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Cancer cell states and emergent properties
of the dynamic tumor system

Dalia Barkley,1,3 Anjali Rao,1,3 Maayan Pour,1,3 Gustavo S. França,1,3 and Itai Yanai1,2
1Institute for Computational Medicine, NYU Langone Health, New York, New York 10016, USA; 2Department of Biochemistry
and Molecular Pharmacology, NYU Langone Health, New York, New York 10016, USA

Phenotypic heterogeneity within malignant cells of a tumor is emerging as a key property of tumorigenesis. Recent work

using single-cell transcriptomics has led to the identification of distinct cancer cell states across a range of cancer types, but

their functional relevance and the advantage that they provide to the tumor as a system remain elusive. We present here a

definition of cancer cell states in terms of coherently and differentially expressed gene modules and review the origins, dy-

namics, and impact of states on the tumor system as a whole. The spectrum of cell states taken on by a malignant population

may depend on cellular lineage, epigenetic history, genetic mutations, or environmental cues, which has implications for the

relative stability or plasticity of individual states. Finally, evidence has emerged that malignant cells in different states may

cooperate or compete within a tumor niche, thereby providing an evolutionary advantage to the tumor through increased

immune evasion, drug resistance, or invasiveness. Uncovering the mechanisms that govern the origin and dynamics of can-

cer cell states in tumorigenesis may shed light on how heterogeneity contributes to tumor fitness and highlight vulnerabil-

ities that can be exploited for therapy.

Advances in single-cell technologies have revealed the extensive
heterogeneity that exists within solid tumors (Suvà and Tirosh
2019). In addition to the range of nonmalignant cell types that
make up the tumor microenvironment—most notably fibroblasts,
macrophages, and lymphocytes—a variety of malignant cell sub-
populations have been observed and characterized molecularly
and phenotypically (Runa et al. 2017). Single-cell RNA sequencing
(scRNA-seq) has enabled the unbiased profiling of tumors and the
identification of sets of transcriptionally similar cells, leading to an
inventory of cancer cell subpopulations (Table 1). The recurrence
of these subpopulations across cancer types suggests that their
emergence in tumors is a key component of tumor progression
(Marusyk et al. 2012). Indeed, studies have shown that heterogene-
ity increases with tumor progression and predicts poor prognosis,
supporting the hypothesis that cancer cell state diversity is advan-
tageous to the tumor (Oh et al. 2019; Marjanovic et al. 2020;
Ramón y Cajal et al. 2020). In particular, phenotypic heterogene-
ity caused by transcriptional variability may favor certain cellular
states under specific environmental pressures, such as better sur-
vival during drug treatment (Frank and Rosner 2012; Lim and
Ma 2019). Selective pressures may thus promote multifarious phe-
notypes within the tumor resulting in growth and therapeutic
resistance.

Although transcriptional heterogeneity appears to be recur-
rent in many cancers, its sources can be genetic or nongenetic
(Marusyk et al. 2012). Genetic intra-tumoral heterogeneity has
been extensively studied and is one of the prerequisites for tumor
evolution resulting in therapeutic failure (Hu et al. 2017;
McGranahan and Swanton 2017). However, recent work has re-
vealed the prevalence of nongenetic heterogeneity as a vital driver
of phenotypic variation during tumorigenesis as well as resistance
to treatment (Sharma et al. 2010; Tirosh et al. 2016b; Neftel et al.

2019). This nongenetic heterogeneity can be caused by epigenetic
differences, lineage determinants, or development hierarchies, or
can arise through interactions with the tumormicroenvironment.

Although the ability to characterize thousands of individual
cells in a tumor has revolutionized the study of intra-tumoral het-
erogeneity, we still lack a comprehensive picture of how these cells
function collectively to form the tumor system. The success of im-
munotherapy, for example, underscores the importance and ther-
apeutic potential of understanding how cells within the tumor
interact (Heinrich et al. 2021). To developmore effective therapies,
we require a more complete understanding of howmalignant cells
in different states interact to cooperate or compete, resulting in im-
proved tumor fitness. Here we review the emergence of cancer cell
states and their functional properties and outline the possible
sources of heterogeneity. Finally, we discuss the tumor as a system
of heterogeneous cells and postulate the occurrence of adaptive in-
teractions between diverse malignant cell states.

Delineating cancer cell states

Technological advances, and particularly scRNA-seq, have enabled
groups to systematically identify and characterize subpopulations
of cells in diverse cancer types, including melanoma, head and
neck cancer, glioblastoma, pancreatic adenocarcinoma, colon can-
cer, and others (Table 1). Although this review focuses on solid tu-
mors, patterns of intra-tumoral transcriptional heterogeneity have
also been observed in blood cancers (Granja et al. 2019; Jang et al.
2019; van Galen et al. 2019; Chen et al. 2020; Liu et al. 2021). The
observation of transcriptional variation across malignant cells in
many cancer types suggests that transcriptional heterogeneity is
a consistent property of tumors. Moreover, this transcriptional
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heterogeneity is rooted in coherent patterns of expression that un-
derpin phenotypic properties, constituting cell states (Table 1).

Cell states have been identified primarily by clustering cells
with similar transcriptional profiles and performing differential
gene expression analysis to annotate their distinctive features
(Neftel et al. 2019; Ji et al. 2020). However, the separation between
clusters of malignant cells is not generally as clear-cut as the differ-
ences between distinct cell types. Rather, transcriptional profiles
appear to vary continuously along certain axes. This observation
has prompted the characterization of cancer cells based on gene
modules, where the genes of a particular module are coexpressed
and differentially expressed between the cells of a tumor (Fig.
1A; Patel et al. 2014). Computational approaches can be used to
identify those gene modules by searching for shared factors of var-
iation across cells, including gene–gene correlation, principal com-
ponent analysis (Patel et al. 2014; Tirosh et al. 2016b), and
nonnegative matrix factorization (Puram et al. 2017). Despite be-
ing agnostic to known pathways, these methods have recovered
many programs described in other contexts, including develop-
ment (e.g., epithelial-to-mesenchymal transition [EMT]) and
cell–cell interactions (e.g., antigen presentation). This suggests
that cancer cell states arise from the co-option of existing gene reg-
ulatorymodules rather than the de novo construction of amodule.
Recent methods also use the underlying gene regulatory frame-
work, adding the constraint that gene modules share a transcrip-
tion factor binding motif (Aibar et al. 2017; Rambow et al. 2018).
We expect that computational methods aimed at delineating cell
states—whether newly devised or adapted from existing tools—
will advance alongside our understanding of the nature and orga-
nization of cell states (Tanay and Regev 2017; Lähnemann et al.
2020).

Collectively, these approaches allow for the description of a
cancer cell state according to the expression of one or more gene
modules (Fig. 1B). Unlike the programs underlying cell types,
which are more stably defined by mutually exclusive differentia-

tion determinants, these modules can be expressed in combina-
tions, potentially explaining the continuous range of possible
states that can be adopted (Fig. 1C). This can be considered analo-
gous to developmental states that exist along a trajectory, or phys-
iological states in which cells of the same type can vary
continuously in their level of activation. Thus, cancer cell states
can be thought of as instantiations of the underlying gene regula-
tory network, depending on the interplay between intrinsic cell
plasticity and environmental cues.

Phenotypic properties of cancer cell states

Before scRNA-seq, extensive studies of inter-tumor transcriptional
heterogeneity using bulk RNA sequencing (RNA-seq) led to the
identification of molecular and histological subtypes with distinct
phenotypic properties and strong correlationwith clinical progno-
sis (Koboldt et al. 2012; Kandoth et al. 2013; Hoadley et al. 2018).
With the high-resolution view of scRNA-seq, it is now clear that
cells within a tumor vary along several of these same dimensions
(Patel et al. 2014; Tirosh et al. 2016a). For example, individual
breast tumors harbor cells with transcriptional profiles corre-
sponding to all fourmolecular subtypes: “basal,” “luminal A,” “lu-
minal B,” and “HER2” (Chung et al. 2017; Gao et al. 2017),
highlighting the importance of studying tumors at cellular
resolution.

