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Abstract

Cancer has long been viewed as a genetic disease of cumulative mutations. This notion is fuelled
by studies showing that ageing tissues are often riddled with clones of complex oncogenic
backgrounds coexisting in seeming harmony with their normal tissue counterparts. Equally
puzzling, however, is how cancer cells harbouring high mutational burden contribute to normal,
tumour-free mice when allowed to develop within the confines of healthy embryos. Conversely,
recent evidence suggests that adult tissue cells expressing only one or a few oncogenes can,

in some contexts, generate tumours exhibiting many of the features of a malignant, invasive
cancer. These disparate observations are difficult to reconcile without invoking environmental cues
triggering epigenetic changes that can either dampen or drive malignant transformation. In this
Review, we focus on how certain oncogenes can launch a two-way dialogue of miscommunication
between a stem cell and its environment that can rewire downstream events non-genetically and
skew the morphogenetic course of the tissue. We review the cells and molecules of and the
physical forces acting in the resulting tumour microenvironments that can profoundly affect the
behaviours of transformed cells. Finally, we discuss possible explanations for the remarkable
diversity in the relative importance of mutational burden versus tumour microenvironment and its
clinical relevance.

Introduction

For over a century, cancer has been described as a genetic diseasel. Most human cancers

contain 2—8 driver mutations?, and much work has focused on the order in which mutations

arise?~". For instance, in colorectal cancer, progression often correlates with a sequential
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addition of mutations in APC, RAS, SMAD and 7P53 (ref. 8). These studies have led to the
view that the temporal accumulation of somatic mutations up to a threshold of the oncogenic
load underlies both initiation of and progression to a metastatic state.

Research in mice has now revealed that even cells that harbour only a single or a few
oncogenic mutations can progress to malignancy®-11 (Table 1). Similarly, in humans,
paediatric cancers have far fewer mutations than adult cancers but are just as aggressive212,
suggesting that a small number of mutations in combination with epigenetic changes
can trigger the development and progression of tumours. Further evidence is provided
by studies showing that metastatic spread to secondary sites does not always correlate
with a higher mutational burden’, and that even non-transformed epithelial cells can
spontaneously disseminate and survive in distant organs'3. The organotropism exhibited
by certain cancers also supports the notion that the environment dictates the formation
of successful metastases!4 and that non-genetic avenues often control the acquisition of
metastatic traits.

Hints surfaced long ago that cancer is not simply a matter of genetics. In the 1970s,
pioneering studies by Mintz and colleagues demonstrated that malignant teratocarcinoma
cells could contribute to healthy tissue morphogenesis in chimeric mice!®16, Soon
thereafter, it was shown that the skin of chickens infected with Rous sarcoma virus or

of mice transgenic for transforming growth factor-a (TGFa) exhibited no overt phenotype
until they were wounded, after which tumours developed along a wound sitel’=20, As
secreted factors, TGFa and TGF can exhibit paracrine transforming functions without
genetic alterations?122, Conversely, the cumulative effect of harmful sun rays in ageing
human skin manifests in numerous clones of genetically altered epidermal cells, which
carry oncogenic mutations, but do not necessarily progress to cancer?324, Together, these
studies demonstrate that whether a cell afflicted by an oncogenic mutation will initiate

a tumour or behave normally is context-dependent, invoking additional factors, such as
the tissue microenvironment, in the decision-making process. Included in this equation
are high-risk factors for cancers, including obesity, diet, chronic inflammatory conditions,
pollution, hormonal changes, injury and a host of other aberrations that affect the fitness of
the organism and in turn the microenvironment of a premalignant tissue stem cell.

In the past decade, researchers have focused on investigating the spatial-temporal changes
in various components of the tumour microenvironment (TME)25-27 and in the changes

of the transformed cells as they progress to malignant, invasive and metastatic cancers.
Such studies have led to a number of newfound cancer drivers, including several genetic
alterations, such as oncogenic histone mutations28, and many non-genetic alterations, such
as histone and DNA modifications and altered transcriptional regulation on the tumour
side??, and the extracellular matrix (ECM), tissue architecture, and physical forces on the
TME side30, all of which can have a profound impact on malignancy. Additionally, judging
from their normal tissue counterparts, the TMEs of most cancers are complex, comprised
of a diverse array of cells and cellular networks that include both adaptive and innate
immune cells, fibroblasts, blood vessels, lymphatics, neurons and adipocytes. Cancer stem
cells (CSCs)?31:32 _ the cells that self-renew, maintain and propagate tumour growth —
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act as a cellular switchboard that integrates the various incoming signals from the TME and
transmits back new signals that together shape cancer prognosis®:10.

Given these complexities, it is not surprising that TMEs are tailored to suit the diversity

of cancer behaviours33-32, In a number of cases, for instance, invasion is driven by

active TGFP emanating from pro-tumorigenic immune cells such as monocyte-derived
macrophages, which associate with the perivascular niche and elicit marked transcriptional
changes in nearby CSCs and cancer-activated fibroblast (CAF) neighbours32:36-38 By
contrast, lung adenocarcinomas present a relatively constant tumour-immune signature
maintained throughout progression and invasion to lymph nodes and secondary sites3?,
emphasizing that whether the immune system inhibits or promotes invasion is dependent on
context.

In addition to the local environment, dietary effects can affect tumour formation and
progression. For example, although individuals with obesity are at higher risk of developing
tumours, they are, paradoxically, better responders to cancer treatment and have an improved
prognosis?%4L, In this case, the chronic inflammatory state that is caused by overweight and
obesity may support tumorigenesis but deter recalcitrant lesions upon therapy#2. Vasculature
and neural innervation provide additional avenues for long-range signalling; see below.

