognosis and might thus
be similar to micro-metastases formed in these aggressive can-
cers.”* On the other hand, there is ample evidence that both dis-
seminated tumor cells, as well as metastases, are made up of cells
with a mutational spectrum that is different from that in the cells
of the primary tumor.”

A multitude of studies have also shown that both tumor initia-
tion and metastatic progression are influenced and often facili-
tated by the tumor microenvironment consisting of stromal cells,
extracellular matrix and immune cells.”* However, the tumor
microenvironment can also serve to negatively regulate tumor
progression. For instance, p53 expression in hepatic stellate cells
has been shown to non-cell autonomously curb initiation of
hepatocellular carcinoma by promoting an anti-tumor microen-
vironment via secretion of senescence promoting factors in the
murine liver.”> Fibroblasts in the tumor microenvironment have
also been shown to secrete TGF-B (transforming growth factor-
B) ligands, which can suppress tumor progression in the adjacent
epithelia.”® But this equation is further complicated by the pres-
ence of different subpopulations of cells within the primary
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tumor itself, which express different genes, have varying meta-
static potentials and respond differently to chemotherapy. Given
that the primary tumor is populated with distinct cancer cells, it
is important to understand whether the cells with metastatic
potential within the primary tumor can increase the metastatic
potential of the surrounding non-aggressive cells.

Clonal cooperation in metastasis

One of the first demonstrations of clonal cooperation in
metastasis was reported by Fred Miller and colleagues in 1983.
Using a set of syngeneic murine mammary carcinoma cell lines
derived from a spontaneous tumor arising in a Balb/c mouse,*
the Miller group showed that the tumorigenic, yet non-meta-
static 67nr cells metastasized to the lungs only when co-injected
intravenously into mice with the highly metastatic 4tl
clones.”””® The same group also demonstrated that an interac-
tion occurred between the syngeneic cell lines with varying meta-
static potentials when they were ecither cultured in vitro or
orthotopically injected into the mammary fat pads of immuno-
competent Balb/c mice. In some cases the more metastatic cells
when injected into one flank of the mouse, inhibited the in vivo
growth rate of the weakly metastatic cells injected into the other
flank of the same mouse, a phenomenon that was attributed to
the interaction of these cells with the immune system of the host
mice.”” In another study, growing the more metastatic and
weakly metastatic cells together resulted in the suppression of
growth of the weakly metastatic clones.®® Around the same time,
Fidler and colleagues discovered that clonal interactions between
more and less metastatic clones in the B16 murine melanoma
model led to stabilization of the metastatic phenotype in the less
metastatic clones,”’ again demonstrating the importance of inter-
clonal interactions in metastasis. In 1993, this issue was revisited
when David Tarin and colleagues demonstrated that subcutane-
ous co-injection of intrinsically metastatic and non-metastatic
clones of the same murine fibrosarcoma line into mice, although
resulting in a heterogeneous primary tumor, produced a signifi-
cant number of metastases consisting only of the non-metastatic
clones.®? Importantly, subcutaneous injection of only the non-
metastatic clones into mice did not result in any metastases. Data
from this study yet again suggested that metastatic cells must
either impart metastatic characteristics on non-metastatic cells, or
that they must somehow aid the non-metastatic cells in reaching
the secondary site.

More than a decade later, Xiang and colleagues demonstrated
that metastatic BL6-10 murine melanoma cells release exosomes,
which are small vesicles derived from the endolysosomal pathway
that transport various molecules between cells, and that these
exosomes can increase the metastatic potential of syngeneic non-
metastatic F1 melanoma cells.®” In this study, non-metastatic F1
(parental) melanoma cells metastasized efficiently to the lungs
after intravenous injection only when previously cultured with
exosomes derived from highly metastatic BL6-10 cells. The exo-
somes derived from the metastatic cells were profiled and shown
to express a previously described metastatic marker Met 72 (a gly-
coprotein and tumor antigen expressed exclusively by the meta-
static BL6-10 cells but not the F1 cells). Interestingly, Met 72
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was observed to be expressed by the non-metastatic F1 cells after
their treatment with exosomes released from the metastatic BL6—
10 cells, which the authors concluded, enabled the F1 cells to
metastasize. This study suggests that had the metastatic and non-
metastatic clones co-existed in the primary tumor, the exosomes
released by the metastatic clones could stably alter non-metastatic
clones, making them more metastatic (Fig. 2).