Although tumors are typically characterized by rapid growth
and dedifferentiation, individual malignant cells differ in their de-
gree of proliferative and stem-like behavior (Jögi et al. 2012). In
many cancer types, including adenocarcinoma (Dalerba et al.
2011), melanoma (Rambow et al. 2018; Baron et al. 2020), and gli-
oma (Tirosh et al. 2016b), studies have used scRNA-seq to show
that fully differentiated cells coexist with more undifferentiated
cells. This is consistent with the notion that tumor maintenance
may follow principles of normal adult tissue homeostasis, in
which slow-cycling stem cells give rise to rapidly-cycling

Table 1. Studies identifying cancer cell states in human solid tumors using single-cell transcriptomics

Cancer type Cancer cell states References

IDH-wild type glioma High oncogenic signaling Dirkse et al. 2019
Proliferative, complement/immune response, hypoxic Patel et al. 2014
Neural progenitor cell-like, oligodendrocyte progenitor-like, astrocyte-like,

mesenchymal-like
Neftel et al. 2019

IDH-mutated glioma Stem cell–like, oligodendrocyte-like, astrocyte-like Venteicher et al.
2017

H3K27M-mutated glioma Stem cell–like, oligodendrocyte-like, astrocyte-like Filbin et al. 2018

Oligodendroglioma Stem cell–like, oligodendrocyte-like, astrocyte-like Tirosh et al. 2016b

Breast adenocarcinoma Proliferative, angiogenic, mesenchymal/stem cell–like, EMT, recurring, high cancer
gene expression

Yeo et al. 2020

Mesenchymal/stem, nuclear/mitochondrial, cycling, antigen presentation, basal Savage et al. 2017
Stem-like, EMT, antigen presenting, TNFalpha Brady et al. 2017

Ovarian adenocarcinoma Cycling, stress activation, inflammatory cytokines, MHCII, interferon response Izar et al. 2020

Lung adenocarcinoma Ciliated, alveolar, tumor-specific Kim et al. 2020

Colorectal adenocarcinoma Progenitor-like, enterocyte-like, goblet-like Dalerba et al. 2011
Stem-like, enterocyte-like, goblet-like Li et al. 2017

Head and neck squamous cell
carcinoma

Cycling, stressed, hypoxic, EMT, partial-EMT Puram et al. 2017

Skin squamous cell carcinoma Cycling, basal, differentiated, tumor-specific keratinocyte Ji et al. 2020

Melanoma Neural crest stem cell, invasive, starved-like melanocytes, pigmented Rambow et al. 2018

Cycling, MITF-high, AXL-high Tirosh et al. 2016a
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progenitors and finally to nondividing differentiated cells
(Pellettieri and Sánchez Alvarado 2007). In gliomas, this hierarchi-
cal model seems to hold true at least in part, with cancer cells in a
proliferative state giving rise to two differentiated states, oligoden-
drocyte-like and astrocyte-like, supporting a complex landscape of
differentiation within a single tumor (Tirosh et al. 2016b;
Venteicher et al. 2017; Filbin et al. 2018). Furthermore, the exis-
tence of a quiescent, stem-like transcriptional program has been

shown in several cancer types. Inmelanoma, for example, cells ex-
ist along a continuumbetween dormantAXL-high cells and prolif-
erative MITF-high cells, with the former being less sensitive to
MAPK inhibitors (Tirosh et al. 2016a). In a single-cell study of
breast cancer, early metastases contained dormant low-prolifera-
tive cells, whereas later metastases were highly proliferative, sug-
gesting a role for each of these properties at different stages of
tumor progression (Lawson et al. 2015). Thus, characterizing
how cells vary in their expression of quiescence, proliferation,
and differentiation programs is necessary for a comprehensive un-
derstanding of tumorigenesis.

The EMT is a well-established process occurring in epithelial
tumors that mimics normal development and wound healing
(Hay 1995; Kalluri and Weinberg 2009; Haensel and Dai 2018;
Ganesh et al. 2020; Laughney et al. 2020; Wouters et al. 2020).
Within an epithelial tumor, cells can be identified at varying stages
of this process, thus defining another axis of intra-tumoral hetero-
geneity (Pastushenko et al. 2018). Indeed, studies using scRNA-seq
in patient tumors have identified gene modules indicative of par-
tial (Puram et al. 2017) and complete (Aiello et al. 2018; Lin et al.
2020) mesenchymal phenotypes. Functional studies have impli-
cated the mesenchymal state in invasion (Puram et al. 2017) and
metastasis (Revenco et al. 2019) and shown that the reverse pro-
cess, mesenchymal-to-epithelial transition (MET), enables meta-
static cells to establish a secondary tumor with epithelial
characteristics (Rothenpieler and Dressler 1993; Lawson et al.
2015; Shibue and Weinberg 2017).

Intra-tumoral heterogeneity is a critical barrier to treatment
in oncology, as drug-naive tumors harbor a fraction of cells that
are not eliminated by treatment, enabling them to seed tumor re-
lapse. Increasing evidence has shown that drug tolerance is medi-
ated by broad reversible transcriptional changes, suggesting that
one or more states may underlie this phenotypic property
(Sharma et al. 2010; Kim et al. 2016; Shaffer et al. 2017). Early stud-
ies in lung cancer showed that drug-tolerant cells express high lev-
els of CD24 and PROM1 (also known as CD133), two markers
associated with stemness and quiescence (Sharma et al. 2010).
More recent work has also established higher drug tolerance in
slow-cycling cells in many cancer types, including breast cancer
(Kim et al. 2018) and melanoma (Roesch et al. 2013; Shaffer
et al. 2017), supporting a link between quiescence and drug toler-
ance (Singh and Settleman 2010). Additional states have been as-
sociated with drug tolerance, including a stress-response state in
melanoma (Baron et al. 2020) and mesenchymal state in carcino-
mas (Shibue and Weinberg 2017; Viswanathan et al. 2017).

Although scRNA-seq has contributed to the characterization
of well-established states at the molecular level, it has also high-
lighted cell states and gene modules that were previously over-
looked. Several studies have found a stress-response module that
is differentially expressed within cells of the same tumors and is
characterized by DNA-damage, unfolded protein, and TNF-signal-
ing response genes (Tirosh et al. 2016a; Baron et al. 2020; Izar et al.
2020; Moncada et al. 2020). Genemodules associated withmetab-
olism, including oxidative phosphorylation (Moncada et al. 2020)
and hypoxia (Patel et al. 2014; Neftel et al. 2019; Baron et al. 2020),
may be differentially expressed as a result of spatial variation in ox-
ygen and metabolite availability within the tumor. An indepen-
dent classification of cancer cells from glioblastoma based on
pathway enrichment coincided with previously characterized lin-
eage-specific cellular states, suggesting a link between develop-
mental states and metabolic activity (Garofano et al. 2021).
Cancer cells also appear to vary in their level of interferon response

B

A

C

Figure 1. A gene module framework to characterize cancer cell states.
(A) Gene modules emerge from the underlying gene regulatory network.
Nodes and edges represent genes and coexpression, respectively. Colors
indicate distinct gene modules. (B) Coherent gene modules interact with
other modules to define amalignant cell’s state. (C) The spectrum of states
available to a cell can be described as a state potential map, where some
states are shared across patients, cancer types, cell types, or clones for ex-
ample, whereas others are accessible only in particular contexts.
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and antigen presentation (Patel et al. 2014; Izar et al. 2020). Under-
standing how these transcriptional changes affect interactions
with immune cells is critical to the growing field of immunother-
apy. Indeed, these changes appear to mediate increased immuno-
genicity as the result of antigen presentation but also,
paradoxically, immune tolerance through expression of immune
checkpoints (Thibaut et al. 2020;Williams et al. 2020). Thus,map-
ping transcriptionally defined cancer cell states to phenotypic
properties remains an active area of investigation, and will help es-
tablish their in vivo relevance.

Origin and dynamics of cancer cell states

The consistent identification of distinct intra-tumoral cancer cell
states raises the question of how they arise during tumorigenesis
(Fig. 2). As tumors also harbor genetic heterogeneity, it is tempting
to search for links between cancer cell states and genetic alter-
ations.Methods to simultaneouslymeasure genome and transcrip-
tome in single cells make it possible to directly link genetic
alterations and transcriptional states (Macaulay et al. 2015).
Several studies have identified specific mutations leading to wide-
spread transcriptional and phenotypic differences, including drug
resistance (Lim and Ma 2019; Sachs et al. 2019), growth factor in-
dependence (Rubinfeld et al. 1996; Dempke and Heinemann
2010; Kim et al. 2019), and high proliferative rates (Marusyk
et al. 2014). In a model of small cell lung carcinoma, a mesenchy-
mal state was shown to arise as a result of an oncogenic HRASmu-
tation (Calbo et al. 2011). Similarly,Wnt1-driven mammary gland
tumors can evolve two clones, with theHras-mutated clone acquir-
ing a basal-like proliferative phenotype (Cleary et al. 2014).

