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Summary

Considerable progress has been made in identifying microenvironmental signals that effect the
reversible phenotypic transitions underpinning the early steps in the metastatic cascade. However,
although the general principles underlying metastatic dissemination have been broadly outlined, a
common theme that unifies many of the triggers of invasive behavior in tumors has yet to emerge. Here
we discuss how many diverse signals that induce invasion converge on reprogramming of protein
translation via phosphorylation of elF2a., a hallmark of the starvation response. These include starvation
as a consequence of nutrient or oxygen limitation, or pseudo-starvation imposed by cell extrinsic
microenvironmental signals or by cell intrinsic events including oncogene activation. Since in response
to resource limitation single cell organisms undergo phenotypic transitions remarkably similar to those
observed within tumors, we propose that a starvation/pseudo-starvation model to explain cancer
progression provides an integrated and evolutionarily conserved conceptual framework to understand

progression of this complex disease.
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Introduction
Cancer initiation is underpinned by epigenetic and genetic events that rewire the signaling
networks that respond to environmental cues. As a consequence, cancer cells exhibit deregulated
proliferation and metabolism (Hanahan and Weinberg, 2011; Pavlova and Thompson, 2016). Although
cancer can originate from a single cell, within tumors cancer cells are frequently both genetically and
phenotypically heterogencous. Genetic lesions are largely maintained and may be used to study
Darwinian tumor evolution occurring in response to stresses encountered within the intra-tumor
microenvironment (Brooks et al., 2015; Burrell et al., 2013; McGranahan and Swanton, 2015). By
contrast, mounting evidence indicates that phenotypic heterogeneity generated as a consequence of
bidirectional interactions between (epi)genetically heterogeneous tumor cells and the complex tumor
microenvironment may be dynamic and reversible (Beerling et al., 2016; Brabletz et al., 2005; Chaffer
et al., 2011; Chaffer et al., 2016; Gupta et al., 2009a; Gupta et al., 2011; Hoek and Goding, 2010; Hoek
et al., 2004; Huang et al., 2013; Mlecnik et al., 2016; Nieto et al., 2016; Ocana et al., 2012; Pinner et al.,
2009; Quail and Joyce, 2013; Tsai et al., 2012; Zhao et al., 2016). Although genetic lesions may affect
the response of a cell to its environment, even genetically uniform cancer cells can adopt functionally
distinct cell states (Kreso et al.,, 2013) that may exhibit profoundly different biological properties
including proliferation, invasion and dormancy. Some phenotypes are also associated with stem cell-
like properties (Clarke et al., 2006; Gupta et al., 2009a; Rosen and Jordan, 2009; Shackleton, 2010;
Visvader and Lindeman, 2008) or resistance to targeted therapies, including immune checkpoint
inhibitors (Emmons et al., 2016; Holzel et al., 2013; Hugo et al., 2016; Rambow et al., 2018; Smith and
Bhowmick, 2016; Tsoi et al., 2018). Genetic (Kandoth et al., 2013; McGranahan and Swanton, 2015)
and phenotypic (Marusyk and Polyak, 2010) heterogeneity shape cancer progression and represent a
considerable barrier to effective therapy (Brooks et al., 2015). While genetic diversity within and
between tumors in the same patient poses a major challenge to targeted ‘pharmacogenetic’ therapies,
the presence of plastic phenotypic states (eg. proliferative, invasive) common to most tumors offers
interesting therapeutic opportunities. For example, using small molecules to effect transitions from drug-
resistant to drug-sensitive phenotypes (Saez-Ayala et al., 2013) or targetting specific phenotypic sub-
populations of cancer cells (Beug, 2009; Gupta et al., 2009b; Huang et al., 2013). However, to have an
enduring impact on patient survival, such ‘pharmacophenomic’ therapies require an in depth and
integrated understanding of how and why different phenotypic states are established, and the molecular
mechanisms that govern and maintain phenotypic transitions.
In this article we highlight how the state transitions that fuel cancer progression reflect a

proliferative to invasive phenotype switch by single cell organisms confronted by resource limitation.
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In cancer, a restricted nutrient/oxygen supply within tumor can promote invasion, but even in regions
of tumors where nutrients may be abundant, non-nutritional signals can hijack the response to nutrient

limitation to impose a pseudo-starvation state that drives invasiveness.

The transition to an invasive phenotype

Invasion is a prerequisite for metastatic dissemination in which cells from the primary tumor
invade surrounding tissue, subsequently enter and then exit the blood or lymphatic vessels, and finally
colonize and proliferate in new locations (Coghlin and Murray, 2010; Klein, 2009; Lambert et al., 2017).
Genetic and microenvironmental events may work in concert to effect the phenotypic transitions that
support metastatic spread, and it has been suggested that oncogene activation and loss of tumor
suppressor genes early in tumorigenesis predispose to metastatic dissemination (Bernards and
Weinberg, 2002). However the transition from benign (non-metastasising) to malignant (potentially
metastasising) tumors is usually characterized by the acquisition of additional genetic lesions that may
increase the probability of a cell adopting an invasive phenotype (Klein, 2013). Thus in mouse models
of melanoma the BRAFY%F mutation alone gives rise to benign non-metastatic lesions (Dankort et al.,
2009), but a transition from a benign to a malignant phenotype in which melanomas metastasize to lung
and lymph nodes is observed if PTEN loss is combined with BRAFY*® (Dankort et al., 2009). It is
important to note however, that the majority of cells in the primary tumor do not migrate. PTEN loss
therefore increases the probability of metastatic dissemination and/or colonization by reducing the
threshold for metastasis, rather than imposing an inevitable transition to an invasive phenotype. As
proposed previously (Vogelstein et al., 2013), metastasis may therefore be a stochastic process in which
genetic lesions confer sensitivity to changes in the microenvironment leading to phenotypic instability
(Hoek and Goding, 2010). This phenomenon may not be exclusive to cancer cells and fate transitions
may occur in a stochastic fashion in normal (non-cancer) cells, with the probability of a phenotype
switch occurring being modulated by signals (Moris et al., 2016). One example would be the switch to

migration of the neural crest during development (Theveneau and Mayor, 2012).