More recently, Berns and colleagues have provided clear evi-
dence that clonal cooperation, under some circumstances, is
required for metastasis.®* These investigators found 2 populations
of cells within a murine model of small cell lung cancer (SCLC):
neuroendocrine small cells (NE) and mesenchymal large cells
(nonNE), each with distinct gene and protein expression profiles.
Importantly, this study showed that crosstalk occurred between
the 2 populations of cells in vitro wherein each cell type had a
proliferative advantage when cultured in the presence of the
other. Surprisingly, the intrinsically non-metastatic NE cells
formed metastases only when co-injected subcutaneously with
nonNE cells. Single injections of neither the NE nor nonNE cells
formed metastases, suggesting that cooperation between these
cells was necessary to facilitate metastasis.**

Taken together, these studies provide compelling evidence
that interclonal cooperativity within the primary tumor can affect
metastatic outcome positively by increasing the number of cells
with metastatic potential and thus the overall probability of met-
astatic occurrence.

Epithelial-to-mesenchymal transition and metastasis

Epithelial-to-mesenchymal transition (EMT) is a normal
developmental process that is critical for embryogenesis, but has
also been observed during wound healing and carcinoma progres-
sion.”® Three types of EMT have been defined: 1) The EMT that
occurs during embryogenesis and is required for processes such as
gastrulation, which is referred to as Type I EMT,*>#¢ 2) The
EMT that occurs during wound healing and tissue regeneration,
which is referred to as Type Il EMT,*® and 3) The EMT that
occurs in cancer cells, which are thought to hijack a process that
shares numerous characteristics with developmental EMTs, and
is referred to as Type III or “oncogenic” EMT. In EMT, epithe-
lial cells reduce cell-cell adhesion and apical-basal polarity,
enabling them to separate from each other and invade through
the basement membrane. This change is accompanied by the for-
mation of filopodia on the cells and a switch from cell-cell adhe-
sion-promoting integrins to those that promote cell-extracellular
matrix adhesions.?” In addition, remodeling of the cytoskeleton
occurs, replacing the static configuration of the epithelium with a
more fluid and dynamic state which allows the cells to be more
motile.*® Morphologically, the more cuboidal shaped epithelial
cells often become more elongated through changes to the actin-
myosin cytoskeleton,®® though this morphological change may
not always be observed. This change is often accompanied by
downregulation of epithelial proteins such as E-cadherin and ker-
atin 18, concordant with the upregulation of mesenchymal pro-
teins such as N-cadherin and Vimentin. Such changes promote
migration and invasion, and could thus facilitate metastasis.*>”
It should be noted that this conversion in cancer is not always
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Figure 2. Non-cell autonomous interactions can increase metastatic propensity: exosomes as an example. The BL6-10 cell line is a highly metastatic sub-
clone derived from the non-metastatic F1 cell line. Met 72, a previously identified metastasis marker, was found to be expressed on the surface of (A)
BL6-10 cells, but not (B) F1 cells. Additionally, Met 72 was expressed on the surface of exosomes derived from BL6-10 cells. (C) Treating F1 cells with exo-
somes from BL6-10 cells caused F1 cells to become Met 72-positive and significantly increased the metastatic ability of F1 cells.®

