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Abstract

The emergence of drug resistance is the most substantial challenge to the effectiveness of anticancer
therapies. Orthogonal approaches have revealed that a subset of cells, known as drug-tolerant
‘persister’ (DTP) cells, play a prominent role in drug resistance. While long recognized in bacterial
populations which have acquired resistance to antibiotics, the presence of DTPs in various cancer
types has come to light only in the last two decades, yet several aspects of their biology remain
enigmatic. Here we delve into the biological characteristics of DTPs and explore potential strategies
for tracking and targeting them. Recent findings suggest that DTPs exhibit remarkable plasticity,
being capable of transitioning between different cellular states, resulting in distinct DTP phenotypes
within a single tumor. However, defining the biological features of DTPs has been challenging, partly
due to the complex interplay between clonal dynamics and tissue-specific factors influencing their
phenotype. Moreover, the interactions between DTPs and the tumor microenvironment, including
their potential to evade immune surveillance, remain to be discovered. Lastly, the mechanisms
underlying DTP-derived drug resistance and their correlation with clinical outcomes remain poorly
understood. This Roadmap aims to provide a comprehensive overview of the field of DTPs,
encompassing past achievements and current endeavors in elucidating their biology. We also discuss
the prospect of future advancements in technologies in helping to unveil the features of DTPs and
propose novel therapeutic strategies that could lead to their eradication.

[H1] Introduction

There is an increasing appreciation that targeting genetic mutations does not lead to durable cures for
the majority of patients with cancer. Despite the fact that some tumors initially demonstrate
impressive responses to chemotherapy or targeted agents, achieving a minimal residual disease
(MRD) state, the majority of tumors eventually recur often without known resistance mutations. This
has led to an increasing interest in the role of non-genetic phenotypic heterogeneity in driving tumor

recurrence.

In 2010, the pioneering study by Sharma and colleagues® described drug-tolerant persister (DTP) cells
as the subpopulation of cancer cells that acquire a reversible drug-refractory phenotype. DTPs have
since been identified across a wide range of tumor types in response to various chemotherapies and

targeted agents, underlying MRD and accounting for tumor relapse?2,



Persistence derives from the bacterial literature and was first proposed in the 1940s to be mediated
by dormant, non-dividing cell subpopulations that survive high concentrations of penicillin that
otherwise kill the majority of bacteria*®. Indeed, the slowing or arrest of bacterial proliferation has
since been shown to widely promote tolerance to antibiotics®’. While persistence has been extensively
characterized in bacteria®, defining and identifying cancer DTPs, their origin, biomarkers, survival
mechanisms, as well as phenotypic plasticity, heterogeneity and vulnerabilities, is an active field of
investigation. Nevertheless, both bacterial and cancer DTPs can be broadly defined by these features:
1) non-genetically driven phenotype; ii) quiescence; iii) ability to tolerate the lethal effects of drugs,
which may be intrinsic or drug-induced; iv) reversible entry into and exit from the DTP state.

Although the term ‘persisters’ in cancer is broadly used to describe quiescent, drug-tolerant cells,
tumors are comprised of a spectrum of cell states or phenotypes including dormant cells, senescent
cells, stem-like cells, and cells exhibiting characteristics of epithelial to mesenchymal transition
(EMT), which may all inherently resist therapy® (Table 1). The relationship between the DTP
phenotype and these alternative cell states is currently unclear and under investigation. For example,
while dormancy is characterized by cancer cells that remain quiescent for long periods even in the
absence of drug treatment, growing evidence confirms that at least a fraction of DTPs slowly
replicates’®!. Gene expression features associated with senescence and EMT, as well as positivity
for B-galactosidase activity (a biomarker of senescence), have been observed in non-small-cell lung
cancer DTPs emerging upon dual inhibition of epidermal growth factor receptor (EGFR) and MEK*?,
Notably the same features were not observed under EGFR monotherapy, thus highlighting the
heterogeneous nature of DTPs. Moreover, evidence of shared features between slow replicating DTPs
and cancer stem cells (CSCs) is conflicting, probably owing to differences in the tissue of origin and

therapeutic regimens® (Table 1).

However, it is widely acknowledged that during drug exposure, tumor cells may co-opt transcriptomic
and epigenetic pathways associated with drug tolerance, transiently upregulating alternative survival
mechanisms and drug resistance genes, thereby inducing the DTP state. Whether these mechanisms
are tumor- and/or treatment-dependent remains to be determined. Importantly, upon prolonged drug
exposure, both bacterial and cancer DTPs undergo stress-induced mutagenesis (SIM), eventually
fostering a spectrum of heterogeneous mechanisms leading to irreversible, inheritable, drug
resistance’®1’. Hence, persistence represents a highly plastic state enabling cancer cells to tolerate

cytotoxic stress, establish MRD, and seed subsequent outgrowth of resistant cells. Relatedly,



approaches to target DTP cells prior to the development of irreversible genetic clonal resistance could

enhance the durability of responses to cancer treatments.

In this Roadmap, we focus on recent advances in our understanding of cancer DTPs, including
mechanisms underlying DTP formation, plasticity and heterogeneity as well as the interaction
between DTPs and the tumor microenvironment (TME). We also highlight potential biomarkers and
actionable vulnerabilities. Additionally, we provide recommendations to move the field forward,
including the necessity to extend our framework beyond the current dependence on 2D cell culture
and immunocompromised animal models, and harnessing novel technologies to bring about new
insights into the cell biology of DTPs. We also address the challenges in designing clinical trials
focused on DTPs and propose strategies for translating DTP biology into the clinic by identifying

tumors in the DTP state in the context of patients on treatment.

[H1] The fundamentals of DTP cells

To facilitate comparison across different cell states, cancer types and treatments, and to avoid

discrepancies in definitions, it is important to establish clear criteria for characterizing cancer DTPs.

[H2[ Learning lessons from bacteria

Originally identified by Joseph Bigger, bacterial antibiotic persisters are defined as a sub-population
of bacteria, within a clonal population, that become highly tolerant of antibiotics without undergoing
genetic change'®!®. These persisters remain viable and repopulate when the level of antibiotic
decreases, highlighting the non-genetic determinants of bacterial tolerance to antibiotics ®%.

Conceptually, tolerance differs from resistance. Resistance reflects the ability of cells to replicate in
the presence of drug treatment®. Tolerance reflects the ability of cells to mitigate the killing efficacy
of the drug, even at high concentrations®. Pre-exposure to starvation, heat, pH and many other stresses
may increase the persistent population, mainly by increasing the fraction of non-growing bacteria
within the growing culture?®. A prominent example of tolerance is the ability of growth-arrested
bacteria to survive high concentrations of penicillin?!. Unlike resistant cells, bacterial persister cells
do not grow in the presence of antibiotics, but rather are mostly linked to disrupted growth?? that may

be induced or stochastic®?3, or triggered by the drug itself 24,

Mechanisms suggested to increase persisters in a bacterial population include the toxin—antitoxin
system [G], the ppGpp biochemical network that alters RNA transcription and DNA replication,
4



decreased protein synthesis and reduced metabolic activity?*3!. Genetic screens, as well as studying
the evolution of increased antibiotic tolerance in bacteria, have revealed that the ‘tolerome’, i.e., the
genes linked to increased tolerance, is extremely large®233, Interestingly, persistence and tolerance
have been shown to favour the acquisition of resistance mutations, indicating a constant interplay

between the different survival modes®*.

[H2] Experimental isolation of DTP cells
The essential lack of reproducible markers of DTPs across different tumor types poses a challenge to
their detection and characterization, as further discussed below. Therefore, special considerations

should be taken into account when designing experiments aimed at isolating DTPs.

In the bacterial field, DTPs represent a fraction of the originally sensitive population. As a
consequence, when antibiotic treatment is applied, the majority of the population initially dies, while
the DTP subpopulation emerges and determines a reduction in the cell number decline. This creates
a biphasic killing curve, which is regarded as a hallmark of bacterial DTPs®. Interestingly, cancer
cells under treatment in vitro have been shown to undergo similar population dynamics, and therefore,
biphasic killing represents a feature of cancer DTPs as well'>%®, Usually, following an initial decline,
the cell number reaches a plateau consisting of DTPs>!%%_ However, during some treatments (such
as anti-estrogen receptor therapy), an initial population expansion could be observed before cell death
becomes significant and tolerant cells arise®’. Importantly, a constant exposure to anti-cancer agents

should be maintained by periodic renewal to avoid experimental biases.

The establishment of the DTP phenotype should be confirmed by testing drug sensitivity of DTPs
compared to the parental counterpart with a drug screening approach®!’. In this regard, DTPs are
fragile cells to manipulate, and additional precautions (such as gentle trypsinizing agents and

increased cell densities when plating for experimental assays) are recommended.

One key aspect involves distinguishing DTPs from genetically resistant cells which may already be
present in the original population. Single-cell cloning of cancer cells is advisable since sensitive and
pre-existing resistant cells can coexist in bulk populations before treatment. In this framework, pre-
existing and DTP-derived resistant cells can be distinguished based on their time of appearance during
a prolonged drug treatment?®3, As per their definition and different from resistant cells, DTPs expand
to reconstitute a drug sensitive population when treatment is discontinued, and this should be tested

within the experimental framework of choice!’. Moreover, after prolonged treatment, DTPs convert
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to stably resistant cells. At this stage, the reversibility of the drug-tolerant phenotype when halting
treatment is completely lost. Importantly, observing these different stages of evolution in vivo can be
challenging, due to treatment toxicities and the incompatibility of prolonged therapy with the mouse
lifespan. Therefore, the choice of experimental models and treatment schedules should be carefully

optimized to reproduce the results obtained in vitro3:3,

[H1] Origins of Persistence

Understanding how DTPs arise is critical for the development and selection of appropriate therapeutic
strategies aimed at eradicating MRD and preventing disease relapse. Studies have reported that DTPs
may originate from rare pre-existing cells expressing high levels of aldehyde dehydrogenase (ALDH)
or histone lysine demethylases, such as lysine-specific demethylase 5B (KDM5B), in response to
anti-cancer therapy*®#!, arguing in favor of a Darwinian selection of a pre-existing persister
phenotype. Similarly, the selection of pre-existing cells expressing high levels of either the receptor
tyrosine kinase AXL or the nerve growth factor receptor (NGFR) has been observed in melanoma
DTPs**, Lineage tracing in colorectal cancer (CRC) organoids and in vivo mouse models of CRC
metastasis demonstrated that relapse after chemotherapy originates from a small subset of pre-
existing quiescent leucine-rich repeat-containing G-protein coupled receptor 5 (LGR5)" stem cell-

like tumor cells®,

Yet, the combination of experimental characterization and mathematical modeling of melanoma and
CRC cells upon treatment with targeted therapies has highlighted that the persister phenotype is
primarily induced by drug treatment'®#4, Moreover, additional studies that used barcoded cells for
lineage tracing demonstrated a lack of enrichment or selection of specific barcodes in DTPs in the
context of both targeted therapies and chemotherapies in multiple tumour typest3%45-48 suggesting
a stochastic switch to the DTP phenotype. Interestingly, while treatment of PC9 cells with the EGFR
inhibitor erlotinib mainly selected pre-existing DTP clones, the combinatorial inhibition of EGFR
and MEK resulted in stochastic persister formation without barcode enrichment*?. Taken together,
these findings suggest that both Darwinian selection of pre-existing non-genetically resistant clones

and Lamarckian induction of drug-tolerant mechanisms can occur to form DTPs.

If DTPs emerge as a result of drug exposure, it is possible that transition into a persister phenotype
occurs in a subset of somehow primed cancer cells. Experimental evidence suggests that
transcriptional heterogeneity driven by stochastic induction of survival genes and pathways may exist
within a cancer cell population. When exposed to a lethal treatment, this heterogeneity may lead to

6



the determination or selection of cells with a survival advantage, transitioning them into a DTP
state*24°, In line with this, Marsolier and colleagues®°, exploiting a high-complexity barcode library
for lineage tracing coupled with single-cell RNA sequencing (SCRNA-seq), inferred that a fraction of
lineages present in treatment-naive breast cancer cell populations display bivalent chromatin

landscapes which prime the DTP phenotype to tolerate chemotherapy.