The evolutionary origin of phenotype transitions in cancer

If the probability of a cancer cell adopting an invasive phenotype is a stochastic process that
ultimately depends on its sensitivity to microenvironmental cues, then what are the signals that drive the
transition to invasiveness? Or more simply put, why does any cell move? Understanding the reason why
proliferating cancer cells become invasive is important as metastases cause the great majority of cancer-

related deaths (Siegel et al., 2016). Since evolution preserves effective survival strategies, a clue as to
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why cancer cells adopt an invasive phenotype may be provided by the proliferative to invasive
phenotype switch that occurs in single cell organisms.

One of the most primitive drivers of behavior is the need to assimilate nutrients to fuel growth
and cell division. Among single cell organisms the development of motility would have conferred a
major selective advantage by allowing cells to seek nutrient-rich environments actively rather than
waiting passively for nutrients to arrive. Thus, post-exponential phase E. coli undergoing nutrient
limitation respond by increasing the levels of nutrient transporters and subsequently becoming highly
motile if the limitation in nutrient supply is not resolved (Serra and Hengge, 2014). If this response is
insufficient to restore the supply-demand balance then bacteria will undergo an additional phenotypic
transition leading ultimately to sporulation or a persister phenotype (depending on species), a dormant
and highly stress and drug-resistant state (Serra and Hengge, 2014). Similarly, in response to hypoxia
protein levels within E. coli are stochastically altered to generate regulated phenotypic diversity that
sustains survival of the population as a whole by generating different levels of fitness between individual
cells (Carey et al., 2018). Both temporal and spatial phenotypic transitions have also been well-
characterized in Bacillus subtilis biofilms; as resources become limiting cells switch from proliferation
to invasion, followed by matrix secretion and ultimately dormancy (Vlamakis et al., 2008; Vlamakis et
al., 2013). Even non-motile species such as the yeast S. cerevisiae, can forage via a switch to hyphal
growth (Gancedo, 2001; Gimeno et al., 1992), enabling cells at the tip of the hyphae to escape a nutrient-
depleted environment and seek out new resources.

At first sight it seems unlikely that the phenotypic transitions observed in cancer represent an
evolutionarily conserved survival strategy related to a starvation response. In contrast to single cell
organisms, multicellular organisms have developed an efficient nutrient transport and storage system
that ensures a constant and limited supply of nutrients to cells, sufficient to satisfy the needs of
development or adult tissue homeostasis despite discontinuous eating behavior. Moreover, unlike
bacteria or yeast, the presence of an extracellular nutrient supply does not normally trigger proliferation
of mammalian cells (Lloyd, 2013; Rathmell et al., 2000). Growth and proliferation of normal adult
mammalian cells is carefully coordinated with neighboring cells such that their proliferation rate is
adjusted to match the needs of tissue renewal and nutrient availability. Instructions to divide are provided
by mitogens and growth factors that act through their receptors and downstream signaling pathways to
drive cell division, reprogram the Rb-E2F1 axis that maintains quiescence (Yao, 2014), and increase
uptake of nutrients necessary to sustain growth and proliferation (Ward and Thompson, 2012). The
availability of key nutrients can also regulate the activity of drivers of proliferation. For example, the

activity of the pro-proliferative Wnt/B-catenin pathway, that can trigger stem cell activation and
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proliferation in a range of cancer types (Clevers, 2006), is dependent on glucose levels in colon cancer
cells (Chocarro-Calvo et al., 2013).

In principle therefore, mammalian cells should not be subject to the nutrient limitation that drives
phenotypic transitions in single cell organisms. However in cancer, deregulated pro-proliferative
signaling increases nutrient demand (Keibler et al., 2016) that may or may not be satisfied, and disrupts
signaling networks that coordinate demand with supply (Pavlova and Thompson, 2016; Ward and
Thompson, 2012). As tumors grow, the risk of both nutritional and hypoxic stress is enhanced by their
frequently chaotic neovasculature (Nagy et al., 2009). For example, poor blood flow in functionally and
structurally abnormal vessels can lead to perfusion-limited hypoxia such that even cells close to vessels
may be hypoxic while cells at a distance from vessels will be exposed to more severe diffusion-limited
hypoxia (Vaupel et al., 2004). Reduced flow combined with high demand from tumor cells may
therefore lead to limitation of oxygen, as well as amino acids and glucose, even in close proximity to
vessels, and mounting evidence suggests that nutrient limitation may be a feature of some cancers.

Glutamine, the most abundant amino acid in the blood (Brosnan, 2003) can be depleted in tumors
(Kamphorst et al., 2015; Pan et al., 2016; Roberts et al., 1956), most likely as a result of it being used to
fuel anabolic metabolism (Altman et al., 2016; DeBerardinis et al., 2008; Wise and Thompson, 2010).
Aspartate limitation has also been recognized recently as restricting tumor growth in vivo, especially
under conditions of hypoxia (Garcia-Bermudez et al., 2018; Sullivan et al., 2018). Depletion of essential
amino acids can also occur via expression of specific amino acid degrading enzymes such as
indoleamine-2,3-dioxygenase (IDO) and tryptophan-2,3-dioxygenase (TDO) and greatly impacts cancer
biology by contributing to an immune-suppressive microenvironment (Platten et al., 2012; Timosenko
et al., 2016; Zhai et al., 2014). Similarly, the high glycolytic activity of many tumors can trigger glucose
limitation within the tumor microenvironment leading to metabolic restriction of tumor-associated T-
cells (Chang et al., 2015). In such an environment competition between cells for resources may play a
key role both in generating phenotypic heterogeneity and in selecting for specific genetic or phenotypic
subpopulations. For example, oral carcinoma cells expressing high levels of the fatty acid importer
CD36 are better able to initiate tumors than their low-expressing counterparts (Pascual et al., 2016),
presumably because they have a greater potential capacity for taking up lipids required to fuel metastatic
outgrowth. A second example is provided by ovarian cancer, where metastasis relies on the ability of
ovarian cancer cells to stimulate lipid release from adipocytes (Nieman et al., 2011). Similar
observations have also been made in melanoma where adipocyte-derived lipids facilitate melanoma

progression (Zhang et al., 2018)
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Adaptations to nutrient and oxygen limitation

Although resource limitation occurs within tumors, an excess demand over supply of any essential
nutrient is not sustainable in the long-term. Consequently cancer cells, like bacteria, employ strategies
directed towards increasing supply and decreasing demand.