thought to be complete, and in fact recent evidence suggests
that carcinoma cells at the leading edge of the tumor as well
as in circulation may exist in an intermediate state, expressing
both epithelial and mesenchymal markers simultaneously.*®
These recent findings make it easier to understand how a
reversal in EMT may occur at the secondary site (a mesen-
chymal-to-epithelial transition or MET), to allow for out-
growth of the metastatic lesion. Indeed, the requirement of
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an EMT-MET axis in cancer metastasis has been shown in
some models.’>*! Because EMT during carcinoma progres-
sion is thought to be very plastic, the term Epithelial-Mesen-
chymal Plasticity (EMP) is now frequently used instead of
EMT.”? Importantly, EMP has been shown to occur only
within a subpopulation of cells within the primary tumor,
thus again demonstrating the heterogeneous nature of

tumors.”> ¢
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Cancer cells are known to utilize embryonic pathways to pro-
mote tumor progression via enhancing properties such as migra-
tion, invasion, and neovascularization.”*>”* Thus, many of the
same molecular players that control developmental EMTs also
regulate oncogenic EMTs. These include signaling pathways like
Wnt and TGF-, transcription factors like Snail, Twistl, the Six
family members, which promote EMT, and various microRNAs
(miRNAs), including the miR-200 family members that regulate
epithelial identity.”>"*> During stages of embryogenesis such as
gastrulation and cardiogenesis, ligands of signaling pathways like
Wntl and TGF-B1, 2 and 3 signal in an autocrine and/or para-
crine manner to control EMT.”>?¢ Different sets of cells in the
primitive streak, and later the mesoderm, express the ligands or
the respective receptors for each of these pathways (with some
cells expressing both), and communication between these cells is
essential for migration, proliferation and cell-fate determination.
Thus, activation of these signaling pathways in one set of cells
can non-cell autonomously influence other cells. MiRNAs are a
fairly recently described class of small non-coding RNA mole-
cules which were first discovered in C. elegans as molecules that
regulate the timing of differentiation.”””® Since then numerous
miRNAs have been implicated in the process of embryogene-

-5’95,99

si and they are known to regulate many developmental

100-10
genes.

EMTs in various systems including during kidney fibrosis and
have been implicated in Type III EMTs during cancer progres-
sion."%1% The specific role of miRNAs in non-cell autono-
mously causing EMT of cells during development is still

unknown. The roles of these factors during development have
55,99,106-108

%> Importantly, they are known to cause Type II

been reviewed extensively elsewhere.

In the context of cancer, many of the above mentioned signal-
ing pathways, transcription factors, and miRNAs have been
shown to cell autonomously cause oncogenic EMTs and/or to
increase metastasis, and their overexpression in various cancers is
often associated with lower overall survival and poor progno-
sis.”> 192110 Gince some EMT-inducing factors like Wntl and
TGEF-B ligands are secreted molecules, it is not a surprise that
secretion of these ligands from cells in the tumor microenviron-
ment affects the tumor cells expressing the appropriate receptors
i.e., that they have non-cell autonomous roles in cancer.”®
However, the non-cell autonomous functions attributed to
EMT-inducing factors may result not only from secretion of
these molecules from cells in the microenvironment, but also
from tumor cells within the heterogeneous tumor. They may also
occur in response to alterations in EMT-inducing transcription
factors as well as miRNAs. For example, it was recently discov-
ered that malignant cells could release miRNAs in larger exo-
somes that expressed different surface markers as compared to
the exosomes released from normal non-cancerous cells.'!" Since
studies such as the murine melanoma study outlined above, have
shown that exosomes released from malignant cells can increase
the metastatic properties of other cells®>11? and since exosomes
are known to contain mRNA, proteins and miRNAs, it suggests
that secreted miRNAs, as well as any other proteins or mRNA,
contained within the exosomes can non-cell autonomously alter
the properties of cancer cells. Indeed, a study done by Taylor and
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colleagues''? showed that tumor-derived exosomes isolated from
sera of ovarian cancer patients contained a variety of miRNAs,
both similar to and different from the miRNAs expressed by the
tumor mass, including some that have been previously associated
with increased metastasis in ovarian cancer.'*

Finally, it should be noted that EMT-inducing factors exist in
a complex web, which may have consequences in a heterogeneous
tumor. For example, TGF-f3, which activates Snail during devel-
opment, can also activate and/or be activated by Snail in the con-
text of cancer.!> ' Thus, cancer cells in which Snail has been
upregulated may increase their secretion of TGF-B, leading to
EMT in neighboring cells that did not originally have increased
levels of Snail (but may ultimately upregulate Snail downstream
of TGF-B). However, to date, no formal studies have demon-
strated that the EMT-inducing transcription factors play non-cell
autonomous roles in mediating tumor progression.

