
www.toulouse-biotechnology-institute.fr

Cellular plasticity and gene expression 
variability: from drug tolerance to oncogenesis, 
and back 

Jean-Pascal Capp

Maître de conférences (Associated Professor), INSA / University of Toulouse



Darwinian selection upon treatment

Historically, most of the focus in understanding resistance to therapy has been on genetic drivers of drug resistance, 
including mutations that enable bypassing target inhibition through impaired binding of the drug, activation of downstream 
effectors in the same signalling pathway or engagement of alternative survival pathways.

Boumahdi & de Sauvage, 2020, Nat Rev Drug Discov

= Minimal Residual Disease
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Pre-existing or acquired?

2016

Clinically relevant drug-resistant cancer cells can both pre-exist and evolve from drug-tolerant cells.

Darwinian selection upon treatment  

Genetic assimilation
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The emergence of these mechanisms of resistance is the result of either the selection of rare pre-existing genetic 
alterations upon drug treatment or the acquisition of de novo mutations in tolerant cells during treatment.

Marine et al, 2020, 
Nat Rev Cancer

Darwinian selection upon treatment
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While the vast majority of cells in a cultured NSCLC cell population were rapidly killed on exposure to therapy, a rapid and 
transient accumulation of viable or residual ‘drug-tolerant’ cells was observed with kinetics and frequency that could not 
be explained by mutational mechanisms. Notably, as opposed to drug resistance, drug tolerance manifested itself as a 
state in which tumour cells could transiently survive but not proliferate on treatment. 

2010

Drug-tolerant persisters (DTP), a subpopulation of cancer cells that transiently survives lethal drug exposures, were first 
described in non-small-cell lung cancer (NSCLC):

Marine et al, 2020, Nat Rev Cancer

Drug tolerance / persistence
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Nature, 2021

The understanding that non-mutational mechanisms may have a 
role in tumour relapse has prompted multiple studies focused on 
identifying factors that contribute to overall persister fitness.

Recently: identification of metabolic and expression 
adaptations that may facilitate cell cycle re-entry in 
a rare subset of persister cells. 

Drug tolerance / persistence
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2020



Although DTP cells are seen to rapidly emerge on therapeutic challenge, it remains unclear whether these DTP 
cells represent an enrichment of a specific ‘primed’ drug-tolerant state or whether it occurs through active, 
therapeutically induced, non-genetic reprogramming.

Marine et al, 2020, 
Nat Rev Cancer

Drug tolerance / persistence
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Drug tolerance / persistence

“We present a reversible epigenetic transition that enables GSCs to transition between proliferative and slow-cycling 
states, which may enable GBM tumors to propagate, adapt, and persist in the face of environmental and therapeutic 
pressures.”

“We show that patient-derived GSCs can evade RTK 
inhibition and other anti-proliferative therapies by 
regressing to a slow-cycling, Notch-dependent state. 
We also establish that the GSC persister transition is 
characterized by widespread remodeling of repressive 
chromatin.”

2017
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Nature, 2017

DTPs were also identified in colon cancer, melanoma, especially in:

Very rare melanoma cells that transiently display high expression of resistance genes prior to drug exposure were 
more likely to survive than parental cells. These drug-tolerant cells could give rise to sensitive cells when the drug was 
removed, indicating that this drug-refractory state is transient rather than genetically heritable. These findings support 
the idea that DTPs are not a pre-existing, defined subpopulation but rather arise stochastically from a dynamically 
fluctuating cell population.

Marine et al, 2020, Nat Rev Cancer

Dynamic fluctuation
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Expression of resistance markers fluctuates in cancer cells and, at treatment initiation, the rare cells that express high 
levels of various resistance genes will survive and then stably express a resistance gene signature.

Shaffer et al, 2017, Nature

Privileged model:

Boumahdi & de Sauvage, 2020, 
Nat Rev Drug Discov

After adding drug, the percentage of resistance genes expressed increased, demonstrating a progressive transformation 
of the transcriptome as cells became stably resistant.

Dynamic fluctuation
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2021

“We have here revealed the existence of a rich set of 
rare subpopulations within seemingly homogenous cells, 
several of which can lead to phenotypically distinct fates. 
Despite the population having a clonal origin and being 
grown in homogeneous cell culture conditions, these 
subpopulations spontaneously emerge via transient 
cell-state fluctuations that can persist for several cell 
divisions (5–6 generations)”

Dynamic fluctuation
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The role of gene expression variability and cellular plasticity

2018
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The role of gene expression variability and cellular plasticity

2021
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The role of gene expression variability and cellular plasticity

Important role of gene expression variability and cellular plasticity in drug resistance.
What about oncogenesis?