Together, studies on tumour initiation and metastasis have revealed myriad non-genetic
factors that are critical, and often major, drivers in the formation and progression of
malignancies. Here, we review recent advances in understanding how cells that undergo

a single oncogenic mutation can acquire many features of malignancy simply through
epigenetic rewiring driven by interactions with their environment. By exploring the various
ways in which non-genetic factors drive tumour progression, these studies begin to shed
light on why mutational burden can sometimes be perplexingly low in cancers. Finally,

we place microenvironmental and epigenetic drivers in the context of their potential as
therapeutic targets for cancer.

Cell-extrinsic drivers of malignancy

The TME encompasses immune cells, CAFs, blood and lymphatic vasculature and nerves,
as well as extracellular components such as the ECM, basement membrane, growth
factors and metabolites, all of which are known to influence tumorigenesis and tumour
progression?®, Epithelial cells that harbour a single oncogenic mutation have made it
possible to disentangle the multifarious impacts of mutational burden and unravel the
environmental factors that influence early tumour-initiating CSCs and their roles in
tumorigenesis and progression*3,

Competition between a transformed cell and its healthy neighbours—Cell
competition within the mammalian epithelium is a natural physiological process that

occurs during tissue morphogenesis®. First described in Drosophilawing development,

cell competition is orchestrated by a mechanism whereby fit cells recognize and actively

kill a less-fit neighbour, after which it is expelled from the tissue4°. Often misunderstood as
simply proliferative advantages, phenomena resembling classical cell competition have been
described for mammalian tissues. Thus, by using live imaging, researchers have observed
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out-competition of transformed cells by healthy neighbours within both hair follicles*6
and pancreatic ductal and acinar regions#’. Although mechanistic insight was lacking,
such studies have highlighted the need for transformed cells to outcompete their healthy
neighbours in order to avoid cell death and extrusion, and to allow tumours to form.

Cellular competition in tumorigenesis in human cancers has recently been examined

in mammary organoids in which a transformed cell only proliferates efficiently when
surrounded by transformed neighbours#®, Hence, in order for clones of transformed cells to
emerge, they must generate sufficient paracrine signals to block competition by their healthy
neighbours. Indeed, in intestinal crypts, transformed enterocytes harbouring mutations in
KRAS or PI3K secrete bone morphogenic protein ligands into neighbouring healthy crypts,
curbing normal stem cell activity and gaining a competitive advantage*®.

Together, these studies provide compelling evidence that from the early stages of
tumorigenesis and without the accumulation of genetic mutations, transformed epithelial
cells can (and must) alter their surrounding epithelium to successfully progress to
malignancy (Fig. 1). It is both interesting and notable in this regard that there are also

cases in which particular mutations, for example, 7P53and NOTCH1, can accumulate
aphenotypically in the skin and oesophagus over extended periods of time without
progressing to malignancy or being eliminated by their neighbours23:°0, indicating that niche
remodelling is required for tumorigenesis in addition to oncogenic mutations. Overall, clonal
competition probably both contributes to and fuels intra-tumoural heterogeneity to promote
tumour evolution.

Inflammation as an accelerator of tumorigenesis—Inflammation is a crucial
driver of cancer initiation and progression across tissues®L. One of the first links

between inflammation and cancer was drawn from classical skin chemical carcinogenesis
studies, in which mice treated with the potent mutagen 7,12-dimethylbenz(a) anthracene
(DMBA) that frequently induces Hras mutations and papillomas were subsequently treated
with the inflammation-stimulus 12- O-tetradecanoylphorbol-13-acetate (TPA) to accelerate
progression to malignant squamous cell carcinomas (SCCs)°2:53, Similarly, exposure to
the pancreatitis-inducing agent caerulein predisposes mice harbouring a single oncogenic
Kras®12D mutation in pancreatic ductal cells to progress to ductal adenocarcinomaZ.
Although the field is still nascent, the extent to which inflammation is enhancing versus
essential in driving cancer seems to be predicated on the natural activity of the stem

cells of the tissue. Epidermal turnover is constant and thus oncogenic RAS can drive a
malignant cutaneous SCC state on its own?, whereas pancreatic turnover is infrequent,
requiring preconditioning with inflammation to prime RAS cells to a pancreatic ductal
adenocarcinoma statel0.

Recent studies confirm that the links between inflammation and cancer are far-reaching.
Thus, intestinal tumorigenesis is accelerated when the guts of mice heterozygous for a
mutation in the adenomatosis polyposis coli (Apc) gene (Apc™n mice) are treated with the
inflammation-inducing agent dextran sodium sulfate (DSS)?#. Analogously, mice carrying
mutations in either epidermal growth factor (Egfr) or Krasshow accelerated formation

of lung adenocarcinomas when exacerbated by air pollutants®®. Together, despite the long-
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term assumption that additional spontaneous genetic events must occur to progress to
malignancy?’, these examples infer that exposure to inflammatory stimuli that occur either
before or after the initial genetic insult can replace this need.

Like HRAS®12V SCC cells, KRASC12Dexpressing pancreatic ductal adenocarcinoma

cells secrete interleukin-33 (IL-33), a powerful immunomodulatory cytokine. However,

in contrast to skin carcinoma, where the cytokine acts on macrophages to enhance their
pro-tumorigenic features, including release of active TGFB38, IL-33 release from pancreatic
tumours seems to affect regulatory T (Teg) cells?. Although tumour context may fine-tune
the crosstalk, the outcome of this signal transmitted by the tumour cell and received by
immune cell neighbours appears to be cancer progression.