EMT and intratumoral heterogeneity

Although only few cells in a heterogeneous primary tumor
may undergo EMT, particularly those at the leading edge of the
tumor,’®” it is possible that these few cells may non-cell autono-
mously increase the potential of surrounding cells to undergo
EMT and/or metastasize. Alternatively, it has been proposed that
the epithelial tumor cells within a heterogeneous tumor may help
to maintain the mesenchymal-like state of tumor cells that have
undergone EMT.? To elaborate, it has been hypothesized that
when some cells within the primary tumor undergo EMT
(induced by factors secreted from within the tumor), the other
surrounding tumor cells that secreted those EMT-inducing fac-
tors remain “epithelial” to continue providing the factors to
maintain the EMT phenotype of the other cells.” Thus interclo-
nal cooperation between distinct clones in the primary tumor
that have undergone EMT to become mesenchymal-like (EMT
cells) and those that have stayed epithelial (non-EMT cells) may
be critical for maintaining the EMT status of the tumor cells.
Since studies have shown that cells that have undergone EMT
also metastasize more efficiently,”>''® interclonal cooperation
between EMT and non-EMT cells and its possible effect on
metastasis, is important to consider. In recent years, a few studies
have probed into this cooperation and have shown that it may be
critical to facilitate metastasis. These studies will be discussed is
brief in the following section.

Clonal cooperation in EMT and the effect on metastasis

As mentioned earlier, some EMT-inducing factors have the
ability to act non-cell autonomously to cause EMT during devel-
opment. Many studies have shown that a tumor’s microenviron-
ment can affect the EMT status of the tumor cells (reviewed
more thoroughly in),”*"'?'2% and factors like TGF-B1, secreted
by the microenvironment, have been shown to non-cell autono-
mously regulate EMT of cells in the primary tumor.'?' Few, if
any, studies have asked if a mixed population of cells within the
tumor itself, some of which have undergone EMT, can cause the
surrounding cells to undergo EMT to affect metastatic progres-
a number of studies have demonstrated

sion. However,
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cooperativity between tumor cells that have undergone EMT and
those that have not.

Studies first done by Lyons and colleagues looked at interclo-
nal cooperativity between cells that underwent EMT (EMT cells)
and cells that remained epithelial (non-EMT cells) within a
carcinoma cell population.'**'>* Using BC1 rat mammary carci-
noma cells consisting of a mixed population of epithelial (non-
EMT) and metaplastic (EMT) cells, this group demonstrated
that the non-EMT cells induced production of proteinases by the
EMT cells which enabled efficient degradation of extracellular
matrix. The non-EMT cells also secreted factors that increased
growth and attachment of the EMT cells."?*'?* The EMT cells
reciprocated by producing secreted proteins that conferred multi-
drug resistance benefiting both cell types.'*” Hence, this interclo-
nal interaction in the heterogeneous BCI cell line benefitted
both populations of cells.

