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Abstract

Tumor progression is associated with dedifferentiated histopathologies concomitant with cancer
cell survival within a changing, and often hostile, tumor microenvironment. These processes are
enabled by cellular plasticity, whereby intracellular cues and extracellular signals are integrated to
enable rapid shifts in cancer cell phenotypes. Cancer cell plasticity, at least in part, fuels tumor
heterogeneity and facilitates metastasis and drug resistance. Protein synthesis is frequently
dysregulated in cancer, and emerging data suggest that translational reprograming collaborates
with epigenetic and metabolic programs to effectuate phenotypic plasticity of neoplasia. Herein,
we discuss the potential role of mRNA translation in cancer cell plasticity, highlight emerging
histopathological correlates, and deliberate on how this is related to efforts to improve
understanding of the complex tumor ecology.

Introduction

Neoplasia is characterized by progression to increasingly less differentiated (i.e.,
dedifferentiated) states concomitant with disease dissemination, therapy resistance, and poor
prognosis. Tumor microenvironments (TMEs) are often hostile, with limited oxygen and
nutrient availability. Cellular plasticity (defined as the ability to dynamically alter cell fate
through translational and epigenetic alter ations; see Glossary) allows cells to survive
changing microenvironments by rewiring cellular functions such as metabolism and
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cytoskeletal dynamics. In tumors, plasticity enables cancer cells to adapt to a plethora of
stressors. Accordingly, the molecular regulators of plasticity are attractive therapeutic
targets.

John George Adami was one of the first to contemplate the dichotomous nature of plasticity.
Based largely on histopathology, he proposed that cell fate changes and proliferation are
often mutually exclusive, with plasticity occurring mainly while proliferation is reduced [1].
For example, stem cells are generally less proliferative than their progeny [2-4]. Protein
synthesis (or mMRNA translation) dictates proliferation rates while playing a central role in
differentiation and stress adaptation [5] (Figure 1). To this end, dysregulated protein
synthesis promotes drug resistance and metastasis, which are processes driven by cancer cell
plasticity [5]. Herein, we review how translational reprograming impacts cancer cell
plasticity.

Defining Cancer Cell Plasticity

Before genomics and molecular biology became commonplace, histopathology provided
early indications of tumor plasticity. Solid tumors can contain cancer cells with vastly
different phenotypes, which is suggestive of plasticity. For example, urothelial bladder
carcinoma and non-small cell lung cancer can both contain subsets of small cell carcinoma
cells, typically heralding poor patient prognosis [6-8]. Other tumors contain mixtures of
epithelial and mesenchymal phenotypes, such as carcinosarcomas of the uterus and other
tissues of the female genital tract [9]. Some of these lesions with mixed pathology are
thought to be collision tumors arising from independent clones that later coalesce [10].
However, genomic sequencing studies show different pathologies arising from a single
tumor clone. Indeed, this phenomenon has been observed in acinar and ductal prostate
adenocarcinoma, small cell and urothelial bladder cancer, small cell and non-small cell lung
cancer, and the epithelial and mesenchymal components of uterine carcinosarcoma [6,8,11—
13]. In each case, the distinct pathologies share numerous genomic alterations but they also
have divergent changes that are acquired during tumor progression. Overall, the common
origins of different pathologies within these tumors indicate that plasticity, at least in part,
drives tumor heterogeneity.

In addition to overt differences in pathology, plasticity is evident from changes in tumor
differentiation. Epithelial-to-mesenchymal (EMT) and mesenchymal-to-epithelial (MET)
transitions are extensively characterized manifestations of cancer plasticity. Both processes
resemble transdifferentiation, the reversible transition into different phenotypes [14]. Tumors
also undergo dedifferentiation wherein cancer cells revert to a less differentiated state, re-
express ‘stem cell’ genes, including NODAL, OCT4, SOX2, and NANOG, and give rise to
cancer stem-like cells with a greater ability to metastasize and evade treatment [15-18].
Changes in cellular identity can be driven by epigenetic alterations, rather than genetic
changes, in the primary DNA sequence. For example, dedifferentiated endometrial cancer
evolves from adjacent, well-differentiated adenocarcinoma through alterations in chromatin
remodeling complexes. In this case, tumors with high levels of microsatellite instability that
are deficient in ARID1A, a component of a chromatin remodeling complex, progress to a
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lethal dedifferentiated disease through concurrent loss of either ARID1B or SMARCA4
[19].