Another interesting twist to the relationship between inflammation and cancer comes from
the remarkable discovery, first made in skin®® but now extended to many tissue stem
cells®’, that exposure to an inflammatory stimulus imparts to the stem cells an epigenetic
inflammatory memory of the experience that can last long after the inflammation subsides
and pathology has returned to normal. Embedded within enhancers of a cohort of key
inflammatory genes, these ‘memory domains’ keep their genes in an open state, poised

for rapid, hyper-sensitive re-activation upon a stressful encounter®®, Inflammatory memory
can accelerate a wound response in injured epithelial tissues®® and skew haematopoietic
progenitors to favour the myeloid lineage®%:60. This field is still unfolding, but such
attributes are likely to underlie the link between inflammation and cancer, at least in part.

Despite the ability of inflammation to accelerate tumorigenesis in oncogenic RAS-
expressing cells, expression of oncogenic HRASC12Y on its own can in some cases trigger
a cascade of dysregulated signals within the TME that, over time, progress to tumours
with features of invasive cancer®32:61 In mouse skin, once CSCs secrete 1L-33, the altered
local immune milieu elevates the release of active TGFB38, causing the CSCs to generate
angiogenic factors and provoke a massive influx of blood vessels®. In this way, the CSCs
truly become the architects of their tumorigenic niche without the need for high mutational
burden or inflammation to set a course towards cancer, even though they undoubtedly
benefit by such inputs (Fig. 1).

Stromal fibroblasts as drivers of tumorigenesis—CAFs are TME cells with an
intra-tumoural heterogeneity phenotype of subtypes and subspecializations, which function
critically in ECM deposition and remodelling, and also in communicating extensively

with cancer cells and infiltrating leukocytes®2. One of the earliest examples illustrating

the effect of the stroma on tumorigenesis came from the work of Moses, who observed
that when a Cre driver expressed by stromal fibroblasts was used to conditionally

ablate the essential TGFp co-receptor gene 7gfbrZ, mice developed spontaneous epithelial
forestomach tumours53:64, Soon thereafter, studies showed that CAFs, but not normal
fibroblasts, are sufficient to drive tumorigenesis in the prostate with transformed epithelial
cells, lessening the need for high mutational burden in the cancer®®.

The powerful effect that CAFs can have on epithelial tumorigenesis has also been
demonstrated with genetically normal fibroblasts. CAFs strongly respond to TGF@ and
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Yes-associated protein (YAP) signalling, which induces cell-type-specific changes in
ECM production and immunosuppressive capabilities®6-58. In Apc™M mice, genetically
normal fibroblasts can contribute to intestinal tumorigenesis by activating the myeloid
differentiation primary response gene 88 protein—Toll-like receptor-4 (MYD88-TLR4)-
mediated inflammatory pathways, once thought to be exclusive to innate immune cells®.
That the microbiota that infiltrate these early Apc™" lesions are involved in triggering
the innate immune response in CAFs seems likely, but confirmation must await future
investigation.

Finally, through their ability to weave a dense matrix web surrounding some tumours, for
example pancreatic cancers, CAFs have the ability to alter the metabolic and hypoxic milieu
of the TME and thus the CSC niche’0.

Mechanical forces as part of the TME—AlIlthough many interactions between the
stroma and transformed epithelial cells are influenced by secreted cytokines and growth
factors, others can be triggered by acute, rapid changes in cell-cell and cell-ECM
interactions, or by aberrant mechanical forces resulting from oncogenic mutations. Indeed
CAFs secrete type | collagen and are responsible for most of the stromal ECM'L,

The ability of tumour cells to invade depends upon the stiffness of their surroundings.

In young, healthy tissues, stromal ECM is often stiff, impeding tumorigenesis and often
requiring ECM-degrading enzymes to facilitate invasion’2. As tissues age, stromal ECM
becomes weakened, particularly in sun-exposed or mechanically stressed regions, probably
contributing to the marked age-related rise in tumorigenesis’374. The stiffness of the
basement membrane also contributes to tumour progression. In basal cell carcinomas, for
instance, basement membrane proteins are secreted at a fast pace, inducing the formation
of a softer, viscoelastic basement membrane that can contain lesions and keep tumours
benign?®. Of additional note, resistance to Hedgehog inhibitors is determined by basal cell
carcinoma tumour architecture, with cells in close contact with the basement membrane
constituting the resistant population’8. By contrast, skin epithelium harbouring HRASC12Y
mutations form cutaneous SCCs, which have thinner and stiffer basement membranes

that rupture more easily in the face of the strong mechanical forces emanating from the
stiff keratin pearls that typify these cancers’®. These examples illustrate how fundamental
changes in the biology established early by a particular oncogene can have profound non-
genetic effects on later steps in tumour progression.

The importance of local mechanical forces as non-genetic factors in tumour progression has
also been investigated in studies using a higher mutational burden. For example, in an array
of mouse and human cancer cell lines grown in different patterns and hydrogel stiffness,
geometric cues alone were shown to enhance CSC features in clonal tumouroids, including
proliferation, migration, invasion and survival’’. This principle has been documented in
vivo in a model of pancreatic ductal adenocarcinoma driven by K7as®12P and loss of

Trp53, in which it was demonstrated that the geometry of an incipient lesion can predict
the aggressiveness of the tumour’8. Thus, the diameter of the duct where the pancreatic
tumours arise determines whether the lesion will grow into the lumen (endophytically) or
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fold externally (exophytically). Exophytic lesions interact closely with the TME’8, so they
also recruit pro-tumorigenic CAFs, facilitating tumour progression.