An elegant study by Tsuji and colleagues recently demon-
strated that, at least in some models, cooperation between EMT
and non-EMT cells is necessary to mediate metastasis.'>> In this
study, a downstream effector of TGF-f signaling, p12, was used
to induce EMT of hamster cheek pouch carcinoma cells. p12
expression increased the invasive phenotype and dissemination of
these cells, but did not enable metastatic colonization, regardless
of whether the cells were injected into mice subcutaneously, to
first form primary tumors, or intravenously, to bypass early meta-
static steps including invasion and intravasation into the vascula-
ture. On the other hand, the non-EMT parental cells were able
to metastasize, but only when injected into mice intravenously,
bypassing the early steps of metastasis. Importantly, when the
non-EMT cells were subcutaneously injected into mice along
with the EMT cells, both EMT and non-EMT cells could be
found in the blood stream (differentiated by differentially label-
ing the cells with GFP or DsRed), whereas only the non-EMT
cells could be found in the lungs as metastases. These data
strongly suggest cooperativity between EMT and non-EMT cells,
whereby EMT cells facilitate invasion through the basement
membrane and intravasation into the vasculature, which allows
the non-EMT cells to access circulation. Once the non-EMT
cells are in circulation, they are themselves able to extravasate and
grow at the secondary site. Thus, different clonal populations, as
represented by EMT and non-EMT cells, were able to interact to
produce a metastatic outcome.

Additional studies performed in prostate and bladder cancer
models have recently provided further evidence that EMT and
non-EMT cells cooperate to affect metastatic outcome. In this
study by Thomson and colleagues,'*® the authors found that in
contrast to previous studies where the more mesenchymal cells
have increased tumor initiating capacities,”” the more epithelial
(non-EMT) cells exhibited a CSC-like gene signature and were
less invasive, but more metastatic when injected into mice, as
compared to the more mesenchymal-like (EMT) cells. Co-cultur-
ing the non-EMT and EMT cells resulted in increasing the in
vitro invasive properties of the non-EMT cells. It was also
observed that orthotopic co-injection of the non-EMT and EMT
clones into mice diminished the growth rate of the primary
tumor, compared to injection of the non-EMT clone only, but
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accelerated the metastatic rate of the metastatic non-EMT cells.
Acceleration of metastasis was seen when the EMT and non-
EMT cells were co-injected into mice intramuscularly, as well as
intravenously. It should be noted that while the non-EMT meta-
static cells appeared more epithelial in vitro, these cells were able
to undergo partial EMT in vivo as demonstrated by upregulation
of the mesenchymal marker fibronectin and downregulation of
the epithelial marker E-cadherin in the primary tumor. These
data support the idea that cellular plasticity may be the critical
factor that enables metastatic dissemination and that this plastic-
ity may be transferred non-cell autonomously to other cells, to
ultimately affect metastatic progression.

Together, these studies show that cells that have undergone
EMT, while not always metastatic in nature, are able to influence
those cells in the tumor that have not undergone EMT (or vice
versa).

Consequences of clonal cooperativity

The interaction between different clones in the tumor has
been hypothesized to occur through adjoining matrix connec-
tions or through secretion of diffusible factors by one or both
kinds of clones.'*” If interactions occur via adjoining matrices,
the effects could be expected to be more proximal than if a diffus-
ible factor was involved. In addition, any factors’ effects on
neighboring cells would be expected to be inversely proportional
to the distance of the recipient cells from the cell(s) secreting the
factors.>'*” Given that diffusible factors that can alter the proper-
ties of neighboring cells within the primary tumor have been
identified, only a few cells would need to undergo EMT and/or
gain metastatic potential in order to increase overall metastasis.

It is clear from the studies summarized above that crosstalk
occurs between the different cell populations comprising the pri-
mary tumor. Not only are the intrinsically metastatic clones
within the tumor capable of making the surrounding cells more
metastatic, the non-aggressive cells also often aid in altering the
metastatic outcome.

It is unlikely, given the sequencing studies carried out in vari-
ous cancers, that one single clone will take over the entire tumor,
since multiple clones with varied genetic mutations have been
identified within the same tumor. It seems beneficial for both the
aggressive and non-aggressive clones to have the other present.
Whether the cooperation between the different clones results in
positive tumor progression and increased metastasis, or whether
it results in the stunting of tumor progression, it is likely under
the regulation of many factors and probably heavily influenced
by the tumor microenvironment. Microenvironmental changes
and pressures have been shown to be partly responsible for the
outgrowth of these different subpopulations of cells® and could
possibly play a role in making one direction of interaction
between these cells more dominant than the other.

