
Highlights in Science, Engineering and Technology BLSME 2026 

Volume 162 (2026)  

 

275 

Evolutionary Mechanisms of Cancer Drug Resistance and 
Their Implications for Adaptive Therapy 

Yuyao Zhao * 

Department of Biosciences, University College London (UCL), London, United Kingdom 

* Corresponding Author Email: nancy.zhao.24@ucl.ac.uk 

Abstract. Cancer treatment outcomes are fundamentally limited by the evolutionary processes that 
enable drug resistance to emerge and expand within heterogeneous tumour ecosystems. This essay 
explains how genetic changes, cellular and molecular adaptations, tumour microenvironment 
impacts, and reversible non-genetic processes that enable subclones to withstand therapeutic 
pressure all contribute to the development of resistance. Together, these several mechanisms show 
that the therapy itself functions as a selection agent, encouraging the dominance of resistant 
populations while eradicating sensitive rivals. Evolution-informed therapy approaches have been 
developed to control tumour populations rather than destroy them in response to these obstacles. 
This change is best shown by adaptive treatment, which modifies medication dosage to protect 
sensitive cells and decrease resistant ones, extending disease control and lowering toxicity. Drug 
cycling, collateral sensitivity exploitation and evolutionary steering are among the tactics that show 
how changing selection pressures can restrict or delay resistance. To incorporate evolutionary ideas 
into oncology, the paper underlines the need for improved surveillance, biomarker discovery and 
interdisciplinary collaboration. It also presents clinical and computational data that support these 
methods. All things considered, acknowledging cancer as a dynamic and changing system reframes 
treatment planning and facilitates a shift from maximum cytotoxicity to long-term ecological 
management, providing a potential route towards more long-lasting therapeutic results. 
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1. Introduction 

Cancer is a heterogeneous disease defined by six core hallmarks, arising from accumulated genetic 

and epigenetic alterations that disrupt key cellular regulatory circuits governing growth, apoptosis 

and differentiation [1]. Crucially, it operates as a dynamic evolutionary ecosystem rather than a static 

mass, where selection and genetic drift propel the formation of several subclones [1,2]. The goal of 

today's treatment arsenals, which include radiation, hormonal therapies, immune checkpoint 

inhibitors, cytotoxic chemotherapy, and molecularly targeted medicines, is to either eliminate or stop 

the growth of cancerous cells. Despite decades of technical and therapeutic advancements, drug 

resistance (DR) continues to be an unsolvable obstacle to long-lasting clinical benefit: even in 

tumours that are initially receptive to therapy, resistance develops in over 90% of advanced solid 

cancers and haematological malignancies [2]. 

Treatment failure, metastasis, and a poor prognosis are the outcomes of both innate and acquired 

types of cancer therapeutic resistance [1]. Fundamentally, resistance is an evolutionary phenomenon: 

treatments function as strong selection pressures that eradicate drug-sensitive subclones while 

simultaneously releasing resources and ecological niches for the proliferation of resistant variants [2]. 

Genetic changes, drug efflux pump overexpression, compensatory signalling cascade activation, 

metabolic reprogramming, and protective interaction with the tumour microenvironment are 

important adaptive mechanisms [2,3]. Resistance basically results from cancer's ability to "escape" 

therapeutic limitations due to its evolutionary flexibility, which makes therapy itself a catalyst for 

adaptive development. 

Adaptive treatment, a paradigm-shifting approach that puts tumour management ahead of 

eradication, has been developed as a result of realising this evolutionary source of resistance [2]. 

Adaptive therapy dynamically modifies medication dosage or treatment intervals, in contrast to 

traditional maximum tolerated dose (MTD) therapy, whose constant high-intensity pressure 
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significantly selects for resistant clones by removing competing sensitive cells. Maintaining a viable 

population of sensitive cells that competitively inhibit the growth of resistant subclones is its basic 

principle. This strategy is supported by preclinical models and early clinical studies. For instance, 

adaptive dosage of abiraterone in metastatic castrate-resistant prostate cancer increased the time to 

progression when compared to normal MTD regimens [4]. Adaptive therapy and similar techniques 

have the potential to delay or avoid resistance, lower treatment-associated toxicity, and eventually 

move oncology from short-term tumour reduction to long-term disease management by matching 

therapeutic tactics with the evolutionary biology of cancer [2,5]. 