Cell-to-cell random phenotypic fluctuations originating from stochastic gene expression (the so-called gene expression 
noise, or variability) are nowadays considered as a major contributor in the differentiation processes in multicellular 
organisms. 

Indeed, highly variable gene expression patterns would be the 
necessary ground on which developmental “choices” can then 
be made, the number of expressed genes per cell being a 
hallmark of developmental potential. 

For example, a genome-wide transcriptional variability 
precedes cell fate decisions in haematopoietic progenitor cells. 

Nature, 2008

Science, 2020
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Thus, transcriptional diversity, defined as the number genes expressed in a cell, decreases during differentiation. This 
phenomenon is linked to the progressive reduction in chromatin accessibility during lineage commitment. Therefore, it can 
now be proposed that the looser chromatin in less-mature cells permits a wider sampling of the transcriptome, whereas 
chromatin accessibility and transcriptional diversity are restricted in more-differentiated cells as they specialize. 

Gaspar-Maia et al, 2011, 
Nat Rev Mol Cell Biol

The role of gene expression variability and cellular plasticity
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Cell, 2013

Decreased gene expression variability and homogeneization of expression profiles during differentiation.

The role of gene expression variability and cellular plasticity
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Generation of a differentiated state as a constrained random process: randomness is provided by the 
stochastic dynamics of biochemical reactions while the environmental constraints, including cell inner 
structures and cell-cell interactions, drive the system toward a stabilized state of equilibrium.

The role of gene expression variability and cellular plasticity

2020
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Both biological and physical considerations allow arguing for a theory that considers the acquisition of 
differentiated features as the result of decreased cellular stochasticity linked to the appearance of dynamically 
evolving environmental constraints acting at the cell (through compartmentation and mesoscopic structures 
such as chromatin, nuclear membrane, etc), tissue (through cell-cell interactions and communications) and 
organism (through endocrine, immunity and blood networks) levels. 



Mac Arthur & Lemischka, 
Cell, 2013

And in cancer ?

Cancer

Cancer = removal of the microenvironmental control, disruption of the normal cellular interactions? 

⇒ Increased cellular stochasticity (= increased entropy)

The role of gene expression variability and cellular plasticity
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Any disruption of the tissue equilibrium should able to produce phenotypic plasticity

⇨ In this case, differentiation and quiescence can no longer be maintained because of the stochastic 
nature of gene expression which will be no more ‘controlled’ by the cellular microenvironment

Int J Cancer, 2017

Tissue-disruption-induced cellular stochasticity at the origin of cancer
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Initiation = failure of the microenvironmental control

But increase of the probability that precancerous cells are more aggressive more rapidly with mutagenic 
agents and hereditary predispositions 

Increased probability that a tumor forms, but only if the correct tissue microenvironment is not maintained

Reversed perspective : 
disruption of tissue equilibrium is the initial event, and genetic alterations are promoting factors

Tissue-disruption-induced cellular stochasticity at the origin of cancer
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BioEssays, 2005

Tissue-disruption-induced cellular stochasticity at the origin of cancer
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25% of CSC, without any specific molecular marker

Nature, 2008 

Science, 2009

Many more intriguing observations can be explained by this model, e.g. the fact that the frequency of cancer 
stem cells (CSC) depends on the micro-environment…

J Oncol, 2019

Tissue-disruption-induced cellular stochasticity at the origin of cancer
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… and also:

• the normalizing effect of an healthy micro-environment, 

• the presence of oncogenic mutations in healthy tissues, 

• the absence of driver mutations in precancerous lesions, 

• the epigenetic and gene expression alterations that precede cancerization,

• …

Belin, 2012
Preface Jean-Jacques Kupiec
Postface Gilles Favre 

Tissue-disruption-induced cellular stochasticity at the origin of cancer

23/28



Classical genetic model:
2015

The example of multiple myeloma
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20202018

Capp & Bataille, Crit Rev Oncol Hematol, in revision

The example of multiple myeloma
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2021

Common origins with aging?
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BioEssays, 2012 Or stimulation of some 
micro-environmental components

Conclusion: back to drug resistance 

Cancer cells probably remain intrinsically unstable and plastic because they do not interact with their native microenvironment anymore. In this 
perspective, targeting driver genetic events is clearly not sufficient because this phenotypic instability and plasticity would allow them to counteract these 
treatments. On the contrary, searching for molecules that stabilize gene expression and thus help to restore full differentiation and quiescence appears to 
be a valid alternative. Only molecules that interact with the cancerous cells and “mimic” their original microenvironment would be able 
to phenotypically stabilize them.
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Thank you


