
Contents lists available at ScienceDirect

Mutation Research-Reviews in Mutation Research

journal homepage: www.elsevier.com/locate/mutrev

Review

Multiclonal tumor origin: Evidence and implications

Barbara L. Parsons
US Food and Drug Administration, National Center for Toxicological Research, Division of Genetic and Molecular Toxicology, 3900 NCTR Rd., Jefferson, AR 72079,
United States

A R T I C L E I N F O

Keywords:
Multiclonal tumor origin
Polyclonal
Clonality
Tumor heterogeneity
Tumor initiation
X chromosome inactivation

A B S T R A C T

An accurate understanding of the clonal origins of tumors is critical for designing effective strategies to treat or
prevent cancer and for guiding the field of cancer risk assessment. The intent of this review is to summarize
evidence of multiclonal tumor origin and, thereby, contest the commonly held assumption of monoclonal tumor
origin. This review describes relevant studies of X chromosome inactivation, analyses of tumor heterogeneity
using other markers, single cell sequencing, and lineage tracing studies in aggregation chimeras and engineered
rodent models. Methods for investigating tumor clonality have an inherent bias against detecting multiclonality.
Despite this, multiclonality has been observed within all tumor stages and within 53 different types of tumors.
For myeloid tumors, monoclonal tumor origin may be the predominant path to cancer and a monoclonal tumor
origin cannot be ruled out for a fraction of other cancer types. Nevertheless, a large body of evidence supports
the conclusion that most cancers are multiclonal in origin. Cooperation between different cell types and between
clones of cells carrying different genetic and/or epigenetic lesions is discussed, along with how polyclonal tumor
origin can be integrated with current perspectives on the genesis of tumors. In order to develop biologically
sound and useful approaches to cancer risk assessment and precision medicine, mathematical models of carci-
nogenesis are needed, which incorporate multiclonal tumor origin and the contributions of spontaneous mu-
tations in conjunction with the selective advantages conferred by particular mutations and combinations of
mutations. Adherence to the idea that a growth must develop from a single progenitor cell to be considered
neoplastic has outlived its usefulness. Moving forward, explicit examination of tumor clonality, using advanced
tools, like lineage tracing models, will provide a strong foundation for future advances in clinical oncology and
better training for the next generation of oncologists and pathologists.

1. Introduction

Evidence supporting multiclonal tumor origin was reviewed in 2008
in a publication entitled, “Many different tumor types have polyclonal
tumor origin: Evidence and implications” [1]. A timeline of the critical
studies discussed in that review are presented in Fig. 1 and led to the
conclusion that tumor initiation often involves the interaction between
two or more distinct clones of cells. A massive expansion of research on
tumor heterogeneity has occurred in the eight years following the
publication of this article, driven in large part by the impact of tumor
heterogeneity on personalized cancer therapy. Despite the clonal origin
of tumors being a critical aspect of the theory underpinning cancer
research, only a small fraction of oncology publications address the
concept of multiclonal tumor origin in a direct manner. In order to draw
attention to the discrepancy between continued acceptance of mono-
clonal tumor origin and available data, the following areas are reviewed
here: 1) the current state of scientific acceptance of monoclonal versus
multiclonal tumor origin, 2) X chromosome inactivation (XCI) studies

published since 2008, 3) evidence regarding the clonal origins of tu-
mors obtained using other markers (studies published in 2010 or later),
4) data obtained using single cell sequencing, 5) data obtained using
aggregation chimeras and lineage tracing engineered rodent models,
and 6) evidence of clonal interactions driving tumor initiation and
progression. Finally, the compatibility of multiclonal tumor origin with
various aspects of tumorigenesis is considered and the implications of
multiclonal tumor origin for chemical safety assessment and for treating
and preventing cancer are discussed.

2. Current state of acceptance/understanding regarding the clonal
origins of tumors

According to educational materials provided by the National
Institutes of Health [2], monoclonal tumor origin means that tumors are
derived from a single ancestral cell that underwent conversion from a
normal to a cancerous state. Biclonal, oligoclonal, multiclonal, and
polyclonal tumor origin are terms that denote tumors developed from
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two, a few, multiple, or many progenitor cells, respectively. In this
review, the term “multiclonal tumor origin” will be used to convey
tumor development from an indeterminate number of distinct clones of
cells greater than one. An accurate understanding of the clonal origins
of cancer is needed to efficiently advance personalized cancer treatment
and, thereby, reduce cancer deaths. Treatment of cancers with mono-
therapies may be justified if cancers are monoclonal in origin and the
progenitor clone carries a genetic lesion in a pathway that can be tar-
geted with a drug. However, treating patients with a molecularly tar-
geted monotherapy is unlikely to be effective if patients’ tumors de-
veloped via multiclonal initiation, because minor untargeted clones can
drive therapeutic resistance [3,4].

Monoclonal tumor origin was espoused definitively in the cancer
literature for many years. The 2008 review [1] described how the
perceived rarity of somatic mutations contributed to the conclusion that
tumors must be monoclonal in origin (see Fig. 1), and how a cancer
mutator phenotype was invoked to explain the large number of muta-
tions observed in putatively monoclonal tumors. The review docu-
mented cancer texts published between 2001 and 2006, as well as
teaching materials available on the National Cancer Institute (NCI)
website in 2008, which promulgated the concept that cancers arise
from a single cell. More recent reference materials, in aggregate, in-
clude fewer direct assertions of monoclonal tumor origin, while at the
same time they rarely address the possibility of multiclonal tumor
origin.

To document the current state of scientific acceptance of mono-
clonal versus multiclonal tumor origin, a survey of oncology and
medical textbooks published between 2011 and 2017 was conducted.
Six cancer textbooks included a discussion of the molecular genetics of
cancer initiation and, together, capture the current state of ambiguity
surrounding the topic. Cancer: Principles & Practice of Oncology: Primer of
the Molecular Biology of Cancer [5] refers to the work of Rudolph
Virchow and states “nearly 150 years later, it is now well accepted that
cancer is a genetic disease that arises from the clonal expansion of a
single neoplastic cell.” The subsequent text presents two theories to
explain how the descendants of the initiating cell become hetero-
geneous with respect to their proliferative abilities: 1) a stochastic
theory (phenotypic variation produced in biologically-equivalent cells
by extrinsic and/or intrinsic factors) and 2) cancer stem cell (CSC)
theory. Principles of Molecular Diagnostics and Personalized Cancer Med-
icine [6] describes a progression of scientific understanding from the
multistep model of carcinogenesis proposed by Nowell [7] to the CSC

concept. The CSC model provides a framework to explain phenotypic
variability within individuals cancers [5,6]. The text does not address
directly the clonal origins of tumors, although it does say “thus in
cancers, as opposed to normal tissues, a stem cell produces many more
malignant stem cells than they differentiate” [6].

The Molecular Basis of Cancer [8] describes the discoveries that led to
the conclusion that cancer is a genetic disorder, with accumulation of
mutations and Darwinian evolution occurring during progression, as
per the model of multistep tumorigenesis. The text is silent on the issue
of tumor clonality. Conversely, The Biology of Cancer [9] describes the
science that led to the conclusion that “tumors are monoclonal
growths,” including discussion of X chromosome inactivation, glucose-
6-phosphate dehydrogenase (G6PD), immunoglobulin rearrangement,
and translocations as markers of cell lineage. The text recognizes that
interpretation of such markers would be irrelevant if differences in
clonal proliferation produced apparently homotypic cancers from
multiclonal initiating events (pseudomonoclonality discussed in [10]).
Nevertheless, Dr. Weinberg concludes there “is a widespread consensus
that the vast majority of human tumors are monoclonal growths des-
cended from single progenitor cells that took the first small steps to
becoming cancerous.”

The treatment of cancer biology and genetics found in Goldman-Cecil
Medicine [11] presents the multistep model of tumorigenesis as involving
random mutations, with tumor evolution as a consequence of natural se-
lection/clonal selection of mutant cell populations. This text recognizes
that “a tumor does not solely consist of transformed cancer cells but re-
presents a complex tissue that also includes a wide array of stromal cells.”
The authors [11] explain that “cancer progression occurs within the
context of complex interactions between multiple cell types,” including
inflammatory cells and immune suppressor cells and that “the stochastic
nature of oncogenic mutations supports genetic drift and the coevolution
of cancer cells with different genetic lesions within a tumor.” Further,
Black and Cowan [11] note that variations in microenvironment and
abilities of neoplastic cells to recruit other cell types “produces different
evolutionary pressures that select for regional heterogeneity” within a
cancer. The four most frequently cited explanations for how a phenoty-
pically heterogeneous tumor develops from the progeny of a single in-
itiated cell (not mutually exclusive) are depicted in Fig. 2; these include
sequential accumulation of mutations with subsequent clonal selection
(Fig. 2A), cooperation between malignant and non-malignant cell types
(Fig. 2B), epithelial to mesenchymal transition (Fig. 2C), and proliferation
and differentiation of the progeny of a single mutant stem cell (Fig. 2D).