Increasingly, however, there is evidence that genetically en-
coded states are the exception rather than the rule. In brain tumors,
each clone contributes to all identified states in patient tumors
(Tirosh et al. 2016b). Furthermore, in vivo studies show that sorted
cells of a single state—or indeed single cells—are able to reconsti-
tute the full range of states observed in the original tumor (Dirkse
et al. 2019; Neftel et al. 2019). In other cancer types as well, a
high degree of plasticity between cancer cell states within the tu-
mor has been identified (Gupta et al. 2011; Kreso et al. 2013;
Cleary et al. 2014; Seino et al. 2018; Kinker et al. 2020;
Marjanovic et al. 2020). This plasticity appears to play a particular
role during metastasis: EMT first enables dissemination and seed-
ing, and MET leads the metastasis to regain the original epithelial
states (Lawson et al. 2015). In a study of triple-negative breast can-
cer combining single-cell DNA and RNA sequencing, resistance to
chemotherapy was associated with pre-existing genetic clones pre-
sent before therapy (Kim et al. 2018). However, transcriptional sig-
natures typically involved in drug tolerance were detected only in
posttreatment patients, suggesting that induced transcriptional
changes play a role in the resistance phenotype even in the pres-
ence of genetic clonal selection. Thus, similar to how different
cell types emerge fromagenetically identical populationduringde-
velopment, it appears that cancer cells in different states can arise
withoutgeneticdifferences. The sources ofnongeneticheterogene-
ity may then be intrinsic to the cell or caused by external signals
from the microenvironment.

The coexistence in a tumor of mature and immature cells of
the same lineage suggests that differentiationanddedifferentiation
processesplaya role incell statediversification (Dalerba et al. 2011).
Epigenetic encoding of cancer cell state identity appears to be less
hardwired than in normal cells, although lineage identity is re-
tained to some extent (Flavahan et al. 2017). In melanoma, for ex-

ample, the neural crest lineage identity is not lost, as cells vary only
between neural crest and differentiated melanocyte-like states
(Rambow et al. 2018; Baron et al. 2020). Similarly, cell states in
glioblastoma include neural progenitor-like, oligodendrocyte

Figure 2. Cell- and system-level view of intratumor heterogeneity. (Top)
Intrinsic factors (genetic alterations or epigenetic changes) and extrinsic
factors (stimuli from the environment) lead to transcriptional changes, rep-
resented here with the expression of two genes (orange and purple).
(Bottom) Transcriptional heterogeneity is revealed by scRNA-seq, which
gives the gene expression profile of each cell. Histograms depict expression
profiles corresponding to different cancer cell states in which two genes
(orange and purple lines) are expressed at different levels. Within the tu-
mor, cancer cells may also compete or cooperate with each other and in-
teract with other cells of the tumor microenvironment. Intrinsic epigenetic
factors may induce the EMT. Low vascularization and oxygen levels (O2)
may induce the hypoxic state, which in turn promotes angiogenesis
through VEGFA secretion. Interferon gamma (IFNG) secretion by T cells
may lead to an interferon response state with high CD274 (also known
as PDL1) expression.
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progenitor-like, andastrocyte-like, all ofwhicharederived fromthe
neural lineage (Neftel et al. 2019). Throughout tumor progression,
however, cells take on states of increasing regulatory distance from
the original lineage of the cell type of origin. In a lung cancermod-
el, for example, a state resembling lung progenitors appears first,
followed by a primordial gut-like state (Marjanovic et al. 2020).
Thus, lineage-related cancer cell states may follow from partial
loss of epigenetic stability.

Beyond differentiation and dedifferentiation along lineages,
other epigeneticmechanismsmay explain the existence of distinct
transcriptional states within the tumor (Kundaje et al. 2015). Intra-
tumoral heterogeneity in the chromatin state, along the restricted-
permissive axis, may dictate cell state not only by affecting gene
module expression but also by silencing tumor-suppressor
programs or allowing stochastic oncogene activation (Flavahan
et al. 2017). In colon cancer, Meir et al. (2020) used a “Luria–
Delbruck”-like experiment to show that the epithelial and mesen-
chymal states are inherited across several generations through
epigenetic memory, specifically through DNA methylation. This
is in line with the in vivo finding that the epigenetic state of the
cell of origin determines the propensity of tumor cells to undergo
EMT in squamous cell carcinoma (Latil et al. 2017). Drug tolerance
inpersister cells alsoappears tobebased ina specific reversible chro-
matin state (Sharma et al. 2010). In glioblastoma, for example, pre-
existing epigenetic composition dictated by histone demethylases
KDM6A/B leads to a reversibly slow-cycling persister state that sur-
vives treatment (Liau et al. 2017). Furthermore, epigenetic changes
occurring throughout tumorigenesis appear to mediate cell state
diversification. In lung cancer, single-cell ATAC-seq (scATAC-seq)
revealed distinct chromatin signatures underlying metastatic and
highly-plastic cell states (LaFave et al. 2020; Marjanovic et al.
2020). In glioblastoma, epigenetic profiling through scATAC-seq
uncovereddistinct stateswithin the self-renewing stemcell popula-
tion, with an invasive state correlating with poor prognosis (Guil-
hamon et al. 2021). In addition, these epigenetic states were not
associated with somatic copy number alterations. Taken together,
these studies highlight the role of epigenetic mechanisms in the
generation of cancer cell states, independent of clonal structure.

Heterogeneity in themalignant compartmentmay stem from
different interactions with other factors of the tumor microenvi-
ronment, in the form of cell–cell interactions (Bagley 2010), me-
tabolite availability (Le 2018), or drug concentrations (Marusyk
et al. 2020). Cancer-associated fibroblasts (CAFs) are known to
play a crucial role in pancreatic cancer (von Ahrens et al. 2017),
and recent work has shown that CAFs induce proliferative and
EMT states (Ligorio et al. 2019), as well as aWnt-independent state
(Seino et al. 2018). Spatial transcriptomics, which comprehensive-
ly map cell types and states within the tumor, can yield insight
into these interactions (Rao et al. 2021). Using this technology,
CAFs were shown to colocalize with a partial EMT state in squa-
mous cell carcinoma (Ji et al. 2020) and inflammatory fibroblasts,
with a stress-response state in pancreatic cancer (Moncada et al.
2020). However, other methods are required to capture interac-
tions mediated by secreted factors rather than contact-dependent
signaling. For example, although the interferon-response state ap-
pears to be elicited by CD8+ T cells, there is no significant colocal-
ization between the two cell populations (Thibaut et al. 2020).
Additionally, varying concentrations of drugs and metabolites
within the tumor may also play a role in heterogeneity (Wu and
Dai 2017). In glioblastoma, treatment with receptor tyrosine ki-
nase inhibitors induces genetic and epigenetic changes, leading
to the emergence of a drug-tolerant persister state (Eyler et al.

2020). By altering gene expression or epigenetic state of a malig-
nant cell, drug treatment can also lead to cell state transitions of
pre-existing primed subpopulations within the tumor (Shaffer
et al. 2017; Kim et al. 2018). These studies suggest that tolerance
is likely facilitated by intrinsic transcriptional variability that
primes cells for further induced adaptations during therapy.

A system-level view of cancer cell states

The diversity of states within a single tumor raises the question of
how they interact within the tumor system (Barkley and Yanai
2019). In a context of limited resources, competition between
states would be expected to result in decreased heterogeneity, as
the most-fit states overtake the tumor population (Parker et al.
2020). In contrast, studies have found an increase in cell state
diversity throughout tumorigenesis. In a model of esophageal tu-
morigenesis, new states were found to appear at each stage of pro-
gression without loss of the earlier states (Yao et al. 2020).
Similarly, an increase in the diversity of cell states was observed
during lung adenocarcinoma progression, with some cells retain-
ing the original alveolar identity concurrentlywith the appearance
of new states reminiscent of earlier developmental stages
(Marjanovic et al. 2020). These observations suggest that state
diversity is a consistent property of advanced tumors.