Regardless of whether DTPs are selected from a pre-existing cell population or emerge during drug
exposure, adaptive changes to drug-induced stress occur shortly after drug exposure and last
throughout treatment. Within hours of drug exposure, molecular rewirings occur®*>* followed by
weeks of ‘strengthening” of epigenetic changes necessary to stabilize adaptive changes to the drug*?.
Therefore, though DTPs were formally defined as arising after 9+ days of treatment?, an at least
partial switch to a DTP phenotype may be present at earlier timepoints. Eventually, certain DTPs
escape or ‘awaken’ following typically weeks-to-months of quiescence and, in the absence of
resistance mutations, this can be driven by further epigenetic and transcriptional changes which
appear to be heterogeneous and reflect many routes to non-genetic resistance®’. Moreover, while
bacterial persister cells are mostly defined as non-cycling cells, there are reports of ‘cycling
persisters’, ‘idling’ and ‘awakening’ cells during treatment which exit quiescence yet are not
considered fully resistant!3"*°, There are also drug-tolerant expanded persister (DTEP) colonies
which emerge weeks to months into treatment yet proliferate slowly and can re-enter quiescence, as

discussed below.

These cell states, which vary in abundance, duration and dynamics by tumour type, drug, and drug
dosage, represent a continuum of tumour cell adaptation to drug stress®. Indeed, increased duration
and concentrations of poly(ADP ribose) polymerase (PARP) inhibitor treatment in a high grade
serous ovarian cancer cell line showed progressive adaptation of cancer cells to the treatment over a
course of 311 days, while surviving cells reverted back to a treatment sensitive state following
recovery from drug treatment®. Importantly, further work is needed to identify functional
distinctions, including vulnerabilities, between these cell states representing different degrees of drug

adaptation.

[H1] Mechanisms of adaptation
Emerging evidence indicates that drug tolerance can manifest in the absence of specific genetic

alterations®. Some of the ‘non-genetic’ regulatory mechanisms reported to underlie the formation of



DTP cells>"- are described below, but this remains an evolving field and overall much remains to

be understood.

[H2] Epigenetic rewiring.

Using scRNA-seq on paired patient samples of drug-naive and resistant acute myeloid leukemia
(AML), it was demonstrated that transcriptional plasticity can drive enduring epigenetic resistance®
(Fig.1). Therefore, it is reasonable to assume that similar mechanisms may also contribute to the
emergence of DTP cells, as shown by a recent functional genetic screen in DTP cell line models®.
Multiple lines of evidence reported the upregulation of histone lysine demethylases (KDMs) as
driving mechanisms of DTP survival in response to both targeted therapy and chemotherapy!!
(Fig.1). Indeed, KDMS5 inhibitors or knockdown of KDM6A and KDM®6B proved effective in
decreasing the fraction of surviving DTPs in lung cancer, melanoma, breast cancer and glioblastoma
cellst®485_ In addition, an increase in the histone H3 lysine 9 trimethylatation (H3K9me3)-induced
repressive chromatin state, particularly at long interspersed repeat element 1 (LINEL)
retrotransposons  [G]®/, characterized by increased expression of H3K9 and H3K27
methyltransferases, promotes the DTP phenotype and survival. Derepression of LINE1 through
inhibition of methyltransferases induced cell death and significantly delayed regrowth from DTPs®’

(Fig.1).

[H2] Transcriptomic adaptation and gene regulatory network rewiring.

Distinct drug-tolerant transcriptional states were identified by using SCRNA-seq on malignant cells
isolated from a cohort of BRAF mutant melanoma patient-derived xenografts (PDXs) subjected to
concurrent RAF and MEK inhibition**. Among these states, one exhibited a neural crest stem cell
(NCSC) transcriptional program largely driven by the nuclear retinoid acid receptor RXRG. The use
of an RXR antagonist successfully reduced the accumulation of NCSCs and slowed down the
development of resistance*®. These findings underscore the potential therapeutic benefits of
reprogramming gene regulatory network (GRN) architecture to restrict transcriptional adaptation to

treatment.

Along the same lines, sScCRNA-seq and live imaging of primary, residual, and recurrent disease in a
zebrafish model of melanoma confirmed the heterogeneous nature of DTP transcriptional states®®.
Similar to the PDX models, a microphthalmia-associated transcription factor (MITF)-independent
mesenchymal-like or NCSC state emerged on-treatment from a pre-existing GO-like state present in

drug-naive lesions, as well as from de novo reprogramming. Furthermore, using lineage tracing
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coupled with multiplex immunohistochemistry, it was shown that these MITF-independent cells
could directly contribute to melanoma recurrence and regain MITF activity, demonstrating
plasticity®” (Fig.1). A notable feature found in both zebrafish and PDX models in the mesenchymal
like or NCSC state is specific expression of the neural crest transcription factor TFAP2B® and the
TFAP2B regulon®. This TFAP2B-expressing NCSC state emerges in metabolically active
ALDH1AS3-high cells through acetaldehyde metabolism creating an acetyl donor for histone H3
modification to promote neural crest lineage gene expression®® (Fig.1). This mechanism may link
DTP metabolic states to transcriptional states because ALDH activity is a phenotypic CSC marker’®"!
required for the maintenance of an epigenetically determined reversible DTP subpopulation in cancer
cells*®®. Together, these data underscore the potential to use ALDH inhibitors together with targeted
therapies to target residual disease and to delay or even prevent recurrent disease*" 2,

Additionally, feedback loop upregulation of kinase receptors and pathways have been reported to
promote the slow-cycling DTP state that allows cancer cells to tolerate drug-induced insults.
Specifically, AXL activation’®’ NOTCH3-dependent activation of the B-catenin signaling
pathway’, activation of insulin-like growth factor 1 receptor (IGF1R) through KDM5 or forkhead
box protein Al (FOXA1)™®, Janus kinase (JAK)-mediated activation of signal transducer and
activator of transcription 3 (STAT3)’, and entry into or establishment of a dormant state through
epigenetic activation of the signaling pathway orchestrated by Yes-associated protein (YAP) and
TEA domain family member (TEAD) transcription factors?, have all been reported to induce the

DTP state in multiple tumor types thus impairing drug-induced apoptosis (Fig.1).

Finally, transcriptional adaptation of DTPs can also involve DNA damage response (DDR) pathways,
such as ATM and ATR signaling axes, which can promote DTP survival’®®. In particular,
pharmacological or genetic targeting of DNA repair pathways sensitize cancer cells to DNA-
damaging agents, impeding DTP formation and improving therapeutic outcomes in experimental
models8°, Oncogenes such as MYC can also enhance the DDR by upregulating checkpoint kinase
1 (CHK1) and CHK?2 and protecting tumor cells from ionizing radiation®:. The knockdown of MYC
or CHK1 and CHK2 resensitizes tumor cells to this treatment in models of nasopharyngeal

carcinoma®?.

[H2] Translational rewiring
Residual DTPs may also emerge through translational reprogramming, often characterized by a

reduction of global protein neosynthesis and an increase in the translation of proteins that promote
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adaptation and survival. For instance, in a subset of BRAF mutated melanoma cells tolerant to BRAF
and MEK inhibitors, a reversible remodelling of mRNA translation occurs concurrently with changes
in drug sensitivity®®. Although this process leads to a global decrease in protein synthesis, specific
MRNAs demonstrate enhanced translation efficiency. Targeting the eukaryotic initiation factor 4A
(elF4A) RNA helicase, a component of the elF4F translation initiation complex®, abrogates this
selectively increased translation and proves lethal to DTPs®. Translation remodelling in DTPs also
correlates with an increase in the presence of the N8-methyladenosine (m6A) modification in the 5'-
untranslated region of some highly translated mRNAs. An m6A modification near the stop codon or
within the 3’-UTR of mRNA promotes its degradation. Conversely, an m6A modification near the 5'-
UTR recruits translation initiation factors®, such as elF4A, enhancing the translation of a specific
subset of MRNAs that may associate with the survival of DTPs upon combined BRAF and MEK
inhibition. Combining an elF4A inhibitor with BRAF and MEK inhibitors effectively hinders the
emergence of DTPs, offering a promising therapeutic strategy to forestall acquired drug resistance®®

(Fig.1).

Although the origin of this translational regulation remains to be established, the integrated stress
response (ISR) is a likely driver of such an adaptive mechanism in response to different
chemotherapies and targeted agents, across several cancer types®*® (Fig.1). The ISR, which can be
triggered by a variety of intracellular and extracellular stressors such as amino acid deprivation,
inflammation and endoplasmic reticulum (ER) stress, can in fact inhibit translation initiation and
suppress 90% of the cell’s translatome®. Simultaneously, this pathway initiates a cytoprotective
transcriptional and translational program, orchestrated by activating transcription factor 4 (ATF4)°%,
which initiates a gene expression program that enhances nutrient uptake, promotes autophagy, and
reduces oxidative stress®:92, In melanoma, ATF4 represses MITF to promote an MITF-low-AXL-
high DTP phenotype®’. Accordingly, the ISR was shown to be a hallmark shared by all
dedifferentiated melanoma DTP subpopulations, and to promote oxidative phosphorylation [G]
(OXPHOS)® (Fig.1).

As a part of the ISR, the unfolded protein response (UPR) is triggered by the accumulation of
misfolded proteins within the ER and helps maintain cellular homeostasis and survival under stress
conditions. It was found that hypoxia activates the UPR pathway®, which facilitates resistance to
irradiation by shielding tumor cells from reactive oxygen species (ROS)*. A direct link between the
UPR and resistance to pharmacological treatment was also revealed by a multi-omics approach®. In

this study, tumor cells became resistant to the folate-based antimetabolites methotrexate and
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pemetrexed by means of a UPR-mediated translational control of enzymes involved in a pathway that
diverts metabolites from glycolysis to fuel mitochondrial one-carbon metabolism®. Additionally, a
set of molecular chaperones known as heat shock proteins (HSPs) can protect tumor cells from the
detrimental effects of protein denaturation and aggregation under stressful conditions generated by

drug treatment®2¢,

A recent study also provided evidence that the ISR promotes the recruitment of a specific long non-
coding RNA (IncRNA), LISR, to a subset of ribosomes to enhance translation of proteins involved
in immune evasion, such programmed cell death protein 1 ligand 1 (PDL1) and the glycocalyx [G]
%_Given the broad impact of ISR activation on the DTP proteome, it will be important to distinguish
which of the epigenetic alterations observed in DTPs are in fact downstream of ISR activation from

those that are ISR-independent.

[H2] Metabolic rewiring

Mounting evidence reveals that cancer cells can display distinct metabolic profiles. For instance,
increased glucose consumption and lipid anabolism are associated with proliferation, whereas a
reliance on exogenous fatty acids and an oxidative state are linked to invasion, metastatic
dissemination and drug tolerance®®. Findings in NSCLC, breast cancer, gastric cancer and
melanoma*%91% revealed that DTPs are less dependent on glycolysis and rely more on OXPHOS for
energy production®®. This shift towards the mitochondrial respiratory chain makes them highly

dependent on antioxidant pathways to mitigate elevated ROS.

Expression of ALDHSs, which detoxify ROS-generated reactive aldehyde products, is essential for
DTPs which are, accordingly, sensitive to treatment with the ALDH inhibitor disulfiram*® or the
ALDH1 suicide inhibitor, nifuroxazide®®. Similarly, DTPs are sensitized to cell death by ferroptosis,
for example by inhibiting the phospholipid hydroperoxidase glutathione peroxidase 4 (GPX4)01:102
(Fig.1). However, the mechanism by which DTPs become sensitized to oxidative cell death remains
poorly understood. While ROS production caused by increased mitochondrial respiration
undoubtably contributes, ROS are only modestly elevated in DTPs. Instead, DTPs dramatically
disable antioxidant programs by reducing levels of the GPX4 cofactor glutathione (GSH) and of the
cofactor NADPH, as well as by downregulating GSH and NADPH biosynthetic genes, iron

sequestration genes and various antioxidant genes%.
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Beyond sensitivity to oxidative stress, the altered metabolism of DTPs results in additional
dependencies. In a recent study in BRAF-mutated melanoma, it was demonstrated that DTPs are
sustained by peroxisomal fatty acid B-oxidation (FAO)®, as a result of a metabolic shift from
glycolysis to oxidative respiration. Knockdown of the key peroxisomal FAO enzyme acyl-coenzyme
A oxidase 1 (ACOX1) or treatment with the FAO inhibitor thioridazine, specifically hampers the
oxidative respiration of DTPs and significantly diminishes their emergence (Fig. 2). Utilizing SCRNA-
seq, it was found that FAO inhibitors, including thioridazine, can reduce the prevalence of therapy-
induced NGFR-high NCSC-like resilient melanoma cells®. In another study, it was also shown that
different FAO inhibitors, including ranolazine, thioridazine and etomoxir, can significantly reduce
the establishment of colonies resistant to the BRAF inhibitor vemurafenib 1%, Interestingly, FAO is
a conserved metabolic pathway that has also been implicated in bacterial DTPs and thioridazine
treatment was found to be highly effective against a diverse array of DTPs obtained from various

bacterial species or subjected to different antibiotic treatments®,

[H1] Phenotypic plasticity and heterogeneity

The survival strategies of DTPs include phenotype switching, whereby they dynamically assume cell
identities unrelated to the drug-targeted pathway*®1%’. The ability to adaptively reprogram and acquire
diverse phenotypes, transcending genetically determined lineages, enables tumor DTPs to
concomitantly adopt distinct survival strategies. In this context, we highlight key characteristics of
phenotypic plasticity and heterogeneity of DTPs, which may inform the development of novel and

efficacious therapeutic strategies.

