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Abstract: The discovery of genomics has redefined oncology into precision rather than standardized treatment. But 

therapeutic resistance of either kind, intrinsic or acquired, is a serious impediment to sustained success. The present review 

outlines the domains on the crossroad between genomic intelligence and resistance evolution, where multi-omics profiling, 

high-throughput sequencing, and AI-based analytics are explaining the challenging complexity of the tumor and predicting 

resistance pathways. We review the contribution of clonal evolution, tumor plasticity and adaptive signaling in resistance to 

therapy, and we promote moving towards active molecular monitoring rather than snapshot ting genome. To preempt and 

target therapeutic escape we suggest a framework of adaptive precision oncology that comprehends real-time biomarkers, 

liquid biopsy follow-up and resistance-predictive algorithms. New approaches like combination therapy, recalibration of 

treatment with the help of AI, and longitudinal monitoring of genomes are mentioned. We also deal with moral and logistical 

obstacles of adopting these strategies, and especially in low-resource environments. The new era of precision oncology We 

now find ourselves in the next era of precision oncology that aims to personalization extend to real-time responsiveness, so 

that cancer treatment can increasingly be more adaptable, more resilient and more durable, achieved through personalizing 

the rapidly changing tumor biology with real-time dynamically changing genomic insights. 
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I. INTRODUCTION 

 

Cancer, of which used to be chaotic and heterogeneous 

disease, now is more and more explained by the genomic and 

molecular approach to it.(1)  Since we have appreciated an 

understanding that cancer being, at its basis, a disease of the 

genome is developed through somatic mutation and 

chromosomal rearrangement and given control over by 

epigenetics, then the concept behind the treatment takes the 

shape of precision-based treatment rather than that of trial and 

error and as is otherwise costly and time-consuming.(2) With 

the development of precision oncology supported by next-

generation sequencing (NGS), it has been possible to match 

therapies with given oncogenic drivers in subsets of cancers 

including BCR-ABL1-positive chronic myeloid leukemia 

(CML) and epidermal growth factor receptor (EGFR)-

mutated non-small cell lung cancer (NSCLC).(3) However, 

even despite them, there is one formidable and almost 

universal challenge: the therapeutic resistance. 
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In history, the methods of treating people with cancer 
e.g. radiation and chemotherapy were crude tools they 

worked but in a non-selective way.(4) A new class of more 

focused treatments based on targeted therapies of all kinds 

was a step toward a more rational, genotype-driven 

intervention. Cancers however, change.(5) Resistance may be 

inherent in the baseline molecular design of the tumor or 

acquired by de facto evolution in response to the pressure of 

therapy.(6) The controls of these mechanisms of resistance are 

intra tumoral heterogeneity, clonal evolution, plasticity 

phenotypes and the remodeling of the microenvironment.(7) 

 
In this regard, the disadvantage of the static molecular 

profiling is made evident. One biopsy will tell only the state 

of a tumor at a particular moment of time, not predict its 

evolution.(8) At this point the paradigm of genomic 

intelligence becomes revolutionary. Genomic intelligence is 

described as the dynamic contextual analysis of multi-

dimensional molecular data interacted with clinical, 

phenotypic and environmental factors in order to inform 

therapeutic decision-making in real-time.(9) It is more than 

mutation detection, and includes AI-based analytics, systems 

biology and combinations of multi-omics to predict tumor 

evolution and resistance.(10) 
 

The central change here is a redefinition of the term 

precision. When precision was identified with determination 

of actionable mutations, today it will demand longitudinal, 

temporal insight on genomics and resistance development.(11) 

It is possible to anticipate the adaptation of tumors and keep 

them at bay with the help of such emerging technologies as 

liquid biopsies, single-cell sequencing, spatial 

transcriptomics, and AI-driven resistance prediction. It marks 

a transition into a new way of doing things, anticipatory 

oncology, a proactive form of care that not only treats the 
tumor as it is, but as it is likely to be.(12) 

 

This review focuses on combining both genomic 

intelligence and resistance evolution to help provide 

oncotherapeutic approaches in a new generation of 

oncotherapeutics. Our analysis of forces then proceeds to the 

postcripts as the decoding of resistance trajectories through 

NGS, multi-omics and machine learning.(13) Biological 

modalities of therapeutic escape are then discussed, such as 

genetic reprogramming, epigenetic adjustment, and micro 

environmental plasticity.(14)Applicable examples will be 

supplied, such as liquid biopsy monitoring and adaptive 
therapy schemes, which will be presented in the actual 

situations.(15) 

 

 Genomic Intelligence: Foundations, Technologies, and 

Translational Potential 

Genomic intelligence is a job that goes beyond 

conventional DNA sequencing- it is an agile capability to 

obtain, combine, prevision, and present molecular 

information on the cancer genome in clinical practice in real 

time. With the migration of precision oncology beyond 

phenotyping of cancer genomes towards evolution-aware, 
even adaptive, therapeutic approaches, however, genomic 

intelligence comes to the fore as the pivotal engine that will 

drive proactive, personalized cancer treatments.(16) 

The origin of genomic intelligence starts where the data 
is obtained but its definition lies in the ability to interpret. 