Notably, emerging data suggest that transitions in cell differentiation are not regulated by
transcriptional changes alone. In contrast to transcription, translation provides cells with the
ability to swiftly alter their proteome and adapt to changes in their environment. To this end,
translation plays a central role in acute adaptation to stress and, as discussed below, such
mechanisms may be co-opted to promote cancer cell plasticity. Indeed, translation of many
MRNAs encoding proteins that govern cancer cell plasticity is modulated during adaptation
to stressors (Figure 1).

MRNA Translation and Cellular Plasticity

Dysregulation of mMRNA translation is a major feature of neoplasia and stem cell
maintenance [5,20,21]. Accordingly, stem cells and differentiated adult cells, as well as non-
malignant and neoplastic cells, have distinct translational programs [5,21,22]. Recycling of
ternary complex (TC) and eukaryotic translation initiation factor 4F (elF4F) complex
assembly are limiting steps in translation that have been most extensively studied in the
context of cellular plasticity (Figure 2).

TC and Cancer Cell Plasticity—TC, which is composed of initiator tRNA (tRNA%V[et),

GTP, and elF2 (including a, B, and y subunits), recruits t(RNA Met {5 the 43S preinitiation
complex containing the 40S ribosome and associated translation initiation factors [23]. Upon
{RNA Met delivery and GTP hydrolysis, the elF2:GDP complex is recycled by the guanine

nucleotide exchange factor (GEF) elF2B for the next round of initiation [23]. Stressors
interfere with TC recycling via elF2a phosphorylation, which diminishes the GEF activity
of elF2B [24]. Four kinases phosphorylate elF2a.: general control nonderepressible 2
(GCN2) kinase, which senses amino acids; RNA-activated protein kinase (PKR), which is
stimulated by double-stranded RNAS; PKR-like endoplasmic reticulum kinase (PERK); and
heme-regulated inhibitor (HRI) kinase, which responds to heme deficiency [25]. elF2a
phosphorylation and the subsequent decrease in elF2B activity and TC levels underpin the
integrated stress response (ISR) that plays a central role in stress adaptation [26] (Figure 2).
ISR encompasses translational reprogramming, with reduced global protein synthesis and
translational activation of a subset of mMRNAS containing inhibitory upstream open reading
frames (UORFs) [27]. These mRNAs include activating transcription factor 4 (ATF4), which
acts as a major coordinator of stress responses, and growth arrest and DNA damage-
inducible protein, which recruits protein phosphatase 1 to dephosphorylate elF2a during the
resolution phase of the ISR [27].

ISR promotes or suppresses cancer progression in different contexts [26]. Phospho-elF2a
may suppress initial tumorigenesis by limiting protein synthesis but promotes the survival of
cancer cells by inducing adaptive plasticity to low oxygen and nutrient supply or drug
treatment. Since nutrient and/or oxygen deprivation lead to elF2-dependent phenotypic shifts
in unicellular organisms such as yeast, ISR may have an evolutionarily conserved role in cell
plasticity in response to stress [28]. Indeed, in mouse embryonic stem cells (MESCs),
inhibition of elF2a dephosphorylation by salubrinal induces synthesis of NANOG and c-
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MY C that are linked to cancer cell plasticity [29]. In leukemic and hematopoietic stem cells,
phospho-elF2a and consequent ATF4 induction are required for stem cell population
maintenance [30]. Similarly, in transdifferentiated (EMT) breast cancer cells, overproduction
of extracellular matrix components leads to endoplasmic reticulum (ER) stress and
activation of the PERK/elF2a. axis, which is paralleled by invasion and metastasis [31]. In
the epidermis, an elF2B5-mediated translational program leads to loss of progenitor self-
renewal, which limits tumor initiation and growth [32]. Collectively, these observations
suggest a multifaceted role of the ISR in cancer cell phenotypic switching.