[H2] Hybrid cell states and transdifferentiation

Numerous studies have described the ability of DTPs to undergo EMT (Fig.1), a process historically
linked to cancer progression and invasivenessi®:%-111 The activation of EMT appears to be related
to specific transcriptional programs induced by DTPs, with certain transcription factors, such as
ZEBI1, playing a substantial role!®, In estrogen receptor (ER)* breast cancer, simulation of a network
consisting of regulators of EMT and resistance to tamoxifen, a selective estrogen receptor modulator
revealed 6 possible phenotypes that co-occur and switch between one another to drive resistance to
targeted therapy. In addition, simulated data inferred that inducers of a mesenchymal-to-epithelial
transition (MET) promote a phenotypic switch from a more drug-resistant mesenchymal state to a

more drug-sensitive epithelial state!'?.
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Moreover, DTPs can convert to different cell lineages, thus changing cell identity, to adapt and
survive under treatment, in a process called transdifferentiation. For example, residual CRC cells after
EGFR blockade acquire a Paneth cell-like phenotype by non-genetically inactivating YAP
signaling®*. Similarly, drug-induced neuroendocrine transdifferentiation has been observed in both

prostate tumors, with the acquisition of an androgen independent phenotype!'4

, and lung
adenocarcinomas, showing a transition to small-cell lung cancer, a process integral to the acquisition
of resistance to EGFR inhibitors!®®. Lastly, basal cell carcinoma cells can transcriptionally reprogram
to switch between different cell identities corresponding to different stem cell compartments present

in the normal hair follicle!6.

The molecular switches governing these cell state transitions are currently under active investigation.
Certain genetically inherited traits, such as mutations in RB1 and TP53, can promote specific
transdifferentiation events, as observed in neuroendocrine transition in prostate and lung cancer!*®,
However, studies have also shown that loss of RB1 and TP53 alone was not sufficient for
adenocarcinoma to undergo neuroendocrine transdifferentiation, indicating that these transitions are
likely to be drug-induced and also the result of non-genetic adaptations. Specifically, the involvement
of several transcriptional regulators, such as MITF, SRY-box 2 (SOX2) and enhancer of zeste
homolog 2 (EZH2), was shown to be critical for neuroendocrine transdifferentiation in prostate and
lung cancer®. While some regulators can direct non-genetic adaptations subsequent to genetic
alterations (for instance, SOX2 is upregulated in TP53-deficient and RB1-deficient prostate and lung
adenocarcinomas), others such as MITF and EZH2 control the emergence of distinct cell states in

response to treatment to mediate drug tolerance.

Owing to advances in tumor profiling through single-cell sequencing, recent studies have highlighted
the heterogeneity within a single tumor population and tumor plasticity across various cancer types
including CRC, prostate, breast, lung and pancreatic cancer®®®*117-122. ScRNA-seq revealed that
DTPs with mesenchymal- or luminal-like transcriptional phenotypes can coexist in breast cancers'??,
Similarly, multiple cell phenotypes can coexist in melanomas under treatment, and different patients
can have distinct ‘compositions’ of DTP cell lineages at relapse*. Furthermore, comprehensive
single-cell molecular profiling together with barcoding technology for lineage tracing has revealed
the diversity of clonal fates post-treatment in genetically similar cancer cell lines!?*. However,
elucidating the biology of how cancer cells transition from a treatment-naive state to DTP states is a
key challenge, particularly with regards to linking and tracking tumor genotypes to their phenotypes

longitudinally.
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[H2] Cycling vs non-cycling

Sustained proliferation is recognized as a key feature of cancer and current standard of care treatments
for most tumors involve chemotherapeutic agents, which are effective against rapidly dividing cancer
cells®126 Emerging evidence indicates that cancer cells in the DTP state not only reside in a
senescent or quiescent state!!38:3941451271.128 1yt may also be actively cycling under continuous drug
treatment!1°112% (Fig.1). The ability of tumor cells to dynamically transition between cycling and non-
cycling proliferative cell states likely contributes to the maintenance of MRD and potentially to the
emergence of early growing clones, known as DTEPSs.

For instance, in lung cancer cell models, the ability to re-enter the cell cycle is specific to a distinct
fraction of DTPs, with cycling and non-cycling DTPs displaying distinct transcriptional and
metabolic programs that cluster in specific cell lineages*!. Likewise, in melanoma, proliferating DTPs
were found to rely on distinct stress response signaling pathways owing to the increased replication
stress associated with cell proliferation, which in turn primes these cells for acquiring mutations and
potentially enhances their capacity to drive resistance and tumor relapse®*. Importantly, cycling DTPs
arise through non-mutational cell state transitions and can drive disease recurrence in the absence of
any additional genetic alteration®***3!, These findings are in line with recent observations in bacteria

that challenge the traditional view of DTPs as largely dormant*32,

[H2] De-differentiation and stem-like phenotype

In some tumor types, the phenotypic plasticity of DTPs has been associated with the acquisition of
embryonic stem cell features (such as self-renewal and the presence of stem cell markers?) (Fig.1).
For example, NOTCH signalling along with either increased expression of stemness markers in
glioblastoma DTPs®® or increased expression of ALDH in gastric DTPs* have been linked to
plasticity. NSCLC tumor cells, which recovered after acute apoptotic stress were also recently shown
to have an increased capacity to form DTPs and also an increased tumor initiating ability**3,
Interestingly, primary AML cells were shown to enter a transient DTP state with a senescence-like
phenotype following chemotherapy, irrespective of stem cell state, followed by emergence of

relapsed AMLs with increased stem cell potential?’.

Several studies have revealed that therapy-induced damage in CRC triggers an adaptive state
reminiscent of fetal-intestinal progenitor cells, which enhances resistance and helps regenerate the

disease after treatment. Specifically, it was shown that a subset of stem-like cells with low
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proliferative rates and marked by the expression of the RNA binding protein MEX3A exhibit
resistance to chemotherapy. Lineage tracing experiments in vitro and in vivo demonstrated that the
descendants of MEX3A-positive DTPs regenerate the disease post-treatment®. Mechanistically,
MEX3A-positive cells deactivate the WNT pathway and adopt a fetal intestinal-like program driven
by the transcription factor YAP3®, MEX3A-null CRC cells were unable to undergo the stem cell-to-
fetal progenitor transition and died after chemotherapy, although the reason for such a dependency
remains elusive. The induction of a YAP-driven fetal-like chemoresistant program in DTPs was also
found to be dependent on p53 in a subset of CRCs'®*. Cancer-associated fibroblasts (CAFs) facilitate
the co-option of the fetal intestinal-like state, thereby shielding CRC patient-derived organoids
(PDOs) from therapy*®®. Furthermore, metastatic lesions in patients with CRC are enriched with
tumor cells expressing the fetal-intestinal transcriptional program and exhibiting increased plasticity.

Notably, chemotherapy exacerbates this phenotype in the metastases'*®.

[H2] Diapause-like status

At the intersection of developmental biology and cancer, an embryonic survival phenotype, diapause,
was identified as a defining feature of DTPs in multiple cancer types3®#>123127  Djapause is a
reversible physiological state of suspended development of an embryo (in insects, invertebrates, and
certain mammals) triggered by adverse conditions™*®138, While experimental evidence is only just
emerging for the potential of human embryos to enter diapause*°, human cancer cells (breast, prostate
and colon cancer, and AML) in the DTP state were shown to acquire this transient diapause-like gene
expression profile to survive chemotherapy and targeted therapy3®4123127 (Fig.1). Phenotypically,
chemotherapy-induced CRC DTPs were found to be slow cycling and not in cell cycle arrest, similar
to embryonic diapause®*1%°, Upon drug withdrawal, DTPs resumed rapid growth and recapitulated
the drug sensitivity profile of treatment-naive cells®*454¢, Elegant barcode studies demonstrated no
discernable alterations in genetic heterogeneity highlighting the equipotent nature of tumor cells to
enter the DTP state, akin to embryonic stem cells entering and exiting diapause in response to
environmental conditions3%4>4’. Mechanistically, tumor cells in the DTP state exhibit a significant
decrease in total RNA abundance, whilst selectively activating pathways to enter the DTP state and
survive chemotherapy, which were found to be part of the same developmentally conserved program
of survival employed by embryonic stem cells in diapause3®4>123127 CRC DTPs were found to
decrease mTOR signaling® resulting in selective activation of the downstream autophagy pathway
for survival, akin to embryos exhibiting diapause®*!4°. Similarly, loss of MYC signaling in DTPs
from across various cancer types induced a reversible, diapause-like state*>!2"14!, These observations

support the possibility that the use of evolutionarily conserved embryonic survival strategies might

15



underlie the ability of cancer cells to survive the hostile environment created by exposure to

chemotherapy and/or targeted agents.

[H1] The microenvironment and immune evasion

The ability of DTPs to persist for months or even years in patients with cancer suggests that they have
the capacity to evade immune surveillance. In fact, sScRNA-seq of MRD after targeted therapy of lung
cancer shows an inflammatory phenotype including T cell infiltration and a more immune-
suppressive TME upon disease progression'#?. Therefore, the relationship between DTPs and the
TME raises several critical questions. Of these, one of the foremost questions is how do DTPs evade
eradication by the immune system? Two options are that they persist ‘passively’, possibly by residing
within immune sanctuaries, or that they possess the ability to induce specific immune tolerance or

resistance mechanisms.

A common occurrence observed in patients with metastatic melanoma or lung cancer is relapse
localized exclusively in the brain and/or the leptomeningeal areas, often associated with a very poor
prognosis***144, This phenomenon may be attributed to the limited bioavailability of certain drugs,
meaning they are unable to penetrate the blood—brain or the blood-leptomeningeal barrier to reach
these residual tumour cells. However, the relative increased frequency of relapses in the brain could
also stem from the central nervous system being an immune-privileged environment compared to
extra-cerebral organs. For example, a subpopulation of STAT3" reactive astrocytes, which are brain-
resident cells surrounding metastatic lesions, triggers an immunosuppressive environment by
decreasing the number of CD25CD44* CD8* T cells and increasing the presence of CD74" microglia
in the metastatic lesions*®. This result suggests that blocking STAT3 could reduce metastatic

outgrowth in the brain of different tumour types.

Another related question is whether tolerance can also arise from anticancer drugs directly affecting
the immune environment. Indeed, evidence suggests that several immunotherapeutic approaches may
promote the emergence or selection of DTPs through various mechanisms. Nevertheless, the interplay
between cancer DTPs, the TME and the immune system remains a complex subject of active

investigation, and while we outline key findings below, several aspects remain to be elucidated.

[H2] Microenvironmental cues promoting the DTP phenotype
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Several studies have shown that the acidic, hypoxic, and nutrient-depleted tumor niche favors the
emergence of DTPs (reviewed in*®). Hypoxia induces EMT*’, a main feature of DTPs as we have
discussed above. Furthermore, melanoma cells under hypoxic conditions or nutrient deprivation
acquire a DTP cell state, leading to resistance to both BRAF inhibitors and platinum-based

chemotherapy*4®

. These DTPs exhibit extensive chromatin remodeling, characterized by loss and gain
of epigenetic marks (such as H3K9me3). Another study showed that lung cancer cells enter a dormant
state in hypoxic regions through induction of mitogen-inducible gene 6 protein (MIG6), a negative
regulator of ERBB signaling, and become resistant to anti-EGFR treatment'*°. In head and neck
squamous cell carcinoma and breast cancer, hypoxic microenvironments in the primary tumor
promote a long-term dormancy-like program®*°. Once disseminated, the dormant state persisted even
in the absence of hypoxia, which helped isolated tumor cells to resist treatmentC. It was also shown
that quiescent breast cancer cells localized within hypoxic areas coordinate an immune suppressive
program that evades T cell attack®®?, suggesting that this population may also represent a source of

relapse after immunotherapy treatment.

In addition, nutrient deprivation triggers the ISR, suppresses mTOR signaling and promotes
autophagy'®. Autophagy enables the degradation and recycling of damaged cellular components,
providing energy but also protecting from proteotoxicity and suppressing cell death signals®3. It was
shown that dormant breast cancer cells rely on autophagy and pharmacological blockade of autophagy
targets selectively disseminated dormant cells™®*. Inhibition of autophagy also synergizes with

chemotherapy to reduce relapse after treatment®®.