Strategies that increase supply include: metabolic adaptation to use alternative fuels, including
glucose, glutamine, alanine, pyruvate, lactate and lipids (Allen et al., 2016; Jimenez-Valerio and
Casanovas, 2016; Nieman et al., 2011; Pavlova and Thompson, 2016; Pisarsky et al., 2016); increased
macropinocytosis to take up and degrade proteins and lipids from their environment, including
extracellular matrix and necrotic cell debris (Commisso et al., 2013; Davidson et al., 2016; Kamphorst
et al., 2015; Kim et al., 2018; Muranen et al., 2017; Palm et al., 2015); secretion of ‘feed me’ signals
that trigger release of nutrients including amino and fatty acids from other cells in the vicinity, a process
termed metabolic symbiosis (Martinez-Outschoorn et al., 2014; Mikkilineni et al., 2017; Nakajima and
Van Houten, 2013; Sonveaux et al., 2008; Sousa et al., 2016); and enhancing autophagy, a lysosome-
dependent process by which non-essential intracellular components are recycled (Rzymski et al., 2009),
that is a key survival strategy in several cancers (Goulielmaki et al., 2016; Guo et al., 2011; Perera et
al., 2015; White, 2013; Yang et al., 2011). Tumor cells may also ensure a longer-term increase in nutrient
supply by stimulating neo-angiogenesis through the expression of Vascular Endothelial Growth Factor
(VEGF) that promotes formation of new blood vessels (Simons et al., 2016).

A key route to decreasing nutrient demand is to reduce protein synthesis, a highly nutrient and
energy dependent process (Ma and Blenis, 2009). Global protein synthesis is controlled by the mTORC1
complex that promotes translation initiation by phosphorylating ribosomal protein S6 kinase (S6K) and
the eukaryotic translation initiation factor 4E (elF4E)-binding protein (4E-BP1). Nutrient limitation can
be coupled to reduced translation since signaling via the mTORC1 complex is restricted either by
reduced amino acid supply, or under energy limiting conditions by activation of AMP-activated protein
kinase (AMPK) (Ng et al., 2012; Sancak et al., 2008; Saxton and Sabatini, 2017).

Translational output is also modulated by regulation of the elF2 translation initiation complex.
Phosphorylation on Ser51 of elF2a, the smallest subunit of the eIF2 translation initiation complex, by
GCN2, PRKR-like ER kinase (PERK) or PKR (Figure 1) in response to a range of stresses and signals
(Koritzinsky et al., 2013; Muaddi et al., 2010; Wang and Kaufman, 2014) converts elF2a from a
substrate of the elF2B guanine exchange factor to a competitive inhibitor. Consequently, drivers of
elF2a phosphorylation suppress initiation of global protein synthesis (Koromilas, 2015). Notably, p-
elF2o diminishes translation initiation to reduce nutrient demand, but also promotes selective translation

of a specific subset of proteins that operate to resolve the supply-demand imbalance. These include
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Activating Transcription Factor 4 (ATF4) (Pakos-Zebrucka et al., 2016), a key mediator of the integrated
stress response (ISR) (Cubillos-Ruiz et al., 2017; Rzymski et al., 2009)

ATF4 promotes expression of the CHOP/DDIT3 transcription factor that increases nutrient
supply by cooperating with ATF4 to activate genes implicated in amino acid transport and autophagy
(B'Chir et al., 2013; Han et al., 2013; Harding et al., 2000). Moreover, although transcription up-
regulation of VEGF expression by hypoxia-induced transcription factor (HIF) is well known (Semenza,
2015), its transcription is also stimulated by ATF4 as a consequence of the unfolded protein response
(Pereira et al., 2010), a limited supply of amino acids (Longchamp et al., 2018) or low glucose (Wang
et al., 2012). Significantly, eI[F2a phosphorylation is also required for translation of VEGF (Stein et al.,
1998), as well as genes implicated in autophagy (Yaman et al., 2003). The phosphorylation of elF2a
therefore increases nutrient supply by stimulating angiogenesis and recycling organelles, but reduces
demand by restricting global translation. The response to nutrient limitation is therefore tightly coupled
with translation reprogramming.

While p-elF2a plays a key role in resolving any supply-demand imbalance, if the upstream
stresses persist it can also promote apoptosis by activating a negative feedback loop (Figure 2). elF2a
phosphorylation leads to translation of ATF4 which in turn increases expression of CHOP (Tabas and
Ron, 2011) that promotes expression of the eIF2a phosphatase subunit GADD34 leading to translation
recovery (Marciniak et al., 2004). CHOP also suppresses expression of BCL2 (McCullough et al., 2001),
a key pro-survival and anti-apoptotic protein. Consequently under prolonged stress induced by severe
hypoxia, nutrient limitation, ROS or chemotherapy, the p-eIF2a/ATF4/CHOP axis reduces BCL2
activity to sensitize cells to death, and restores protein synthesis, thereby increasing nutrient demand
and proteotoxic stress to drive apoptosis (Han et al., 2013; Hetz, 2012; Marciniak et al., 2004; Rozpedek
et al., 2016). If death is to be avoided, therefore, the stresses driving eIF2a phosphorylation must be
resolved in a timely manner.