elF4F Complex and Cancer Cell Plasticity—The elF4F complex consists of the
MRNA cap-binding subunit elF4E, scaffold elF4G, and DEAD box helicase elF4A [23].
elF4E binds to the 5" mRNA cap, whereas elF4G associates with elF3 to recruit mRNA to
the 43S preinitiation complex, which is composed of a small ribosomal subunit and
associated factors [23]. elF4A facilitates 5" untranslated region (UTR) scanning by the 43S
preinitiation complex towards the initiation codon [23]. Alterations in elF4F complex levels
lead to selective changes in translation [33]. Increased elF4F levels are paralleled by the
selective upregulation of translation of mMRNAs encoding proliferation- and survival-
stimulating factors, while translation of mMRNASs encoding housekeeping proteins is only
marginally sensitive to changes in elF4F levels [33].

elF4F assembly is regulated by 4E-binding proteins (4E-BP1-3 in mammals) that interfere
with elF4E:elF4G binding [33,34]. 4E-BPs are phosphorylated and inactivated by the
mechanistic/mammalian target of rapamycin complex 1 (MTORC1) in response to nutrients,
hormones (e.g., insulin), and growth factors (e.g., insulin-like growth factors [IGFs]) [35]
(Figure 2). mTORC1 increases cellular growth and proliferation by stimulating anabolic
pathways, including protein synthesis [36]. mTOR is also a component of mTOR complex 2
(mTORC2), which is involved in cytoskeletal organization, regulation of the AGC-family of
kinases (e.g., AKT), and glucose and lipid metabolism [37].

Subunits of the elF4F complex play a major role in cell fate decisions. For instance, forced
elF4E expression induces the formation of mesoderm in ectodermal explants of Xenopus
laevis [38]. In general, stem cells have lower mTOR activity and protein synthesis than
differentiated cells [21]. In p53-proficient mouse embryonic fibroblasts, 4E-BP1/2 loss leads
to translational induction of p21 that blocks reprogramming into induced pluripotent stem
cells (iPSCs). In turn, abrogating 4E-BP expression in p53-deficient fibroblasts increases
iPSC induction by stimulating translation of c-MYCand SOX2mRNAs [39]. Finally, 4E-
BPs are implicated in the translational regulation of Yin Yang 2 ( Y'Y2) that seem to play a
pivotal role in self-renewal and differentiation of mESCs [40]. Altogether, the mTORCL/4E-
BP/elFAF axis is positioned as a central regulator of proteome complexity that underpins cell
plasticity. Indeed, in precancerous cells, elF4E increases self-renewal and proliferation,
which simultaneously protects cells with activated RAS or c-MYC from replication
catastrophe [41]. Moreover, disruption of elF4E:elF4G binding represses clonogenic activity
and tumorsphere formation in pancreatic and prostate cancer [42]. Transforming growth
factor B (TGFp), a major stimulator of EMT, induces 4E-BP1 levels thereby reducing
CIP2A-BPtranslation in triple negative breast cancer cells [43]. This in turn activates the
oncogene CIP2A, leading to the induction of MMP-2, MMP-9, and SNAIL1 and increased
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metastasis [43]. Finally, the androgen receptor (AR) has been demonstrated to induce
EIF4EBPI. Accordingly, AR-deficient prostate cancers express less E/FE4BFP1, leading to
increases in elF4F levels and concomitant prostate cancer progression [44].

elF4E is also phosphorylated by MAPK-interacting kinases 1 and 2 (MNK1 and 2) [45,46],
which leads to translational reprogramming by as of yet incompletely understood
mechanisms [33]. Phosphorylation of elF4E via the TGFB-MNKL/2 axis is required to
establish a translational EMT program, which is signified by upregulation of SNA/Z and
MMP3 mRNA translation [47]. In turn, MNK1 inhibition attenuates the progression of
ductal carcinoma /n situto a less differentiated invasive ductal carcinoma, which is
paralleled by reduced NODAL levels [48]. Accordingly, MNK1/2 inhibitors reduce
metastasis in preclinical models [49-51]. Collectively, alterations in elF4F levels and/or
elF4E phosphorylation have a profound impact on cancer cell plasticity and associated
phenotypes.