Additionally, a therapy-induced secretome (TIS) in tumors has been described in response to stress
induced by targeted inhibition of EGFR, ALK and BRAF oncogenes'®. This complex network of
secreted mediators sustains the survival of drug-sensitive cells and stimulates the outgrowth and
migration of the drug-refractory subpopulation of cells, through the activation of multiple signaling
pathways, including nuclear factor-kxB (NF-kB) and PI3K-AKT, thus suggesting combinatorial
therapeutic strategies that might be effective® (Fig.2). Importantly, key secreted mediators were
consistently observed irrespective of the tumor histology or the oncogenic driver. Relatedly, a recent
in vitro screen showed that multiple pro-persistence environmental signals, such as fibroblast growth
factor 2 (FGF2), hepatocyte growth factor (HGF), insulin-like growth factor 1 (IGF1) and interferon
v (IFNy), can promote intrinsic tolerance of DTPs to drug treatment in lung cancer and melanoma
cellst®>1%€ (Fig.2). Whether these environmental factors are part of the TIS that promotes the immune

evasion of DTPs requires further investigation.
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An interesting example of cell cooperation was discovered during chemotherapy responses in CRC
PDO models'®. It was shown that chemotherapy-induced tumor cell death causes ATP release, which
signals to adjacent cells through the purinergic P2X4 receptor. P2X4 activation triggers an mTOR-
dependent prosurvival program in DTPs under chemotherapy®’. Blockade of mTOR or P2X4
eliminates DTPs and synergizes with chemotherapy™’. However, whether this interplay exists in the
context of organized population survival strategies (akin to bacterial ‘quorum sensing’ [G]) remains

unknown.

[H2] Immune evasion factors

There are examples where the biological processes involved in drug tolerance are also the ones that
drive immune evasion. For instance, NSCLC DTPs emerging upon treatment with the EGFR inhibitor
osimertinib show epigenetic upregulation of specific immunosuppressive factors such as the CD70
receptor™® (Fig.2). In this model, CD70 controls the survival and invasiveness of cells that have
undergone EMT-associated osimertinib resistance. Additionally, CD70 expression is known to
facilitate immune evasion by binding to CD27 on immune cells*®®, potentially promoting the survival
of CD70 expressing DTPs. Interestingly, since CD70 is a cell surface receptor, it can be targeted by
chimeric antigen receptor (CAR)-T cells or antibodies, which have been found to target DTPs in vitro

and have demonstrated a therapeutic antitumor effect in mouse models®®.

Reciprocal interactions between TME cells and DTPs can facilitate the survival and immune tolerance
of DTPs. In certain instances, drugs that induce the selection and/or the emergence of DTPs may
directly affect the TME, thereby enhancing cancer cell stemness and enabling DTP survival. For
example, in mouse models, BRAF mutated melanoma cells survive in stroma-rich areas due to the
paradoxical activation of the MAPK-pathway in melanoma-associated fibroblasts by the specific
BRAF inhibitor PLX4720. The resulting matrix remodeling subsequently reactivates the MAPK
pathway in melanoma cells via B1 integrin—focal adhesion kinase (FAK)-SRC signaling'®® (Fig.2).

In multiple cancer types, e.g., melanoma, NSCLC, CRC and glioblastoma, CAFs promote drug
resistance through secretion of factors which could modulate multiple cancer cell phenotypes, like
EMT and quiescence®!, as well as cancer cell signalling pathways'%%1%2, For example, the secretion
of HGF from CAFs, which binds to MET on cancer cells, activates both MAPK and PI3K pathways
and bypasses the therapeutic inhibition of mutant EGFR or BRAF%6162164 (Fig.2). However, the

mechanisms underlying CAF activation have not been elucidated.
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On the other hand, secreted factors from tumor cells in MRD may promote persistence and tumor
regrowth by acting on the extracellular matrix (ECM). Taking advantage from CRC PDOs, Ohta and

colleagues®®®

found that the ECM, specifically the collagen XVII cell adhesion molecule and
component of hemidesmosomes, has a crucial role in maintaining the DTP state of a chemorefractory
LGR5"p27* subpopulation of CRC cells. Chemotherapy-induced remodelling on the ECM induces
loss of collagen XVII, leading to LGR5"p27* DTPs re-entering the cell cycle through the FAK-Y AP

signaling pathway*6°166,

Other cells within the TME, such as monocytes and macrophages, can also play a role. In the context
of human epidermal growth factor receptor 2 (HER2)-positive breast cancer DTPs, a direct effect of
DTPs on the TME has been demonstrated. HER2 blockade induces an inflammatory gene program
driven by tumor necrosis factor (TNF)-NF-«xB signaling, which leads to immune cell infiltration.
Specifically, CC-chemokine ligand 5 (CCLS5) secretion as part of this inflammatory gene program
causes the recruitment of CC-chemokine receptor 5 (CCR5)-expressing tumor associated

macrophages (TAMS). These TAMs, in turn, promote collagen secretion and DTP survival®®’.

[H2] DTPs under immunotherapy treatment

Cancer cell intrinsic mechanisms of immune evasion are adopted by DTPs once they are challenged
by immune cells. Some of these mechanisms have been recently described through the
characterization of immunotherapy-associated DTPs, and include the upregulation of immune
checkpoint molecules, the shielding of membrane receptors, the downregulation of antigens and
antigen presentation machinery and the secretion of molecules with immune modulatory functions.
In line with this, the autocrine and paracrine secretion of midkine by melanoma cells has been shown
to educate macrophages towards a tolerogenic phenotype and induce dysfunction in effector T-
cells!®. Immune evasion can also be achieved by dedifferentiation, which causes the loss of tumor-
associated antigens. This was shown to be the result of TNF secreted by the inflamed TME following
adoptive cell transfer (ACT) in genetically engineered mouse models of melanoma and in

patients6%170,

Furthermore, silencing of the antigen presentation machinery is also a common immune escape
mechanism across cancer typest’’2, Interestingly, a genome-wide CRISPR-Cas9 screen for
regulators of major histocompatibility complex class | (MHCI) expression in leukaemia K-562 cells,

identified polycomb repressive complex 2 (PRC2) as a reversible inactivator of MHCI expression
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and potentially druggable!”. Examples of the upregulation of immune checkpoint molecules include
the expression of cytotoxic T lymphocyte-associated antigen (CTLAA4), a negative regulator of T cell
activation on squamous cell carcinoma DTPs in a mouse model of ACT against CD80"*. In addition,
the dampening of cancer cell immunogenicity via the upregulation of the inhibitory ligand PDL1 at

the transcriptional and translational level has been shown in several cancer types*”>1"" (Fig. 2).

ScRNA-seq analysis of early responses to immune checkpoint blockade in melanoma led to the
identification of novel transcriptional mechanisms of immune evasion. The upregulation of the
transcription factor TCF4 was recently shown to coordinate multiple gene programs leading to a
dedifferentiated mesenchymal-like state associated with resistance to targeted and immune therapy
in vitro and in vivo'’®. Similarly, in a mouse-derived organotypic spheroid model, a subpopulation of
DTPs emerged under programmed cell death protein 1 (PD1) blockade, which expressed SNAIL and
stem cell antigen 1 (SCAL) in association with EMT characteristics, and were able to resist CD8" T
cell-mediated cell death via the expression of anti-apoptotic proteins baculoviral IAP repeat-
containing protein 2 (BIRC2) and BIRC3. Combining PD1 inhibition with BIRC2 and BIRC3

inhibition enhanced the anti-tumor effect of anti-PD1 in vivol’®.

[H1] Tolerance to resistance

The transition from MRD to tumor recurrence is a critical step in acquired resistance. A mechanistic
understanding of this process may reveal novel therapeutic approaches to prolong the duration of
treatment responses. Here, we address key advances and open questions.

[H2] Adaptive mutability in cancers: how bacterial biology translates to cancer.

The concepts of mutability and evolution are intrinsically connected because mutations create the
heterogeneous populations from which new and fitter phenotypes are selected. While the prevalent
view was that mutations occurred randomly at a constant rate, this concept has been challenged by
the past three decades of discoveries of various molecular mechanisms of mutagenesis upregulated
by SIM*. These mechanisms allow cells to increase their mutation rate and their ability to evolve
preferentially when they are poorly adapted to their environment, i.e., when stressed>8%18! The
emergence and selection of SIM is supported by studies of bacterial populations, in which reversible
hypermutable phenotypes, sometimes in small cell subpopulations, have the advantage of increasing

population diversity without the drawback of continued accumulation of potentially dangerous
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mutations once cells adapt and exit stress*®2183, Moreover, mathematical modeling reveals that SIM

mechanisms are selected for in changing environments84,

Intriguingly, bacteria activate the SIM response when their genome integrity is threatened by
accumulating DNA double-strand breaks (DSBs), switching repair of DSBs from high-fidelity
homology-directed repair [G] to mutagenic processest® 18, In this instance, the upregulation of error-
prone DNA polymerases (Pol) IV, V, and Il through the SOS response, and the downregulation of
mismatch repair [G] (MMR) and high-fidelity replicative DNA Pol Il through the general ¢S stress
response, allow the accumulation of single-base substitutions, small insertions and deletions
(INDELSs) and genomic rearrangements around DSBs. These represent regulated responses in which
bacterial populations increase their mutability transiently, in designated ‘gambler’ subpopulations,

thus hampering their eradication and leading to antibiotic resistance!*!8%185,

Similar to bacteria, cancer DTPs surviving under treatment with targeted therapies experience
increased levels of DNA damage and actively switch to a mutagenic form of DNA replication
mediated by error-prone DNA polymerases (e.g., POLH, POLI, POLK, and REV1'8), while
downregulating MMR and homologous recombination. Hence, DSBs are repaired by non-
homologous end joining or microhomology-mediated break-induced replication®’, causing genome
rearrangements®. This in turn leads to increased genomic instability and a temporary increase of the
mutation rate in DTPs, thus momentarily increasing the likelihood of resistance mechanisms being
acquired'®t18 (Fig.1). This response seems to involve modulation of the mTOR signaling
pathway'® although the requirement of mTOR, to activate per se the response, and its therapeutic

relevance remain unclear.

Lung cancer DTPs challenged with EGFR inhibitors activate growth arrest-specific protein 6
(GAS6)-AXL signaling, which in turn promotes error-prone translesion synthesis [G] (TLS) through
the regulation of RAD18 and adaptively impairs nucleotide metabolism, leading to nucleotide
imbalance and purine mutational bias. The result of these concerted responses is an accumulation of
mutations which fuel the emergence of resistance®. Mathematical modeling estimates that when
challenged with targeted therapies, CRC cells increase their mutation rate by 7-50 fold and promote
the emergence of resistant colonies®®, while lung cancer cells acquiring resistance to EGFR inhibitors
in vivo show a 2-fold increase in mutational load compared to the parental population of origin®. In
several patients with NSCLC that underwent sequential treatments with tyrosine kinase inhibitors,
whole exome sequencing showed an increase in the tumor mutational burden after treatment*®®. The
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acquired mutations were enriched for the mutational signatures (SBS2) and SBS13 that have been
attributed to apolipoprotein B mRNA editing enzyme catalytic polypeptide-like (APOBEC) cytidine
deaminase activity. Subsequent experiments in pre-clinical models linked those genetic perturbations
mainly with the induction of APOBEC3A expression in DTP cells '® (Fig.1).

[H2] Co-occurrence and co-operation.