Notably, oxygen may also be considered as a key ‘nutrient’. Hypoxia, commonly encountered
within tumours, leads to reduced activity of the oxygen-dependent prolyl hydroxylases FIH (Factor
Inhibiting Hypoxia-induced factor) (Mahon et al., 2001) and VHL (Von Hippel-Lindau) (Ivan et al.,
2001; Jaakkola et al., 2001) and stabilization of the hypoxia-inducible factors HIF1a, HIF1 and HIF2.
Increased HIF activity mediates an adaptive response to hypoxia directed towards promoting survival
including metabolic reprogramming, regulation of microenvironmental pH and up-regulation of VEGF
expression to promote new blood vessel formation (Marchiq and Pouyssegur, 2016; Semenza, 2013,
2015). While oxygen is critically required for oxidative phosphorylation in the electron transport chain,

it is also required for formation of disulphide bonds in the ER (Koritzinsky et al., 2013) and for fatty acid
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desaturation via the iron-dependent enzyme stearoyl CoA desaturase (Koeberle et al., 2016). Since fatty
acid composition and correct protein folding are critical to the health of the ER, hypoxia, like nutrient

limitation, triggers ER-stress, phosphorylation of elF2a and translation reprogramming.

Translation reprogramming and invasion

In addition to adjusting metabolism and protein translation, single cell organisms also undergo
a transition to invasiveness under nutrient-depleted conditions. For example, in response to nutrient
limitation the yeast S. cerevisiae, switches from budding to invasive pseudohyphal growth (Gancedo,
2001; Gimeno et al., 1992), a phenotypic transition critically dependent on elF2a phosphorylation
(Falletta et al., 2017) that may be considered an evolutionarily conserved hallmark of the starvation
response. Invasiveness complements adjustments to supply and demand by enabling cells to escape a
nutrient depleted environment and to forage for nutrients elsewhere. But is invasion in cancer also linked
to translation reprogramming, and in particular to eIF2a phosphorylation? Increasing evidence suggests
that it is. In melanoma, glutamine limitation triggers a G1 arrest and invasiveness that is critically
dependent on elF2a phosphorylation (Falletta et al., 2017). Similarly, hypoxia, that drives several steps
in metastasis including intra- and extravasation (Rankin and Giaccia, 2016; Semenza, 2016), triggers
invasion in breast cancer that is associated with activation of the eIF2a kinase PERK (Nagelkerke et al.,
2013). Increased PERK activity in breast cancer is considered a key feature of cells with an epithelial-
to-mesenchymal (EMT)-related phenotype (Feng et al., 2014). Significantly, suppressing the
PERK/eIF20/ATF4 axis in pancreatic cancer cells using acriflavine led to inhibition of morphological
EMT and invasion as well as reversal of acquired drug-resistance (Dekervel et al., 2017). elF2a
phosphorylation is also a driver of increased invasiveness in chronic myeloid leukemia (Podszywalow-
Bartnicka et al., 2016). Note however, that although ATF4 can be induced by mTORCI1 signaling
downstream from serum stimulation in a p-elF2a-independent fashion (Ben-Sahra et al., 2016),
doxycycline-mediated induction of ATF4 without accompanying elF2a. phosphorylation does not drive
invasion in melanoma (Falletta et al., 2017); while ATF4 may contribute to the generation of an invasive
phenotype it is not sufficient. Thus, whereas translation reprogramming is clearly associated with cancer
progression (Sendoel et al., 2017), how changes in translation of specific mRNAs lead cells to undergo
a proliferative to invasive phenotypic transition is only beginning to be understood. For example,
PERK’s pro-metastatic function in breast cancer has been attributed in part to activation of the
transcription factor CREB3L1/OASIS (Feng et al., 2017). Interestingly, translation of the EMT-
associated transcription factors SNAIL1, TWIST and ZEB2 is promoted by YB-1, an RNA-binding

protein and transcription factor that plays a pleiotropic role in cancer progression (Lasham et al., 2013),
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that like elF2a. phosphorylation also suppresses global cap-dependent translation (Evdokimova et al.,
2009). YB-1 plays a similar role in sarcoma where it promotes invasion and translation of the hypoxia
response factor HIF 1o (El-Naggar et al., 2015). However the relationship between YB-1 and the triggers
of eIF2a phosphorylation remains to be explored. Nevertheless, current evidence suggests that selective
translation of specific mRNAs (translation reprogramming) is a key contributing factor in disease

progression in several cancer types.

Pseudo-starvation

Since invasion in response to starvation is an evolutionarily conserved survival strategy designed
to resolve a nutrient supply-demand imbalance, a model to explain why cancer cells adopt an invasive
phenotype based on exposure to a resource-limited environment is potentially attractive. Note that
limitation of just one essential nutrient will be sufficient to induce a starvation response, meaning that
the energy required for cell migration may be provided by using alternative fuels to generate ATP.
However, a model based on nutrient restriction as the sole driver of invasion might be insufficient.
Although nutrient limitation may play a key role in invasion within poorly vascularized regions of
tumors, invasion is often observed at the invasive front of carcinomas located at the tumor edge
(Christofori, 2006) where it is unlikely that nutrient limitation will be a driving force for migration. In
this location cancer cells are in close juxtaposition with the tumor-associated stroma comprised of a
combination of fibroblasts, epithelial cells, adipocytes and a variety of immune cell types. Bi-directional
interactions between the stromal components and cancer cells are instrumental in promoting invasion
and an EMT, notably through the secretion of signaling molecules associated with an inflammatory
response (Shalapour and Karin, 2015).

Inflammation is an evolutionarily conserved process implicated in normal tissue regeneration and
is frequently deregulated in chronic and degenerative disease (Karin and Clevers, 2016). Inflammation
can have a positive role in attenuating tumorigenesis, but it has also been linked with stemness, drug-
resistance, metastatic dissemination and EMT (Chaffer et al., 2016; Lambert et al., 2017; Nieto et al.,
2016; Quail and Joyce, 2013; Shalapour and Karin, 2015). Indeed, in a mouse model of pancreatic
cancer, for example, inflammation was closely associated with cancer cell dissemination that occurred
even prior to primary tumor formation (Rhim et al., 2012).