Tumors are reminiscent of developmental systems in their ca-
pacity to recapitulate normal developmental and differentiation
hierarchies, analogous to progenitor cells maintaining tissue struc-
ture in normal organs (Yan and Owens 2008; Biteau et al. 2011;
Gehart and Clevers 2019). For example, mammary gland tumors
can be maintained by a bipotent progenitor, giving rise to basal
and luminal cells (Cleary et al. 2014; Tammela et al. 2017), and oli-
godendrogliomas by a pool of stem-like cells that differentiate into
oligodendrocyte-like and astrocyte-like cells (Tirosh et al. 2016b).
Furthermore, signaling niches also play an important role in tu-
morigenesis similar to development. It has been shown that a
Wnt-secreting state maintains the stem cell niche ofHras-mutated
proliferative cancer cell state in breast cancer (Cleary et al. 2014;
Tammela et al. 2017). This relationshipwas not transient, support-
ing the view of the tumor as a system rather than a set of indepen-
dent or competing cells (Cleary et al. 2014). Furthermore, this two-
state system was shown to emerge either clonally, with the basal-
like cells acquiring a Hras mutation, or hierarchically, with both
cell states sharing a common progenitor and genetic background
(Cleary et al. 2014). Although genetic differences do not necessar-
ily delineate cell states, studies have found that certain geneticmu-
tations, such as amplification of EGFR, PDGFR, or CDK4, are
associated with different frequencies of malignant cell states
(Neftel et al. 2019). This convergence of genetic and nongenetic
mechanisms of state segregation strongly supports the functional
importance of cell state heterogeneity in tumor progression.

Coexistence of various cancer subpopulations within a tumor
has led to the hypothesis that cancer cell states have distinct func-
tions that together promote overall success of the tumor. This hy-
pothesis has been extensively explored theoretically, borrowing
from the field of game theory (Gatenby and Vincent 2003;
Aktipis and Nesse 2013; Archetti and Pienta 2019). Jouanneau
et al. (1994) showed that the presence of an FGF1-producing pop-
ulationwithin the tumor increases tumorigenic andmetastatic po-
tential. The resulting primary and metastatic tumors remained
mixed, suggesting that the increase in fitness was owing to a com-
munity effect rather than a single population outcompeting the
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other. In small cell lung carcinoma, mixed tumors of neuroendo-
crine and nonneuroendocrine cells displayed increased prolifera-
tion in vitro and metastasis in vivo (Calbo et al. 2011). This
effect was shown to be local rather than systemic, as it was not ob-
served when the neuroendocrine and nonneuroendocrine cells
were separate in contralateral flanks. In contrast, Polyak and col-
leagues showed a systemic effect in breast cancer, where subpopu-
lations of IL18 or VEGFA-producing cells induce tolerance in
neutrophils, leading to increased growth and metastasis of the tu-
mor as a whole (Marusyk et al. 2014; Janiszewska et al. 2019). In
melanoma, Campbell et al. (2020) found that subpopulations of
tumor cells with a proliferative or invasive cell signature cooperate
to seedmetastases (Campbell et al. 2020). In the context of immu-
notherapy, it was shown that interferon-insensitive cells have a
selective advantage over interferon-sensitive cells in the same tu-
mor but that their survival depends on the interferon-sensitive
cells (Williams et al. 2020). Taken together, these results suggest
that indirect parasitism or cooperation between cancer cell states
promotes tumor growth and metastasis.

Finally, heterogeneitywithin the tumormay be key to robust-
ness in the face of environmental fluctuations, including drug
treatment. The presence of proliferative and quiescent cells in
the same tumor is reminiscent of survival strategies observed in
unicellular species, including yeast and bacteria (Lewis 2007). A
similar bet-hedging strategymay evolve in tumors, wherein the co-
existence of these two states enables both growth and robustness
to environmental changes, as the quiescent cells are less sensitive
(Chen et al. 2016; Brown and Schober 2018). Such a strategy is
further exemplified in the context of drug treatment, in which
pre-existing transcriptional heterogeneity enables a fraction of
cells—drug-tolerant persisters—to survive drug insult, thus provid-
ing a substrate for natural selection and, finally, emergence of
genetically drug-resistant cells (Sharma et al. 2010; Emert et al.
2021). Increasing transcriptional variability may be one of the
ways in which histone demethylases, which increase transcrip-
tional heterogeneity, function as oncogenes (Roesch et al. 2013;
Hinohara et al. 2019). Thus, heterogeneity may provide a frame-
work for tumor cells to explore novel states that are advantageous
to the cell itself but also to the tumor system as a whole.

Outlook

As the importance of intra-tumoral heterogeneity for tumor pro-
gression has become abundantly clear, the efforts to examine the
tumor as a complex system have also come into focus. Although
the existence of diverse cancer cell states has been known for
manyyears, several challenges have thwarted efforts to understand
their role and functional relevance on a deeper level. In particular,
many molecular approaches were not available to dissect the rela-
tionships among the cell states as a part of the collective tumor
system.

Recent advances in molecular biology, single-cell technolo-
gies, and computational methods promise to provide an
integrative understanding of the tumor system. First, we can
now study tumors at an unprecedented scale and resolution,
with a high-dimensional, multiomic view at the level of individual
cells. Integrating multiple modalities, including proteomic, tran-
scriptomic, epigenomic, and genomic, will help to understand
the origins of cancer cell states. Although each sample under study
with these technologies is a snapshot, computational methods to
infer dynamics make use of naturally occurring lineage tracing us-
ing copy-number alterations and mitochondrial mutations. Fur-

thermore, leveraging spatial transcriptomics to understand how
states mix or segregate within the tumor, as well as their colocali-
zation with elements of the tumor microenvironment, may hint
at how they arise and at their functional consequences.

Perturbation experiments in model systems will be required
to rigorously establish the causal aspects of cancer cell states and
move beyond correlative observations. With increased practicality
and tractability, model systems like patient-derived organoids and
geneticmousemodels can be used to recapitulate the tumor and its
microenvironment and mimic human disease. Single-cell CRISPR
screens to perturb cell states may also lead to novel insights into
the plasticity and dynamics of cell states as well shed light on
the drivers of heterogeneous populations within the tumor.
Computational strategies such as agent-based modeling can be in-
corporated to understand how tumor-level properties emerge from
these components. Together, these two complementary approach-
es—holistic but correlative, and causal but reductionist—will en-
able us to understand how the tumor system emerges from its
individual components and may highlight the system’s vulnera-
bilities for treatment.

Competing interest statement

The authors declare no competing interests.

Acknowledgments

We thank Deborah Liberman for a critical reading of the manu-
script. This work was supported by a grant from the National
Institutes of Health (R01 LM013522).

References

Aibar S, González-Blas CB, Moerman T, Huynh-Thu VA, Imrichova H,
Hulselmans G, Rambow F, Marine J-C, Geurts P, Aerts J, et al. 2017.
SCENIC: single-cell regulatory network inference and clustering. Nat
Methods 14: 1083–1086. doi:10.1038/nmeth.4463

AielloNM,Maddipati R, Norgard RJ, Balli D, Li J, Yuan S, Yamazoe T, Black T,
Sahmoud A, Furth EE, et al. 2018. EMT subtype influences epithelial
plasticity and mode of cell migration. Dev Cell 45: 681–695.e4. doi:10
.1016/j.devcel.2018.05.027

Aktipis CA, Nesse RM. 2013. Evolutionary foundations for cancer biology.
Evol Appl 6: 144–159. doi:10.1111/eva.12034

Archetti M, Pienta KJ. 2019. Cooperation among cancer cells: applying
game theory to cancer. Nat Rev Cancer 19: 110–117. doi:10.1038/
s41568-018-0083-7

Bagley RG. 2010. The tumor microenvironment. Springer Science & Business
Media, New York.