Given the high level of intra-tumoral heterogeneity, a prevalent view holds that drug resistance is
driven by Darwinian selection of pre-existing resistant mutated clones present in the tumor lesion,
although at low frequency, before drug administration®®°1, Once administered, anti-cancer agents
eradicate sensitive cells, thus selecting resistant sub-clones that become fitter and expand, leading to
tumor relapse. From this perspective, treatment failure is a fait accompli*®®. Clearly this view does
not apply to all drugs and all clinical cases of tumor relapse. When drug resistance develops after a
prolonged clinical response and a time window in which MRD is undetectable by radiological
imaging, it is widely accepted that cell plasticity and non-genetic drug tolerance may play a crucial
role in causing drug resistance. The phenotypic diversity generated from genetically identical cancer
cells may stochastically provide multiple phenotypes able to cope with changing hostile environments

(e.g., drug-induced altered environments)*%2,

Interestingly, genetic and non-genetic resistance trajectories may co-exist and give rise to different
recurrence dynamicsi®t313, Notably, one major effect of persistence observed in experimental
evolution in bacteria is the increase in the surviving fraction’s effective population size. This enables
mutations conferring partial resistance to become fixed in the population, providing leverage for
further secondary resistance mutations'®3, Analogously, in cancer, the Darwinian selection of pre-
existing resistant cells and Lamarckian induction of the DTP state can synergize to produce a transient
drug-refractory phenotype, providing a fitter cell state for the acquisition of reversible and irreversible

drug resistance!881%,

A dedicated experimental setup is required to dissect the role of DTPs in the acquisition of drug
resistance. First, single-cell cloning of cancer cells is advisable since sensitive and pre-existing
resistant cells can coexist in bulk populations before treatment. In this framework, pre-existing and
DTP-derived resistant cells can be distinguished based on their time of appearance during a prolonged
drug treatment®, Importantly, Hata and colleagues® observed that DTPs can give rise to mixed clonal
populations of resistant cells. Indeed, while EGFR-T790M-positive cells were found in both the early-

emerging clones that derived from pre-existing resistant cells and in a fraction of the late-emerging
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resistant clones deriving from DTPs, several late-emerging clones remained EGFR-T790M-negative
but acquired genetic alterations in NRAS, KRAS, BRAF and RET oncogenes*3. Similar findings were
reported by independent investigators that observed the emergence of a variety of resistance
mechanisms when erlotinib-resistant persister-derived colonies arose from a single clonal cell
population that was obtained from the PC9 cell line. Importantly, these results suggest that multiple
strategies may evolve to escape drug pressure despite the evolutionary bottleneck that occurs during
the DTP phase when a bulk population is challenged with anticancer therapies. From a clinical
perspective, this increased diversity complicates the identification of therapeutic strategies to
eradicate cancer cells. However, which mutations are acquired after an initial response to drug
treatment may not be completely random due to the activation of adaptive mutability mechanisms in
DTP cells, and mutational signature analysis can be exploited to dissect which mutagenic processes

are activated!819,

The DTP phenotype is associated with a transient transcriptional and epigenetic rewiring whose main
features in theory should not be present when cells eventually gain resistance and fully adapt to the
new environment. However, DTP-derived resistant cells can instead maintain features of the drug-
tolerant state'®. The transcriptional profile of DTP-derived EGFR-T790M mutated PC9 cells was
indeed found to be more similar to that of DTPs than to that of either parental or pre-existing resistant
cells. This included the upregulation of genes related to EMT and to reduced activation of apoptosis?2.
Moreover, it was shown that the differential serine/threonine phosphorylation of the insulin receptor
substrate 1 (IRS1) determines the inherited probability of lung and head and neck cancer cells to

persist when treated with an EGFR inhibitor%,

These findings indicate that, similar to other transiently induced cell states'®”%® DTPs might retain
information about their previous drug exposures. Such drug-induced cellular ‘memory’ has important
clinical implications and raises multiple questions. Would short-term exposure of cancer cells to
therapy-induced stress push cancer cells a step closer to the acquisition of permanent resistance? Does
the percentage of surviving DTPs increase with subsequent exposure to the same anti-cancer drug?
And linked to this, do DTPs evolve faster after repeated exposure to the same therapy? Essentially,
does the period of drug holiday between subsequent pulses of treatment simply allow any acquired
features or alterations to become fixed? If so, would it be better to apply a ‘double punch’ approach
by alternating drugs targeting different cancer cell features, rather than exploiting pulses of the same

anti-cancer agent, or would constant exposure to lethal doses of a therapeutic regimen exert a stronger
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pressure on DTP plasticity, thus resulting in a prolonged effect? This, of course, warrants additional

exploration.

[H1] Innovative technologies

One of the key challenges in studying the DTP state is that, by definition, it is a transient reversible
phenotype involving relatively rare cells. Molecular tools to barcode, record, and trace cellular
lineages and fates!241992%0 at single-cell resolution are becoming critical tools in developing a more
comprehensive profile of heterogeneous DTPs, including their interaction with the surrounding

microenvironment across relevant contexts?°12%2, |n line with this, the European PERSIST-SEQ

consortium, a coalition of field-leading researchers and medical oncologists, aims to exploit SCRNA-
seq to capture DTP heterogeneity and unveil potential vulnerabilities. Of note, emerging technologies
with multi-modal readouts?®® hold the potential to reveal hybrid cellular states that cannot be

measured using a single modality alone.

In recent years, single-cell lineage tracing and sequencing techniques have emerged as powerful tools
that are enabling this rare cellular state to be captured and the molecular mechanisms sustaining it to
be pinpointed. Such studies typically involve longitudinal sampling of cells before and during the
course of treatment and then using the lineage information obtained to reconstruct the landscape of
cellular trajectories of DTPs. These trajectories can then be interrogated to address clinically
important questions such as the predictability of the DTP fate. In this context, barcoding technologies
like single-cell profiling and lineage tracing (SPLINTR)?** and CRISPR activation tracing of clones
in heterogeneous cell populations (CaTCH)?*® have emerged as powerful tools, enabling the tracking

of individual cells in complex biological systems.

For instance, Harmange et al.?% used lineage tracing in a BRAF-driven melanoma model to identify
a subpopulation of cells that are primed to become DTPs. Transcriptional priming was also identified
in the context of AML treated with chemotherapy?®. In addition to transcriptional priming, a study
focusing on chemotolerance in triple-negative breast cancer revealed epigenetic priming, in which
the repressive histone mark H3K27me3 dictates cell fate trajectory upon treatment®. Of note,
epigenetic and transcriptional priming are unlikely to be mutually exclusive, as changes in histone
modifications can lead to transcriptional activation. In all the aforementioned studies, the molecular
states associated with priming were heritable and seemed to arise from cell-intrinsic properties that
could be sustained over multiple cell divisions both in vitro and in vivo.
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Another important trait that was exposed by single-cell lineage studies is the extent of DTP
heterogeneity and the molecular processes that underlie it. For instance, cycling and non-cycling
DTPs that co-occur were shown to arise from separate cell lineages'*. Correspondingly, it was shown
that DTP clones emerging from single-cell-derived cancer cells can assume multiple morphological
and functional phenotypes*?*. Distinct DTP states were also identified in in vivo models of melanoma
and patient biopsies, highlighting the complexity of the non-genetic DTP landscape®.

Recent advancements in single-cell multi-omics techniques®®’

, Which can simultaneously profile the
(epi)genome, transcriptome and other molecular layers, have been instrumental in inferring the
intricate interplay between chromatin, transcription factors and genes generating a complex
regulatory circuit represented as GRNs. This includes the regulatory circuits governing cellular
identity and function?®®, Notably, such approaches identified GRNs orchestrating the transition of
melanoma cells into a neural-crest-like DTP state*®, Moreover, the usage of synthetic locus control
regions [G] and artificial intelligence (Al)-designed enhancers [G] will greatly facilitate the
monitoring and manipulation of specific DTP states, offering a deeper understanding of their biology

and the mechanisms underlying their dynamic emergence?°%210,

Advancements in single-cell technologies extend beyond genomics and transcriptomics, and now also
encompass proteomics?!!. Despite being in its infancy, single-cell proteomics has witnessed
considerable methodological progress, including miniaturized sample preparation, multi-omics
analyses, and the integration of mass spectrometry and microscopy techniques. While proteins cannot
be amplified like transcripts, recent improvement in instrumentations and algorithmic development?'?
are beginning to overcome this limitation, and the anticipation is that single-cell proteomics,
complementing single-cell transcriptomics, will provide invaluable insights into the biology of DTPs.
The pursuit of a scalable and high-throughput single-cell multi-omics platform is therefore a

promising future direction.

Visualization of cellular heterogeneity and spatial architecture in the TME is increasingly important
for understanding disease progression and therapeutic response, particularly in the era of cancer
immunotherapy. Emerging spatial technologies, capable of measuring the epigenome, transcriptome,
proteome, and even the metabolome at single-cell resolution??, holds tremendous value for achieving
a holistic understanding of the TME, identifying specific DTP niches, and more. The field of single-

cell and spatial multi-omics technologies is evolving rapidly, with computational strategies playing a
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crucial role in integrating information across molecular layers?4. Deep learning techniques have
emerged as powerful tools in this integration, showcasing better performance over classical
computational methods. However, as the field grows exponentially, navigating the vast landscape of
tools and analysis steps becomes increasingly challenging. Continuous efforts towards independent
benchmarking studies and comprehensive best-practice workflows are essential?®>. Given that cell—
cell interactions instruct cell fate and function, the integration of single-cell and spatial-omics holds
promise in unraveling interactions contributing to the acquisition of drug tolerance and/or resistance

phenotypes?®

accurate?!’.

and computational tools for inferring cell-cell interactions are becoming increasingly

Combining technologies such as cell state reporter methods with live-cell imaging or intravital
microscopy will provide spatial, molecular, and morphological data over time of DTPs. This will
contribute to a deeper understanding of the cellular dynamics of DTPs in response to treatment?6,
Upon deciphering the dynamics and spatial distribution of DTPs, it will be crucial to dissect the
cellular and molecular intrinsic and extrinsic mechanisms underlying their emergence and
maintenance. Functional genomics approaches using the most clinically-relevant model systems will
be required (Box 1). Perturbation at the single-cell level can be achieved by programmable genome-
engineering technologies, such as CRISPR screens, connecting genes to disease-relevant
phenotypes®®21821% These technologies, combined with high-dimensional profiling of single-cell
types, enable the impact of genetic perturbations on the cellular transcriptome, proteome, and
epigenome to be measured. Such approaches will likely substantially increase our understanding of
DTP biology, identifying intrinsic vulnerabilities®®, and innovative approaches for targeting

intercellular communication nodes required for establishing drug tolerance.

[H1] Actionable vulnerabilities
The development of drug resistance is a stepwise dynamic process involving cancer cell intrinsic
adaptive mechanisms and extrinsic interactions with the TME (Fig. 3). In this section, we illustrate

the therapeutic potential of MRD-directed therapy to limit tumor recurrence (Table 2).

[H2] Targeting cancer cell intrinsic vulnerabilities of DTPs
The diversity of biological features of DTPs results in a multitude of potential therapeutic
vulnerabilities with which to eradicate them. However, the tolerability of therapies against such

vulnerabilities is a potential bottleneck in translating these findings to the clinic.
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Metabolic rewiring is one of the most studied features of DTPs, and its targeting has been explored
therapeutically in animal models. For example, a FAO inhibitor has been reported to delay the onset
of resistance in vivo by targeting melanoma DTPs expressing elevated FAO%, Another consequence
of deregulated metabolism is accumulation of ROS in cancer cells''?20221 A dependence on the
antioxidant response to neutralize the toxicity of ROS in DTPs is generally reported across cancer
types. This sensitivity to oxidative stress is thought to underlie the sensitivity of DTPs to ALDH
inhibition using disulfiram*. Recently, an unbiased CRISPR screen in lung cancer DTPs identified
bromodomain and extraterminal (BET) inhibition as a vulnerability of DTPs through downregulation
of anti-oxidative genes, thereby further increasing ROS to toxic levels. Importantly, treatment of
EGFR mutant lung cancer cells with the EGFR inhibitor osimertinib followed by a switch to BET

inhibition when tumors had completely regressed resulted in a delay in tumor recurrence®.

Fatty acid synthase (FASN) expression was consistently increased upon the onset of therapy
resistance in melanoma and was associated with decreased lipid poly-unsaturation®??. Indeed, the
exploitation of this vulnerability by combining MAPK and/or FASN inhibitors with the clinical ROS-
inducing compound arsenic trioxide delayed the onset of therapy resistance and dramatically
increased the survival of melanoma PDX models??2. Additionally, it was reported that BRAF
inhibition in therapy-sensitive cells induced downregulation of the lipogenic regulator sterol
regulatory element-binding protein 1 (SREBP1) and thereby lipogenesis. Irrespective of the escape
mechanism, resistant cells invariably restore this process to promote lipid saturation and protect
melanoma cells from ROS-induced damage and lipid peroxidation. Pharmacological inhibition of
SREBP1 restores sensitivity of resistant melanoma cells to BRAF inhibitors both in vitro and in a
PDX model®%,

Another DTP vulnerability is sensitivity to inactivation of GPX4, which leads to selective ferroptotic
death of DTPs in multiple cell line models in culture and in immunodeficient mice®*?%, The
development of bioavailable GPX4 inhibitors and inhibitors of other ferroptosis suppressor proteins
such as ferroptosis suppressor protein 1 (FSP1)??* is currently being pursued. However, it remains to
be determined whether toxicity to normal tissues from ferroptosis induction can be avoided.
Furthermore, opposing roles for ferroptosis have emerged in the context of tumour immunity. While
CD8* T-cells sensitize target cancer cells to ferroptosis??®, in syngeneic tumor models, it was found
that ferroptosis-blocking antioxidant treatment improves responses to immunotherapy by preventing
the immunosuppressive death of tumour-associated neutrophils??®. Therefore, while ferroptosis
represents a promising approach to target DTPs, more work is needed to determine the optimal

approach to modulate ferroptosis as a potential clinical strategy. Additional characteristics of DTPs
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such as the EMT transcriptional state'®?, decreased cell—cell contact??’, and cell cycle arrest??®, each
of which have been demonstrated to promote ferroptosis in other contexts, may also contribute to the
sensitivity of DTPs to ferroptosis.