Another example of how the mechanical landscape of the extracellular space affects
tumorigenicity and invasiveness comes from studies on human hepatocellular carcinoma
lines, where stiffening of the ECM induces their secretion of exosomes, which in turn

leads to NOTCH activation and growth enhancement upon xenografting’®. Extracellular
fluid viscosity can also reprogram breast cancer cells in vitro into disseminating phenotypes
that favour metastasis, affecting the actin cytoskeleton, sodium and calcium transport and
contractility®0.

In another study, researchers used a magnetic device applied to mouse intestines to

mimic the mechanical pressures of tumour growth. The result was phosphorylation of -
catenin on Tyr654, which destabilized E-cadherin in adherens junctions, releasing p-catenin
to translocate into the nucleus and activate WNT signalling8l. The mechanical force
transcriptional regulator YAP is also sequestered in the cytoplasm by adherens junctions,

in this case through a-catenin, providing another mechanical activation link in this tumour-
promoting pathway®2. These more recent examples shed further light on the long-standing
knowledge that inactivating mutations in CDH1, encoding E-cadherin, are associated with
human cancers83, and reveal non-genetic ways to alter adherens junctions, cancer cell
dissemination and mechanical properties of tumours.

In short, it is clear that context matters when it comes to the tumour cells, their TME

and internal mechanical forces within the TME. Additionally, although mechanical forces
emanating from the external environment can affect tumour architecture and behaviour,
mechanical forces arising from within the cancer itself are equally and in some cases more
important in shaping the properties of the growing cancer30.

Angiogenesis, lymphangiogenesis and neurogenesis—Other well known impacts
of the TME on cancer are angiogenesis and lymphangiogenesis®8°, both of which are
triggered by signals from CSCs. As exemplified by genetic ablation of the gene encoding
vascular endothelial growth factor A (VEGFA) in a mouse skin tumour model, VEGFA

is a potent inducer of tumour-associated angiogenesis®®. Of note, Vegfa can be induced

by a variety of factors featured in the early tumorigenic microenvironment, including the
integrated stress response, hypoxia and TGF signalling®87. The ability of the vasculature
to shuttle nutrients, hormones and immune cells to tumours makes it an essential lifeline
for CSCs, which reside at the tumour—stromal interface. Vasculature can also create
intra-tumoural heterogeneity, driving differential transcriptomics in neighbouring CSCs and
contributing to their therapeutic resistance88.

In skin SCCs, the vasculature rises precipitously when TGFp signalling causes CSCs to
upregulate expression of VEGFA and other angiogenic factors?. TGF target genes also
include those encoding epithelial-mesenchymal transition proteins as well as the leptin
receptor (LEPR)®. For tumours like SCCs that are not in direct contact with fatty tissue
(which is the source of leptin production), the vasculature becomes all the more important
as the circulation must then provide leptin to trigger LEPR signalling. Activation of
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this pathway in turn elevates the PI3K-AKT-mTOR pathway and maintains the energy
balance as tumour growth makes nutrients scarcer®. Because LEPR signalling can also boost
cholesterol biosynthesis, required for HRAS farnesylation, this pathway may also function
in enhancing RAS activity89:90,

Less is known about how lymphatic capillaries function in tumorigenesis, although
metastasis often begins by cancer cell migration to lymph nodes. Although the field is

still unfolding, recent studies suggest that melanoma cells may use lymphatic vasculature

as a preferred means of minimizing death from ferroptosis®?. Through their ability to traffic
immune cells, regulate fluid pressure and provide key stimulatory growth factors, lymphatics
function critically in regulating normal tissue stem cell behaviour?2-94, Given that these
features profoundly affect cancer properties, and that jamming forces due to tumour growth
may in turn affect lymphatics, it should be interesting to interrogate the role of lymphatics
on CSCs.

Recent studies have begun to explore the effect of nerves in cancer progression. To

date, their effects appear context-dependent, without a consistent tumour-promoting or
-suppressing role%®. However, in the single-oncogene Apc™" model of colorectal cancer,
vagotomy significantly reduced tumour number%, suggesting that visceral sensory neurons
may function as non-genetic drivers of tumorigenesis and progression. Neurons can, in
addition, mount an antitumour response in the immune compartment. For example, in
melanoma, nociceptors can induce CD8* T cell exhaustion through the secretion of the
immunomodulatory neuropeptide calcitonin gene-related peptide (CGRP)¥7 (Fig. 1).

Together, these discoveries exemplify the power of long-range as well as short-range
environmental inputs in orchestrating a tumour-promoting response even when the
associated CSCs have a low mutagenic burden (Fig. 1). Given that the various pathways
activated in CSCs from these inputs are frequently mutated in metastatic cancers%, it is
tempting to speculate that much of the increased mutational burden in cancer may reflect
a locking into place of oncogenic pathways already established by the communication
between the TME and CSCs.