Fig. 1. Impactful studies using XCI to investigate the clonal origins of tumors. Studies interpreted as providing support for monoclonal tumor origin are presented
above the timeline [180–183] (except [184] which drew no conclusions relevant to cancer). Studies interpreted as providing support for multiclonal tumor origin are
presented below the timeline [1,29–32,185,186].
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When initially reviewed [1], the NCI website “Understanding
Cancer – Teacher’s Guide” provided: 1) a schematic comparing mono-
clonal and multiclonal tumor origin, 2) the statement “direct evidence
supporting the monoclonal origin of virtually all malignant tumors has
been difficult to acquire because most tumor cells lack obvious distin-
guishing marks that scientists can use to demonstrate their clonal re-
lationship. There is, however, one cellular marker that scientists can use
as an indication of such relationships: the inactivated X chromosome
that occurs in almost all of the body cells of a human female,” and 3)
the conclusion that “virtually all malignant tumors are monoclonal in
origin.” This same information is contained in an educational package
provided by NIH (revised in 2012), which includes a figure showing
tumor development from a single cell and the text “cancer begins when
a cell breaks free from the normal restraints on cell division and begins
to follow its own agenda for proliferation. All of the cells produced by
division of this first, ancestral cell and its progeny also display in-
appropriate proliferation” [2]. However, NCI’s “Understanding Cancer”
website (updated February 2015) includes a figure showing progression
of a whole tissue toward cancer and states only that “Each person’s
cancer has a unique combination of genetic changes. As the cancer
continues to grow, additional changes will occur. Even within the same
tumor, different cells may have different genetic changes” [12].

This comparison of reference materials illustrates that over the past
ten or fifteen years there has been a small shift away from dogmatic
acceptance that existing evidence proves monoclonal tumor origin. But,
even when monoclonal tumor origin is not specifically espoused, nei-
ther is the concept of polyclonal or multiclonal tumor origin presented.
Furthermore, the scarcity of direct discussion of monoclonal versus
multiclonal tumor origin in reference material (or as the subject of di-
rect experimentation in the primary literature) suggests that the sci-
entific community no longer considers this a critical research question.
This may be shortsighted because understanding the earliest stages of
tumor initiation has the potential to shape strategies for cancer pre-
vention and treatment. Computational modeling of how tumor het-
erogeneity arises, for example, is an approach that can be used to un-
derstand the likelihood that resistance to treatment may occur.
Mathematical models have been developed to deconvolute massively
parallel sequencing data and deduce how somatic mutations accumu-
lated in cell lineages that eventually give rise to a tumor. Such models
initially incorporated the assumption of monoclonal tumor origin
[13–15]. More recently, using data from multiple regions of a single
tumor or from multiple single tumor cells, methods have been

developed to describe tumor origins that include the possibilities of
multiple cells of origin and tumor initiation being triggered by epige-
netic traits [16].

3. X chromosome inactivation and assessment of tumor clonality

Analysis of X-chromosome inactivation was central to early inter-
pretations of tumor clonality and led to monoclonality being broadly
held as a property of neoplastic growths. Cheng et al. wrote, “As
monoclonality has been accepted as a fundamental feature of human
cancer, clonality analysis through X-chromosome inactivation assay has
been widely used for assessment of tumors” [17]. Indeed, X chromo-
some inactivation (XCI) is the most extensively used approach for in-
vestigating tumor clonality and involves a determination of whether the
same X chromosome has been inactivated within a majority of the cells
in a particular tissue sample (referred to as non-random XCI). Non-
random versus random XCI is used to classify cell populations as neo-
plastic or reactive, respectively [18]. The X-linked markers analyzed
include protein isoforms, transcribed mRNAs, and the methylation
status of specific gene targets [19]. Beyond distinguishing neoplastic
from reactive growths, XCI has been used to investigate whether mul-
tiple tumors within an organ have a common progenitor. Landmark
publications regarding the development, use, and interpretation of
methods for XCI-based clonality assessments are given in Fig. 1.

The human androgen receptor (HUMARA) gene is a target used frequently
in clonality assessment by methylation-specific PCR. The gene is useful for
this purpose because it is located on the X chromosome and its promoter
contains CpG islands encompassing methylation-specific restriction enzyme
cleavage sites upstream from a highly polymorphic region [containing
(CAG)n repeats]. DNA from normal tissue (or blood) and potentially neo-
plastic tissue from the same patient are digested with a restriction enzyme
incapable of cleaving methylated DNA (e.g., HpaII) [20]. Concurrent ana-
lysis of undigested DNA is performed to confirm the patient has two dis-
tinguishable alleles. PCR amplification of the HUMARA target, employing
digested and undigested DNA samples generates allele-specific products that
can be discriminated by size using gel or capillary electrophoresis [20]. If
XCI is random (as is typically observed in DNA from normal tissue), then
two different-length methylated bands will be observed in digested, as well
as undigested, DNA samples (heterotypy). If the DNA was isolated from the
clonal progeny of a single cell, then XCI will be non-random and only one of
the two alleles will be methylated (i.e., protected from digestion) and,
subsequently, amplified and observed (monotypy).

Fig. 2. Four common explanations for how monoclonal tumor
origin results in phenotypically and genetically heterogeneous
tumors. Depicted are the primary premise of monoclonal
tumor origin, that all malignant cells in a tumor are the pro-
geny of a single initiated cell, as well as early steps in tumor
initiation and progresssion. It has been claimed that hetero-
geneity of monoclonal tumors arises through mutation accu-
mulation and clonal selection (A), through cooperation be-
tween malignant and non-malignant cell types (B), through
epithelial to mesenchymal or mesenchymal to epithelial
transitions (C), and through proliferation and subsequent
differentiation of a mutant stem cell (D).
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XCI is an active area of epigenetics research and interpretation of
future and past clonality assessments based upon XCI should take recent
developments into account. Although it was previously understood that
the one X chromosome was inactivated by methylation, it is now un-
derstood that the process involves a complex bipartite methylation-
demethylation program that generates an active X chromosome-specific
hypomethylation at gene promoters and hypermethylation within gene
bodies [21,22]. Also, it has been reported that 15% of genes escape XCI
and demonstrate bi-allelic expression [23]. Not all genes, therefore, will
be good candidates for XCI clonality assessment [22,24]. While it was
originally assumed that XCI was random and that 50% of cells would
have one or the other X chromosome inactivated, several studies have
found non-random or “skewed’ XCI patterns in normal tissues, where
more than 75% of cells may have the same inactive X chromosome
[25]. This skewing is positively associated with age [19,26,27]. It has
been suggested that skewing reflects age-associated deregulation of
methylation [28].

4. Pitfalls in clonality assessment by XCI

There are at least three significant obstacles for interpreting
monotypy at an X-linker marker as evidence of monoclonality. The first
major concern is the confounding effect of “patch size” [1,29–33].
Consider the hierarchical development that occurs to produce a given
tissue. For the most part, once XCI occurs in a cell, the progeny that
develop from that cell carry the same inherited pattern of XCI. “Patch
size” refers to an area of an organ or tissue that develops from a single
progenitor and, therefore, has the same X chromosome inactivated
across the entire area (patches are depicted in Fig. 3 as white and gray
areas). Thus, the extent of cell division following “lyonization” de-
termines clonal patch size, with the potential for further skewing with
aging, as mentioned above. Large and small patch sizes are depicted in
Fig. 3A and B, respectively. Only tumors arising from clones of cells
along the boundaries between patches have the potential to develop
into multiclonal tumors that can be detected by XCI. If two different cell
clones within a patch cooperated to initiate a tumor (for example, one
clone carries a somatic KRAS mutation and another clone carries a
somatic TP53 mutation as initiating events), the tumor that developed
would be scored as monoclonal (see Fig. 3A). Because multiclonal tu-
mors will only be detected when they develop from clones at the

juncture between XCI-distinguishable patches (see Fig. 3B), there is a
bias against detecting tumor multiclonality by XCI, and the bias is
greater when the patch size is large. To give a specific example, Novelli
et al. [29] reported the crypt pair phenotype index (crypts adjacent to
another with a distinguishable phenotype) of the female colon is 8.2%.
From this they estimate that “to exclude the possibility that all ade-
nomas are polyclonal in origin, every crypt in at least 43 adenomas
would need to be shown to be monophenotypic” and “to exclude the
possibility that 10% of adenomas are polyclonal 430 adenomas would
need to be examined.” Thus, most XCI studies, do not have sufficient
power to conclude monoclonal tumor origin.

A second impediment to interpreting X-linked monotypy as evi-
dence of monoclonal tumor origin is the potential for selective out-
growth of a clone during tumor progression. Fig. 3C depicts multiclonal
tumor initiation, with one clone having a selective growth advantage. It
has been demonstrated using computer simulations that small differ-
ences in the growth properties of founder clones could result in ap-
parent near-monoclonality (pseudomonoclonality) within a relatively
short period of time [34]. This caveat makes it nearly impossible to
conclude monoclonal tumor origin from monotypy of X-linked markers
in fully-developed cancers.