Barkley D, Yanai I. 2019. Plasticity and clonality of cancer cell states. Trends
Cancer Res 5: 655–656. doi:10.1016/j.trecan.2019.09.002

Baron M, Tagore M, Hunter MV, Kim IS, Moncada R, Yan Y, Campbell NR,
White RM, Yanai I. 2020. The stress-like cancer cell state is a consistent
component of tumorigenesis. Cell Syst 11: 536–546.e7. doi:10.1016/j
.cels.2020.08.018

Biteau B, Hochmuth CE, Jasper H. 2011. Maintaining tissue homeostasis:
dynamic control of somatic stem cell activity. Cell Stem Cell 9: 402–
411. doi:10.1016/j.stem.2011.10.004

Brady SW, McQuerry JA, Qiao Y, Piccolo SR, Shrestha G, Jenkins DF, Layer
RM, Pedersen BS, Miller RH, Esch A, et al. 2017. Combating subclonal
evolution of resistant cancer phenotypes. Nat Commun 8: 1231.
doi:10.1038/s41467-017-01174-3

Brown JA, Schober M. 2018. Cellular quiescence: how TGFβ protects cancer
cells from chemotherapy. Mol Cell Oncol 5: e1413495. doi:10.1080/
23723556.2017.1413495

Calbo J, van Montfort E, Proost N, van Drunen E, Berna Beverloo H,
Meuwissen R, Berns A. 2011. A functional role for tumor cell heteroge-
neity in a mouse model of small cell lung cancer. Cancer Cell 19: 244–
256. doi:10.1016/j.ccr.2010.12.021

Campbell NR, Rao A, Zhang M, BaronM, Heilmann S, Deforet M, Kenny C,
Ferretti L, Huang T-H, Garg M, et al. 2020. Cell state diversity promotes

Barkley et al.

1724 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on June 12, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


metastasis through heterotypic cluster formation inmelanoma. bioRxiv
doi:10.1101/2020.08.24.265140

ChenW, Dong J, Haiech J, Kilhoffer M-C, ZeniouM. 2016. Cancer stem cell
quiescence and plasticity as major challenges in cancer therapy. Stem
Cells Int 2016: 1740936. doi:10.1155/2016/1740936

Chen C, Yu W, Alikarami F, Qiu Q, Chen C-H, Flournoy J, Gao P, Uzun Y,
Fang L, Hu Y, et al. 2020. Single-cell multi-omics reveals elevated plastic-
ity and stem-cell-like blasts relevant to the poor prognosis of KMT2A-re-
arranged leukemia. bioRxiv doi:10.1101/2020.12.06.413930

ChungW, EumHH, Lee H-O, Lee K-M, Lee H-B, KimK-T, RyuHS, Kim S, Lee
JE, Park YH, et al. 2017. Single-cell RNA-seq enables comprehensive tu-
mour and immune cell profiling in primary breast cancer. Nat Commun
8: 15081. doi:10.1038/ncomms15081

Cleary AS, Leonard TL, Gestl SA, Gunther EJ. 2014. Tumour cell heterogene-
ity maintained by cooperating subclones inWnt-drivenmammary can-
cers. Nature 508: 113–117. doi:10.1038/nature13187

Dalerba P, Kalisky T, SahooD, Rajendran PS, RothenbergME, Leyrat AA, Sim
S, Okamoto J, JohnstonDM,QianD, et al. 2011. Single-cell dissection of
transcriptional heterogeneity in human colon tumors. Nat Biotechnol
29: 1120–1127. doi:10.1038/nbt.2038

Dempke WCM, Heinemann V. 2010. Ras mutational status is a biomarker
for resistance to EGFR inhibitors in colorectal carcinoma. Anticancer
Res 30: 4673–4677.

Dirkse A, Golebiewska A, Buder T, Nazarov PV, Muller A, Poovathingal S,
Brons NHC, Leite S, Sauvageot N, Sarkisjan D, et al. 2019. Stem cell-as-
sociated heterogeneity in glioblastoma results from intrinsic tumor plas-
ticity shaped by the microenvironment. Nat Commun 10: 1787. doi:10
.1038/s41467-019-09853-z

Emert BL, Cote CJ, Torre EA, Dardani IP, Jiang CL, Jain N, Shaffer SM, Raj A.
2021. Variability within rare cell states enables multiple paths toward
drug resistance. Nat Biotechnol 39: 865–876. doi:10.1038/s41587-021-
00837-3

Eyler CE, Matsunaga H, Hovestadt V, Vantine SJ, van Galen P, Bernstein BE.
2020. Single-cell lineage analysis reveals genetic and epigenetic inter-
play in glioblastoma drug resistance. Genome Biol 21: 174. doi:10
.1186/s13059-020-02085-1

Filbin MG, Tirosh I, Hovestadt V, Shaw ML, Escalante LE, Mathewson ND,
Neftel C, Frank N, Pelton K, Hebert CM, et al. 2018. Developmental and
oncogenic programs in H3K27M gliomas dissected by single-cell RNA-
seq. Science 360: 331–335. doi:10.1126/science.aao4750

Flavahan WA, Gaskell E, Bernstein BE. 2017. Epigenetic plasticity and the
hallmarks of cancer. Science 357: eaal2380. doi:10.1126/science
.aal2380

Frank SA, Rosner MR. 2012. Nonheritable cellular variability accelerates the
evolutionary processes of cancer. PLoS Biol 10: e1001296. doi:10.1371/
journal.pbio.1001296

Ganesh K, Basnet H, Kaygusuz Y, Laughney AM, He L, Sharma R, O’Rourke
KP, Reuter VP, Huang Y-H, Turkekul M, et al. 2020. L1CAM defines the
regenerative origin ofmetastasis-initiating cells in colorectal cancer.Nat
Cancer 1: 28–45. doi:10.1038/s43018-019-0006-x

Gao R, Kim C, Sei E, Foukakis T, Crosetto N, Chan L-K, SrinivasanM, Zhang
H, Meric-Bernstam F, Navin N. 2017. Nanogrid single-nucleus RNA se-
quencing reveals phenotypic diversity in breast cancer. Nat Commun
8: 228. doi:10.1038/s41467-017-00244-w

Garofano L, Migliozzi S, Oh YT, D’Angelo F, Najac RD, Ko A, Frangaj B,
Caruso FP, Yu K, Yuan J, et al. 2021. Pathway-based classification of glio-
blastoma uncovers a mitochondrial subtype with therapeutic vulnera-
bilities. Nat Cancer 2: 141–156. doi:10.1038/s43018-020-00159-4

Gatenby RA, Vincent TL. 2003. Application of quantitative models from
population biology and evolutionary game theory to tumor therapeutic
strategies. Mol Cancer Ther 2: 919–927.

Gehart H, Clevers H. 2019. Tales from the crypt: new insights into intestinal
stem cells. Nat Rev Gastroenterol Hepatol 16: 19–34. doi:10.1038/s41575-
018-0081-y

Granja JM, KlemmS,McGinnis LM, Kathiria AS,Mezger A, CorcesMR, Parks
B, Gars E, LiedtkeM, ZhengGXY, et al. 2019. Single-cell multiomic anal-
ysis identifies regulatory programs inmixed-phenotype acute leukemia.
Nat Biotechnol 37: 1458–1465. doi:10.1038/s41587-019-0332-7

Guilhamon P, Chesnelong C, Kushida MM, Nikolic A, Singhal D, MacLeod
G, Madani Tonekaboni SA, Cavalli FM, Arlidge C, Rajakulendran N,
et al. 2021. Single-cell chromatin accessibility profiling of glioblastoma
identifies an invasive cancer stem cell population associated with lower
survival. eLife 10: e64090. doi:10.7554/eLife.64090

Gupta PB, Fillmore CM, Jiang G, Shapira SD, Tao K, Kuperwasser C, Lander
ES. 2011. Stochastic state transitions give rise to phenotypic equilibrium
in populations of cancer cells. Cell 146: 633–644. doi:10.1016/j.cell
.2011.07.026

Haensel D, Dai X. 2018. Epithelial-to-mesenchymal transition in cutaneous
wound healing: where we are and where we are heading. Dev Dyn 247:
473–480. doi:10.1002/dvdy.24561

Hay ED. 1995. An overview of epithelio-mesenchymal transformation. Acta
Anat 154: 8–20. doi:10.1159/000147748