2. Mechanisms of Cancer Drug Resistance (Core Section)  

Drug resistance develops via a variety of mechanisms that represent the ability of cancer to 

undergo cellular plasticity, genetic adaptability, and ecological remodeling; all of these processes are 

underpinned by evolutionary dynamics [1,2]. The most direct causes are genetic mechanisms: point 

mutations can change drug-binding sites to decrease affinity (e.g., EGFR T790M in non-small cell 

lung cancer), chromosomal instability speeds up the development of resistant phenotypes by 

increasing mutation rates up to 100-fold compared to normal cells, and gene amplification increases 

the expression of oncogenic drivers (e.g., HER2 amplification in breast cancer bypassing targeted 

inhibition). Before treatment, these genetic changes frequently develop randomly in subclones and 

remain latent until therapeutic pressure selects for their spread. This process is referred to as "pre-

adaptation" and explains why acquired resistance might appear quickly in certain individuals. For 

instance, BRAF splice variants avoid targeted therapy, while EGFR T790M mutations provide 

resistance to tyrosine kinase inhibitors; both are examples of typical evolutionary adaptations to 

treatment pressure that were previously prevalent in tiny subclonal populations [1,2]. Moreover, the 

accumulation of genetic variation allows for parallel evolutionary routes within the same tumour. 

This implies that several resistant subclones may develop concurrently under therapeutic pressure, 

resulting in polyclonal resistance that makes further treatment attempts more difficult [1]. 

Resistance complexity is further increased by cellular and molecular mechanisms. In order to 

survive DNA damage, many cancer cells suppress apoptosis, activate compensatory signalling 

pathways to get around blocked nodes, upregulate efflux pumps such as P-glycoprotein to get rid of 

cytotoxic medicines, or alter metabolism to survive treatment stress [3]. It's interesting to note that 

these adaptations often lead to fitness costs, such as increased energy expenditure for efflux pump 

maintenance, that reduce the competitiveness of resistant clones in drug-free environments. This 

discovery is crucial for the development of evolutionary treatments. Moreover, metabolic 

reprogramming, such as increased glycolytic flux (the Warburg effect), may provide resistant cells a 

growth advantage in hypoxic tumour locations and lessen the efficacy of treatments based on 

oxidative stress mechanisms. Moreover, tumours may increase autophagy, which enables cancer cells 

to recycle intracellular components to withstand stress from treatment and dietary restriction [3]. 

The tumour microenvironment also plays an important evolutionary role: hypoxia causes 

metabolic reprogramming and resistance, stromal fibroblasts provide paracrine survival signals, and 

immune evasion mechanisms thwart immunotherapy—all of which serve as ecological niches that 

favour resistant subclones. For example, hypoxic settings stabilise HIF-1α, allowing angiogenesis 

and limiting medication penetration, whereas cancer-associated fibroblasts (CAFs) can create 

hepatocyte growth factor (HGF), which promotes MET signalling and induces resistance to EGFR 

inhibitors [1]. Furthermore, weakly basic chemotherapies may be less effective in acidic 

microenvironments brought on by increased lactate production, which would enhance selection 

resistance [5]. 

Non-genetic adaptation through phenotypic plasticity is nevertheless a significant evolutionary 

mechanism even in the absence of long-term genetic changes. Drug-tolerant persister (DTP) cells 

experience reversible slow-cycling periods that enable brief survival at high drug concentrations, 

serving as an "evolutionary reservoir" from which genetic resistance may eventually emerge [2]. 
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Resistance can develop before any genetic change because epigenetic reprogramming, which includes 

chromatin remodelling, histone modification, and DNA methylation, encourages these reversible 

states and permits DTPs to re-enter proliferative cycles once pharmacological pressure is removed. 

Evolutionary theory advances knowledge and offers a mathematical basis for the development of 

therapeutic strategies by simulating competition between sensitive and resistant cells and 

demonstrating that resistant cells often have fitness costs in drug-free environments but gain 

advantages under continuous therapy [6]. 

3. Evolution-Informed Therapeutic Strategies 

3.1. Adaptive Therapy: Concepts and Rationale 

Traditional MTD treatment aims to kill as many cancer cells as possible, but it inadvertently 

accelerates resistance by eliminating sensitive competitors. Resistant clones can proliferate 

unrestrained and reappear rapidly in the absence of ecological constraints. Adaptive therapy offers a 

paradigm shift by maintaining a pool of sensitive cells to outcompete resistant variants by adjusting 

treatment intensity as tumour load decreases [7]. Clinical evidence supports this ecological approach. 