Extrinsic Drivers of Translationally Induced Plasticity

Plasticity is often a consequence of tumors adapting to the TME, especially hypoxia,
nutrient limitation, or cancer therapeutics. The translational machinery has a major function
in adaptation to these stressors, which at least in part appears to occur via facilitating cellular
plasticity.

Hypoxia—Hypoxia drives cancer cell plasticity [52]. Global protein synthesis is
downregulated in hypoxia via mTOR suppression and is mediated chiefly by the induction
of regulated in development and DNA damage response 1 [53] and PERK-induced elF2a
phosphorylation [54-56] (Figure 2). Translational downregulation is accompanied by the
selective increase in the synthesis of proteins that enable adaptation to oxygen deprivation,
such as vascular endothelial growth factor (VEGF) and hypoxia inducible factor 1 a
(HIF1a) [57-60]. Precise mechanisms of translational reprogramming under hypoxia are
still debated. A number of mRNAs that are preferentially translated under hypoxia,
including VEGF and erythropoietin, were reported to harbor UORFs and are thus expected to
be induced by ISR [61,62]. In addition, selective translation in hypoxia may be driven by
cap-independent mechanisms mediated by internal ribosome entry site (IRES)-like regions
in 5 UTRs. IRES-driven translation was proposed for several mMRNAs encoding plasticity-
inducing factors such as VEGF[63], c-MYC [64], and HIF1a [65]. However, the extent of
cap-independent translation under hypoxia is, at least in some contexts, limited [66]. It also
appears that mechanisms of cap-independent translation of mammalian mMRNAs are distinct
from those engaged by viral IRESs [67].

HIF1 and 2 are transcription factors that regulate adaptation to hypoxia and are linked to the
translational machinery. To this end, hypoxia induces the expression of elF4E1 and its
paralog elFAE2 (4E-HP) in breast cancer cells, whereby E/F4E1, but not E/F4E2,
transcription appears to be HIF1a-dependent [68]. This suggests that upregulated elF4E1
may overcome mTORCLI inhibition in hypoxia and result in cap-dependent induction of
translation of a subset of MRNAs, including c-MYC[64] and VEGF[68]. Alternatively, in
glioblastoma cells, it was proposed that the alternative complex formed by elF4E2/4E-HP,
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HIF2a, and RNA-binding motif protein 4 (RBM4) is responsible for selective cap-
dependent translation under hypoxia [69]. The same authors proposed a hypoxia-specific
elF4F complex composed of elFAE2/4E-HP and elFAG3 (elF4G1 paralog) [70]. This model
is, however, challenged by findings that elF4E2/4E-HP is an evolutionarily conserved
translational repressor [71-74]. In addition to the proposed effects of hypoxia on the
translation initiation machinery, depletion of oxygen induces eukaryotic elongation factor 2
kinase (eEF2K) that inactivates eEF2, thereby decreasing elongation rates [75]. This is
mediated by the suppression of the mTORC1/S6 kinase axis and/or the negative regulator of
prolyl hydroxylase 2 [75,76]. Finally, a subset of MRNAs, and in particular those induced by
HIFla, may be translationally activated under hypoxia by their subcellular relocalization to
the ER due to low numbers of upstream AUGs in 5" UTRs [75].