Heinrich S, Craig AJ, Ma L, Heinrich B, Greten TF, Wang XW. 2021.
Understanding tumour cell heterogeneity and its implication for immu-
notherapy in liver cancer using single-cell analysis. J Hepatol 74: 700–
715. doi:10.1016/j.jhep.2020.11.036

Hinohara K, Wu H-J, Vigneau S, McDonald TO, Igarashi KJ, Yamamoto KN,
Madsen T, Fassl A, Egri SB, Papanastasiou M, et al. 2019. KDM5 histone
demethylase activity links cellular transcriptomic heterogeneity to
therapeutic resistance. Cancer Cell 35: 330–332. doi:10.1016/j.ccell
.2019.01.012

Hoadley KA, Yau C, Hinoue T, Wolf DM, Lazar AJ, Drill E, Shen R, Taylor
AM, Cherniack AD, ThorssonV, et al. 2018. Cell-of-origin patterns dom-
inate themolecular classification of 10,000 tumors from33 types of can-
cer. Cell 173: 291–304.e6. doi:10.1016/j.cell.2018.03.022

Hu Z, Sun R, Curtis C. 2017. A population genetics perspective on the deter-
minants of intra-tumor heterogeneity. Biochim Biophys Acta Rev Cancer
1867: 109–126. doi:10.1016/j.bbcan.2017.03.001

Izar B, Tirosh I, Stover EH,Wakiro I, CuocoMS, Alter I, RodmanC, Leeson R,
Su M-J, Shah P, et al. 2020. A single-cell landscape of high-grade serous
ovarian cancer. Nat Med 26: 1271–1279. doi:10.1038/s41591-020-
0926-0

Jang JS, Li Y, Mitra AK, Bi L, Abyzov A, vanWijnen AJ, Baughn LB, VanNess
B, Rajkumar V, Kumar S, et al. 2019. Molecular signatures of multiple
myeloma progression through single cell RNA-Seq. Blood Cancer J 9: 2.
doi:10.1038/s41408-018-0160-x

JaniszewskaM, TabassumDP,Castaño Z, Cristea S, Yamamoto KN, Kingston
NL, Murphy KC, Shu S, Harper NW, Del Alcazar CG, et al. 2019.
Subclonal cooperation drives metastasis by modulating local and sys-
temic immune microenvironments. Nat Cell Biol 21: 879–888. doi:10
.1038/s41556-019-0346-x

Ji AL, Rubin AJ, Thrane K, Jiang S, Reynolds DL, Meyers RM, Guo MG,
George BM, Mollbrink A, Bergenstråhle J, et al. 2020. Multimodal anal-
ysis of composition and spatial architecture in human squamous cell
carcinoma. Cell 182: 1661–1662. doi:10.1016/j.cell.2020.08.043

Jögi A, Vaapil M, JohanssonM, Påhlman S. 2012. Cancer cell differentiation
heterogeneity and aggressive behavior in solid tumors. Ups J Med Sci
117: 217–224. doi:10.3109/03009734.2012.659294

Jouanneau J,MoensG, Bourgeois Y, PouponMF, Thiery JP. 1994. Aminority
of carcinoma cells producing acidic fibroblast growth factor induces a
community effect for tumor progression. Proc Natl Acad Sci 91: 286–
290. doi:10.1073/pnas.91.1.286

Kalluri R, Weinberg RA. 2009. The basics of epithelial-mesenchymal transi-
tion. J Clin Invest 119: 1420–1428. doi:10.1172/JCI39104

Kandoth C, Schultz N, Cherniack AD, Akbani R, Liu Y, Shen H, Robertson
AG, Pashtan I, Shen R, Benz CC, et al. 2013. Integrated genomic charac-
terization of endometrial carcinoma. Nature 497: 67–73. doi:10.1038/
nature12113

Kim K-T, Lee HW, Lee H-O, Song HJ, Jeong DE, Shin S, Kim H, Shin Y, Nam
D-H, Jeong BC, et al. 2016. Application of single-cell RNA sequencing in
optimizing a combinatorial therapeutic strategy in metastatic renal cell
carcinoma. Genome Biol 17: 80. doi:10.1186/s13059-016-0945-9

Kim C, Gao R, Sei E, Brandt R, Hartman J, Hatschek T, Crosetto N, Foukakis
T, Navin NE. 2018. Chemoresistance evolution in triple-negative breast
cancer delineated by single-cell sequencing. Cell 173: 879–893.e13.
doi:10.1016/j.cell.2018.03.041

Kim M, Mun H, Sung CO, Cho EJ, Jeon H-J, Chun S-M, Jung DJ, Shin TH,
Jeong GS, Kim DK, et al. 2019. Patient-derived lung cancer organoids
as in vitro cancer models for therapeutic screening. Nat Commun 10:
3991. doi:10.1038/s41467-019-11867-6

Kim N, Kim HK, Lee K, Hong Y, Cho JH, Choi JW, Lee J-I, Suh Y-L, Ku BM,
Eum HH, et al. 2020. Single-cell RNA sequencing demonstrates the mo-
lecular and cellular reprogramming of metastatic lung adenocarcinoma.
Nat Commun 11: 2285. doi:10.1038/s41467-020-16164-1

Kinker GS, Greenwald AC, Tal R, Orlova Z, Cuoco MS, McFarland JM,
Warren A, Rodman C, Roth JA, Bender SA, et al. 2020. Pan-cancer sin-
gle-cell RNA-seq identifies recurring programs of cellular heterogeneity.
Nat Genet 52: 1208–1218. doi:10.1038/s41588-020-00726-6

Koboldt DC, Fulton RS, McLellan MD, Schmidt H, Kalicki-Veizer J,
McMichael JF, Fulton LL, Dooling DJ, Ding L, Mardis ER, et al. 2012.
Comprehensive molecular portraits of human breast tumours. Nature
490: 61–70. doi:10.1038/nature11412

Kreso A, O’Brien CA, van Galen P, Gan OI, Notta F, Brown AMK, Ng K, Ma J,
Wienholds E, Dunant C, et al. 2013. Variable clonal repopulation dy-
namics influence chemotherapy response in colorectal cancer. Science
339: 543–548. doi:10.1126/science.1227670

Kundaje A, Meuleman W, Ernst J, Bilenky M, Yen A, Heravi-Moussavi A,
Kheradpour P, Zhang Z, Wang J, Ziller MJ, et al. 2015. Integrative anal-
ysis of 111 reference human epigenomes. Nature 518: 317–330. doi:10
.1038/nature14248

Cancer cell states in the dynamic tumor system

Genome Research 1725
www.genome.org

 Cold Spring Harbor Laboratory Press on June 12, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


LaFave LM, Kartha VK, Ma S, Meli K, Del Priore I, Lareau C, Naranjo S,
Westcott PMK, Duarte FM, Sankar V, et al. 2020. Epigenomic state tran-
sitions characterize tumor progression in mouse lung adenocarcinoma.
Cancer Cell 38: 212–228.e13. doi:10.1016/j.ccell.2020.06.006

Lähnemann D, Köster J, Szczurek E, McCarthy DJ, Hicks SC, Robinson MD,
Vallejos CA, Campbell KR, Beerenwinkel N, Mahfouz A, et al. 2020.
Eleven grand challenges in single-cell data science. Genome Biol 21:
31. doi:10.1186/s13059-020-1926-6

Latil M, Nassar D, Beck B, Boumahdi S, Wang L, Brisebarre A, Dubois C,
Nkusi E, Lenglez S, Checinska A, et al. 2017. Cell-type-specific chroma-
tin states differentially prime squamous cell carcinoma tumor-initiating
cells for epithelial to mesenchymal transition. Cell Stem Cell 20:
191–204.e5. doi:10.1016/j.stem.2016.10.018

Laughney AM, Hu J, Campbell NR, Bakhoum SF, Setty M, Lavallée V-P, Xie
Y, Masilionis I, Carr AJ, Kottapalli S, et al. 2020. Regenerative lineages
and immune-mediated pruning in lung cancer metastasis. Nat Med
26: 259–269. doi:10.1038/s41591-019-0750-6

LawsonDA, Bhakta NR, Kessenbrock K, Prummel KD, Yu Y, Takai K, Zhou A,
Eyob H, Balakrishnan S, Wang C-Y, et al. 2015. Single-cell analysis re-
veals a stem-cell program in human metastatic breast cancer cells.
Nature 526: 131–135. doi:10.1038/nature15260

Le A. 2018. The heterogeneity of cancer metabolism. Springer, Cham,
Switzerland.