For example, in metastatic castrate-resistant prostate cancer, an adaptive abiraterone dosage markedly 

extended the time to progression [4]. Modelling studies in melanoma and breast cancer have shown 

that adaptive therapy stabilises tumour dynamics by utilising subclone fitness trade-offs and 

competitive interactions. By keeping resistant clones from taking over, our findings show that 

intermittent treatment can successfully force tumours into stable ecological equilibria rather than 

uncontrollable multiplication [7]. Its advantages include delayed resistance, less toxicity, improved 

quality of life, and more predictable cancer behaviour. Nevertheless, there are still several 

disadvantages, including the need for tailored models, frequent monitoring, and integration into 

conventional clinical processes, as well as the inability to apply it to tumours without the required 

fitness trade-offs [2,7]. Additionally, by increasing adherence and lowering patient symptom burden, 

adaptive treatment may help lower adverse events linked to ongoing high-dose regimens, therefore 

indirectly affecting long-term results [6]. 

3.2. Other Evolution-Informed Strategies 

Several evolution-based strategies include selective pressure modification in addition to adaptive 

therapy to manage or delay resistance. To prevent any one resistant clone from gaining a sustained 

advantage, intermittent therapy and drug cycling alternate treatment on/off periods. For example, in 

preclinical models of non-small cell lung cancer, intermittent docetaxel reduced resistance onset by 

six months by permitting sensitive cell repopulation during off-treatment phases [7]. Combination 

therapies based on fitness trade-offs make adaptation more challenging by reducing the number of 

viable evolutionary escape routes. For instance, MEK pathway activation is frequently involved in 

BRAF inhibitor resistance in melanoma, and co-administration of MEK inhibitors prevents this 

escape while raising the fitness costs of dual resistance [8]. Collateral sensitivity techniques enable 

sequential regimens that trap tumour cells in evolutionary dead ends by taking advantage of situations 

in which resistance to one medication promotes sensitivity to another, as platinum resistance in 

ovarian cancer increases sensitivity to PARP inhibitors [8]. Similarly, by computationally mapping 

collateral sensitivity networks, physicians can identify the optimal cycle sequences that lower the 

likelihood of long-term resistance [9]. "Evolutionary steering," which uses low-dose pre-treatment to 

provide moderate selection pressure and push subclones towards phenotypes more receptive to further 

treatment, is another potential strategy. By simulating evolutionary trajectories under various 

therapeutic scenarios—for instance, agent-based models can predict the ideal timing of dose 

adjustments in adaptive therapy—and forecasting ideal dosing schedules, mathematical and 

computational modelling further supports personalised treatment planning [9]. When taken as a whole, 

these tactics show that incorporating evolutionary concepts into oncology is not only theoretical but 

rather a framework that can be used to achieve more successful, long-lasting cancer treatment [2,7]. 
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The increasing use of in silico simulations, which allow doctors to assess possible treatment strategies 

digitally before administering them to patients, is a major advancement in precision oncology [9]. 

4. Recommendations, Measures and Comparison 

4.1. Recommendations for Upcoming Cancer Treatment 

An eradication-centered approach should give way to one that emphasises long-term eco-

evolutionary management for the development of cancer treatment techniques in the future [2]. 

Physicians must use specialised mathematical and computer models to include evolutionary dynamics 

into treatment planning in order to predict potential resistance trajectories of specific tumours, going 

beyond conventional experience-based decision-making [9]. One essential measure is the regular 

monitoring of tumour heterogeneity. Liquid biopsy and serial genomic sequencing are two methods 

that can be used to identify emerging resistant subclones and their genetic fingerprints at an early, 

pre-clinical stage, enabling timely therapy changes [1,9]. Genetic variants or transcriptional profiles 

associated with evolutionary processes are examples of predictive biomarkers that may be used to 

identify patients who are most likely to benefit from evolution-informed tactics and avoid futile 

therapies. Evolutionary biomarkers may also be included in therapeutic decision algorithms to assist 

in identifying early indicators of ecological destabilisation inside tumours, when therapy should start, 

and when treatment pauses are safe [2]. 

4.2. Measures to Improve Treatment Outcomes 

Targeted interventions in clinical research, therapeutic design, and multidisciplinary collaboration 

are necessary to significantly enhance clinical treatment results. In order to establish broader efficacy 

and safety evidence, adaptive therapy protocols—which are currently validated in melanoma and 

prostate cancer—need to be extended to large-scale phase III trials covering additional cancer types, 

such as solid tumours with high heterogeneity and haematological malignancies [7]. Combining 

medications that take advantage of fitness trade-offs to raise the cost of resistance or combining agents 

that target complementary signalling pathways to decrease adaptive bypass opportunities are two 

examples of how combination regimens should be strategically constructed to limit evolutionary 

escape routes rather than following the conventional logic of increasing cytotoxic intensity in 

therapeutic design. Experimental investigations have shown that fitness-trade-off-based 

combinations can extend response duration by preventing tumours from adopting the metabolic or 

signalling rewiring necessary to survive under monotherapy [9]. The development of reliable 

prediction models that combine genomic data, clinical metrics, and ecological dynamics to direct 

individualized treatment can be fuelled by interdisciplinary collaboration between oncologists, 

evolutionary biologists, mathematicians, and computational scientists [7]. In order to maximise 

treatment durability, personalised therapy should ultimately be customised to the distinct evolutionary 

features of each tumour, taking into consideration the fitness costs of resistant clones, inter-subclonal 

competitive interactions, and anticipated resistance routes [9]. 