Other inhibitors targeting acquired vulnerabilities of DTPs include ABT263 targeting apoptosis
resistance, elF4A inhibitors for altered mRNA translation and AXL and ULKL1 inhibitors for
disrupting autophagic flux [G] %-39%, Moreover, combinatorial inhibition of WNT signaling,
upregulated in LGR5-expressing DTPs, in two genetically engineered mouse models of basal cell

carcinoma treated with the Hedgehog pathway inhibitor vismodegib led to tumor eradication®%®.

[H2] Targeting mechanisms of adaptation and plasticity

Sharma and colleagues! were first in describing the selective sensitivity of NSCLC DTPs to inhibition
of the histone demethylase KDM5. Since then, targeting epigenetic enzymes has been further
explored in the context of DTPs and altered histone landscapes have been identified through
chromatin immunoprecipitation followed by sequencing (ChIP-seq)®. For instance, a recent
publication reported that treatment-naive DTP precursors, which were isolated from a triple negative
breast cancer PDX model treated with chemotherapy, are primed with the histone marks H3K27me3
and H3K4me3*. However, only the repressive mark H3K27me3 determined the cell fate upon
chemotherapeutic challenge. Intriguingly, depletion of the H3K27me3 mark prior to capecitabine
treatment enhanced chemo-tolerance while simultaneous treatment with both capecitabine and a

KDMB6 inhibitor (to increase global levels of H3K4me3) delayed tumor recurrence®.

In addition, histone deacetylase (HDAC) inhibitors, such as vorinostat and etinostat, lead to
eradication of DTPs through the derepression of LINE1 repetitive element expression®’. Similarly,
the inhibition of EZH2, the histone methyltransferase subunit of PRC2, a master transcriptional
regulator altered in multiple cancer types®, significantly impairs the survival of DTPs**%, Lastly,
the inhibition of cyclin-dependent kinase 7 (CDK?7) and CDK12 disrupts the transcriptional rewiring
and enhancer remodeling induced by targeted therapy and required for cancer cell survival, thus

hampering the emergence of DTPs in both in vitro and in vivo cancer models?3:.

The data above indicate that: 1) altered histone landscapes in DTP precursors could be used as
biomarkers to predict the response of patients to therapy; 2) not all differentially distributed chromatin
markers are meaningful for the DTP phenotype; and 3) the order of drug administration might become

a key aspect to consider with respect to DTP-driven MRD (Box 2).
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Moreover, targeting the later phases of DTPs in which they evolve to genetically resistant cells is of
potential importance. Indeed, increased mutation rates have been observed in DTPs!36.188 syggesting
that strategies to restrain DTP progression to genetic resistance could be achived through targeting
DNA damage repair pathways. Indeed, inhibition of REV1, an error-prone DNA polymerase involved
in TLS, a mutagenic form of DNA replication, sensitizes cancer cells to cisplatin by reducing
chemotherapy-induced mutagenicity?®? and significantly delays the development of secondary
resistance to targeted therapy'®. Along the same lines, interfering with sustained mutagenesis induced
by the activation of the cytidine deaminase APOBEC3A in lung DTPs in response to targeted therapy
might potentially delay the acquisition of drug resistance!®®. In addition to an increase in the mutation
rate, it has been shown that inhibitors of EGFR, ALK, KRAS and BRAF signaling induce DNA
double-strand breaks?3. DTPs withstand this deleterious effect of these drugs by activating ATM-
dependent DNA repair. ATM inhibition sensitized DTPs to gefitinib, an EGFR inhibitor, despite

ATM inhibition not being associated with single-agent toxicity at the same concentrations?*2,

Finally, the concept of ‘stealth’ drugs has been proposed in the bacterial field. Stealth drugs are drugs
that reduce evolvability without any inhibition of growth rate or fitness. The idea is that if the drugged
cells proliferate as usual, there is no advantage to or selection for mutants resistant to the evolution-
slowing drug. Those mutants might appear, but they will not overtake the cell population. Two stealth
evolution-slowing drugs have been shown to reduce the development of new mutations conferring
resistance to antibiotics, without imposing a selection for resistance to the inhibitors'®234. Similarly,
stealth evolvability inhibitors might boost the efficacy of standard-of-care anti-cancer agents by

slowing the evolution of resistance.

[H2] Targeting the stromal and immune niche of DTPs

As outlined above, response to treatment is a dynamic process involving interactions between tumor
cells and their TME, from which DTPs can derive survival benefit!®! (Fig. 2). A general obstacle in
studying these interactions is that most studies on DTPs are performed in 2D in vitro systems where
the potential interactions between the microenvironment and DTPs cannot be assessed (Box 1). At
the same time, in vivo analyses are complicated by the lack of gold standard biomarkers to identify
DTPs. While there are very limited studies investigating the interplay between DTPs and the TME,
those available show that the TME could affect drug resistance mechanisms of DTPs1>%1°8.160.167 Fqr
instance, DTPs are reported to exhibit a senescence-associated secretory phenotype (SASP), which

is generally believed to reshape the immune microenvironment!?, A ‘one-two punch’ therapy
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consisting of a senescence inducer and a senolytic drug to selectively eliminate senescent cells has

shown remarkable success in preclinical models®® (Fig. 3, Box 2).

Moreover, disrupting the complex interactions between DTPs and their microenvironment can
substantially impact their survival. For example, interfering with the CAF-mediated induction of the
HGF-MET axis in BRAF-mutant melanoma cells restores sensitivity to BRAF inhibition®?,
Additionally, blocking YAP activation prevents LGR5'p27" CRC chemoresistant surviving cells

from exiting the ECM-induced persistent dormant state, thus delaying tumor regrowth*®® (Fig.1).

Cytokines involved in the communication between cancer and TME cells could also be a promising
target. Transforming growth factor B (TGF[)—dependent interleukin 6 (IL-6) secretion during
inflammation has been shown to be critical for the survival of NSCLC cells, characterized by EMT
features and resistant to erlotinib. These cells are under long-term selection with erlotinib treatment,
resembling a population of DTEPs. Blocking IL-6 restores sensitivity to targeted therapy®* (Fig.1).
Furthermore, a recent single cell analysis of a patient-derived EGFR-mutated lung adenocarcinoma
model showed that DTP-secreted TGFf promotes an IL-6 enriched microenviroment that may
improve the survival of residual DTPs upon erlotinib treatment?’. In another study, Sun and
colleagues *° observed a significant impairment of DTP survival upon inhibition of IGF1-mediated
activation of IGF1R with the inhibitor AEW541, and upon disruption of the ability of IFNy-STAT1
signalling to promote persistence through the inhibition of type | protein arginine methyltransferase
(PRMTL).

Finally, another strategy centres around the activation of immunostimulatory pathways to promote
the eradication of residual DTPs by the immune system. In a lung cancer mouse model, stimulator of
interferon genes (STING) agonists eliminate disseminated dormant cancer cells and suppress tumor
relapse in a natural Killer (NK) cell, CD4" T-cell and CD8* T-cell dependent manner®®, Moreover,
newer immunotherapy approaches, such as adoptive T-cell transfer and CAR-T cells, may represent
a promising avenue to eradicate DTPs’2. Clearly, more work is needed to study the complex interplay

between DTPs and the TME to develop appropriate targeting strategies.

[H1] DTPs and MRD in clinical settings
Amongst the clinical challenges, akin to the persistence conundrum observed in bacterial cells, the
assessment of therapeutic strategies involving DTPs is complicated by the difficulty in detecting and
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monitoring this rare, heterogeneous and plastic cell population as widely discussed in previous
sections?. Furthermore, the DTP phenotype exhibits substantial diversity across different cancer
histologies and in response to various treatments, posing a considerable challenge in identifying

broadly applicable and clinically relevant biomarkers for DTPs (Box 3).

The current landscape of research investigating the role of these cells in cancer predominantly relies
on in vitro or ex vivo models (Box 1), which makes it difficult to define clinical biomarkers®*. Mouse
models®2°, PDXs?*, and patient samples!®! have been used to study MRD. These in vivo models
can recapitulate some transcriptional features of DTPs observed in vitro. However, due to tumor
heterogeneity, identifying universal biomarkers for DTPs in in vivo models or patient samples
remains challenging. Unlike primary resistance, where tumor progression is primarily due to early
treatment failure rather than an initial favorable response®*!, DTP-involved resistance is typified by a
latency of tumor recurrence in the clinical setting. In this sense, a particularly important challenge is
the analysis of DTPs in patients with locally advanced disease undergoing treatment after surgery of
the primary tumor, aiming to eliminate MRD and prevent relapse, which typically occurs in the form
of metastasis. The molecular and biological characteristics of the residual disseminated tumor cells
lodged in various organs remain largely uncharacterized, making it unclear which mechanisms they
employ to resist therapy and whether current in vitro models are useful for investigating them. Recent
advances in modeling metastatic relapse in mouse models could help bridge this gap?*? (Box 3).

Another important consideration is the need to systematically develop biomarkers, which include
extrinsic factors that may impact on DTP dynamics, often overlooked in studies to date. Experiments
conducted in vitro and in vivo indicate that residual DTPs might elevate the expression of innate
tumor immunity pathways, encompassing interferon, TNF and damage-associated molecular pattern

(DAMP)-associated signaling®®

. These preclinical observations suggest potential interactions
between residual tumor cells and the TME. For example, depletion studies using mice clearly show
that cytotoxic T-cells are of critical importance in shaping the response dynamics®*®, however,
whether they are the only relevant cells for immune control of the tumor remains unclear at the clinical
level. Other studies have shown that distinct cell types in the TME may be positively or negatively
involved in the effector response, including regulatory T-cells?*4, macrophages?*®, T-helper cells 248
and myeloid-derived suppressor cells®*’. How systemic treatment may reshape these immune cells in
the context of killing residual DTPs remains unexplored (Box 3). Therefore, clinically relevant DTP

biomarkers should consider immune-associated markers relevant to DTP phenotypes or dynamics.
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In the clinical setting, the most advanced biomarkers of tumor response to systemic treatment include
factors ranging from specific mutations (e.g., EGFR-L858R mutation and BRAF-V600E mutation),
to gene sets involved in transcriptional regulation, or PDL1 expression in immunoncology. However,
these biomarkers and others were all obtained from pre-treatment patient samples and the underlying
assumption is that the patient’s likelihood of responding is dependent on these pre-existing tumor
settings. For instance, pre-treatment evaluation of PDL1 expression, tumor mutational burden (TMB),
tumor-infiltrating lymphocytes (TILs), or tumor-intrinsic microsatellite instability status can identify
patients likely to respond to immune checkpoint blockade. This is exemplified in NSCLC, where a
PDL1 cutoff of >50% has been successfully used to determine the usage of atezolizumab

monotherapy?*¢24® or cemiplimab therapy?>°.

Systemic treatment initially induces rapid regression in responsive patients. However, residual tumor
cells survive, leading to a deceleration of the killing effect, accounting for the biphasic killing
dynamics of tumor cells. This almost dichotomous therapeutic response in distinct tumor cells points
to a critical state transition, akin to those observed in several complex systems such as ecology,
economics and biology. At a critical state transition, even a minor perturbation could trigger a
dramatic change in system behavior, resulting in predisposed conditions or biomarkers failing to
predict the consequences of the state transition. Hence, the need arises for longitudinal or dynamic
biomarkers to anticipate the critical state transition occurring in DTPs. While this concept has not
been conclusively demonstrated in clinical settings, we can draw insight from bacterial DTPs: the
dynamic recovery rate of bacterial phenotypes under various stress conditions can differentiate

between the bacterial DTP states??.