Notwithstanding the yet elusive mechanistic underpinnings of reprogramming the
translational machinery under hypoxia, oxygen depletion results in rapid alterations in the
translatome [77]. Several clues highlight that hypoxia-induced translational reprogramming
may promote cancer cell plasticity. For instance, in esophageal squamous cancer cells,
hypoxia induces insulin-like growth factor binding protein 3 (IGFBP3), a known promoter
of EMT, at least in part by stimulating cap-dependent translation [78]. In turn, IGFBP3
expression mirrors intratumoral enrichment of CD44 high cancer stem cells (CSCs). In
breast cancer and glioblastoma models, hypoxia appears to translationally increase the
expression of cadherin-22, thereby driving an EMT phenotype [79]. Moreover, hypoxia
induces translation of OCT74B, an alternate OCT74 mRNA isoform that promotes EMT and
metastasis [80-82]. The enrichment of tumorspheres and CSCs derived from breast cancer
cell lines in response to hypoxia may also depend on elF4E1 upregulation to bolster the
translation of c-MYC, VEGF, and cyclin DI mRNAs [68]. Collectively, this suggests that
translation can greatly affect hypoxia-induced cell plasticity.

Nutrient Deprivation and Energy Stress—Nutrient availability can be limited in the
TME [83,84]. Even when oxygen and nutrients are not limiting, many cancer subtypes
preferably utilize aerobic glycolysis over oxidative phosphorylation (OXPHOS) in order to
generate building blocks essential in anabolic processes and to maintain redox balance [85].
Importantly, glycolytic states characterize stem cells and are implicated in the induction of
CSCs, EMT, and metastatic phenotypes. For example, in breast cancer, induction of
glycolysis through fructose-1,6-biphosphatase (FBP1) inhibition results in CSC enrichment
and tumorsphere formation, while SNAIL represses FBP1 during EMT [86]. Conversely,
OXPHOS inhibitors reduce CSC populations in some cancer types [87]. Cancer cells also
exploit numerous other metabolic pathways that are dependent on non-essential amino acids
(NEAAS), such as glutamine [88,89], serine/glycine [90,91], and aspartate [92,93], as well
as additional fuels such as fatty acids [94,95] and lactate [96]. Collectively, it is becoming
apparent that dynamic metabolic adaptations, not a single metabolic state, signify metabolic
plasticity to enable rapid phenotype switching of cancer cells [97].

Translation is highly energy consuming and is tightly linked to energy metabolism [98].
Glucose starvation, for instance, suppresses global translation via ER stress and elF2a
phosphorylation [99]. It also activates adenosine monophosphate-activated protein kinase
(AMPK) [100]. AMPK conserves energy by shutting down anabolic processes when
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nutrients and/or oxygen are limiting [101]. To this end, AMPK downregulates protein
synthesis by suppressing mTORC1 [101] and directly activates eEF2K [102], which
phosphorylates eEF2 and inhibits translation elongation to promote cell survival when
nutrients are limiting [103]. In turn, when cellular energy is not limiting, translation of
mRNAs encoding proteins with mitochondrial functions (e.g., 7TFAM) and components of
the electron transport chain (ETC) (e.g., ATP50 and NDUFS®) is stimulated via the
MTORC1/4E-BP/elFAE axis [104]. This increases mitochondrial biogenesis and ATP
production to meet high energy demands of protein synthesis [104]. Intriguingly, mMRNAs
encoding ETC components are enriched in transcripts with extremely short 5° UTRs (<30
nucleotides) and/or translation initiator of short 5° UTR elements, which are thought to
allow their selective translation [105,106].

In addition to glucose, amino acid supply profoundly affects translation. Amino acid
depletion inhibits global protein synthesis by suppressing mTORC1 and activating GCN2
[107,108] (Figure 2). GCN2 upregulates ATF4 and its target metabolic genes, many of
which encode amino acid transporters and enzymes involved in NEAA synthesis [109,110].
For example, glutamine deprivation induces ATF4 expression through both transcriptional
and translational mechanisms, which subsequently represses microphthalmia-associated
transcription factor (MITF) [111]. This results in melanoma phenotype switching
characterized by MITF-low/AXL-high cells, which are known to be highly metastatic and
drug resistant [111].