The third concern, somewhat related to the second, is the sensitivity
of clonality assessment. The assay is confounded by the presence of
non-tumor cells within a tumor (immune cells, endothelial cells, etc.).
Interpretation of X chromosome-linked marker studies, therefore,
hinges upon quantification of the two alleles and selecting the degree of
disparity in allele abundance that when exceeded will be accepted as
evidence of monotypy [20,35]. A correction factor is used to account
for skewing observed in the undigested DNA. Typically, allele ratios
greater than 4:1 are interpreted as evidence of monotypy [20]. Thus,
XCI studies are unable to detect heterotypy when the minor cell lineage
represents less than 25% of the total cell number in the sample. It is
concluded, therefore, that XCI is a relatively insensitive approach for
clonality assessment that favors detection of monotypy.

XCI analyses involving methylation sensitive enzyme cleavage and
PCR may also be confounded by technical issues; these include in-
complete digestion, selective PCR amplification of different-sized pro-
ducts, analysis of samples collected by microdissection that may not be
representative of the whole tumor, and skewing of inactivated alleles
due to normal aging or disease [18,19,35,36]. Given these pitfalls,

Fig. 3. Biases against detecting multiclonality by XCI are re-
lated to patch size and clonal selection during tumor devel-
opment. Biclonal growths (cells in one clone have a thick
border, cells in another clone have a thin border) are arrayed
similarly in A and B, which have approximately equal pro-
portions white and grey area (∼50%) and represent patches of
cells with one or the other X chromosome inactivated. In the
case of large patch size (A) each of the biclonal growths will
appear monotypic by XCI, whereas with small patch size (B)
each of the biclonal growths will appear heterotypic by XCI.
Preferential proliferation of one of two initiating clones is
depicted in C, and illustrates how multiclonal tumor initiation
can produce a pseudomonoclonal tumor mass.

B.L. Parsons Mutation Research-Reviews in Mutation Research 777 (2018) 1–18

4



approaches to improve clonality assessment based on XCI have been
developed. Concurrent analysis of the methylation status of multiple
gene targets and transcription based clonality assays are examples of
approaches being pursued to improve clonality assessment
[26,28,37–39]. Nevertheless, there is an ongoing debate in the scientific
community as to the relative merits of the standard HUMARA assay and
newer methodologies [18].

5. Interpretation and review of clonality assessments reported
after 2007

The previous review [1] categorized XCI studies of preneoplastic
lesions, adenomas and carcinomas (published in 2007 or earlier) as
providing evidence of monoclonality or polyclonality. Given the biases
in XCI analyses described above, monotypy of XCI-linked markers
cannot be interpreted robustly as direct evidence of monoclonal tumor
origin. Some detection of monotypy is expected for tumors that are
multiclonal in origin and there is no scientific justification for con-
cluding that samples containing a minor allele fraction of 0.24 or below
are derived from a single cell. Such samples could as easily be multi-
clonal growths in which one clone has a selective advantage. In studies
aimed at establishing monoclonal tumor origin, the scientific burden of
proof should be to prove that 24% of the sample can be accounted for
by contamination with “non-tumor cells,” otherwise samples should be
categorized as heterotypic. The fact that this level of proof has not been
required to conclude tumors are monoclonal in origin indicates there
has been a confirmation bias in favor or reporting monotypy for sam-
ples investigators believe to be neoplastic. Importantly, detection of
heterotypy in X-linked markers, even when the heterotypy is detected
in a small proportion of the analyzed samples, provides direct evidence
of multiclonal tumor origin.

A previous survey of XCI studies concluded that there was evidence
of multiclonal tumor origin for at least 24 different types of human
tumors, including tumors of bladder, blood, brain, breast, cervix, colon,
endometrium, head and neck, lymph, nerve tissue, parathyroid gland,
pituitary gland, prostate, skin, stomach, and thyroid gland [1]. To up-
date this analysis, a literature review was conducted of XCI studies
reported between 2007 and November 2017. The results of this litera-
ture search are presented in Tables 1 and 2. Table 1 identifies additional
studies that detect heterotypy at an X-linked marker in at least some
portion of the pre-neoplastic or tumor samples analyzed. Many of the
studies summarized in Table 1 were conducted to ascertain whether
spatially separated tumors within an organ or tissue are clonally-related
or whether two morphologically-distinct portions of a single tumor
have the same X chromosome inactivated. While such studies provide
data on the XCI profiles of synchronous tumors, they may not discuss
whether their results support monoclonal or multiclonal tumor origin
[denoted as neutral (N) in Table 1]. Table 1 includes samples reported
as heterotypic, as well as samples classified as monotypic but for which
evidence of minor allele fraction(s) was provided.

Table 2 identifies additional studies that report monotypy at an X-
linked marker in pre-neoplastic lesions or tumors. Previously collected
data on clonality assessments [1] was combined with that provided in
Tables 1 and 2. Combined, there are 15 publications with data in-
dicating multiclonality exists in pre-neoplastic lesions of seven different
tissues/organs (bone marrow, breast, cervix, colon, endometrium/
uterus, liver and stomach). There are four publications reporting
monotypic pre-neoplastic lesions. One of these was from lung [40].
Three studies in Table 2 report monotypic pre-neoplastic lesions
[41–43] from tissues/organs (breast, liver, and uterus) for which evi-
dence of multiclonal pre-neoplastic lesions have been reported [41–46]
and, therefore, may reflect apparent monotypy arising after early lesion
expansion. Alternatively, both modes of initiation may occur for some
types of lesions.

Combining data from [1] with the updated data in Tables 1 and 2,
there are 33 publications reporting evidence of multiclonality in 32

different benign tumors derived from 19 different tissues/organs, in-
cluding adrenal gland, bladder, blood, brain, breast, colon, lung,
kidney, oral cavity, ovary, pancreas, parathyroid, parotid gland, pitui-
tary, spleen, skin, sympathetic nervous system, thyroid, and uterus. By
contrast, there are 13 reports of monotypy for 14 different benign tu-
mors. For three benign tumors (uterine leiomyoma, lung carcinoid and
adenomatoid odontogenic tumor), evidence of multiclonality has also
been reported. Considering all reports of benign tumors analyzed by
XCI, thymus is the only tissue examined in which multiclonal tumors
have not been detected.

Combining data from [1] with the updated data in Tables 1 and 2,
there are 27 publications reporting evidence of multiclonality in 20
different malignancies derived from 12 different organs, including
bladder, bone marrow, brain, breast, cervix, colon, liver, lung, ovary,
skin, thyroid, and uterus. There are 20 reports of monotypy for 17
different malignant tumors. For nine of these lesions (adenocarcinoma
of the cervix, bladder cancer, breast ductal carcinoma, chronic myeloid
leukemia/myelodysplastic syndrome, endometrial carcinoma, hepato-
cellular carcinoma, Kaposi sarcoma, and lung adenocarcinoma), evi-
dence of multiclonality has also been reported. Considering the tissues
examined by XCI studies, there were only four tissues where malignant
multiclonal tumors have not been detected (kidney, stomach, thymus
and the urothelial tract).

As expected, this dataset includes examples of early stage tumors
being characterized as heterotypic and later stage tumors being char-
acterized as monotypic (e.g., myelodysplastic syndrome vs chromic
myeloid leukemia). Combining the data in Tables 1 and 2 shows the
percentage of multiclonal samples was decreased in tumors compared
with pre-malignant samples [the percentages of multiclonal pre-neo-
plastic, benign, and malignant samples were 57.6% (163/283), 18.2%
(110/602), and 24.4% (61/250), respectively]. In conclusion, even
though XCI is a flawed approach for establishing that potentially on-
cogenic growths are monoclonal in origin, work using this approach has
demonstrated that a wide range of pre-neoplastic, benign and malig-
nant growths are derived from more than one cell lineage.

6. Clonality assessment using markers other than XCI

The breadth of markers (other than XCI) used to assess clonality in
gastrointestinal cancers has been reviewed [47]. A review by Teixiera
and Heim [48] summarized evidence of multiclonal tumors obtained
from cytogenic analyses. Analyses of neutral passenger mutations, mi-
tochondrial mutations, microsatellite markers, and epigenetic changes
have been investigated as markers of clonality [24,49]. Studies con-
ducted since 2007 that characterize the clonal composition of tumors
through the analysis of markers other than XCI are summarized in
Table 3. The approaches used include analysis of: karyotype, specific
cancer driver mutations (CDMs), copy number variation, single nu-
cleotide variants, cytogenetics, chromosome aberrations, microsatellite
markers, and loss of heterozygosity. Of the 16 studies summarized in
Table 3, five studies observed monoclonal tumor origin for: meta-
plastic/dysplastic lesions of the stomach, gastric adenocarcinomas,
myelodysplastic syndrome, acute myeloid leukemia, and pleomorphic
adenoma of the salivary gland. Eleven studies report multiclonal tumor
origin for: Barrett’s esophageal lesions, B-cell precursor acute lympho-
cytic leukemia, breast carcinomas, colorectal microadenomas/ade-
nomas/carcinomas, esophageal adenocarcinomas, hepatic carcino-
sarcomas, and prostate cancer.