Although historically described as a binary state transition, EMT has more recently been proposed
to be associated with more intermediate phenotypes (Bierie et al., 2017; Hong et al., 2015; Huang et al.,
2013; Jolly et al., 2016; Nieto et al., 2016; Zhang et al., 2014). Support for a model in which regional
inflammatory signaling contributes to the generation of intermediate EMT states in vivo has been

provided by Pastushenko et al (2018) using mouse models of squamous cell carcinoma and mammary
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tumors as well as patient-derived xenografts. The results obtained using a combination of flow
cytometry, immunofluorescence and single cell RNA-sequencing, provided clear evidence for six
distinct mesenchymal populations that had undergone EMT to different extents and which exhibited
different degrees of plasticity defined as an ability to generate phenotypic heterogeneity in derived
tumors. Notably, different phenotypic subpopulations were shown to be spatially organized within
tumors, with the location of different phenotypes related to the distribution of both adaptive and innate
immune cells. For example, regions with a more epithelial phenotype were characterized by reduced
endothelial CD31+ cells and low numbers of infiltrating CD45+ T cells and cancer-associated
fibroblasts. By contrast, regions with tumor cells that had undergone EMT were associated with high
levels of infiltrating CD45+ immune cells as well as macrophages and monocytes and elevated
expression by the tumor cells of chemokines and pro-inflammatory and pro-angiogenic molecules. Since
antibodies targeting macrophages increased the proportion of epithelial-like tumor cells in the
population at the expense of those undergoing EMT, the results suggest that, consistent with previous
models, bi-directional signaling between the cancer cells and immune cells plays a key role in generating
phenotypic heterogeneity including the switch to different EMT-associated states.

As a mechanism to promote invasion, the interaction of cancer cells with a reactive stroma would
at first sight appear unrelated to invasion driven by starvation. However, is it possible that the diverse
inputs driving cancer cell invasion in response to stromal signaling do so by hijacking the evolutionarily
conserved starvation response mediated by elF2a phosphorylation? The convergence of nutritional and
non-nutritional triggers of invasion on translation reprogramming would provide a foundation for an
integrated model of cancer cell invasion underpinned by the lessons of evolution.

As highlighted above, in addition to GCN2 that responds to amino acid limitation, elF2a
phosphorylation can be mediated by PERK which is activated by ER-stress, and by PKR in response to
interferon and double-stranded RNA (Leprivier et al., 2015). Consequently, microenvironmental signals
unrelated to nutrient limitation that activate these kinases will trigger elF2a phosphorylation and
translation reprogramming. This implies that invasive cells may exist in two states. First, starvation
defined by nutrient limitation where cells will be unable to divide, but will be invasive; and second a
state we term ‘psuedo-starvation’ where features of the starvation response, including phosphorylation
of elF2a. and translation reprogramming, are imposed by cell extrinsic signals arising from the
microenvironment or by cell intrinsic events such as deregulated signaling arising from genetic lesions
linked to cancer progression. Thus, in a pseudo-starvation state migration/invasion may occur even
under conditions of nutrient abundance and individual cells may consequently be both invasive and
proliferative. Under pseudo-starvation we envisage that elF2a phosphorylation may promote invasion

and reduced global translation, but that translation of mRNAs associated with proliferation would need
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to be maintained. It may be relevant that TORCI1 activity, that is usually reduced under amino acid
limiting conditions, can be maintained by signaling through SRC (Pal et al., 2018), a non-receptor

tyrosine kinase implicated in cell invasion (Patel et al., 2016).

Triggers of pseudo-starvation

Within the tumor microenvironment several inflammatory signaling molecules have a potential
to impose a pseudo-starvation state.

Tumor necrosis factor alpha (TNFa), a primary inflammatory cytokine, is frequently found at
high levels in tumors (Balkwill, 2009) and in wound healing (Koh and DiPietro, 2011) primarily as a
result of secretion by infiltrating immune cells. The initial short-term (within 4 h to 24 h) response to
TNFa is up-regulation of NFkB signaling that drives expression of a secretome including inflammatory
cytokines (Balkwill, 2009; Greten et al., 2004). TNFa can also induce an unfolded protein response
(UPR) and consequent elF2a. phosphorylation in fibroblasts via activation of PKR (Srivastava et al.,
1998). Similarly, long-term exposure (between 24 h and 96 h) of melanoma cells to TNFa invokes a
response remarkably similar to that driven by nutrient deprivation. /n vitro, these include elF2a
phosphorylation, ATF4 protein expression, and increased invasiveness and de-differentiation (Falletta
et al.,, 2017). In vivo, secretion of TNFa by tumor-infiltrating T-cells and macrophages can de-
differentiate melanoma cells and is also associated with induction of ATF4 target genes (Falletta et al.,
2017; Landsberg et al., 2012), a hallmark of the starvation response downstream from elF2a
phosphorylation. Although it has not been investigated directly, the time taken for cultured cells exposed
to TNFa to re-program translation might indicate that it is an indirect outcome mediated by the cytokines
released by the earlier NFxB activation. The role of NFxB in triggering invasion is underscored by the
observation that NFkB can be activated in response to eIF2a phosphorylation (Deng et al., 2004; Tam
et al., 2012) and that NFkB blockade inhibits invasion of breast cancer cells in 3D culture (Becker-
Weimann et al., 2013).

TGEFp is a key cytokine that plays a critical role in development, and is implicated in fibrosis
during tissue repair (Nieto et al., 2016). It also plays a major role in tumor biology and is a potent inducer
of EMT in a range of cancer cell types (Bierie and Moses, 2006; Nieto et al., 2016; Pastushenko et al.,
2018; Pickup et al., 2013; Pinner et al., 2009). TGFP regulates transcription primarily through the
activation of SMAD transcription factors. Although activation of SMADs may lead to context-specific
patterns of gene expression resulting from cooperative binding with lineage specific transcription factors
(David and Massague, 2018), TGFp signaling can lead to up-regulation of a repertoire of chemokines
and signaling molecules, including VEGF (Feng et al., 2014), a ‘feed-me’ signal that promotes

12
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angiogenesis. Considerable emphasis has been placed on the transcriptional outputs downstream from
TGEFp signaling, but importantly, in breast cancer cells TGFp-induced EMT is associated with activation
of PERK (Feng et al., 2014). Consequently inhibition of PERK blocks TGFp-stimulated invasiveness.
This implies that the biological consequences of TGFp signaling requires translation reprograming if
the full impact of its transcriptional output is to be manifest. Thus, both TNFo and TGFp reprogram
translation by inducing elF2a phosphorylation to impose a pseudo-starvation state associated with
invasion. Although the contribution of each of the factors secreted in response to TNFa and TGFf have
yet to be determined, in effect these cytokines act as ‘get-out-of-here’ signals that promote invasiveness
by hijacking the evolutionarily conserved link between starvation and migration.