Mechanisms that orchestrate translation and metabolic programs are expected to exert a
strong impact on cancer cell phenotypes. Indeed, translational dysregulation caused by
depletion of 4E-BP1 and 2 increases energy stress tolerance and metabolic plasticity of
cancer cells in conjunction with HIF1a [112]. This finding, combined with evidence that
4E-BP1/2 status can determine cell fate decisions [39,40], suggests that translational control
of metabolic programs may promote cancer cell plasticity induced by energy stress.

Cancer Therapeutics—Tumor plasticity is linked to therapy resistance. For instance,
under the selective pressure of treatment with tyrosine kinase inhibitors, epidermal growth
factor receptor (EGFR)-mutant non-small cell lung cancer transforms into EGFR-negative
small cell lung cancer [7,113]. Similarly, prostate adenocarcinoma escapes AR-targeted
therapies by transforming into small-cell or AR-null phenotypes [114,115]. Enrichment of
stem-cell like dormant cancer cells has been described in response to various
chemotherapeutics, which limits treatment efficacy [116]. The translational apparatus plays
a major role in drug resistance [5] and thus likely participates in therapy-induced cancer
plasticity. For instance, high 4E-BP1 levels are associated with resistance to PI3K/Akt/
mTOR inhibitors in luminal prostate cancer [117]. In ovarian cancer, drug resistant
populations are enriched for CSCs with an activated mTORC1 pathway [118]. Inhibiting
mTOR resensitizes cancer cells to carboplatin and is accompanied by a reduced translation
of mRNASs supporting cell survival, proliferation, and DNA repair [119,120]. Conversely, in
breast cancer cells, chemotherapeutics (e.g., paclitaxel), active-site mTOR inhibitors (e.g.,
INK128), as well as hypoxia induce translation of NODAL, NANOG, and SNA/I mRNAs,
promoting stem-like phenotypes and drug resistance [121]. Intriguingly, NODAL, NANOG,
and SNA/I mRNAs have multiple 5° UTR isoforms, some of which are preferentially
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translated under conditions of limiting elF4F and TC levels [121]. Accordingly, disruption
of adaptive translational programs using an ISR-inhibitor (ISRIB, a small molecule that
disrupts ISR translational programs by activating elF2B) bolsters the efficacy of paclitaxel
and mTOR inhibitors [121]. Similarly, ISRIB abolishes the growth and metastasis of
prostate cancer patient-derived xenografts [122]. Biguanides are antidiabetics that induce
energy stress by inhibiting mitochondrial ATP production, leading to AMPK activation,
suppression of mMTORCL1, and reduced protein synthesis [98]. Intriguingly, CSCs appear to
be particularly sensitive to biguanides across a variety of cancers, including glioma [123],
gastric [124], pancreatic [125], breast [126], and ovarian cancer [127]. Biguanides exert
synergy with HER2, BCR/ABL, or BRAF inhibitors in large part by suppressing the
translation of MRNASs encoding enzymes involved in NEAA synthesis via the mTORC1/4E-
BP/elFAE axis [112].

Collectively, these observations suggest that orchestration of the mTOR- and ISR-dependent
translational and metabolic programs may play a central, and potentially clinically
exploitable, role in cancer cell plasticity that may be targeted to forestall or overcome drug
resistance (Figure 3). Importantly, several such crosstalk mechanisms between mTOR and
elF2a phosphorylation have been documented. These mechanisms include mMTORC1/CK2-
directed phosphorylation of elF2p, leading to NCK1-dependent elF2a dephosphorylation
[128]; suppression of PERK/GCNZ2 or PKR via the mTORC2/AKT axis or PTEN,
respectively [129]; and protein phosphatase 6-dependent GCN2 activation in response to
mTOR inhibition [130].