Studies that use various genetic markers to address clonality also
have potential biases against detecting polyclonality. There is the pro-
blem of pseudomonoclonality in a fully developed tumor of polyclonal
origin and the possibility of convergent evolution causing monotypy in
clones of separate lineage [50]. The possibility of convergent evolution
should be considered, particularly for mutations/genetic events with
strong phenotypic consequences and high prevalence (e.g., KRAS,
PIK3CA, VHL mutations, and the Philadelphia chromosome) [50].
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Table 1
XCI studies reporting evidence of multiclonality.a

Lesion or Tumor Typeb Method and X-linked Marker Examinedc # Heterotypic Samples/# Informative
Samples Analyzed (percentage)

Author Conclusiond Reference

Non-neoplastic lesions
Erdheim-Chester disease RFLP/methylation of AR

and PGK
1/1 (100%) Multi [125]

Acquired aplastic anemia RFLP/methylation of AR 6/7 (85.7%) Multi & Mono [126]

Pre-neoplastic lesions
Bone marrow
Myeloproliferative neoplasms cDNA sequencing of X-linked SNPs from

individually cultured colonies
2/6 (33.3%) Multi [127]

Breast
Usual ductal hyperplasia RFLP/methylation of AR 34/35 (97.1%) Multi & Mono [45]
Atypical ductal hyperplasia 26/39 (66.6%) Multi & Mono
Flat epithelial hyperplasia 23/26 (88.4%) Multi & Mono
Usual ductal hyperplasia RFLP/methylation of AR 9/12 (75%) Multi [41]
Ductal intraepithelial hyperplasia 1A 5/18 (27.8%)
Liver
Focal nodular hyperplasia RFLP/methylation of AR 9/13 (69.2%) Mono [44]
Focal nodular hyperplasia RFLP/methylation of AR 9/9 (100%) Multi [46]
Low grade dysplastic nodules RFLP/methylation of AR 38/57 (66.7%) N [42]
Uterus
Cervical intraepithelial neoplasia w/ glandular

dysplasia
RFLP/methylation of AR 4/4 (100.0%) Multi & Mono [43]

Lobular endocervical glandular hyperplasia
(LEGH)

RFLP/methylation of AR 4/9 (44.4%) Multi & Mono [128]

Benign tumors
Adrenal Gland
Adrenal myelolipoma RFLP/methylation of AR 4/4 (100%) Multi [129]
Blood
Essential thrombocythemia RFLP/methylation of AR 22/61 (36.1%) Multi & Mono [130]
Kidney
Mixed epithelial and stromal tumors RFLP/methylation of AR 7/19 (36.8%) N [131]
Lung
Atypical carcinoid RFLP/methylation of AR 1/2 (50.0%) N [132]
Mesothelial tumors
Adenomatoid tumor RFLP/methylation of AR 1/10 (10.0%) Mono [133]
Odontogenic tumors
Mixoma

Odontogenic keratocyst
RFLP/methylation of AR 1/2 (50.0%)

2/5 (40.0%)
Multi [134]

Ovary
Sertoli-Leydig cell tumor RFLP/methylation of AR 7/10 (70.0%) N [135]
Pancreas
Acinar cell cystadenoma RFLP/methylation of AR 5/5 (100%) Multi [136]
Parotid gland
Pleomorphic adenoma RFLP/methylation of AR 1/1 (100% Mono [137]
Skin
Seborrheic keratoses RFLP/methylation of AR 1/8 (12.5%) N [103]
Spleen
Hamartoma

Cord capillary hemangioma
Myoid angioendothelioma

RFLP/methylation of AR 2/2 (100%)
2/5 (40.0%)
2/2 (100%)

Multi & Mono [138]

Sympathetic nervous system
Neuroblastic tumors RFLP/methylation of AR

and PGK
14/17 (82.4%) Multi [139]

Uterus
Leiomyoma FACS cell sorting plus RFLP/methylation of AR

or RNA-HUMARA
36/53 (67.9%)
2/25 (8.0%)

Mono [140]

Malignant tumors
Bladder
Sarcomatoid urothelial carcinoma RFLP/methylation of AR 3/8 (37.5) Mono [141]
Bone Marrow
Myleodysplastic syndrome (low risk) RFLP/methylation of AR and SNP

pyrosequencing
2/25 (8.0%) Mono [26]

Brain
Adamantinomatous craniopharyngioma RFLP/methylation of AR 6/8 (75.0%) Multi & Mono [142]
Breast
Invasive ductal carcinoma RFLP/methylation of AR 1/1 (100%) Multi [143]
Ductal carcinoma in situ 14/37 (37.8%) Mono [45]
Cervix
Minimal deviation adenocarcinoma w/ LEGH RFLP/methylation of AR 2/4 (33.3%) Multi & Mono [128]
Neurodocrine carcinoma 7/15 (46.6%) N [135]
Liver
Hepatocellular carcinoma RFLP/methylation of AR 4/10 (40.0%) N [144]
Lung

(continued on next page)
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7. Studies of tumor heterogeneity using analysis of single cells/
nuclei

Interest in the analysis of single tumor cells has increased over re-
cent years, driven, in large part, by the desire to identify truncal mu-
tations in patient tumors that may be targeted by therapy [51]. The
perceived strength of single cell analysis is that “intratumor hetero-
geneity provides a permanent record of the mutations that occurred
during tumor growth, providing a window into time” [52]. Sequence
analyses conducted on a bulk of admixed tumor cells may significantly
degrade mutation detection sensitivity. According to Jeaniszewska
et al. [53], “bulk tumor sequencing cannot accurately predict which
mutations are present in the same or in different cells.”

Studies that investigated intratumoral genetic heterogeneity across
single cells/nuclei are presented in Table 4. Several of the studies
[54–60] combined single cell sequencing (SCS) with bulk tumor DNA
sequencing, to refine descriptions of clonal architecture. The whole
genome (or whole transcriptome) amplification necessary for SCS has
the potential to cause technical errors, such as allelic dropout, ampli-
fication distortion, and false-positives [51,52]. Many different statis-
tical methods have been developed to deconvolute SCS data to interpret
cell lineages [52,61]. The degree to which the data analysis methods
may impact the potential detection of multiclonal tumor origin is often
unclear and an in-depth evaluation of such methods is beyond the scope
of this review. Also, given the relatively small numbers of cells being
sequenced, the sensitivity for detecting minor clonal populations is an
issue. A common methodological approach used in SCS is to analyze
single nucleotide polymorphisms/germline variants in normal tissue,
which are subsequently filtered out as normal, even though these
normal-appearing cells within tumors could be clones carrying in-
visible, epigenetic modifications. For these reasons, even though Hou
et al. [62] concluded a monoclonal evolution pattern was most likely
for JAK2-negative essential thrombocythemia samples, they acknowl-
edged that early multiclonal tumor origin could not be precluded based
on their SCS data. Of the 12 studies of single tumor cells described in
Table 4, eight of them provide evidence supporting monoclonal tumor
origin [including brain, breast, hematopoietic, and kidney tumors].
Four of the studies described in Table 4 provide evidence of multiclonal
tumor origin [including tumors of the bladder, brain, breast, and
colon].

8. Tumor lineage studies using aggregation chimeras and
engineered rodents

Obtaining direct information about how one or more clones of cells
drive the earliest events in tumor initiation is technically challenging
and most approaches for assessing clonality have technical limitations.

Fortunately, technologies are now available that can directly visualize
cell lineage. The developmental history and state of the art regarding
lineage tracing models have been described [63,64]. Lineage tracing
models, including aggregation chimeras and engineered mouse models,
have provided definitive data on the clonal origin of tumors.

Aggregation chimeras can be created by combining different early
stage mouse embryos with each other or with pluripotent stem cells.
They are useful tools because the component pluripotent stem cells and
their progeny are phenotypically distinguishable. Mouse aggregation
chimeras have been used to study the clonal origins of intestinal tumors
[30]. Single embryos produced by a B6-Min (Min mice carry a trun-
cating mutation in Apc) x B6-ROSA26/ROSA26 cross (expresses β-ga-
lactosidase) were fused with single embryos produced by a B6×B6-
Min cross to generate intestinal tumor prone mice whose intestines
contained patches of blue and white crypts after staining for β-ga-
lactosidase expression. This model is like studies of XCI in that it is
possible to detect polyclonal tumor origin only for tumors that arise at
sites where blue and white crypts co-localize. Because some of the in-
testinal adenomas that developed contained both blue and white sec-
tors, the authors concluded the intestinal tumors were polyclonal in
origin, with tumorigenesis driven by loss of the wild-type Min allele
[30]. A second study incorporated a tumor resistance gene, Mom1 into
the embryos to reduce overall numbers of intestinal tumors and con-
cluded that the excess number of blue/white tumors relative to what
was expected based on blue/white patch sizes was consistent with short
range clonal interactions driving intestinal tumorigenesis (rather than
formation of collision tumors) [31]. This mouse model recapitulates the
intestinal tumor-sensitivity of the germline condition, familial adeno-
matous polyposis (also due to APC loss).