Cell-intrinsic non-genetic drivers

Communication between the TME and tumour cells shapes the cancer epigenome,

which encompasses posttranslational modifications in DNA, histones and other chromatin-
associated proteins. These alterations can leave long-lasting marks that affect both
transcription® and translationl%0 of CSCs. Although they often elicit similar outcomes on
cellular behaviours, epigenetic modifications differ from genetic mutations in that they are
potentially reversible, making this an interesting field for developing anticancer therapies in
the futurel0l,

TME-induced transcription factor dysregulation—Pro-tumorigenic signalling
triggered by the TME often leads to transcription factor dysregulation in the transformed
cell. The MAPK pathway is activated by tyrosine kinase receptors such as EGFR, which

in turn activate RAS and/or RAF, altering the expression of transcription factors such as
JUN, FOS, ELK, ETS, MYC, MSK192 and even B-catenin, the lymphoid enhancer-binding
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factor (LEF1, also known as TCF1) cofactor of WNT signalling193. Although genes along
this pathway are frequently mutated in cancer, the pathway can be hyperactivated by the
TMEZ2194_1n oncogenic RAS-driven pancreatic cancer, for instance, sterol C-acyltransferase
1 (SOAT1), which enhances RAS membrane localization and function, is hyperactivated!05.
Soatl is also among the transcriptional changes activated in skin SCCs exposed to elevated
TGF signalling from the angiogenic-rich TME? (Fig. 2).

The effect of chromatin dynamics—As tumorigenesis ensues, the intricate interplay
of external factors and downstream transduction signalling pathways can profoundly alter
the chromatin organization of CSCs. Recent high-throughput technical advances that enable
the mapping of accessible chromatin regions, binding of transcription factors, chromatin
modifications and tertiary chromatin dynamics begin to reveal how non-genetic changes in
chromatin contribute to tumour initiation and evolution, as exemplified by studies on mouse
lung adenocarcinomal®. Chromatin dysregulation during carcinogenesis leads to plastic
states that contribute to cancer transformation, heterogeneity and evolution, as demonstrated
in colorectal cancerl0. In fact, even just sustained activation of pioneer factor SOX9 is
sufficient to launch epidermal stem cells onto a molecular journey reminiscent of that

of basal cell carcinomal©8. The dynamic crosstalk between the emerging tumour and its
microenvironment creates selective pressures that trigger transcription factors not usually
active in the tissue. One such example is the Runt-related transcription factor (RUNX),
which often elicits epigenomic alterations in chromatin remodelling involved in tumour
progression and metastasisi%® (Fig. 2).

The metabolic state of the TME can also affect cancer epigenomics. In this regard, it is
notable that the activities of many DNA and histone demethylases rely upon the cofactor
a-ketoglutarate and hence are affected by the a-ketoglutarate-to-succinate ratio in the
TME09.110 For instance, when the ratio is low and demethylases are inhibited, histone

3 lysine 27 trimethylation (H3K27me3) can accumulate, particularly when the methylase,
enhancer of zeste homologue 2 (EZH2), is overly active, as it often is in cancer. EZH2

is generally high in stem cells, including CSCs, where it can inhibit differentiation and
promote proliferation111:112, Although £ZH2-activating mutations or gene amplifications
have been identified in some cancers!13, EZH2 can also be elevated by the TME, as
illustrated by studies showing that EZH2 levels are elevated by the bone microenvironment,
and this is sufficient to induce metastasis of mammary tumourst14,

Although the precise underlying pathways await future investigation in most cases, these
examples highlight the importance of TME-driven chromatin remodelling in tumour
initiation, broadening our understanding of how a single oncogenic mutation can trigger

a cascade of molecular dominos between the stem cell and its TME that contributes to
successful cell transformation (Fig. 2). An additional layer in this process is the role

of changes in tertiary chromatin topology in cancer. Emerging evidence has revealed

that epigenetic increases in DNA methylation that occur in some cancers can mask
CCCTC binding factor (CTCF) binding sites, reshaping the three-dimensional topology of
chromatin, which can bring potent enhancers into contact with the promoters of tumorigenic
genes1®. The field is still in its infancy, and as yet, the impact of cancer-causing shifts

in chromatin topologies resulting from TME-mediated alterations in metabolism and/or
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signalling pathways has not been explored. If such effects are identified, this could suggest a
new mode of regulation for future therapeutics.

Post-transcriptional control of cancer progression—Downstream of chromatin
architecture and transcription, mechanisms regulating transcript stability (for example
microRNAs (miRNAs)) and translation are also considered epigenetic modulators. In cancer,
external cues from the TME can induce pathways that hijack these mechanisms to promote
transformation, tumorigenesis and progression.

miRNAs.: Numerous miRNAs have been associated with cancer, and their dysregulation
can be mediated by mutations!16. An intriguing example of the power of miRNAs in altering
the course of cancer is their ability to suppress an mMRNA encoding a specific variant of
apolipoprotein E that naturally occurs in the population but, when missing, increases the
susceptibility to metastatic melanomall’. In this case, the molecular seed of metastasis is
rooted in the germline in what was previously thought to be simply a homologue of a small
gene family of no obvious consequence to cancer.

The cancer cell environment also plays a critical part in regulating the expression of

these post-transcriptional regulators. Hypoxia and EGFR signalling — the latter being
hyperactivated by mutations but also by growth factor secretion from cells of the TME118
— modulate phosphorylation of argonaute 2 (AGO2) protein, which regulates miRNA
maturation!1®, For example, in Kras®12D-driven pancreatic cancer models, Ago2 deletion
does not prevent the formation of benign pancreatic intraepithelial neoplasia lesions, but in
contrast to their Ago2 wild-type counterparts, these lesions do not progress to pancreatic
ductal adenocarcinoma unless p53 is lost120, These examples highlight the importance of the
miRNA machinery as a tumour-driving alternative to classical oncogenic mutations (Fig. 2).