Additional Translational Mechanisms Implicated in Cancer Cell Plasticity

Importantly, mechanisms beyond those mediated via elF4F and/or elF2/elF2B engender
translational reprogramming that may favor phenotype switching. These include alternative
mechanisms of cap-dependent translation centered on DAP5/p97/NAT1 and/or elF3d [131-
133] and cap-independent translation mechanisms mediated by RNA-binding La-protein
[134] and Y-box 1 [135]. In addition, miRNA- [136,137] and/or RNA-binding protein (e.g.,
hnRNP E)-dependent translational regulation have been linked to adaptive plasticity [138].
Abrogation of methyltransferase-like 3 concomitant with decreased m8A mRNA
modifications reduces EMT in liver cancer [139]. In turn, ZEBZ2 mRNA translation, which
encodes a protein that promotes EMT, is regulated by stretches of rare UUA (Leu), GGU
(Gly), and GUA (Val) codons [140]. This suggests that alterations in tRNA pools and/or
tRNA modifications may also contribute to the translational regulation of cancer cell
plasticity [140]. Accordingly, U34 tRNA modifications have been linked to metastasis and
drug resistance [141]. Finally, ribosome biogenesis represents yet another layer of
complexity in the translational regulation of EMT, whereby inhibitors of rRNA synthesis
were shown to revert tumors to a more differentiated state [142]. Collectively, these findings
suggest multiple, and potentially non-mutually exclusive, mechanisms that link translation to
cancer cell plasticity. These findings thus highlight the ability of translational machinery to
rapidly alter malignant proteomes to allow cancer cells to evade therapeutic insults and
disseminate.
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Concluding Remarks

Pathology highlights the breadth of cancer cell plasticity and the ramifications for patient
outcomes and treatment; however, it likely underestimates the extent of plasticity within
tumors. It can be difficult to detect cells with divergent pathology when they only represent a
subpopulation of the tumor [143,144], so the prevalence of plasticity as measured by
histopathology may be underappreciated. A more detailed understanding of the molecular
drivers of plasticity, including those governed by the translational apparatus, may overcome
these limitations. To this end, single cell transcriptomics in conjunction with technological
advances towards single cell proteomics hold promise to directly address the diversity and
dynamics of cancer cell gene expression programs. Such efforts should help determine the
mechanisms of coordination between different steps in the regulation of gene expression that
influence phenotypic switching in neoplasia and also establish the full spectrum of cellular
plasticity within tumors. In turn, the translational machinery is likely to play a central role in
cancer cell plasticity and the corresponding histopathological correlates. Establishing the
role of translation in phenotypic switching of cancer cells is thus required to decipher the
mechanisms of adaptation of cancer cells to different environmental and therapeutic insults
(see Outstanding Questions). Understanding these roles may provide useful biomarkers to
monitor and classify cancer cell plasticity and identify new therapeutic targets to attenuate
metastasis and resistance.
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Cédllular plasticity

defined broadly as the ability of a cell to adjust its phenotype in response to
microenvironmental cues. This process can be heritable and involves translational and
epigenetic alterations that facilitate the reprogramming of cellular processes such as
metabolism, proliferation, cell fate specification, cytoskeletal dynamics, and metastasis

Epigenetic alterations

mechanisms such as nucleosome repositioning, DNA methylation, and histone modifications
that affect DNA accessibility and mediate downstream changes in gene expression and
cellular phenotypes
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Highlights

Neoplastic progression is characterized by alterations in tissue architecture, such as a loss
of structure—function relationships and the emergence of dedifferentiated
histopathologies.

To progress, metastasize, and evade therapies, cancer cells must adapt to new and
unfavorable microenvironments.

Cancer cell plasticity occurs concomitantly with tumor progression and can limit the
effectiveness of anticancer therapies.

Protein synthesis is often dysregulated in neoplasia, with translational reprogramming
emerging as a central feature of adaptive plasticity.

Dissecting the mechanisms of translational reprograming in response to changing tumor
microenvironments holds a promise to clarify the molecular underpinnings of cancer cell
plasticity and its corresponding histopathological manifestations.
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Outstanding Questions
How do adaptive responses to stress differ between normal tissue and neoplasia?
How does the translational machinery impact cancer cell plasticity and stress responses?

What are the cellular networks that orchestrate translational, transcriptional, epigenetic,
epitranscriptomic, and metabolic programs of cancer cells to enable stress-induced
phenotype switching?