Additional non-nutritional signals known to drive elF2a phosphorylation and invasion include
Leukemia inhibitory factor (LIF), bone morphogenic protein 4 (BMP4), and interferon. LIF triggers
invasiveness in stromal fibroblasts (Albrengues et al., 2014) and in several cancer types (Gulluoglu et
al., 2017; Lee et al., 2010; Liu et al., 2015) through inhibition of an elF2a. phosphatase (Friend et al.,
2015). BMP4 activates PERK (Friend et al., 2015) and also triggers invasiveness in a range of cancers
(Guo et al., 2012; Maegdefrau and Bosserhoff, 2012; Rothhammer et al., 2005; Yang et al., 2014).
Lastly, interferon drives elF20. phosphorylation via activation of PKR and is required for invasion in
breast cancer cells (Bennett et al., 2012). Although many inflammatory signals trigger elF2a
phosphorylation and promote invasion, the contribution of translation reprogramming to inflammation-
driven cancer progression needs to be explored further. Nevertheless it is evident that translation
reprogramming plays a key role in mediating phenotypic transitions that drive cancer progression.

Beyond natural triggers, phenotypic transitions related to pseudo-starvation may also be induced
by at least some targeted therapies. In this respect, the importance of a ‘starvation’ phenotype in
generating phenotypic heterogeneity in vivo was recently highlighted by using single cell RNA-
sequencing to generate expression profiles of individual melanoma cells derived from drug naive
patient-derived xenografts (Rambow et al., 2018). Gene expression profiles were derived from tumors
before, during and after development of resistance to treatment with a BRAF inhibitor to determine the
degree of tumor phenotypic heterogeneity underlying resistance and relapse. The results revealed a
striking degree of phenotypic heterogeneity that can co-exist within tumors and especially within the
minimal residual disease state. While a small minority of cells exhibited a hyper-differentiated drug-
resistant state, the remaining de-differentiated cells could be grouped into three distinct phenotypes: A
neural crest stem cell (NCSC)-like state; a subpopulation exhibiting an invasive gene expression
signature; and cells exhibiting hallmarks of a starvation response including high expression of the CD36

fatty acid importer. Significantly, bioinformatic analysis of the phenotypes detected suggested that
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proliferating melanoma cells in vivo would transition through the starved phenotype in order to generate
the other subpopulations observed. The RNA-seq profiles were used to identify specific markers of each
subpopulation which were then applied in multiplexed immunohistochemistry to reveal that populations
of cells with similar phenotypes were spatially organized into clusters, an observation reminiscent of the
regional distribution of EMT subpopulations (Pastushenko et al., 2018). Notably cells exhibiting a
CD36-high starvation gene expression profile were located within regions of tumors distant from blood
vessels, consistent with the possibility that a restricted nutrient or oxygen supply would contribute to
the generation of the starvation phenotype in vivo. These observations are in line with previous work
demonstrating that BRAF inhibitor-induced elF2a. phosphorylation and ER-stress is a key determinant
of phenotypic resistance to BRAF targeted therapy (Ma et al., 2014).

While pseudo-starvation can be triggered by a range of cell extrinsic signals including starvation,
inflammation and therapies, it can also originate by cell intrinsic mechanisms including activation of
oncogenes or inactivation of tumor suppressors. For example, induction of MYC expression can drive
ER-stress and elF2a phosphorylation (Hart et al., 2012) as can activated Ha-Ras (Battcock et al., 2006).
Moreover, activation of BRAF in melanocytes can lead to elF2o phosphorylation (Corazzari et al.,
2015; Ferretta et al., 2016) and an E- to N-cadherin switch in adhesion molecules that may prime for
invasive behavior (Boyd et al., 2013). These observations are consistent with the results from a study of
activated RAS-driven squamous cell carcinoma (Sendoel et al., 2017) in which the authors concluded
that elF2a phosphorylation occurred early in tumor formation. Similarly, genetic or epigenetic
inactivation of PTEN, a common occurrence in cancer linked to increased metastatic potential, is
associated with increased translation initiation as a consequence of elevated PI3K signaling to mTORC1
(Figure 1) (Milella et al., 2015). Consequently cells may phosphorylate elF2a. to dial down global
protein synthesis so as to rebalance protein synthesis capacity with the elevated translation initiation
arising as a consequence of PTEN loss (Nguyen et al., 2018; Zeng et al., 2011). However in other
systems it has been reported that PTEN inactivation can suppress elF2a phosphorylation (Mounir et al.,
2009), indicating that the relationship between elF2a and PTEN may be context dependent.
Nevertheless, pseudo-starvation driven by cell intrinsic mechanisms may provide some mechanistic
underpinning for the hypothesis proposed by Bernards and Weinberg (Bernards and Weinberg, 2002)
that oncogene activation and senescence bypass, events early in tumorigenesis, predispose to metastatic
dissemination.

Collectively these observations suggest a model (Figure 3) in which activation of oncogenes and
loss of tumor suppressors would lead to low level elF2a phosphorylation that would facilitate tumor

outgrowth by balancing nutrient supply and demand: the elevated nutrient demand associated with initial
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tumor expansion could outstrip supply, but by increasing elF2a. phosphorylation to limit protein
synthesis, demand would be restrained. Additional stresses driven by nutrient limitation would trigger
increased elF2a phosphorylation, invasion, ATF4-dependent VEGF mRNA expression and its
translation and secretion to promote angiogenesis. ATF4 can also drive transcription of several genes
encoding cytokines such as IL-8, IL-6 or CCI2 (Gargalovic et al., 2006; Huang et al., 2015; Zhang et
al., 2013). Additional inflammatory signaling would arise through activation of NFkB downstream of
p-elF2a (Deng et al., 2004; Lawrence, 2009; Tam et al., 2012). Importantly, phosphorylation of elF2a
not only leads to transcriptional up-regulation of pro-inflammatory cytokines, but also their translation
(Gameiro and Struhl, 2018). The consequent pro-inflammatory environment attracts immune cells that
will further increase inflammation within and around the tumor. Depending on the repertoire of
inflammatory molecules expressed, the microenvironment may impose a pseudo-starvation phenotype
that reinforces elF2a phosphorylation. Downstream of elF2a phosphorylation a phenotypic transition
to invasion will take place that may be accompanied by proliferation if nutrients are in sufficient

abundance.