Accordingly, the kinetics of DTPs during treatment can be clinically determined by leveraging
metabolic imaging to quantify the fraction of residual cancer cell populations during clinical response.
Additionally, the evaluation of DTPs can be enriched by analyzing sequentially obtained blood
samples®®® for the presence of circulating DTPs (cDTPs) and DTP-derived circulating tumor DNA
(ctDNA), guided by their distinct functional characteristics. However, the detection of measurable
positron emission tomography (PET)—computed tomography (CT) signals is challenging due to the
minute fraction of viable DTPs likely surviving in most tumors. Furthermore, given their scarcity and
the absence of DTP-specific biomarkers, current liquid biopsy-based technologies cannot reliably
detect cDTPs and differentiate them from other treatment-resistant residual tumor cells, such as
disseminated tumor cells and micrometastatic cell aggregates. To define the sensitivity of each

approach, future comparative studies evaluating the minimum fractions of detectable DTPs using
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these various methodologies will be important?®2. The intricate and elusive nature of DTP cells in the
context of cancer therapy requires innovative and practical solutions for their clinical assessment
(Box 3). Nevertheless, the proposed approaches utilizing metabolic imaging and sequential blood

sample analysis could be valuable in deciphering the kinetics of DTP cells during treatment.

[H1] Conclusions

MRD refers to the persistence of low-level disease in patients after therapy, which is invisible using
conventional image-based practices, but can lead to relapse**2°3%4, While it is widely believed that
DTPs are central to MRD-derived relapse, many issues remain to be addressed before DTPs can be
targeted for clinical purposes. First, identifying DTPs is still controversial, as they are often
misidentified as CSCs, senescent cells or dormant tumor cells. Until now, with the possible exception
of CSCs, generally accepted markers to unambiguously identify all of these cell states have been
lacking, making it difficult to study them in vivo. Second, the transitory nature and scarcity of DTPs
renders them quite challenging to study. Last but not least, most of the available studies have used in
vitro preclinical models. Hence, how DTPs interact with the TME and how these cells are capable of
hiding from the immune system to survive for months, or even years, after therapy has been largely
overlooked.

Despite the challenges, technologies to detect and monitor DTPs in patients with cancer could lead
to more effective therapeutic strategies in the ever-evolving landscape of cancer treatment.
Knowledge of the mechanisms driving DTP survival and dynamic plasticity might affect the choice
and success of therapeutic strategies aimed at preventing tumor recurrence. Importantly, dissecting
the mechanisms underlying the emergence of DTPs may dictate the schedule and timing of
combinatorial regimen administration. Future efforts should prioritize the development of robust
experimental models, both in vitro and in vivo, taking advantage of immunocompetent models and
single-cell and spatial multiomics technologies, alongside innovative tissue and liquid biopsies to
monitor MRD, to accelerate the dynamic tracking and therapeutic exploitation of the DTP phenotype,

with the ultimate goal of inducing long-lasting clinical responses in patients with cancer.

Related Links:
European PERSIST-SEQ consortium: https://persist-seq.org/
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DISPLAY ITEMS

Table 1. Drug-tolerant persister cells in the context of quiescence. Cancer drug-tolerant persisters
(DTPs) share multiple characteristics with bacterial DTPs and other quiescent cell types, such as
cancer stem cells, diseminated dormant cells and senescent cells, and in several instances the terms
persistence, stemness, dormancy and senescence are used synonymously. Nevertheless, DTPs also
display distinctive features, such as the ability to genetically evolve and display phenotypic plasticity,
which play crucial roles in driving tumor relapse under treatment>®%, FAOQ, fatty acid B-oxidation;

OXPHOS, oxidative phosphorylation.

Bacterial Drug- Cancer stem | Tumor Senescent
persisters tolerant cells dormant cells | cells
persister
cells
Quiescence Spontaneous or | Acquired under | Intrinsic trait Acquired during | Induced by
triggered by | treatment dissemination specific
stress stressors
Markers No consensus Stem- and | CD44, CD133, | Largely B-galactosidase,
senescence-like | ALDH, CD24, | unknown SASP
CD26, CD166,
EPCAM
Proliferation Yes, but slow | Yes, but slow | Yes, with | No No
and only in a | and only in a | asymmetric
subset subset division
Metabolism Switch to FAO | OXPHOS, Both glycolysis | Increased Dysregulated
but no | FAO and | and OXPHQOS autophagy lipid
consensus oxidative stress metabolism and
autophagy
Microenvironment | May trigger | Rewired for | Immune evasion | Rewired for | Can mediate
persistence survival  and metastatic exit from
immune outgrowth senescence
evasion
Heterogeneity Yes, phenotypic | Yes, Hierarchy of | Largely Variable
phenotypic stemness  and | unknown phenotypes
differentiation
Genetic Yes, acquisition | Yes, acquisition | No No No
evolvability of resistance of resistance
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Table 2. Therapeutic vulnerabilities of cancer drug-tolerant persister cells. ADCs, antibody—
drug conjugates; CAFs, cancer-associated fibroblasts; CAR, chimeric antigen receptor; ChlP-seq,
chromatin immunoprecipitation followed by sequencing; CRC, colorectal cancer; BCC, basal-cell
carcinoma; FAO, fatty acid PB-oxidation; SCC, squamous-cell carcinoma; DTP, drug-tolerant
phenotype; ER, oestrogen receptor; MAFs, melanoma-associated fibroblasts; KO, knockout; TKI,
tyrosine kinase inhibitors; TME, tumor microenvironment; EMT, expithelial-to-mesenchimal
transition; ECM, extra cellular matrix; CAF, cancer associated fibroblasts; MAF; melanoma
associated fibroblasts; TIS, therapy-induced secretome; HDAC, histone deacetylase; EGFR,
epidermal growth factor receptor; scRNA-seq, single cell RNA sequencing; ATAC-seq, assay for
transposase-accessible chromatin with sequencing; PRMT1, protein arginine methyltransferase 1;

GASB6, growth arrest-specific protein 6; WGS, whole-genome sequencing.

Cancer Experimanta Treatment Technology Persistence DTP Tested Ref
Histology I models used to reveal mechanism(s) vulnerabilitie | inhibitory s
DTP s strategies
phenotype
ng cancer In vitro Erlotinib Gene Epigenetic and KDM5 1
preclinical (EGFR expression chromatin Trichostati
models inhibitor) analysis rewiring nA
IGF1R AEW541
Lung cancer | Invitro and in Erlotinib Gene DTP-TME TGFp- IL-6 IL-6 236
vivo expression interaction neutralizin
preclinical analysis g antibody
models
Lung cancer In vivo Erlotinib Microarray Transcriptional AXL XL-880 74
preclinical expression rewiring and EMT and MP-
models and profiling 470
patient-
derived
samples
Lung cancer In vitro Erlotinib Mass Chromatin HDACs MS275and | 57
preclinical spectrometry rewiring TCA
models
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Lung cancer | Invitro and in Erlotinib Gene Transcriptional WNT-B- ICG-001 75
vivo expression rewiring catenin and
preclinical analysis XAV939
models and
patient-
derived
samples
Lung cancer In vitro Osimertinib Tyrosine kinase Transcriptional AXL NPS1034 73
preclinical (EGFR phosphorylatio rewiring
models inhibitor) n array
Lung cancer In vitro Osimertinib Receptor- Transcriptional IGF1R Linsitinib 76
preclinical tyrosine kinase rewiring
models array
Lung cancer | Invitroandin | Osimertinib + Barcoding Trascriptional YAP and XAV939 12
vivo trametinib library + rewiring and TEAD and
preclinical (MEK scRNA-seq + senescence MYF-01-
models inhibitor) ATAC-seq 37
Lung cancer | Invitro and in Erlotinib In vitro analysis DTP-TME PRMT1 MS023 156
Vivo of secreted interaction
preclinical signals + drug
models screening
Lung cancer | Invitro and in TKls Gene Transcriptional GAS6-AXL Anti- 36
vivo expression and metabolic axis AXL654
preclinical analysis rewiring
models and
patient-
derived
samples
Lung cancer | Invitro and in Erlotinib Gene Transcriptional CD70 CD70 158
vivo expression rewiring and EMT ADCs and
preclinical analysis CD70-
models and targeting
patient- CART
derived cells and
samples CAR NK
cells
Lung cancer | Invitro and in TKIs WGS + Chromatin and APOBEC3A A3A KO 189
vivo barcoding transcriptional
preclinical library rewiring
models and
patient-
derived
samples
Melanoma Co-culture Vemurafenib Proteome DTP-TME HGF-MET Crizotinib | 162
system of (BRAF analysis interaction pathway
cancer cells inhibitor) (CAFs)
and
constituents
of the TME
Melanoma Invitroand in | Vemurafenib Proteome Metabolic ATP- Oligomyci 41
vivo and Cisplatin profiling rewiring synthetase n and Bz-
preclinical chemotherapy (OXPHOS) 423
models
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NADH Rotenone
dehydrogenas and
e (complex I) | phenformin
Melanoma Invitroand in | Vemurafenib EKAREV DTP-TME FAK PF562271 | 160
vivo biosensor, co- interaction and
preclinical cultures and (MAFs) PF573228
models and microarray
patient- analysis
derived
samples
Melanoma In vivo Dabrafenib Single-cell Transcriptional RXRG XHX531 43
preclinical (BRAF transcriptomic | heterogeneity and and
models and inhibitor) + analysis transdifferentiatio bexarotene
patient- trametinib n
derived
samples
Melanoma In vitro Vemurafenib + | Translational Translational elF4A Silvestrol 59
preclinical cobimetinib analysis by rewiring
models (MEK puromycin
inhibitor) incorporation
into
nascent
proteins
Melanoma Invitro and in | Vemurafenib + | Bulk and single Metabolic FAO thioridazin | 103
vivo cobimetinib cell gene rewiring e
preclinical expression (OXPHOS)
models and analysis
patient-
derived
samples
CRC In vivo 5-fluorouracil, Barcoding Diapause-like Autophagy SBI- 39
preclinical oxaliplatin and library, gene status 0206965
models and irinotecan expression (ULK
patient- chemotherapie analysis and inhibitor)
derived S mathematical and CPT-
samples modeling 11
CRC Invitro and in | 5-fluorouracil, LGR5- DTP-ECM Collagen YAP or 165
vivo oxaliplatin and CreER/Cre- interaction XVII-FAK- TAZ
preclinical irinotecan activatable YAP axis knockdown
models Rainbow
reporter
and gene
expression
analysis
CRC In vitro and in Dabrafenib, Mathematical Slow cycling Error-prone JH-RE-06 10
vivo cetuximab modeling DNA (REV1
preclinical (EGFR polymerases inhibitor)
models and inhibitor)
patient-
derived
samples
Breast cancer In vitro Trametinib and Gene Epigenetic and BRD4 JQ1 111
preclinical BEZ235 (Dual expression chromatin
models pan-class PI3K analysis rewiring
and mTOR
inhibitor)
Breast cancer | Invitroand in | 5-fluorouracil Single cell Slow cycling, H3K27me3 UNC1999 50
vivo gene epigenetic and (EZH2
preclinical expression transcriptional inhibitor)
models and analysis, rewiring and EMT
patient- barcoding
library and
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derived single cell
samples ChlP-seq
Breast cancer In vitro TKIls Barcoding Transcriptional ER—-SGK3- | Fulvestrant | 123
preclinical library, gene rewiring, mTORC1 (ER
models expression diapause-like antagonist)
analysis and status and and SGK3
ChiP-seq senescence inhibition
BCC In vivo Vismodegib Gene Chromatin WNT pathway | Anti-LRP6 | 116
preclinical (Hedgehog expression rewiring and cell
models pathway analysis identity switch
inhibitor)
BCC In vivo Vismodegib In situ Transcriptional WNT pathway | LGK-974 | 229
preclinical hybridization rewiring and
models and microarray differentiation
analysis
SCC In vivo Adoptive T Single-cell DTP-TME TGFp— CD80 Blocking | 174
preclinical cell transfer transcriptomic interaction antibodies
models immunotherap analysis and
y barcoding
library
AML In vitro and in Ara-C Gene Senescence, MYC and ATR 127
vivo chemotherapy expression inflammation and ATR inhibition
preclinical analysis diapause-like
models status
Lung, breast In vivo TKIs Analysis of Transcriptional FGFR- Ponatinib 77
and gastric preclinical secreted growth rewiring STATS3 axis
cancer models factors and
cytokines and
gene
expression
analysis JAKI-STAT3 | Ruxolitinib
axis
Lung and In vitro and in TKIs Gene Transcriptional ALDH Disulfiram 40
gastric vivo expression rewiring
cancer preclinical analysis
models
Lung and In vitro TK1s Drug screening Epigenetic and KDM5A CPI-455 64
breast preclinical chromatin
cancer, models rewiring
melanomaan
d CRC
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Glioblastoma | Invitro and in Dasatinib Single-cell Epigenetic and Notch compound- | 58
vivo (TKI) transcriptomic chromatin E and
preclinical analysis rewiring GSKJ4
models
Lung, breast In vitro TKls Gene Metabolic GPX4 RSL3 101
and ovarian preclinical expression rewiring (lipid
cancer and models analysis peroxidation)
melanoma
Lung and In vitro and in TKls Gene Epigenetic and CDK?7 and THZ1 231
bladder vivo expression transcriptional CDK12
cancer preclinical analysis rewiring
models
Breast and Invitro and in | Docetaxel and Barcoding Diapause-like MYC CDK9 45
prostate vivo vinblastine library, gene status inhibition
cancer preclinical chemotherapie expression
models s and afatinib analysis and
(TKI) proteomic
analysis
Lung and In vitro and in TKils DTP-derived Transcriptional IRS1 NT219 196
breast vivo single clones, rewiring
cancer and preclinical proteomic
melanoma models analysis, gene
expression
analysis and
drug screening
Lung and In vitro and in TKIs CRISPR-based Transcriptional BRD2 NEO2734, 63
gastric Vivo genetic and metabolic ARV-771
cancer and preclinical screening, drug rewiring and and CC-
melanoma models screening and senescence 90010
single cell gene
expression
analysis