Can the translational machinery be targeted to attenuate cancer cell plasticity and thus
impede cancer spread and/or alleviate therapy resistance?
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Figure 1. Cancer Progression and Plasticity.
Cancer progression is characterized by increasing cell plasticity. Neoplastic growth is also

frequently accompanied by limitations in energy supply due to hypoxia or low nutrient
availability. This, in turn, limits elF4F complex assembly and TC recycling, which are both
essential for efficient global translation. Thus, translational reprogramming under limited
oxygen and nutrient supply in the TME is characterized by a reduction in global protein
synthesis and increased selective translation of mMRNAs essential for adaptation and survival,
including NODAL, SNA/1, and ATF4. Red arrow indicates a decrease. Green arrow
indicates an increase. Abbreviations: ATF4, activating transcription factor 4; elF, eukaryotic
translation initiation factor; GTP, guanosine triphosphate; m’G, 7-methylguanosine; Met,
methionine; TC, ternary complex; TME, tumor microenvironment.
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Figure 2. Regulation of Tranglation Initiation via M echanistic/M ammalian Target of Rapamycin
(mTOR) and the Integrated Stress Response (1SR).

Various stressors act via the mTOR (left) and/or the ISR network (right) that in turn impinge
on the translational machinery. mTOR inhibition prevents the phosphorylation of 4E-BPs,
which prevents elF4E:elF4G binding and interferes with elF4F complex formation. Protein
synthesis is further modulated by the phosphorylation of elF4E via MNK1/2, although this
process is incompletely understood. mTOR inhibition also leads to an activation of eEF2K,
resulting in phosphorylation of eEF2 and a reduction in translation elongation (dashed lines
denote indirect effects). Induction of ISR is mediated by four different kinases that
phosphorylate elF2a in response to different types of stress. Phosphorylation of elF2a
attenuates GEF activity of elF2B, thereby decreasing ternary complex (TC; i.e., elF2:

tRNA %Vlet ‘GTP) levels. However, under these conditions of reduced global translation, select

subsets of mMRNAs encoding crucial stress response factors, such as A7F4, are translationally
upregulated. Elevated elF4F and TC levels allow high translation rates when energy and
oxygen supply are not limiting. Conversely, conditions wherein the levels of elF4F and TC
are low denote translationally repressive states induced by various stressors, resulting in a
global reduction in translation. Abbreviations: 4E-BP, 4E-binding proteins; ATF4, activating
transcription factor 4; dsRNA, double-stranded RNA; eEF2K, eukaryotic translation
elongation factor 2 kinase; elF, eukaryotic translation initiation factor; ERK, extracellular
signal-regulated kinase; GCNZ2, general control nonderepressible; GDP, guanosine
diphosphate; GTP, guanosine triphosphate; HRI, heme-regulated inhibitor; MAPK, mitogen-
activated protein kinase; Met, methionine; MNK, MAPK-interacting kinase; mTOR,
mammalian/mechanistic target of rapamycin; P, protein phopsphorylation; PERK, PKR-like
endoplasmic reticulum kinase; PKR, RNA-activated protein kinase.
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Figure 3. Extrinsic Cues Drive Plasticity through Translational M echanisms.
Extrinsic cues that drive plastic phenotypes in cancer converge on the mechanistic/

mammalian target of rapamycin complex 1 and the integrated stress response, ultimately
leading to translational reprogramming. Cellular plasticity is underscored by adaptive
processes, and the translational responses to stressors are highly context dependent. Dashed
lines indicate new discoveries in the field that, as of yet, have not been robustly verified.
Abbreviations: eEF2K, eukaryotic translation elongation factor 2 kinase; elF, eukaryotic
translation initiation factor; ERK, extracellular signal-regulated kinase; GTP, guanosine
triphosphate; ISRIB, integrated stress response inhibitor; m’G, 7-methylguanosine; MAPK,
mitogen-activated protein kinase; Met, methionine; MNK1/2, MAPK-interacting kinases
1/2; mTORC1, mechanistic/mammalian target of rapamycin complex 1; TGF, transforming
growth factor .
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