Translation.: Cancer cells must devise strategies that enable their survival under stressful
conditions while simultaneously damping antitumour immune responses. Hostile TMEs,
such as nutrient deprivation, oxygen restriction, high metabolic demand and oxidative stress,
all provoke a cellular state of endoplasmic reticulum (ER) stress'21, By activating ER stress
sensors and adaptive stress responses, cancer cells can withstand environmental assaults,
enhancing their metastatic and drug-resistant capacities'?2. At the heart of these responses
is the translational machinery. By damping global translation while permitting translation of
a few key stress-responsive mRNAs, cancer cells can better cope with the stresses of their
environment123, Two key targets are involved. Phosphorylation of the eukaryotic translation
initiation factor 4B (elF4B) by the RAS-MAPK and PI3BK-mTOR signalling cascades
restricts cap-dependent translation124. Phosphorylation of elF2a is mediated by any one

of four stress kinases, one of which is regulated by amino acid deprivation, and another

by DNA damage, events integrally linked to cancer progressionl2® (Fig. 2). Upon elF2a
phosphorylation, the translational machinery is redirected towards unconventional initiation
sites, some of which appear in oncogenic 5" untranslated regions, allowing oncogenic
transcripts to be translated in the face of global translational suppression19,
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These studies are just a few that exemplify how cancer cells can hijack the post-
transcriptional machinery to drive tumorigenesis and progression without the need for a
cumulative mutational burden (Fig. 2).

Clinical considerations of TME-driven tumours

The confounding effects of the complex communication circuitry between CSCs and

their TME come into play in cancer therapeutics. This is especially clear from recent
developments in immunotherapy126-129, For instance, although signals from the TME

can increase the ability of CSCs to resist immunotherapy with cytotoxic T cells31, the
immunotherapy itself can promote tumour stemness by stimulating the cytotoxic T cells to
secrete interferons, which in turn activate pro-metastatic transcripts in the CSCs130, These
data underscore the importance of elucidating not only the effect of therapeutics on the
CSCs, but also their effect on the TME.

Given the heterogeneity in the TME and its dynamic adaptations to anticancer therapeutics,
targeting the TME is challenging. Maintaining a healthy diet, regular exercise and a low
level of stress have been shown to improve therapeutic responses. Perhaps the most striking
example of this is the effectiveness of anti-PI3K cancer drugs when patients are placed on
a diet that keeps insulin levels down and maintains low blood sugar levels!3L. In another
twist, a number of human cancers show elevated levels of LEPR, which, when activated

by circulating leptin, can trigger the PI3K pathway, often mutated in advanced metastatic
squamous cell carcinomas with high mutational burden®132, Of note, obesity can boost
plasma leptin levels by more than two-fold, and when the density of blood vessels rises
during cancer progression, leptin levels in the TME rise further®. Should mechanical forces
exerted on lymphatic vasculature also rise, this could elevate the effective stromal leptin
levels even further by reducing drainage.

The links between obesity and cancer extend beyond leptin. A number of tissue changes

in lipids and other factors such as lipokines and systemic inflammation occur in obesity

and can further fuel the cancer path133-135_ |t has long been known that diet can shape

the immunity of our bodies36:137, Recently, a high-fat, high-carbohydrate Western diet
administered to mice has been shown to trigger inflammation in the bone marrow, which
can skew the fate options of haematopoietic progenitors from lymphoid to myeloid®?. Given
that these two lineages may be predetermined by distinct niches within the bone marrow, it
will be interesting to determine whether the skewing of fates is rooted in an inflammatory
stimulus on a myeloid niche or whether it arises from true fate switching.

Overall, the consequences of a Western world diet and its ability to provoke an inflammatory
response are likely to be broad-reaching and deleterious, not only because of the well
established link between inflammation and cancer, but also because tissue stem cells

harbour long-lasting epigenetic memories of their inflammatory experiences. This becomes
all the more disconcerting when considering that in mice, an inflammatory experience
during pregnancy can be passed on to offspring?38. Finally, epigenetic memories of stem

cell experiences go beyond inflammation to include memories of migration and stem cell
plasticity, which are transiently activated in wound repair but constitutive in cancer138139,
The ability of stem cells, and presumably other long-lived cells, to harbour memories of
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their past experiences is likely to profoundly affect susceptibility to many cancers in mice
and in humans.

A perplexing question in the field of epigenetic memory is how it can be propagated for
such a long time. Although attention to date has centred on histone modifications, effects on
DNA methylation are likely to exert a longer effect, as they can be propagated independent
of proliferation. In this regard, it is interesting that, as noted above, DNA methylation can
be influenced by diet, hormones, stress, drugs or exposure to environmental chemicals,
leading to a myriad of non-genetic ways in which the same phenotype can be achieved and
propagated in the absence of genetic mutations49.

In fact, we now know of a number of cases in which key cancer-promoting tumour-
suppressor genes can be regulated by epigenetic means rather than mutations, reaching
outcomes similar to those generated from gene mutations. One case melding DNA
methylation and tumour suppression is in sporadic breast tumours, where CpG methylation-
mediated repression of the breast cancer susceptibility gene BRCAI confers a ‘BRCAness’
tumour phenotype, akin to that commonly observed in BRCAI mutation carriersl4l,
Additionally, the SRC pathway has been identified as an essential modulator of p53

activity in oestrogen-receptor-positive breast cancers that harbour a wild-type 7P53genel42,
The interaction between SRC and p53 suggests that SRC may phosphorylate the p53
inhibitor MDM2 to restrain p53 tumour-suppressor functionl43, Patients in these scenarios
may exhibit clinical phenotypes analogous to those with genetic mutations. However, the
screening and treatment of these individuals remain uncharted territory at present.