More recently, a related model was used to study the clonality of
intestinal tumors induced by somatic mutation. Specifically, ROSA26
aggregation chimeras were constructed on a background of APC wild-
type B6 mice and subject to ethylnitrosourea-induced mutagenesis as
adults [65]. Forty-seven percent of the induced tumors were overtly
polyclonal, an increased polyclonal fraction compared to that observed
in chimeric mice with the Min allele on both sides. Furthermore, an
elementary stochastic model of clonal interaction via recruitment after
initiation provided the best fit to the data on patch size and fraction of
heterotypic tumors. The modeling predicted that clonal recruitment
occurs over a distance of ∼68 μm (95% CI, 38–121 μm), which is the
approximate distance between the centers of two adjacent crypts [65].
Another study constructed aggregation chimeras using embryos from a
strongly tumorigenic, ApcMin/+ strain and a less tumorigenic, Apc1638N/
+ ROSA26 strain, as well as from a strongly tumorigenic, ApcMin/+

strain and a wild-type, Apc+/+ ROSA26 strain [66]. Again, modeling
was used to evaluate whether clonal recruitment or clonal cooperation
best explained the observed relationships between patch size and the

Table 1 (continued)

Lesion or Tumor Typeb Method and X-linked Marker Examinedc # Heterotypic Samples/# Informative
Samples Analyzed (percentage)

Author Conclusiond Reference

Malignant mesothelioma RFLP/methylation of AR 13/13 (100%) Multi [145]
Adenocarcinoma 1/7 (14.3%) Mono [132]
Skin
Kaposi sarcoma RFLP/methylation of AR and PGK 1/12 (8.3%) Mono [146]
Melanoma RFLP/methylation of AR 1/4 (25.0%) N [147]
Melanoma RFLP/methylation of AR 3/11 (27.2%) Multi [148]
Thyroid
Papillary thyroid carcinoma RFLP/methylation of AR 3/6 (50.0%) N [149]

AR, androgen receptor gene; PGK, phosphoglycerate kinase gene.
a Studies involving known hereditary cancer syndromes and metastases are not included.
b Tumors without classification as benign or malignant were placed in the benign tumor section of the table.
c RFLP analyses rely upon digestion with methylation-sensitive restriction enzymes, with subsequent analysis of PCR product size or size of rtPCR product.
d Authors’ conclusions are summarized as: Multi, multiclonal tumor; Mono, monoclonal tumor; Multi & Mono, both monoclonal and multiclonal tumors observed;

and N, neutral.
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fraction of heterotypic tumors. The investigators concluded that re-
cruitment is the mechanism driving the formation of polyclonal tumors
and that recruitment may involve only a single neighboring cell within
two or three crypts of the other progenitor clone.

While much has been learned using mouse aggregation chimeras,
transgenic mouse models have been developed that have the

advantages of conditional induction of tumor-initiating mutations and
multiple lineage tracing fluorescent dyes, which provide better preci-
sion in the analysis of clonal interactions. These models have been used
in conjunction with intravital microscopy to visualize interactions be-
tween different clones within lesions and how they change over time
[67]. An Apc+/−, transgenic mouse model was developed in which

Table 2
Studies reporting detection of a single X chromosome-linked marker in non-neoplastic conditions, pre-neoplastic lesions, and tumors.a

Lesion or Tumor Typeb Method and X-linked Marker Examined Number of Samples Analyzed Reference

Non-neoplastic lesions
Blood
Paroxysmal nocturnal hemoglobinuria RFLP/methylation of AR 5 [126]

Pre-neoplastic lesions
Breast
Ductal intraepithelial hyperplasia 1B RFLP/methylation of AR 28 [41]
Liver
High grade dysplastic nodules RFLP/methylation of AR 24 [42]
Uterus
Cervical intraepithelial neoplasia RFLP/methylation of AR 3 [43]

Benign tumors
Liver
Hepatocellular adenoma RFLP/methylation of AR

and PGK
2 [46]

Lung
Carcinoid RFLP/methylation of AR 2 [132]
Pulmonary sclerosing hermangioma RFLP/methylation of AR

and PGK
22 [150]

Odontogenic tissue
Ameloblastoma RFLP/methylation of AR 5 [134]
Adenomatoid odontogenic tumor 2
Calcifying odontogenic cyst 1
Calcifying epithelial odontogenic tumor 1
Ovary
Ovarian-type mucinous tumors RFLP/methylation of AR 9 [151]
Thymus
Type AB thymoma RFLP/methylation of AR 1 [152]
Uterus
Benign metastasizing leiomyoma RFLP/methylation of AR 1 [153]
Leiomyoma RFLP/methylation of AR or PGK 315 [154]
adenomatoid tumor RFLP/methylation of AR 10 [133]

Malignant tumors
Bone Marrow
Myelodysplastic syndrome (high risk) RFLP/methylation of AR and SNP pyrosequencing 16 [26]
Myelodysplastic syndrome (CD34+, low risk) 13
Myelodysplastic syndrome (CD34+, high risk) 9
Breast
Carcinoma in situ RFLP/methylation of AR 10 [41]
Combined lobular and ductal carcinoma in situ Methylation-specific PCR of AR 9 [155]
Cervix
Adenocarcinoma RFLP/methylation of AR 2 [128]
Gastrointestinal Tract
Gastrointestinal stromal tumors RFLP/methylation of AR or PGK 1 [156]
Kidney
Clear cell renal cell carcinoma RFLP/methylation of AR 8 [157]
Liver
Hepatocellular carcinoma RFLP/methylation of AR

and PGK
4 [46]

Skin
Kaposi sarcoma RFLP/ methylation of PGK 5 [146]
Thymus
Undifferentiated thymic carcinoma RFLP/methylation of AR 1 [152]
Urinary tract
Clear cell adenocarcinoma RFLP/methylation of AR 2 [158]

[159]
Urothelial carcinoma in situ 1
Urothelial carcinoma 1
Perivascular epithelioid cell neoplasm of the urinary bladder 1
Uterus
Adenosquamous carcinoma RFLP/methylation of AR 6 [43]

AR, androgen receptor gene; PGK, phosphoglycerate kinase gene.
a Studies involving known hereditary cancer syndromes are not included.
b Tumors without classification as benign or malignant were placed in the benign tumor section of the table.
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intestinal cells fluoresce red unless they express Cre recombinase
(controlled by the rat fatty acid binding protein I promoter), in which
case the cells fluoresce green [68]. Fluorescence endoscopy and fluor-
escent microscopy of whole mount and sectioned tumors showed that
between 43 and 68% of growths at different stages of tumorigenesis
(from low grade dysplasia to invasive adenocarcinoma) had both red
and green sectors, indicating a multi-ancestral architecture. A similar
approach was used to show that 44% of tumors that arose in mice
carrying the Min allele of Apc and expressing a constitutively active
form of PI3K were derived from at least two ancestral clones [69].

Some studies employed “Confetti” mice for cell lineage tracing. In
R26R-Confetti mice, once Cre recombination is induced, random re-
arrangement results in red, blue, green or yellow fluorescence, which is
maintained in progeny cells. A study aimed at investigating cellular
hierarchy in intestinal adenomas used a tamoxifen-inducible, confetti
reporter and an Lgr5+ knock-in strain carrying a floxed Apc allele,
which upon low dose tamoxifen injection causes Apc deletion and
Lgr5+ intestinal stem cells to express randomly one of four fluorescent
colors [70]. The large adenomas produced in this model either uni-
formly expressed a confetti color or had multiple independent segments
expressing a different confetti color, consistent with the adenomas
being derived from multiple independent stem cells.

A different multicolor lineage tracing mouse model was used to
study the role of cancer stem cells in large and small intestinal tumors
induced by 4-nitroquinoline-1-oxide [71]. In this gene-specific model
system, Cre recombinase is fused to a mutated form of the ligand
binding domain of the estrogen receptor and is inducible by tamoxifen
in Bmi1-positive cells. Recombination results in the expression of one of
four different fluorescent proteins that can be used to track clonal ex-
pansion. Using this model, it was determined that multiple single cells
expanded clonally into units that in turn formed polyclonal tumors
[71]. A similar model examined tumor cell lineages during intestinal
tumorigenesis induced using three different approaches, 1) a genetic
only approach using Apcmin/+ mice, 2) Apcmin/+ mice treated with
dextran sodium sulfate, and 3) mice treated with azoxymethane and
dextran sodium sulfate. The authors reported that the small sized colon
tumors derived from Lgr5-positive cells were composed of cells labeled
with a single color, whereas the large sized colon tumors were labeled
with either a single color or multiple colors [72]. In the small intestine,
both small and large tumors were composed of Lgr5-positive clones
with different color fluorescence. Interpretation of these results is
complicated by the fact that only cells expressing specific stem cell
markers were assessed and that tumorigenesis occurred before the
lineage tracing expression of fluorescent markers was initiated.