Figure 1. The key features of drug-tolerant persister cells. Numerous studies have shown that

drug-tolerant persisters (DTPs) can rewire multiple cellular functions (from the epigenome to

transcription to translation to metabolism) and manipulate the surrounding microenvironment to

promote their survival. Moreover, the phenotypic and genetic adaptability of DTPs are increasingly

regarded as key drivers of tumor relapse under cancer treatment?-10:11,17:36,38-39,40-47,50-51,54,57-141,188,189

ALDH, aldehyde dehydrogenase; APOBEC, apolipoprotein B mRNA editing enzyme catalytic

polypeptide-like; CAF, cancer-associated fibroblast; ECM, extracellular matrix; elF4A, eukaryotic

initiation factor 4A; FAO, fatty acid p-oxidation; GPX4, glutathione peroxidase 4; IGF1R, insulin-

like growth factor 1 receptor; KDM5/6, lysine demethylase 5/6; LINE1, long interspersed repeat

element 1; m6A, N®-methyladenosine; MITF, microphthalmia-associated transcription factor;

OXPHOS, oxidative phosphorylation; PuMB, purine mutational bias; TAM, tumor-associated
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macrophage; TCR, T cell receptor; TEAD, TEA domain family member; YAP, yes-associated

protein.

Figure 2. Drug-tolerant persister cells rewire their microenvironment to escape immunity and
survive. A complex secretory interplay between drug-tolerant persisters (DTPs), the extracellular
matrix (ECM) and the other elements of the tumor microenvironment (encompassing macrophages,
fibroblasts and inflammatory cells) promote the dormancy and survival of DTPs under treatment and,
ultimately, enhances their escape from the immune system46-179. 236238 CAF  cancer-associated
fibroblast; FAK, focal adhesion kinase; FGF2, fibroblast growth factor 2; HGF, hepatocyte growth
factor; IFNy, interferon y; IGF1, insulin-like growth factor 1; IL-6, interleukin 6; MHC, major
histocompatibility complex; PDL1, programmed cell death protein 1 ligand 1; TAM, tumor-

associated macrophage; TCR, T cell receptor; TGF, transforming growth factor .

Figure 3. Therapeutic strategies to prevent tumor relapse from drug-tolerant persister cells.
(A) Drug-tolerant persisters (DTPs) emerging under treatment (possibly from predestined ‘pre-DTP’
cells) activate different strategies to adapt their phenotype in a plastic manner and evolve their
genotype. The resulting adapted cells with (epi)genetic mechanisms of resistance are then further
selected. (B) The identification of a vulnerability of DTPs can drive the design of innovative
therapeutic approaches to eradicate them, possibly preventing tumor relapse. Treatments targeting
pre-DTP cells would be administered concomitantly with standard-of-care treatment, while drugs
tackling specific vulnerabilities and/or adaptability of DTPs could be administered as part of a
sequential strategy. Finally, pulsatory regimens could be designed to maintain a stable reservoir of
sensitive cancer cells throughout treatment. CAF, cancer-associated fibroblast; TAM, tumor-

associated macrophage.

[b1] Box 1: Modelling cancer drug-tolerant persister cell states

No single model can capture all aspects of drug-tolerant persisters (DTPs) in every cancer type.
However, experimental designs that maximize the strength of each model, combined with

understanding its limitations can help identify the key biological features of DTP cells.

Cellular models - including 2D cultures and 3D co-cultures, organoids and assembloids - are often

employed to identify and isolate the small fraction of DTPs surviving drug treatments®13173859,
40



Likely reflecting cell autonomous mechanisms in culture, they capture, at least in part, cell
heterogeneity, drug-induced reprogramming and adaptive mutability at the single cell level®. Key
advantages are the ability to use high content imaging and multi-omics to capture cell state changes
in real time, which can be combined with barcodes to track cell lineages*>?°. Chemical and genetic
screens can be performed to identify DTP mechanisms, which can be functionally interrogated with

perturbation experiments®41°6:2%6,

Animal models, including mice and zebrafish, capture DTPs in situ enabling the tracking of plasticity
states overtime and in response to therapy through multispectral and intravital live cell imaging, fate
mapping and barcodes, and single-cell technologies3®:3%66:67.229257 'Key advantages include studying
DTPs within the context of the microenvironment, including stromal and immune cells, and
spatiotemporal resolution of DTP heterogeneity in vivo throughout disease progression. In parallel,
in an immunodeficient context, patient-derived xenograft (PDX) models make important links to the
clinic by facilitating the study of DTP heterogeneity of individual patients, including patient specific

disease states*3178,

Looking forward, it will be critical to integrate multi-omic data from preclinical models with analyses
on patient samples and tumor explants (ex vivo) to identify which DTPs truly represent human disease
biology in response to neo-adjuvant therapy and therapy combinations, and how non-genetic and
genetic mechanisms of DTPs evolve over time>®130:242258 This will be especially important to
combine with clinical data and dynamic measurements of samples including liquid biopsies,
microdevices, medical imaging, and artificial intelligence (Al) in digital pathology. Models may
become predictive of patient responses, helping clinicians discern the optimal treatment combinations

for patients.

[b2] Box 2: The grand challenges and therapeutic opportunities of cancer drug-

tolerant persister cells

The characterization of cancer drug-tolerant persisters (DTPs) is challenging for multiple reasons. A
lack of biomarkers and shared vulnerabilities represent a major obstacle on the way to eradicating
minimal residual disease (MRD). Whether mechanisms driving drug-tolerance vary across different
tumor types, are dependent on the specific oncogenic dependency or are treatment specific is still
unknown. The transitory nature of DTP phenotype and the high levels of cellular plasticity represent

not only a scientific but a technical challenge. Even if barcoded libraries and single-cell multiomics
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technologies are emerging as fundamental tools for the identification, characterization and monitoring
of heterogenous DTPs, these features still pose challenges for the identification of therapeutic
strategies and the design of clinical trials. There are essentially five main therapeutic strategies:

i) preventing the drug sensitive-to-DTP phenotypic switch by interfering with pathways
activated upon inhibition of oncogenic drivers or those governing switches of cell identity, to
decrease the number of residual DTPs!°7+196.231.259,

i) preventing DTPs from exiting dormancy or a slow cycle and thereby sustaining the DTP
state235'26°.

iii)  targeting vulnerabilities of DTPs to eradicate MRD36:10%,

iv) preventing DTP evolution and acquisition of non-reversible mechanisms of drug
resistance!%1%,

A successful approach will have to combine standard-of-care therapy acting on sensitive cells with
agents targeting the phenotype and vulnerabilities of DTPs. Importantly, knowing how DTPs arise
has important therapeutic implications. An upfront combinatorial strategy targeting an oncogenic
dependency and DTP phenotype might be the preferred approach in the event that there are pre-
existing DTPs. In contrast, a sequential or alternating administration of standard-of-care therapy and
anti-cancer agents aimed at eradicating DTPs (exploiting a ‘one-two punch’ approach) or preventing
their complete adaptation (before acquisition of de novo genetic alterations), may result in a more
efficient and prolonged clinical response (FIG. 4).

[b3] Box 3: Outstanding questions in the field of cancer drug-tolerant persister

cells

Multiple lines of research have considerably improved our understanding of cancer drug-tolerant
persister cells (DTPs) and their role in tumor recurrence after treatment. From these milestones, new
translationally and clinically relevant questions arise.

° If the origin of DTP cells is not genetically determined, is it purely stochastic or are there key
environmental cues which prime cells to be DTPs and which could be potentially predicted?

° Are there genetic or epigenetic markers of DTPs which are shared across multiple tumor types
and which could be exploited for disease monitoring in the clinic?

° Do population dynamics such as quorum sensing or lineage hierarchy play a role in the
emergence of DTPs?

° A comprehensive characterization of the survival strategies of DTPs, in the context of other

cellular stress response pathways, is lacking.
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° The molecular switches governing the transition to the persistence state and subsequent re-
expansion of cancer cells during relapse require further elucidation.

) Do DTPs communicate with each other to benefit survival or regrowth?

° How does phenotypic heterogeneity arise in DTPs? Does it reflect the presence of ‘gambler’
cells which probe different survival strategies, or can it be linked to specific genetic traits or
environmental stimuli?

° Precise elucidation of how phenotypic heterogeneity and lineage plasticity impact the
strategies of survival and adaptation of DTPs is required.

° How do DTPs escape eradication from the immune system? Are they intrinsically immune
refractory, or do they escape following transient selective pressure exerted by immunity? Does
anticancer treatment itself suppress the activity of immune cells against DTPs?

° The detection and monitoring of DTPs in the context of their microenvironment remains
challenging, and new models and technologies are required to overcome this obstacle.

° Stress-induced mutagenesis has been mainly described in preclinical models, and its impact
on tumor recurrence in patients demands additional validation.

° Could treatment-induced mutagenesis in DTPs be exploited to enhance their immunogenicity?
° If DTPs are able to adaptively increase genome mutability to promote evolution, are there also
treatment-induced mechanisms which enhance epigenetic diversity?

° Innovative strategies are required to understand when resistance occurs through selection of
pre-existing resistant cells and when it emerges from adaptation of DTPs in patients.

° As more vulnerabilities of DTPs are discovered, how can we prioritize targets for subsequent
therapeutic implementations? How can the schedule of standard anti-cancer treatments be optimized
to achieve DTP eradication?

° What is the timescale of memory acquisition and retention in persister cells? If DTPs maintain
this cellular ‘memory’ when they acquire stable resistant mechanisms, what impact does it have on
subsequent lines of treatment? What are the optimal therapeutic strategies and dosing schedules
which interfere with it?

° Multimodal and interdisciplinary approaches, coupled with integrated single cell multiomics,
will be instrumental to comprehensively characterize cancer DTPs, both at the preclinical level and

in patients.
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Table of Contents summary

Resistance to therapy remains the biggest challenge to achieving cures in patients with cancer. In this
Roadmap article, Russo et al. overview the field of cancer drug-tolerant persister cells providing paths
to advance our understanding of their biology with innovative technologies and recommend strategies
to therapeutically target them to ensure more prolonged responses are achieved in patients with

cancer.

Glossary

Acrtificial intelligence (Al)-designed enhancers: Starting from a collection of random sequences, deep
learning models are used to design synthetic sequences that act as cell type-specific enhancers in
order to better understand the regulatory logic of enhancers and, ultimately, how they can be altered

to manipulate cell states.

Autophagic flux: The process measuring autophagosome formation, fusion with lysosomes, and

degradation of autophagic cargo.

Glycocalyx: A carbohydrate layer on cell surfaces, aiding cellular protection and communication.
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Homology-directed repair: An error-free mechanism by which cells repair DNA double-stranded

breaks using a sister DNA molecule as a template.

Mismatch repair: a DNA repair pathway that allows cells to detect and correct the insertion, deletion
and mis-incorporation of nucleotides that can occur in the newly synthesised strand during DNA

replication.

Oxidative phosphorylation: (OXPHOS). The process of ATP production by the mitochondrial

electron transport chain.

Quorum sensing: A process of cell-cell communication that allows bacteria to share information

about cell density and adjust gene expression accordingly.
Retrotransposons: Repetitive DNA sequences that can self-propagate in the human genome by using
a ‘copy-and-paste’ mechanism in which an intermediate RNA molecule is reverse-transcribed to

make a new genomic insertion.

Synthetic locus control regions: reporter systems that can be designed to reflect which transcriptional

programmes and signalling pathways are active in cancer cells.

The toxin—antitoxin system: A gene pair ubiquitous in prokaryotes which may mediate growth arrest

when the toxin is expressed in excess of its cognate antitoxin, leading to tolerance.

Translesion synthesis: (TLS). A DNA damage tolerance mechanism that employs error-prone DNA

polymerases to proceed with DNA replication despite the presence of unrepaired DNA lesions.
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