Lewis K. 2007. Persister cells, dormancy and infectious disease. Nat Rev
Microbiol 5: 48–56. doi:10.1038/nrmicro1557

Li H, Courtois ET, Sengupta D, Tan Y, Chen KH, Goh JJL, Kong SL, Chua C,
Hon LK, Tan WS, et al. 2017. Reference component analysis of single-
cell transcriptomes elucidates cellular heterogeneity in human colorec-
tal tumors. Nat Genet 49: 708–718. doi:10.1038/ng.3818

Liau BB, Sievers C, Donohue LK, Gillespie SM, Flavahan WA, Miller TE,
Venteicher AS, Hebert CH, Carey CD, Rodig SJ, et al. 2017. Adaptive
chromatin remodeling drives glioblastoma stem cell plasticity and
drug tolerance. Cell Stem Cell 20: 233–246.e7. doi:10.1016/j.stem.2016
.11.003

Ligorio M, Sil S, Malagon-Lopez J, Nieman LT, Misale S, Di PilatoM, Ebright
RY, Karabacak MN, Kulkarni AS, Liu A, et al. 2019. Stromal microenvi-
ronment shapes the intratumoral architecture of pancreatic cancer.
Cell 178: 160–175.e27. doi:10.1016/j.cell.2019.05.012

Lim Z-F, Ma PC. 2019. Emerging insights of tumor heterogeneity and drug
resistance mechanisms in lung cancer targeted therapy. J Hematol Oncol
12: 134. doi:10.1186/s13045-019-0818-2

Lin W, Noel P, Borazanci EH, Lee J, Amini A, Han IW, Heo JS, Jameson GS,
Fraser C, Steinbach M, et al. 2020. Single-cell transcriptome analysis of
tumor and stromal compartments of pancreatic ductal adenocarcinoma
primary tumors and metastatic lesions. Genome Med 12: 80. doi:10
.1186/s13073-020-00776-9

Liu R, Gao Q, Foltz SM, Fowles JS, Yao L,Wang JT, Cao S, Sun H,WendlMC,
Sethuraman S, et al. 2021. Co-evolution of tumor and immune cells dur-
ing progression of multiple myeloma. Nat Commun 12: 2559. doi:10
.1038/s41467-021-22804-x

Macaulay IC, Haerty W, Kumar P, Li YI, Hu TX, Teng MJ, GoolamM, Saurat
N, Coupland P, Shirley LM, et al. 2015. G&T-seq: parallel sequencing of
single-cell genomes and transcriptomes. Nat Methods 12: 519–522.
doi:10.1038/nmeth.3370

Marjanovic ND, HofreeM, Chan JE, Canner D,Wu K, TrakalaM, Hartmann
GG, Smith OC, Kim JY, Evans KV, et al. 2020. Emergence of a high-plas-
ticity cell state during lung cancer evolution. Cancer Cell 38: 229–
246.e13. doi:10.1016/j.ccell.2020.06.012

Marusyk A, Almendro V, Polyak K. 2012. Intra-tumour heterogeneity: a
looking glass for cancer? Nat Rev Cancer 12: 323–334. doi:10.1038/
nrc3261

Marusyk A, Tabassum DP, Altrock PM, Almendro V, Michor F, Polyak K.
2014. Non-cell-autonomous driving of tumour growth supports sub-
clonal heterogeneity. Nature 514: 54–58. doi:10.1038/nature13556

Marusyk A, Janiszewska M, Polyak K. 2020. Intratumor heterogeneity: the
Rosetta Stone of therapy resistance. Cancer Cell 37: 471–484. doi:10
.1016/j.ccell.2020.03.007

McGranahan N, Swanton C. 2017. Clonal heterogeneity and tumor evolu-
tion: past, present, and the future. Cell 168: 613–628. doi:10.1016/j.cell
.2017.01.018

Meir Z, Mukamel Z, Chomsky E, Lifshitz A, Tanay A. 2020. Single-cell anal-
ysis of clonal maintenance of transcriptional and epigenetic states in
cancer cells. Nat Genet 52: 709–718. doi:10.1038/s41588-020-0645-y

Moncada R, Barkley D, Wagner F, Chiodin M, Devlin JC, Baron M, Hajdu
CH, Simeone DM, Yanai I. 2020. Integrating microarray-based spatial
transcriptomics and single-cell RNA-seq reveals tissue architecture in
pancreatic ductal adenocarcinomas. Nat Biotechnol 38: 333–342.
doi:10.1038/s41587-019-0392-8

Neftel C, Laffy J, Filbin MG, Hara T, Shore ME, Rahme GJ, Richman AR,
Silverbush D, Shaw ML, Hebert CM, et al. 2019. An integrative model

of cellular states, plasticity, and genetics for glioblastoma. Cell 178:
835–849.e21. doi:10.1016/j.cell.2019.06.024

Oh BY, Shin H-T, Yun JW, Kim K-T, Kim J, Bae JS, Cho YB, Lee WY, Yun SH,
Park YA, et al. 2019. Intratumor heterogeneity inferred from targeted
deep sequencing as a prognostic indicator. Sci Rep 9: 4542. doi:10
.1038/s41598-019-41098-0

Parker T, Madan E, Gupta K, Moreno E, Gogna R. 2020. Cell competition
spurs selection of aggressive cancer cells. Trends Cancer Res 6: 732–
736. doi:10.1016/j.trecan.2020.03.008

Pastushenko I, Brisebarre A, Sifrim A, Fioramonti M, Revenco T, Boumahdi
S, Van Keymeulen A, Brown D, Moers V, Lemaire S, et al. 2018.
Identification of the tumour transition states occurring during EMT.
Nature 556: 463–468. doi:10.1038/s41586-018-0040-3

Patel AP, Tirosh I, Trombetta JJ, Shalek AK, Gillespie SM, Wakimoto H,
Cahill DP, Nahed BV, Curry WT, Martuza RL, et al. 2014. Single-cell
RNA-seq highlights intratumoral heterogeneity in primary glioblasto-
ma. Science 344: 1396–1401. doi:10.1126/science.1254257

Pellettieri J, Sánchez Alvarado A. 2007. Cell turnover and adult tissue ho-
meostasis: from humans to planarians. Annu Rev Genet 41: 83–105.
doi:10.1146/annurev.genet.41.110306.130244

Puram SV, Tirosh I, Parikh AS, Patel AP, Yizhak K, Gillespie S, Rodman C,
Luo CL, Mroz EA, Emerick KS, et al. 2017. Single-cell transcriptomic
analysis of primary and metastatic tumor ecosystems in head and
neck cancer. Cell 171: 1611–1624.e24. doi:10.1016/j.cell.2017.10.044

Rambow F, Rogiers A, Marin-Bejar O, Aibar S, Femel J, Dewaele M, Karras P,
BrownD, Chang YH, Debiec-RychterM, et al. 2018. Towardminimal re-
sidual disease-directed therapy in melanoma. Cell 174: 843–855.e19.
doi:10.1016/j.cell.2018.06.025

Ramón y Cajal S, Sesé M, Capdevila C, Aasen T, De Mattos-Arruda L, Diaz-
Cano SJ, Hernández-Losa J, Castellví J. 2020. Clinical implications of
intratumor heterogeneity: challenges and opportunities. J Mol Med
98: 161–177. doi:10.1007/s00109-020-01874-2

Rao A, Barkley D, França GS, Yanai I. 2021. Exploring tissue architecture us-
ing spatial transcriptomics. Nature 596: 211–220. doi:10.1038/s41586-
021-03634-9

Revenco T, Nicodème A, Pastushenko I, Sznurkowska MK, Latil M,
Sotiropoulou PA, Dubois C, Moers V, Lemaire S, de Maertelaer V, et al.
2019. Context dependency of epithelial-to-mesenchymal transition
for metastasis. Cell Rep 29: 1458–1468.e3. doi:10.1016/j.celrep.2019
.09.081