A study of DMBA-induced mouse skin papillomas in confetti mice
expressing HrasQ61L supported the earlier conclusion of Thliveris and
coauthors, that individual clones within the mouse intestine could re-
cruit a second discrete clone with a range of 144 μm, by facilitating its
transformation [66]. At 12 weeks, 78% of papillomas in the skin of
DMBA-treated mice are singly-colored and 22% have a second color,
but by 20 weeks 78% have incorporated one or more secondary po-
pulation(s), identified as streaks of distinct color [73]. Because the
secondary populations do not carry the HrasQ61L mutation, the pa-
pillomas appear to recruit pseudo-normal clones from their micro-
environment early in tumor development.

The clonal architecture of pancreatic cancer has been studied using
confetti mice. In a confetti mouse model that expressed oncogenic
KrasG12D in the context of a single p53 allele deletion, it was found that
24% of acinar to ductal metaplasias were polychromatic, indicating
they arose from multiple distinct acinar cells [74]. Because 97% of
pancreatic intraepithelial neoplasias were monochromatic, clonal di-
versity was lost relatively quickly during progression. Importantly, this
study also observed that nearly 80% of well-separated, metastases to
the peritoneal wall or diaphragm were biclonal, with lower percentages
of biclonal metastases observed in liver and lung [74]. Bichromatic
cellular clusters were observed in ascites fluid of tumor-bearing mice.Ta
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When isolated clusters and single cells were injected into the peritoneal
cavity of immunocompromised mice (NOD SCID), bichromatic clusters
produced a greater metastatic burden (in the diaphragm or lung) than
isolated single cells [74]. A second study using confetti mice found
early monoclonal and polyclonal lesions, including acinar to ductal
metaplasia and early and late pancreatic intraepithelial neoplasias [75].

Studies of confetti mice have some caveats that may impact the
detection of multiclonality. Not all areas of a tissue sample display
fluorescence and a single fluorescent color may be overrepresented,

reducing the potential to discern multiclonality. Nevertheless, this is a
powerful technology for identifying clonal interactions, one that is
likely to yield additional important information regarding the earliest
events in tumorigenesis. Going forward, results obtained using lineage
tracing mouse models that conditionally alter the expression of cancer-
associated genes will be valuable because such models reflect accu-
rately the stochastic somatic events involved in human tumor devel-
opment [76].

Table 4
Single cell studies that address the clonal origins of tumors.

Marker(s) Examined Study Design Major Conclusions Relevant to the Clonal Origins of Tumors Reference

Copy number Flow sorted nuclei (100 and 52) from multiple sectors of two
triple negative ductal carcinomas and a liver metastasis of
one (48 nuclei) were sequenced.

Clear clonal relationships were observed among aneuploidy
cell populations that reflect punctate evolution, with a
substantial portion of the tumor mass comprised of
pseudodiploid cells distinct from the highly clonal tumor
subpopulations, consistent with multiclonal tumor origin.

[176]

Somatic mutation Exome sequences from 20 cells of a clear cell renal cell
carcinoma were compared to five cells from normal tissue.

The tumor did not contain any significant clonal
subpopulations.

[177]

Somatic mutation Sequences from 44 cells of a muscle-invasive bladder
transitional cell carcinoma were compared to 11 cells from
normal adjacent tissue.

The data was consistent with the muscle-invasive bladder
transitional cell carcinoma being monoclonal in origin, with
evolution leading to two distinct tumor cell subpopulations.

[178]

Somatic point mutations Sequences of cells (58) from bone marrow of a JAK2-negative
essential thrombocythemia patient were compared with cells
from oral mucosa.

The evidence indicated a monoclonal evolution pattern was
most likely for the JAK2-negative essential thrombocythemia,
but the authors stated a brief polyclonal stage, where a
specific clone had a very strong growth advantage, could not
be ruled out.

[62]

Analyzed a specific gene fusion,
along with specific nucleotide
and copy number variants

Multiplex Q-PCR from variant detection was conducted on
flow-sorted single cells from bone marrow samples of a
Down’s syndrome ALL (115 cells) and two ETV6-RUNX1
positive ALLs (261 and 254 cells), previously analyzed by
bulk DNA sequencing.

Reconstructed, branching architectures were consistent with
monoclonal tumor origin.

[54]

Single nucleotide and copy number
variants

Exome sequences from single cells (63) of a colonic
adenocarcinoma were compared with that of normal tissue
and bulk tumor tissue.

Colon cancer contained a major clonal population carrying
APC and TP53 mutations and a minor clone lacking these
mutations, indicating a biclonal tumor origin

[56]

Single nucleotide and copy number
variants

Whole exome sequences of flow-sorted, aneuploid G2/M
nuclei (47) from an ER+/PR+ breast cancer were compared
to that of matched normal tissue, while 50 aneuploid G2/M
nuclei were used for copy number profiling. Similar
approaches were used to analyze hypodiploid, diploid and
aneuploid G2/M tumor cells of a triple-negative invasive
ductal carcinoma.

Reconstructed architectures consistent with monoclonal
tumor origin. Chromosome rearrangements occurred early, in
punctuated burst of evolution followed by clonal expansion.
The TNBC exhibited a higher mutation rate than the ER
positive breast cancer.

[55]

Single nucleotide variants, deletions
and IgH sequence diversity

Targeted sequencing of regions of genomic heterogeneity
previously identified by bulk tumor sequencing of bone
marrow (compared to saliva samples) from six children with
B-ALL (a total of 1479 ALL cells).

Identified co-dominant clones consistent with monoclonal
tumor origin. Most large deletions occur before cytosine
mutagenesis-driven single nucleotide variant acquisition, with
VDJ recombination occurring throughout clonal evolution.

[58]

Somatic mutation, EGFR structural
and copy number variants

Flow-sorted nuclei from two EGFR-amplified primary
glioblastomas (previously examined by bulk sequencing)
were analyzed using 50–60 cells, compared to matched blood
DNA.

EGFR truncation variants identified in the bulk tumor
sequencing segregated into non-overlapping subclonal
populations. But, in both glioblastomas, the EGFR mutant
subpopulations possessed a shared truncal mutation,
consistent with monoclonal tumor origin.

[57]

Single nucleotide variants Used hybridization capture for targeted analyses of three
subjects (cells) with secondary AML, using normal skin as a
control. Analyzed heterogeneity previously detected by bulk
tumor DNA sequencing.

Single cell sequencing demonstrated distinct cell populations
arising at successive points in tumor evolution, consistent
with monoclonal tumor origin.

[60]

Gene expression profile and copy
number variants

Five IDH1/2 wild-type primary glioblastomas were analyzed
by single cell RNA sequencing (96–192 cells per tumor) and
compared to normal brain.

Identified a minor population of tumor cells with CNV
patterns similar to normal oligodendrocytes and observed in
the majority of the tumor cells, consistent with multiclonal
tumor origin.

[179]

Copy number variants Whole genome sequences from flow-sorted diploid nuclei of
two ER+ breast cancers were analyzed (using 86 and 89
cells).

Identified subclonal variations and mosaicism consistent with
monoclonal tumor origin.

[59]

PIK3CA H1047R mutation and HER2
(ERBB2) amplification

Used specific-to-allele PCR-FISH (STAR-FISH) to visualize
PIK3CA mutant and wild-type sequences, and ERBB2
amplification in situ in individual cells of HER2 positive
breast tumor samples before and after neoadjuvant
treatment.

PIK3CA H1047R mutation and HER2 (ERBB2) amplification
are not always present in the same cells and neoadjuvant
treatment selects for minor subpopulations of PIK3CA mutant
cells

[53]

ALL, acute lymphoblastic leukemia; ER, estrogen receptor; PR, progesterone receptor; TNBC, triple-negative breast cancer; CNV, copy number variation.
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9. Integrating multiclonal tumor origin with theories of
tumorigenesis

Monoclonal tumor origin and multi-stage carcinogenesis have
dominated theories of carcinogenesis, with their acceptance shaping
clinical oncology and regulatory risk assessment practices [e.g., pro-
vided the rationale for using monotherapies in personalized cancer
treatment and the linear no-threshold (LNT) model for cancer risk as-
sessment]. However, the explosion of data generated using massively
parallel sequencing has created an opportunity to reconsider and refine
current understanding of carcinogenesis. In the following section, re-
cent observations regarding specific aspects of tumorigenesis (with
emphasis on early events) are discussed in terms of their compatibility
with multiclonal tumor origin.

Field cancerization can be viewed either as the earliest stage of
tumorigenesis or as a step preceding tumorigenesis. The term was used
by Slaughter and colleagues in 1953 to explain the prevalence of
multiple oral cancers; ‘epidermoid carcinoma of the oral stratified
squamous epithelium originates by a process of “field cancerization,” in
which an area of epithelium has been preconditioned by an as-yet-un-
known carcinogenic agent’ [77]. More recently, Lochhead et al. [78]
proposed an ‘expanded, integrative concept, “etiologic field effect”,
which asserts that various etiologic factors (the exposome including
dietary, lifestyle, environmental, microbial, hormonal, and genetic
factors) and their interactions (the interactome) contribute to a tissue
microenvironmental milieu that constitutes a “field of susceptibility” to
neoplasia initiation, evolution, and progression.’ This view of the
etiologic field effect encompasses multiple cell types of different de-
velopmental lineages and epigenetic, as well as genetic, lesions
[77,79,80]. Although the clonal expansion associated with field can-
cerization is described as arising from a single progenitor cell
[10,81,82], the concept of field cancerization is easily reconciled with
multiclonal tumor initiation. Specifically, the prevalence of mutants in
normal tissues [83–86] and evidence that a mutant cell or cell type may
drive the transformation of another (discussed below) provides a
foundation for linking field cancerization and multiclonal tumor origin.