A holistic view of host factors affecting cancer epigenetics is also important. Apart from

the granular dissection of the TME components, factors that affect whole-body fitness,
including not only diet, but also stress, sleep and hormonal changes, can also affect

tumour progression and response to therapy. Thus, for instance, emotional distress has been
shown to correlate with poor response to immune checkpoint blockade in patients with
melanomal44. Additionally, the circadian rhythm of mice and humans affects the metastatic
potential of breast cancer, with most metastatic seeding occurring during sleep#°. And
finally, the enhanced cancer risk of postmenopausal women placed on hormone replacement
therapy has been recognized for decades!4.

Although the systematic targeting of all host factors that affect tumorigenesis is clinically
untenable, these recent discoveries hold promise for the development of new approaches to
manage cancers.

Conclusions and perspectives

This Review focused on non-genetic drivers of tumour biology. Many of these drivers
were uncovered long ago, but were relatively ignored during the initial decades of the
genome revolution and the emergence of cancer genetics. Only when it became increasingly
clear that mutational burden does not account for many features of cancers did cancer
geneticists begin to turn their focus to non-genetic variations for explanations. The arrival of
sophisticated molecular tools and high-throughput technologies, in combination with animal
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models in which mutational burden was kept low and constant, have greatly advanced our
knowledge of the TME and its importance to cancer progression.

Over the past decade, new data have pointed to the view that for most cancers, once a stem
cell receives an initial oncogenic mutation, non-genetic drivers are probably responsible
for many contributing factors that drive tumour initiation and progression. Indeed, as
surprising as the finding that malignant, invasive features of mouse tumorigenesis can
arise following activation of a single oncogene are the human cancer studies showing that
genetic diversity is a relatively early event in tumour progression and that there are very
few genetic alterations that accompany the metastatic transitionl4’. Together, these recent
studies emphasize the inadequacy of considering cancer solely as a genetic disease. By
contrast, they exemplify how, upon acquiring an oncogene, a tissue stem cell embarks
upon a temporal path of miscommunication with its microenvironment that results in the
activation of new signalling cascades, accompanied by chromatin and post-transcriptional
alterations.

The molecular details of these complex communication circuits are still unfolding, but

the extent to which exacerbating factors contribute to cancer is likely to be attributable at
least in part to the regenerative characteristics of its natural tissue. Thus, for tissues like

the epidermis and intestine, which self-renew nearly constantly, inflammation may not be

as essential as it is for the pancreas and sweat glands, where normal turnover rates are

low and stem cells must undergo an additional mobilization step in the quest for tissue
proliferation. Although many questions are still unaddressed, the emerging body of evidence
holds promise for the development of diverse new therapies against cancer. In particular, the
contribution of non-genetic factors in driving (and sometimes being required for) tumour
progression is critical in the development of novel therapies, because most patients with
cancer die from relapse and metastatic disease31:32. The ability of stem cells to accumulate
long-lasting epigenetic memories of their encounters with stressful situations and heighten
their reaction upon recall has further implications for non-genetic drivers of plasticity and
cancer®6:58.139,148 a5 does the ability of DNA methylation to have long-lasting effects on the
rewiring of three-dimensional chromatin topology®’. As we have highlighted in this Review,
the field is beginning to shift its view of mutational burden to one that may, in many cases,
be irreversibly locking into place epigenetic pathways that would otherwise be activated
through maladaptive crosstalk between tumour-initiating CSCs and their surrounding TMEs.

The previous decades have concentrated on genomic sequencing of cancers, and the next
decade is likely to be focused on understanding cellular communication networks through
spatial high-throughput ligand—receptor analyses of cancers49.150, Advanced computational
tools now make it possible to incorporate epigenetic perspectives2? and advances in human
organoid cultures and mouse genetics are beginning to provide the functional means of
interrogating the physiological importance of these findings. Advances have also been

made in the study of tumour-architecture-driven mechanical forces that modify the cancer
epigenome. Although this nascent field has been studied mostly in vitro, the recent
development of new in vivo techniques of visualizing tumours in three dimensions through
tissue clearing>! and tissue-intrinsic forces through atomic force microscopy’>152 paves the
way to studying the interaction between mechanics and tumour biology.
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In closing, the process of carcinogenesis and tumour progression can be viewed as a
dynamic balance between genetic and non-genetic factors that is tailor-made to suit the
particular cancer cell of origin and its ever-changing microenvironment during tumour
progression (Fig. 3). Placing a cancer along this spectrum captures more accurately the
complexity of cancer cell behaviour and should facilitate future investigations that reveal
new vulnerabilities to be harnessed for cancer therapeutics.

Acknowledgements

Glossary

S.Y. is the recipient of an F31 Ruth L. Kirschstein Predoctoral Individual National Research Service fellowship
from the National Cancer Institute and a Pilot Award from the Shapiro-Silverberg Fund at The Rockefeller
University. J.A. is a MacMillan Family Foundation Awardee of the Life Sciences Research Foundation. E.F.

is a Howard Hughes Medical Investigator and is supported by grants from the National Institutes of Health
(RO1-AR050452, R01-AR31737 and R37-AR27883), the Starr Foundation and the Stavros Niarchos Foundation.