Roesch A, Vultur A, Bogeski I, Wang H, Zimmermann KM, Speicher D,
Körbel C, Laschke MW, Gimotty PA, Philipp SE, et al. 2013.
Overcoming intrinsic multidrug resistance in melanoma by blocking
the mitochondrial respiratory chain of slow-cycling JARID1Bhigh cells.
Cancer Cell 23: 811–825. doi:10.1016/j.ccr.2013.05.003

Rothenpieler UW, Dressler GR. 1993. Pax-2 is required for mesenchyme-to-
epithelium conversion during kidney development. Development 119:
711–720. doi:10.1242/dev.119.3.711

Rubinfeld B, Albert I, Porfiri E, Fiol C,Munemitsu S, Polakis P. 1996. Binding
of GSK3β to the APC-β-catenin complex and regulation of complex as-
sembly. Science 272: 1023–1026. doi:10.1126/science.272.5264.1023

Runa F, Hamalian S, Meade K, Shisgal P, Gray PC, Kelber JA. 2017. Tumor
microenvironment heterogeneity: challenges and opportunities. Curr
Mol Biol Rep 3: 218–229. doi:10.1007/s40610-017-0073-7

Sachs N, Papaspyropoulos A, Zomer-van Ommen DD, Heo I, Böttinger L,
Klay D, Weeber F, Huelsz-Prince G, Iakobachvili N, Amatngalim GD,
et al. 2019. Long-term expanding human airway organoids for disease
modeling. EMBO J 38: e100300. doi:10.15252/embj.2018100300

Savage P, Blanchet-Cohen A, Revil T, Badescu D, Saleh SMI, Wang Y-C, Zuo
D, Liu L, Bertos NR, Munoz-Ramos V, et al. 2017. A targetable EGFR-de-
pendent tumor-initiating program in breast cancer. Cell Rep 21: 1140–
1149. doi:10.1016/j.celrep.2017.10.015

Seino T, Kawasaki S, Shimokawa M, Tamagawa H, Toshimitsu K, Fujii M,
Ohta Y, MatanoM, Nanki K, Kawasaki K, et al. 2018. Human pancreatic
tumor organoids reveal loss of stem cell niche factor dependence during
disease progression. Cell Stem Cell 22: 454–467.e6. doi:10.1016/j.stem
.2017.12.009

Shaffer SM, Dunagin MC, Torborg SR, Torre EA, Emert B, Krepler C, Beqiri
M, Sproesser K, Brafford PA, Xiao M, et al. 2017. Rare cell variability
and drug-induced reprogramming as a mode of cancer drug resistance.
Nature 546: 431–435. doi:10.1038/nature22794

Sharma SV, Lee DY, Li B, Quinlan MP, Takahashi F, Maheswaran S,
McDermott U, Azizian N, Zou L, Fischbach MA, et al. 2010. A chroma-
tin-mediated reversible drug-tolerant state in cancer cell subpopula-
tions. Cell 141: 69–80. doi:10.1016/j.cell.2010.02.027

Shibue T, Weinberg RA. 2017. EMT, CSCs, and drug resistance: the mecha-
nistic link and clinical implications. Nat Rev Clin Oncol 14: 611–629.
doi:10.1038/nrclinonc.2017.44

Singh A, Settleman J. 2010. EMT, cancer stem cells and drug resistance: an
emerging axis of evil in the war on cancer. Oncogene 29: 4741–4751.
doi:10.1038/onc.2010.215

Barkley et al.

1726 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on June 12, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


Suvà ML, Tirosh I. 2019. Single-cell RNA sequencing in cancer: lessons
learned and emerging challenges. Mol Cell 75: 7–12. doi:10.1016/j
.molcel.2019.05.003

Tammela T, Sanchez-Rivera FJ, Cetinbas NM, Wu K, Joshi NS, Helenius K,
Park Y, Azimi R, Kerper NR, Wesselhoeft RA, et al. 2017. AWnt-produc-
ing niche drives proliferative potential and progression in lung adeno-
carcinoma. Nature 545: 355–359. doi:10.1038/nature22334

Tanay A, Regev A. 2017. Scaling single-cell genomics from phenomenology
to mechanism. Nature 541: 331–338. doi:10.1038/nature21350

Thibaut R, Bost P, Milo I, Cazaux M, Lemaître F, Garcia Z, Amit I, Breart B,
Cornuot C, Schwikowski B, et al. 2020. Bystander IFN-γ activity pro-
motes widespread and sustained cytokine signaling altering the tumor
microenvironment. Nat Cancer 1: 302–314. doi:10.1038/s43018-020-
0038-2

Tirosh I, Izar B, Prakadan SM, Wadsworth MH, Treacy D, Trombetta JJ,
Rotem A, Rodman C, Lian C, Murphy G, et al. 2016a. Dissecting the
multicellular ecosystem of metastatic melanoma by single-cell RNA-
seq. Science 352: 189–196. doi:10.1126/science.aad0501

Tirosh I, Venteicher AS, Hebert C, Escalante LE, Patel AP, Yizhak K, Fisher
JM, Rodman C, Mount C, Filbin MG, et al. 2016b. Single-cell RNA-seq
supports a developmental hierarchy in human oligodendroglioma.
Nature 539: 309–313. doi:10.1038/nature20123

van Galen P, Hovestadt V, Wadsworth MI II, Hughes TK, Griffin GK,
Battaglia S, Verga JA, Stephansky J, Pastika TJ, Lombardi Story J, et al.
2019. Single-cell RNA-Seq reveals AML hierarchies relevant to disease
progression and immunity. Cell 176: 1265–1281.e24. doi:10.1016/j
.cell.2019.01.031

Venteicher AS, Tirosh I, Hebert C, Yizhak K, Neftel C, Filbin MG, Hovestadt
V, Escalante LE, ShawML, Rodman C, et al. 2017. Decoupling genetics,
lineages, and microenvironment in IDH-mutant gliomas by single-cell
RNA-seq. Science 355: eaai8478. doi:10.1126/science.aai8478

Viswanathan VS, Ryan MJ, Dhruv HD, Gill S, Eichhoff OM, Seashore-
Ludlow B, Kaffenberger SD, Eaton JK, Shimada K, Aguirre AJ, et al.
2017. Dependency of a therapy-resistant state of cancer cells on a lipid
peroxidase pathway. Nature 547: 453–457. doi:10.1038/nature23007

von Ahrens D, Bhagat TD, Nagrath D, Maitra A, Verma A. 2017. The role of
stromal cancer-associated fibroblasts in pancreatic cancer. J Hematol
Oncol 10: 76. doi:10.1186/s13045-017-0448-5

Williams JB, Li S, Higgs EF, Cabanov A, Wang X, Huang H, Gajewski TF.
2020. Tumor heterogeneity and clonal cooperation influence the im-
mune selection of IFN-γ-signaling mutant cancer cells. Nat Commun
11: 602. doi:10.1038/s41467-020-14290-4

Wouters J, Kalender-Atak Z, Minnoye L, Spanier KI, DeWaegeneer M, Bravo
González-Blas C, Mauduit D, Davie K, Hulselmans G, Najem A, et al.
2020. Robust gene expression programs underlie recurrent cell states
and phenotype switching in melanoma. Nat Cell Biol 22: 986–998.
doi:10.1038/s41556-020-0547-3

Wu T, Dai Y. 2017. Tumor microenvironment and therapeutic response.
Cancer Lett 387: 61–68. doi:10.1016/j.canlet.2016.01.043

Yan X, Owens DM. 2008. The skin: a home to multiple classes of epithelial
progenitor cells. Stem Cell Rev 4: 113–118. doi:10.1007/s12015-008-
9022-4

Yao J, Cui Q, Fan W, Ma Y, Chen Y, Liu T, Zhang X, Xi Y, Wang C, Peng
L, et al. 2020. Single-cell transcriptomic analysis in a mouse model
deciphers cell transition states in the multistep development of
esophageal cancer. Nat Commun 11: 3715. doi:10.1038/s41467-020-
17492-y

Yeo SK, Zhu X, Okamoto T, Hao M, Wang C, Lu P, Lu LJ, Guan J-L. 2020.
Single-cell RNA-sequencing reveals distinct patterns of cell state hetero-
geneity in mouse models of breast cancer. eLife 9: e58810. doi:10.7554/
eLife.58810

Cancer cell states in the dynamic tumor system

Genome Research 1727
www.genome.org

 Cold Spring Harbor Laboratory Press on June 12, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com