Stabilization of the invasive state

It might be reasoned that once invasive cells enter the relatively nutrient rich bloodstream, they
would escape the microenvironment responsible for triggering starvation or pseudo-starvation triggered
by cell extrinsic stimuli. In this scenario rapid reversal of a phospho-elF2a-driven invasive phenotype
could create a barrier to extravasation. Although environmentally-induced cellular phenotypes may
potentially be reversed when conditions change, reversal may take time. Estimates of the half-life of
circulating tumor cells in the blood range from a few minutes in mice (Sasportas and Gambhir, 2014) to
up to 2.4 hours in humans (Meng et al., 2004). It is plausible therefore that such a short time in the
bloodstream may not be sufficient to reverse an invasive phenotype, especially if phenotypic states
become stabilized, for example through feed-back transcriptional regulatory loops or through
metabolically-dependent epigenetic modifications.

Feedback loops that act as binary switches are common in transcription regulation and can
establish multiple stable stationary states within a population that may not readily be reversed
(Macarthur et al., 2009). Alternatively a transient state may be stabilized via epigenetic reprogramming.
For example, recent characterization of single melanoma cells within tumors revealed a subset of rare,
phenotypically distinct, cells that exhibited a transient transcriptional state that conferred resistance to
BRAF inhibitors (Shaffer et al., 2017). Exposure to a BRAF inhibitor led to epigenetic reprogramming
that fixed the transient transcriptional state to generate a stable drug-resistant phenotype. A similar

epigenetic reprogramming event may explain why cells that undergo a transition to invasion in response
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to nutrient limitation or a pseudo-starvation event do not readily reverse their phenotype within vessels
or as they migrate within tumors or tissue. Phenotype fixation is consistent with the fact that the majority
of the cells that survive dissemination and extravasate to invade surrounding tissues do not readily take
up proliferation (Giancotti, 2013; Naumov et al., 2002; Sosa et al., 2014). Thus invasive behavior is
maintained for a period in the foreign location, presumably in the absence of the initial trigger for
invasion, before most cells become dormant and a few resume proliferation. Nevertheless further studies
are required to characterize better at the single cell level the epigenetic changes induced and their

persistence after exposure to short-term or prolonged pro-invasive signals in vivo.

Translation reprogramming and survival during metastatic dissemination

Phenotypic plasticity in cancer enables cells to adapt to their environment and consequently adopt
a spectrum of survival strategies that range between maximized proliferation at the cost of increased
vulnerability, versus reduced proliferation to maximize tolerance to stressful conditions (Aktipis et al.,
2013; Chen et al., 2011). If translation reprogramming by p-elF2a mediates the transition to
invasiveness, for example in response to starvation or pseudo-starvation signals, does reprogramming
of translation also increase tolerance to stresses encountered during metastatic dissemination?

The process of metastasis is highly inefficient. Many cells may enter the blood or lymphatic
system daily (Chang et al., 2000; Kang and Pantel, 2013), but few survive and fewer are competent to
form metastases (Cameron et al., 2000; Lambert et al., 2017; Luzzi et al., 1998; Massague and Obenauf,
2016; Vanharanta and Massague, 2013). Understanding why some cells are endowed with a greater
capacity to initiate metastases than others is of significant clinical relevance. Increasing evidence
suggests that translation reprogramming may play a key role in promoting survival in the bloodstream,
for example by suppressing oxidative stress or anoikis. Circulating cancer cells (CCCs) from a number
of tumor types exhibiting an EMT-related phenotype also possess enhanced mitochondrial respiration,
increased oxygen consumption and high ATP generation supported by high levels of PGCla, a
transcription cofactor implicated in mitochondrial biogenesis (Dupuy et al., 2015). In melanoma, ROS
are higher in CCCs than melanoma cells in a subcutaneous environment (Piskounova et al., 2015). In
this model, suppressing oxidative stress increased the survival of CCCs and promoted successful
metastatic colonization of visceral organs, an observation in agreement with antioxidants such as
glutathione enhancing cancer progression (Harris et al., 2015). Significantly, ROS promote elF2a
phosphorylation (Rajesh et al., 2015). In turn p-e[F2a promotes translation of mRNAs from genes that
suppress oxidative stress (Harding et al., 2003) to increase survival in a feedback loop that enhances

metastatic colonization.
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A second major cause of death in cells entering the bloodstream is likely to be anoikis (Cao et al.,
2016), an apoptotic death program associated with inappropriate or inadequate interactions with
extracellular matrix. Significantly, in breast cancer cells activation of PERK, upstream from elF2a.-
phosphorylation can promote anoikis-resistance (Avivar-Valderas et al., 2011). By promoting resistance
to both anoikis and oxidative stress, eIF2a phosphorylation may enhance CCC survival and increase the
probability of invasive cells initiating a successful metastasis. Collectively, the evidence suggests that
while many other factors may contribute, the altered translational landscape and transcription program

downstream from eIF2a phosphorylation enhances the probability of successful metastatic colonization.