Axonogenic factors
Soluble molecules that induce axon elongation

Caerulein
A ten-amino-acid peptide that induces pancreatic secretion and acute pancreatitis

Cancer stem cell
(CSC). A subset of tumour-initiating progenitors that mimic some stem cell behaviours and
obtain increased resistance to chemotherapy and immunotherapy

Cre driver
Cell-type-specific recombinase

Dextran sodium sulfate
(DSS). Sulphated polysaccharide, toxic to colonic epithelial cells and used to induce colitis

Epigenetic rewiring
Environment-induced changes in chromatin accessibility that affect the biology of cells

Extracellular matrix
(ECM). Network of fibrous macromolecules between cells

Organotropism
Preferential invasion of specific distant organs by metastatic cells

T cell exhaustion
Acquired state of T cell dysfunction

Tissue architecture
Three-dimensional spatial organization of biological tissues

Transformed cell
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cell afflicted by an oncogenic genetic alteration, resulting in the development of a
oplastic phenotype

Translational machinery
Macromolecules (proteins and ribosomal RNA) involved in protein biosynthesis

Vagotomy
Surgical cauterization of vagus nerve
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Fig. 1|. Crosstalk between transformed cells and the microenvironment induces the cancer stem

cell state.

Components of the tumour microenvironment crosstalk with the transformed epithelial

cell, driving its epigenetic reprogramming towards a cancer stem cell (CSC) state. a,

Non-transformed epithelial cells compete with transformed cells, for example, by extrusion
physical forces. In colorectal cancer initiation, the release of bone morphogenic proteins

from transformed cells inhibits the stem cell function of healthy epithelium. b, The

release of immunomodulatory cytokines such as interleukin-33 (IL-33) from transformed
cells stimulates immune cells, including macrophages and regulatory T cells (Tyeg cells)

to produce cytokines such as transforming growth factor-p (TGF) and the interleukin

IL-1B, which bind to their respective receptors and reprogram transformed cells towards
malignancy. ¢, TGFp stimulates the release of angiogenic factors that drive vessel formation
to increase the supply of nutrients. This also increases tissue concentration of the peptide

hormone leptin, which cooperates with oncogenic RAS to drive malignancy. Notably,

expression of the leptin receptor (LEPR) in transformed cells is stimulated by TGFp. d,
Cancer-activated fibroblasts (CAFs) also secrete cytokines that support CSC formation. e,
In addition, CAFs as well as transformed cells themselves contribute to the remodelling of

the extracellular matrix (ECM), for example through the release of metalloproteinases

or

by exerting physical forces. ECM remodelling affects tissue stiffness, basement membrane
integrity and invasion, which collectively drive malignant transformation and progression.
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f, Finally, nerves have been shown to contribute to tumorigenesis. Transformed cells
secrete axonogenic factors and de novo innervation facilitates tumour growth, for example,
by promoting CD8* T cell exhaustion. EMT, epithelial-mesenchymal transition; TGFpR,
TGFp receptor; IL1IRL1, IL-1 receptor-like 1 (receptor for IL-33, also known as ST2).
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Fig. 2 |. Epigenetic changes drive tumorigenesis and progression.
Pathways involved in the epigenetic reprogramming of the cancer stem cell. Numerous

external factors — including receptor—ligand interactions, physical forces, hypoxia or
nutrient deprivation, and other stresses — influence malignant progression. Activation of
cell surface receptors — such as frizzled, transforming growth factor-g (TGFp) receptor
(TGFBR) or the interleukin IL-1p receptor IL-1R, the leptin receptor LEPR or the epidermal
growth factor (EGF) receptor EGFR — signal through p-catenin, SMAD family members
or MAPK signalling. These pathways regulate transcription through the modulation of
transcription factors and chromatin accessibility by modulating the methylation pattern

of tumour-suppressor genes (TSGs), topology-associated domains (TADs) or cancer-driver
genes. Together, these processes lead to altered transcriptional output, mediated in part
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by upregulation of the transcriptional regulators SRY (sex-determining region Y)-box 9
(SOX9) or Runt-related transcription factor (RUNX). Mechanical forces are also sensed
and transduced to alter transcriptional regulation through Yes-associated protein (YAP)

or transcriptional coactivator with PDZ-binding motif (TAZ) signalling. Increases in
extracellular viscosity are transduced through actin—ezrin, leading to increased sodium
influx by Na*/H* exchanger (NHE) and cell swelling. The increased sodium uptake through
NHE activates calcium channel transient receptor potential cation channel subfamily V
member 4 (TRPV4), calcium intake, cell contractility and invasive behaviour. Stresses
encountered in the tumour microenvironment can affect tumorigenesis and progression.
Hypoxia-mediated effects on argonaut 2 (AGO?2) inhibits microRNA (miRNA) processing.
Hypoxia, starvation or other environmental stresses affect translation through inhibition

of mTOR signalling, resulting in phosphorylation of the eukaryotic translation initiation
factor 4E (elF4E) binding protein-1 (EIF4EBP1) and through phosphorylation of elF2a.,
allowing elF2A-dependent translation initiation. APC, adenomatous polyposis coli; TCF, T
cell factor.
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Neither external insults (left) nor mutagenesis (right) are enough to initiate a malignancy.
Carcinomas are caused by a combination of external factors driving reprogramming of the
epithelial cell in combination with a genetic oncogenic mutation. ECM, extracellular matrix.
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