Brash [50] summarizes a large body of work characterizing the
presence of mutant cells in normal tissues. Data derived from 12 dif-
ferent tissue types shows that mutations capable of contributing to the
carcinogenic process are present in many normal tissues, including sun-
exposed skin, esophagus, colon, breast, pancreas and lung [10,50].
Field cancerization can be equated with initiation when tumorigenesis
follows. However, for any particular cell or group of cells mutated as a
part of field cancerization, clonal expansion and tumorigenesis may not
occur. Brash [50] proposed that clones of mutant cells in normal tissues
be described as “proto-cancer,” because not all clones will progress to
cancer and progression requires additional events. In man, many dif-
ferent types of field effect markers have been identified [77], and fields
of pro-cancerous mutations have been associated with cancer-predis-
posing diseases, such as ulcerative colitis, Crohn’s disease and Barrett’s
esophagus [47,50,79]. In a conditional Apc knock-out mouse model
(Lgr5-CreER), where the sizes of Apc deficient clones within the intes-
tine were manipulated through the tamoxifen dose used to induce Cre
recombination, it was observed that the Apc deficient field size corre-
lated positively with the degree of adenoma formation [76]. When this
experiment was performed on a “confetti” background, it was found
that the induced adenomas were multiclonal [76].

The nature and number of at risk cells and cell types are critical
issues in terms of modeling tumorigenesis. According to the cancer stem
cell hypothesis, only specific cells with self-renewing capabilities can
drive tumorigenesis because these are the only cells retained long en-
ough to undergo the additional steps necessary for tumorigenesis [87].
According to the cancer stem cell hypothesis, differentiation of initiated
stem cells produces the multiple cell types within a tumor of mono-
clonal tumor origin [87,88]. Such tumor cell plasticity is supported by
evidence of epithelial to mesenchymal and mesenchymal to epithelial

transitions [89]. As the cancer stem cell hypothesis is generally un-
derstood, it is not compatible with multiclonal tumor origin. However,
an interaction between more than one pluripotent stem cell, leading to
tumor initiation, is a potential path to multiclonal tumor origin.

An alternative theory regarding tumor cell(s) of origin is that on-
cogenic transformation causes differentiated cells to become cancer
stem cell-like cells [90]. Some evidence for this comes from a BRAF
V600E-driven mouse model of melanoma in which mouse cutaneous
melanomas arose from expansion and dedifferentiation of mature pig-
mented melanocytes [91]. The literature includes other more nuanced
views of which cells are at risk for becoming tumor cells of origin.
Oncogenic transformation can be viewed as disrupting normal cell
differentiation hierarchies [80]. Graham and Wright [92] describe a
complex picture related to the gastrointestinal stem cell as the cancer
cell of origin. They suggest that the stem cell phenotype is a combi-
nation of the niche (including the extrinsic signaling properties de-
termined by the cells around the niche) and the intrinsic properties of
the cell within the stem cell niche (which can also be altered through a
process of niche succession) [79]. In the context of epidermal pro-
liferating units of the skin, Brash [50] describes how pro-cancerous cells
may undergo clonal expansion by altering the frequencies with which
committed progenitor (CP) cells divide to give two CP cells, to give one
CP and one post-mitotic cell, or to give two post-mitotic cells [50]. In
human skin, clonal expansion is linear, not exponential and not all
clones progress, some are eliminated while some grow more slowly
than others [50]. Multiclonal tumor origin can be reconciled with these
views of at-risk cells, by postulating that tumor cells of origin carry
mutations or epigenetic changes within stem cells, differentiated epi-
thelial cells and/or stromal cell clones that cooperate to alter CP cell
fate [88].

Multiclonal tumor origin is both consistent with and supported by
evidence of clonal cooperativity [47,79,93], although clonal co-
operativity may also occur between clones of cells sharing a truncal
mutation (see Fig. 2A). Cooperativity between epithelial, stromal, and
immune cells is a well-described phenomenon in tumor progression
[79,93–96]. Clonal cooperation is depicted in Fig. 4. The hypothesis
that a mutated epithelial clone with altered signaling affects nearby
stroma such that the altered stroma drives mutagenesis in surrounding
epithelia has been offered as an explanation for how field cancerization
results in polyclonal tumor development [79]. But, the possibility also
exists that aberrant stroma drives tumorigenesis. Per the tissue orga-
nization field theory, “abnormal interactions between mesenchyme/
stroma and the parenchyma” are the basis of tumor development [97]
and abnormal communication between stroma and epithelia could arise
from genetic and/or epigenetic alterations in either or both compart-
ments. Cooperation between an epithelial cell carrying a genetic lesion
with an activated fibroblast has been proposed for oral cancer [96].
Clonal cooperativity was demonstrated in drosophila eye-antennal
discs, where clones overexpressing mutant RasV12 overgrow moder-
ately, clones deficient in the tumor suppressor scribbled die, but when
the two clones are adjacent large metastatic tumors develop through a
mechanism that involves JNK-induced upregulation of JAK/STAT-ac-
tivating cytokines [98]. Similar cooperative clonal growth between
distinct clones has been observed in a rodent model of human breast
cancer (cooperation between Hras mutant basal clones and WT Hras
luminal clones), in a rodent model of human pancreatic cancer (co-
operation between Kras and Tp53 mutant clones), and in primary
human glioblastoma (cooperation between EGFR mutant and WT
clones), among others [50,99–101].

Clonal cooperation may be necessary to overcome normal tissue
homeostatic mechanisms [50,102]. When cancer driver mutations de-
tected in “proto-cancers” are expressed constitutively in rodents, they
induce tumors. But the growth of the same mutations in normal epi-
thelium is restricted [50,81,103]. Cell mixing studies that describe the
fraction of normal cells needed to hold oncogene activated cells in
check have been reviewed [50]. Paracrine signaling is a potential
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mediator of clonal cooperation [93,98,100,104], suggesting that the
distance between interacting clones may be an important determinant
in tumor progression [65,66]. As discussed previously, multiple studies
provide evidence of short-range clonal interactions, interactions be-
tween mutant and pseudonormal clones, and interactions involving
clonal migration, as early events in tumorigenesis [31,47,73,79]. Thus,
the idea that field cancerization provides the substrate (proto-cancer)
for clonal interactions, which in turn drive tumor initiation/progres-
sion, is entirely consistent with multiclonal tumor origin, as are ob-
servations indicating early clonal expansion is stochastic in nature with
different lesions having different fates, i.e., some progress whereas
others remain static or even regress [50,105,106].

Sufficient evidence of tumor subclonal interactions has come to
light that tumors are being described as cancer ecosystems that should
be modeled using approaches developed for complex ecosystems or
microbial consortia [93–95,107]. After describing evidence of multi-
clonal precancerous lesions, Brash writes “polyclonality of pre-
cancerous lesions – at least in epithelial tissues – opens two possibilities:
(a) they are societies of cooperating clones and (b) selection on this
society follows the laws of metapopulation dynamics, a field of evolu-
tionary theory that deals with populations composed of interacting
subpopulations” [50].

An approach to understanding the carcinogenic process has been to
reconcile the mathematics surrounding the biology of tumor develop-
ment with tumor incidence data. Conducting such analyses requires
making critical assumptions about mutation rate, number of at-risk
cells, number of events required for tumorigenesis, and how these

should relate to each other mathematically. Factors rarely integrated
into such models are: 1) the selective advantage and consequent ex-
pansion of cells carrying pro-cancerous mutations, 2) the impact of
clonal cooperativity between clones within a “pre-cancerous field,” 3)
the potential for cooperating clones to move toward each other within a
tissue, and 4) multiclonal tumor origin [108]. It is sometimes suggested
that the frequency of oncogenic mutations makes it improbable that
tumors can be multiclonal in origin (see [109]). However, this argu-
ment is based on the “classic” interpretation that multiple mutations
occur sequentially within a single cell lineage as a nascent tumor pro-
gresses toward malignancy [110]. More recent analyses of mutations
and copy number alterations are not consistent with sequential and
gradual clonal evolution. Based on genomic profiling of 349 individual
glands from 15 colorectal tumors, Sottoriva et al. [111] proposed a “Big
Bang” model of colorectal tumor growth. According to this model,
“after the initial transformation, colorectal tumors grow predominantly
as a single expansion populated by numerous intermixed subclones
[111]. Evidence has been reported supporting other types of clonal
evolution, including linear, branching, neutral, and punctuated equili-
brium [82,112]. Sottorvina et al. [111] described the Big Bang model in
the context of monoclonal tumor origin. However, Sievers et al. [113]
reported multiclonal colon polyps had a mutational profile consistent
with the Big Bang model of tumorignenesis and/or with polyps arising
from a field of genetically heterogeneous cells [105]. Gao et al. [114]
sequenced 1000 single cells from 12 triple-negative breast cancers and
concluded most tumors were composed of one to three major clonal
subpopulations with a common lineage and a minor subpopulation of