4.3. Comparison: Traditional Therapy vs. Evolution-Informed Therapy 

A thorough analysis of the underlying reasoning, methods of implementation, and clinical results 

of evidence-informed treatment and conventional therapy reveals important distinctions. The 

fundamental idea behind traditional therapy is to directly target the viability of cancer cells, using 

cytotoxicity or pathway inhibition to eradicate tumours. This approach aims to eradicate as many 

cancerous cells as possible by applying continuous high-intensity drug pressure, such as 

administering the maximum tolerated dose (MTD). However, by removing sensitive subclones, this 

strategy unintentionally creates significant selection pressure for resistance, allowing resistant 

variants to quickly fill ecological niches and causing recurrent relapses [1, 6]. Furthermore, because 

non-selective pressure damages normal, quickly proliferating cells, excessive and unmodulated 

medication exposure frequently causes severe toxicity. Monitoring is usually done on a periodic basis 
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with the primary purpose of evaluating treatment response rather than evolutionary changes [2]. 

Although standard therapy retains broad applicability across most cancer types regardless of 

heterogeneity, its long-term result is frequently restricted by inevitable resistance and recurrence, 

despite its well-established evidence foundation based on decades of phase III studies and real-world 

data. 

Evolution-informed treatment, on the other hand, prioritises tumour management and patient 

quality of life over total eradication and is based on the idea of controlling tumour ecological 

dynamics to limit resistance evolution [6,10]. To keep a viable population of sensitive cells that 

competitively inhibit resistant subclones, the medication pressure is strategically controlled, such as 

by lowering or stopping dosages when the tumour burden reaches a certain level. This strategy makes 

resistant clones less competitive while sensitive cells are kept by taking advantage of the fitness costs 

of resistance (e.g., greater energy expenditure for efflux pump overexpression). It usually results in 

decreased toxicity because of lower dosage intensity and customised intervals. To successfully use 

this method, evolutionary changes must be tracked by regular and dynamic monitoring (e.g., monthly 

liquid biopsies, real-time imaging), and its applicability depends on the environment; it is most suited 

for tumours with quantifiable fitness trade-offs rather than all cancer types [7,9]. While its evidence 

base is still growing, consisting of preclinical data and phase I/II trials with expanding phase III 

research, evolution-informed therapy has demonstrated the potential for prolonged disease control 

with stable tumor burden and low resistance rates, representing a paradigm shift in long-term cancer 

management [4,7]. Its transformational therapeutic potential has been highlighted by adaptive 

experiments, which have demonstrated that sustaining sensitive cell populations can limit resistant 

clone growth for months or even years longer than projected under traditional dosage models [10]. 

Treatment philosophies, selection pressures, and clinical results are fundamentally different 

between evolution-informed therapy and conventional cancer therapy. The goal of traditional therapy 

is to destroy the tumour by continuously delivering high drug pressure, which unintentionally causes 

significant selection pressure favouring the survival and growth of resistant clones [1,2]. Due to its 

severity, this strategy typically results in significant toxicity and relapse when resistant 

subpopulations finally take over [10]. By deliberately adjusting drug exposure to preserve a 

population of susceptible cells that can inhibit resistant ones, evolution-informed treatment, on the 

other hand, changes the therapeutic goal from eradication to long-term control of tumour evolution 

[6]. By taking advantage of fitness trade-offs between subclones, these tactics minimise toxicity and 

stabilise tumour dynamics, potentially providing long-term disease management [4,6,7]. Whereas 

evolution-informed techniques are still in their infancy, they are bolstered by encouraging preclinical 

modelling and early clinical trials showing better long-term results, whereas traditional medicine is 

underpinned by decades of clinical data [4,7]. 

5. Conclusion 

Resistance is an evolutionary requirement under extreme therapeutic strain, yet seeing cancer as a 

dynamic ecosystem offers ground-breaking opportunities for therapy development. Adaptive therapy 

and other evolution-informed strategies offer workable and durable alternatives to conventional 

techniques by identifying and altering the ecological and evolutionary variables impacting cancer 

growth. Future therapeutic standards may be established by integrating these concepts into traditional 

oncology, improving patient outcomes and enabling more durable cancer management. 
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