It is also unknown whether the result of this cooperation is
permanent. Aggressive cells could only temporarily change the
non-aggressive cells; just enough to allow them to escape into the
blood stream and colonize at a secondary site. Thus, these cells
with “pseudo” metastatic potential might revert to their non-
aggressive versions in the metastatic site. These cells could then

Volume 9 Issue 4



potentially play a role in aiding the aggressive cells to colonize at
the secondary site. It is known that cancer cells can be dormant
at the secondary site for long periods of time, and microenviron-
mental changes are known to be responsible for bringing cancer
cells out of dormancy.'*®'?? Alternatively, it is possible that these
intrinsically non-aggressive, yet cancerous, cells that have metas-

tasized to the secondary sites secrete factors
that form a more habitable niche for the
metastatic cells. This niche could enable
the cells to transition from dormant to
active metastases.

The possibility that cells with more
metastatic potential can increase the meta-
static ability of the surrounding cells sug-
gests that in order to curb the overall
incidence of metastasis, it will be impor-
tant to identify factors that facilitate this
conversion and inhibit their activity.
Indeed, intratumoral heterogeneity can
have dire consequences on patient survival,
as studies have shown that different popu-
lations of cells within the tumor react dif-
ferently to chemotherapeutic drugs. Many
studies have also shown that CSCs are
resistant to chemotherapy. However, if
CSCs can cause the conversion of non-
CSCs to CSCs, or if these cells are also
capable of non-cell autonomously render-
ing neighboring cells resistant to chemo-
therapy, then a larger percentage of the
tumor than anticipated may not respond
to chemotherapy. Eradication of such het-
erogencous tumors would require strate-
gies to both purge the CSCs and curb
their ability to convert other surrounding
cells. Since non-genetic factors can con-
tribute to heterogeneity by generation of
CSCs'? or alterations in EMT-status, and
since CSC/EMT cells are often chemore-
sistant, one could envision a scenario in
which we try to shift the population of
cells toward a homogenous chemosensi-
tive'” and/or differentiated state by target-
ing  factors released by  the
microenvironment or released by the CSC
and/or EMT cells. A homogenous tumor
made of similar cells would then be easier
to target (Fig. 3).

Current therapies rarely take intratu-
moral heterogeneity into account. Since
this heterogeneity is now known to be
influenced by both genetic and non-
genetic factors, and since clones in the
tumor that cooperate with one another
could harbor different advantageous muta-
at combination

tions, more attempts
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therapies may increase our chances of successfully inhibiting
tumor progression.

In closing, the evidence of intratumoral heterogeneity has
added an additional layer to an already complex problem of how
to target cancers, as we become cognizant that not only is every
person’s tumor different (intertumoral heterogeneity), but that

A B
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Targeting factors secreted by
cells within the tumor

¢

Targeting factors secreted by
the microenvironment
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Conventional therapy
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CSC/non-EMT cell

CSC/EMT cell
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non-CSC/non-EMT cell
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Figure 3. Targeting heterogeneous tumors. The differentiation hierarchy existing within an epithe-
lial tumor, making it heterogeneous in nature, can be due to both the presence of cancer stem cells
(CSCs) and non-CSCs as well as cells that have undergone an epithelial-to-mesenchymal transition
(EMT; EMT cells) and those that remain epithelial (non-EMT cells). Current evidence suggests that
bidirectional conversion between non-CSCs and CSCs is possible, and that CSCs do not always go
hand-in-hand with EMT cells. Additionally, intratumoral heterogeneity can arise from both (A) non-
cell autonomous interactions between cells in the tumors and (B) signals from the microenviron-
ment. Future therapeutics should focus on identifying and targeting molecules that function non-
cell autonomously within the tumor and are secreted from the microenvironment, which will aid in
driving the tumor toward homogeneity. Conventional therapy may then be used on the resulting
homogenous tumor leading to tumor regression.
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(intratumoral heterogeneity), as well as in some cases, between
the primary tumor and metastases. These findings will have far-
reaching implications for prognosis and therapeutics.

there are also vast differences present within a person’s tumor
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