Fig. 4. Clonal cooperation and factors [F#] that should be
considered in biologically-based mathematical models of
multiclonal tumorigenesis are presented. A field of clones
carrying spontaneous mutations (colored dots) is depicted (top
panel). Factors that contribute to the resulting field effect in
terms of pro-cancer mutations within normal tissues include:
Factor 1, the frequency of de novo mutation (a consequence of
intrinsic mutagenesis); Factor 2, the selective advantage of
mutant cells, which may drive clonal expansion (red clone);
Factor 3, the competing effect of resistance to clonal expan-
sion conferred by the tissue hierarchy and surrounding wild-
type cells, and Factor 4, the distance across which clones can
cooperate. Multiclonal tumor initiation could occur by de
novo mutation (either intrinsically or extrinsically induced) in
cells adjacent to a mutant clone (see middle left panel, “de
novo mutation,” yellow clone). This may occur at a greater
frequency than secondary mutation in the subset of already
mutant cells (as is required for monoclonal tumor initiation)
and result in clonal expansion. Other factors expected to im-
pact clonal expansion are Factor 5, the selective advantage
produced by clonal cooperation and Factor 6, the extent to
which promotion due to intrinsic (e.g., epigenetic) and ex-
trinsic causes could result in clonal expansion, placing co-
operating clones within sufficient distance to confer a co-
operative selective advantage (bottom right panel, green and
black clones).
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non-clonal cells. In addition, they concluded that the copy number
aberrations were acquired at the earliest stages of tumor development
in short punctuated bursts followed by stable clonal expansion [114].
Thus, it appears that more precise information regarding the early
stages of tumorigenesis is leading away from theories of clonal tumor
development that involve stepwise accumulation of mutation within a
single clonally expanding population of monoclonal origin toward
contemporaneous interaction between multiple, spatially proximate
clones, a view consistent with multiclonal tumor origin [115].

Tumor evolution, as a whole, is the consequence of selection at the
level of the individual cell [102]. Factors that drive expansion of nas-
cent clones include oncogenic mutations that confer a selective ad-
vantage and clonal interactions. The selective advantage of mutant cells
is one aspect of tumorigenesis that has generally been omitted from
mathematical models, probably due to the dearth of useful information.
Nevertheless, the selective advantage conferred by a KRAS G12D mu-
tation in human colon was recently estimated [116]. Mathematical
approaches are being explored that incorporate microenvironment- and
age-dependent cellular fitness of cells carrying somatic mutations into
tissue evolutionary models of cancer [108]. Tomlinson [117] has pro-
posed that it is unnecessary to invoke a mutator phenotype to explain
the large number of mutations that accumulate within tumors if one
assumes that mutations increase the fitness of mutant cells during the
sequential accumulation of mutations.

The number of pro-cancerous cells within normal tissues is an ad-
ditional factor that should be incorporated into mathematical frame-
works describing tumor development. The prevalence of oncomutation
in normal human tissues can be remarkably high [83–86]. For example,
RAS and PIK3CA mutant cells, are prevalent [118] and present at re-
latively high frequency (10−5–10−1) in multiple normal tissues of
healthy individuals [84]. Importantly, the variability in hotspot KRAS
and PIK3CA mutant levels within particular tissues correlated strongly
with the prevalence of the corresponding mutation in tissue-specific
carcinogenesis [84]. This supports the idea that variability across in-
dividual normal samples provides a measure of clonal expansion/se-
lective advantage for specific tissue type/mutation combinations. A
remarkably high frequency of cancer driver mutations was observed by
ultradeep sequencing of 234 biopsies across normal sun-exposed eyelid
skin (140 driver mutations per cm2), which was attributed to multiple
cancer genes under strong positive selection [119]. This density of
events increases the likelihood that multiclonal cooperativity is a fre-
quent early event in tumorigenesis.

There is controversy regarding the extent to which endogenous and
exogenous processes contribute to the human cancer burden, as inter-
preted by mathematical modeling [109,120–123]. Currently, there are
too many carcinogenic factors that are not parameterized in these
models to make this a fruitful discussion. At least six different factors
that are generally not parameterized in mathematical models of carci-
nogenesis are depicted in Fig. 4. Biologically-based mathematical
models of carcinogenesis are needed that incorporate the proximity and
frequency of cooperating lesions, the positive and negative selective
pressures conferred by mutations (singly and in combination), and the
impact of cell division hierarchy within a tissue, along with the po-
tential contributions of paracrine signaling and tumor cell migration. It
seems likely there will be different predominant paths to carcinogenesis
for different tissues and multiple pathways to carcinogenesis within a
given tissue. Thus, to be meaningful, mathematical models of carcino-
genesis need to incorporate more biological aspects/parameters of
tumor initiation and progression, particularly as they relate to the
probability of multiclonal tumor origin.

10. Conclusions and implications

Evidence of multiclonal tumor origin continues to accumulate.
Although the term polyclonal has been used most often to express other
than monoclonal tumor origin, the term multiclonal is probably a better

choice, because most studies describing multi-lineage lesions/growths
report two or a few founding clones. For some cancer types, like col-
orectal cancer, a large body of evidence supports multiclonal tumor
origin as the predominant mode of tumorigenesis. For tumors of mye-
loid cell lineages, most (but not all) evidence supports monoclonal
tumor origin. Studies summarized here (combined data from Tables 1, 3
and 4 and [1]) support multiclonal origin for at least some portion of 53
different tumors that develop across 24 different anatomical sites (see
Supporting information, Table S1). When these data are extrapolated,
taking into account the technical biases against detecting multiclonality
and the potential for pseudomonoclonality in fully-developed tumors, it
seems likely that most tumors are multiclonal. Different cell types (e.g.,
epithelial, stromal and immune) clearly interact during tumor initiation
and progression [93]. And, there is a large and growing body of evi-
dence regarding cooperation and/or recruitment between cells carrying
different genetic lesions.

There has been a reticence within the scientific community to re-
cognize multiclonal tumor origin as a major path to carcinogenesis.
Monoclonality is still considered a defining characteristic of neoplasia.
While it is true that multiclonality is detected more often in early tu-
mors than in fully-developed malignancies, interpretation of multi-
clonality (i.e., a non-monoclonal growth) as counter to a finding of
neoplasia is not justified. Oncology training and medical texts should
recognize that pre-neoplastic and neoplastic lesions can be multiclonal
and that multiclonal preneoplastic lesions often develop into pseudo-
monoclonal neoplastic growths.

Multiclonal tumor origin has important implications for cancer risk
assessment and chemical safety assessment. For many tissues, carci-
nogen-driven step-wise accumulation of mutations within the lineage of
a single cell may be minimal compared to the frequency of carcinogen-
induced mutant clones interacting with fields of spontaneously induced
and clonally-expanded mutant cell populations. If true, then sponta-
neous mutations that confer a selective advantage (i.e., hotspot cancer
driver mutations) are substrates for chemical carcinogenesis and, as
such, will be useful reporters for assessing the potency of carcinogens
(including tumor promoters) [83]. Regulatory bodies currently employ
the linear-no-threshold (LNT) model in the cancer risk assessment of
ionizing radiation and mutagenic chemical carcinogens, whereas tumor
promoters may be considered to have a threshold [124]. The appro-
priateness of this paradigm should be reassessed, taking into account
current knowledge regarding the complexity of the mechanisms un-
derlying tumor development. Given the abundance of such proto-cancer
cells in normal tissues, should mutagens always be considered as posing
a greater cancer risk than tumor promoters? And, what is the relative
risk of chemicals that impact the epigenome?

The most important implications regarding multiclonal tumor origin
relate to how researchers and clinicians approach cancer therapy. It is
now known that small populations of pre-existing, founder clones are
maintained within tumors and contribute to therapeutic resistance,
particularly to molecularly-targeted, monotherapies [4]. The scope of
this problem is much larger than has been recognized. It seems likely
that a large majority of tumors carry minor mutant subpopulations of
founder clones, which do not possess the genetic lesion(s) present in the
bulk of the tumor. These subpopulations may be small enough to make
them undetectable in the clinical setting but nevertheless are sufficient
to drive therapeutic resistance and patient relapse. New ideas and more
sweeping approaches are needed to address this issue. If it were known
which genetic lesions were present in the founder clones that most
frequently cooperate with the founder lesions detected in patients’
fully-evolved tumors, then useful combination therapies might be en-
visioned and evaluated. Founder clones will vary across individual tu-
mors and across different tumor types, but the repertoire of genetic
lesions present in founder clone combinations may be small, compared
to the repertoire of genetic lesions present in fully developed tumors. In
the future, molecularly targeted therapies that deplete the fields of pro-
cancer cells may be used to prevent cancer. In any case, the first step
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toward rationally addressing the issue of resistance to cancer therapy is
recognizing that most tumors may well have multiple founder clones.
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