Conclusions

Although regulation of transcription underlying phenotypic transitions in cancer has historically
been a major focus of attention, there is an increasing appreciation that protein translation represents a
critical nexus for the control of phenotypic identity. In this article we highlight how elF2a
phosphorylation and downstream reprogramming of protein translation can underpin invasiveness. In
part this reflects a response to nutrient (and oxygen) limitation that echoes the adaptation to resource
limitation in single cell organisms where the imperative to balance nutrient supply and demand is
instrumental in inducing phenotypic transitions remarkably similar to those that occur within the tumor
microenvironment. As organisms evolved and became more complex, the invasive response to
starvation was maintained, but was also hijacked by signals that can promote invasion by imposing a
pseudo-starvation state on cells. These include a range of inflammatory signaling molecules and perhaps
many others, including components of the senescence-associated secretome. Such signaling would
potentially promote survival in a stressful microenvironment by enabling recipient cells to pre-adapt
before being exposed directly to the stress that induced the donor cell to send the signal. Moreover,
while translation reprogramming is recognized as a key event in promoting invasion in an increasing
number of cancers, whether it represents a universal driver of metastatic dissemination is not yet clear.
However, since phosphorylation of elF2a is necessary for neural crest migration as well as invasion in
yeast (Falletta et al., 2017), it seems likely that translation reprogramming is an evolutionarily conserved
mechanism that may play a widespread role in cancer progression.

Finally, to understand fully the origins of the ‘Hallmarks of Cancer’ (Hanahan and Weinberg,
2011) the contribution of the altered translation and transcription that occurs as a consequence of elF2a
phosphorylation should be taken into account. Beyond the initial genetic/epigenetic events that underpin
tumor initiation to give replicative immortality - and consequently deregulated cellular energetics -

elF2a phosphorylation is necessary for angiogenesis by facilitating translation of VEGF (a ‘feed-me’
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signal). elF2a phosphorylation lies both upstream and downstream of inflammatory signaling that
provides both ‘get-in-here’ signals to attract immune cells to the tumor and ‘get-out-of-here’ signals that
induce neighboring cancer cells to reprogram translation. elF2a phosphorylation also facilitates
resistance to cell death, for example by counteracting oxidative stress and anoikis. Moreover although
little is known of how translation reprogramming might affect genome instability in cancer, in bacteria
exposure to nutritional or other stresses leads to increased expression of error-prone DNA polymerases
that increase the genetic diversity within the population (Foster, 2007; MacLean et al., 2013). We
therefore anticipate that similar mechanisms may operate in cancer cells to increase genetic diversity
that, together with epigenetic/phenotypic heterogeneity, would fuel the emergence of therapy resistance.

In summary, elF20 phosphorylation can suppress global translation and facilitate survival under
conditions of protein synthesis overload caused by oncogene activation and loss of tumor suppressors
such as PTEN, and can promote invasion in response to starvation or pseudostarvation. However, it
seems likely that altered translation of specific subsets of mRNAs will be key to cells adopting an
invasive phenotype. We do not know whether it is increased translation of some genes or decreased
translation of others, or more likely a combination of both, that drives cells to invade. The identification
of the critical mRNAs in this process will represent a major advance in our understanding of how
‘starvation’ in response to the microenvironment can impose specific phenotypic transitions in cancer,
and more importantly how a moderate starvation phenotype can act as an intermediate state between
proliferation and stem cells and dormancy. As such, therapies targeting the downstream events
associated with elF2o phosphorylation are likely to have significant clinical benefit as has already been
seen in pre-clinical studies in prostate cancer and melanoma (Nguyen et al., 2018; Falletta el al., 2017).
However, since many key signaling events provoke different outcomes dependent on cell context, it is
likely that the impact of eIF2a phosphorylation on cell behavior may be influenced by cell type, genetic
background or the associated microenvironment. Nevertheless, while the role of starvation and pseudo-
starvation-induced invasion in many cancers remains to be fully explored, a model for cancer cell
invasion that invokes translation reprogramming provides an evolutionarily conserved framework to
decipher the complexities of microenvironment-driven phenotype-switching and the biology of cancer

progression.
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Figure 1. Control of Translation reprogramming by elF2a. phosphorylation

Translation initiation factor elF2a can be phosphorylated by multiple upstream kinases, including
GCN2 that senses amino acid limitation, PERK that responds to ER-stress, and PKR that lies
downstream from interferon and inflammation. Phosphorylation can be reversed by the action of
phosphatases such as GADD34. Phosphorylated elF2a triggers inhibition of global translation to
suppress nutrient demand, but also increases translation of a restricted set of mRNAs that includes the
transcription factor ATF4 that promotes nutrient uptake and autophagy to increase nutrient supply.
Phosphorylated elF2a can also drive invasion, allowing cells to escape resource-poor environments
and seek new sources of nutrient supply. A pseudo-starvation state can be imposed in nutrient—rich
conditions through cell extrinsic signals such as inflammation that trigger eIF2a phosphorylation, or
cell intrinsic signals that lead to heightened protein synthesis and ER-stress such as activation of

oncogenes or in some circumstances loss of PTEN.

Figure 2. The translational feedback loop downstream from elF2a phosphorylation. Starvation or
Pseudo-starvation promote elF2a phosphorylation and consequently invasion and a reduction of global
translation. As part of the translation response, ATF4 is induced and transcriptionally activates
CHOP/DDIT3. In turn, CHOP activates an elF2a phosphatase to restore protein translation and induce

apoptosis.

Figure 3. Starvation and pseudo-starvation generate invasive cancer cells.

Tumor initiation (top) driven by activation of oncogenes and loss of tumor suppressors will generate
cells that exhibit deregulated proliferation and which may be primed for invasion via cell intrinsic
pathways that generate a low level eIF2a phosphorylation and phenotypic instability. As tumors form
(middle) gradients of nutrients and oxygen will arise as a consequence of poor vasculature. Cells will
respond to low nutrient/oxygen levels by increasing elF2a phosphorylation and will as a consequence
adopt an invasive phenotype, activate inflammatory ‘get-in-here’ signaling downstream from NF«B and
ATF4, translate the VEGF ‘feed-me’ pro-angiogenesis signal, and participate in metabolic symbiosis.
As tumors expand (bottom) the arrival of immune cells will lead to additional inflammatory signaling
that will trigger further elF2a phosphorylation to impose a pseudo-starved state that reduces the
threshold for cells to adopt an invasive phenotype even in regions of the tumor where cells may

proliferate if nutrients are abundant. The depiction is simplified for the sake of clarity an does not include
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multiple other tumor-associated cell types including tumor-associated lymphocytes, cancer-associated

fibroblasts or adipocytes.
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