High-throughput sequencing produces huge amounts of data 

including somatic mutations, gene fusions, copy number 

changes, transcriptomic changes, and epigenetic signature.(17) 

The valuable part in the transformative data is not raw data 

but the contextual interpretation of those data- annotation of 

variants driver, versus passenger mutations, and mappings to 

curated oncogenic knowledge bases, including OncoKB, 

COSMIC, and ClinVar. (18) 

 

The intelligence is a collaboration of many interests at 
the crossroad of bioinformatics, system biology, clinical 

oncology, where molecular portrait is combined with 

phenotypic behavior and treatment index, and clinically based 

context. Knowing that a mutation exists, not only is required, 

but it is essential to predict what this mutation will do with 

therapeutic pressure, and how it will vary in time and space 

(anatomical compartment).(19) Figure1 demonstrates how a 

frame sequential system works to convert real-time genomic 

intelligence to patient sample, sequencing, bioinformatics 

analysis, and interpretation followed by adaptive treatment 

recommendations as part of an ongoing feedback loop. 

 

 
Fig 1 Real -Time Genomic Intelligence Workflow 

 

Genomic intelligence is driven by an advanced 
combining of technologies which use molecular information 

to produce the useable discoveries. Next-generation 

sequencing (NGS) Knowledge of the driving mutations and 

low frequency variants can also be done using next-

generation sequencing (NGS) platforms, including WGS, 

WES, and targeted panels. Intratumoral heterogeneity and 

resistant clones of the tumor microenvironment are 

deciphered with the help of single-cell and spatial 

transcriptomics.(20) The combined omic of transcriptomic, 

proteomic, metabolomic, and epigenomic provides 
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information on how the pathway is rewired going beyond the 
genomic variations. Central to these insights are artificial 

intelligence (AI), in which predictions of treatment response 

are made using machine learning models that are trained 

using large-scale datasets, to simulate resistance evolution, 

and identify synergistic targets to drug combinations. A 

combination of the technologies can convert inert molecular 

signatures into dynamic, evolution-sensitive systems to 

inform mindful cancer therapy.(21) One CDx, already affect 

therapeutic decision-making in clinics. As part of the larger 

field of explainable AI, application of interpretable AI (e.g., 

explain ability through SHAP values) into clinical platforms 
and systems is also on the rise to improve transparency, and 

therefore clinician acceptance. (22)  

 

Genomic intelligence has passed into research and is 

now being transferred into ordinary practice. Molecular 

tumor boards, genotype-guided clinical decision support 

systems (CDSS) and N-of-1 precision trials are being 

incorporated at academic and tertiary institutions. Clinician-
friendly platforms such as cBioPortal and My Cancer 

Genome enable clinicians to put genomic variation in 

perspectives provided by drug responsiveness, drug trial 

eligibility, and drug-resistance predictive factors.(23) 

 

Some institutions have incorporated molecular profiling 

into regular practice operations at Memorial Sloan Kettering, 

MD Anderson, and Dana-Farber, not simply to guide initial 

choice of therapy but also to monitor resistance in real time. 

National efforts such as NCI-MATCH, PREDICT, and NCI-

MPACT represent the building interest in adaptive, genotype-
driven trial design.(24) The emerging genomic intelligence is 

based on enabling technologies as illustrated in table 1 which 

includes high throughput sequencing platforms, 

bioinformatic pipelines, AI-informed analytics, cloud-based 

genomic storage and integrative multi- omics structures that 

enable the conversion of raw genomic data to translate into 

therapeutic potential.(25) 

 

Table 1 Foundational Technologies Enabling Genomic Intelligence 

Technology Description Application Relevance to Resistance 

NGS High-throughput DNA sequencing Mutation profiling Detect low-frequency resistant clones 

Sc RNA-seq Single-cell RNA sequencing Cellular heterogeneity Identify drug-tolerant persisters 

Spatial Transcriptomics Gene expression in tissue context TME mapping Locate resistance niches 

Multi-Omics Integrated omics analysis Pathway mapping Uncover bypass and compensatory 

signaling 

 

II. RESISTANCE EVOLUTION IN CANCER 

  

 Biological Mechanisms and Clinical Implications 

As accurate as current cancer treatments have become, 

there can be no question of resistance in advanced 

malignancies being an eventuality; indeed, one might even 

pay accolade to the excellence of cancer as one of the most 

evolutionarily adaptive diseases in the world.(26)  Resistance 

can be intrinsic and present at baseline as a result of prior 

mutation (e.g. undermining of EGFR blockade by KRAS 

mutation or blunting of PI3K response by PTEN loss), or 

acquired caused by Darwinian selection in favor of resistance 

sub clones under selection pressure.(27) Mechanistically, 
resistance can occur in various pathways: secondary mutation 

(e.g. EGFR T790M, ABL1 T315I), bypass signaling along 

alternative pathways (e.g. MET, HER2 or HER 

amplification), phenotypic plasticity including epithelial-to-

mesenchymal transition (EMT) or histological trans 

differentiation states as well as epigenetic reprogramming to 

promote drug tolerant persisted states.(28) 

 

Tumor micro environment also regulates resistance 

through stoma candor, hypoxia and immune evasion, such as 

loss of neoantigens or MHC down regulation.(29) Of 
importance in these processes are the clonal evolution in 

which treatment of the disrupts the sensitive clones, leaving 
room for the growth of resistant populations in a nonlinear 

and dynamic way. This is complicated by tumor 

heterogeneity both spatial and temporal; when taken singly; 

individual time-point biopsies are ineffective.(30)New 

evidence is backing up such resistance delaying strategies as 

adaptive dosing, multi-site profiling and clonal surveillance. 

But to get to the point where therapeutic resilience is truly a 

reality, real-time genomic intelligence that can predict, track, 

and counter resistance before it happens will be needed to 

bring oncology into the age of anticipatory interceptions 

rather than reactivity rescue.(31) Table 2 provides the 

complete picture of molecular resistance mechanisms 
identified among the primary cancer types with the following 

alterations in drug targets, the activation of compensatory 

signaling pathways, epithelial-mesenchymal transition 

(EMT), overexpression of efflux transporters, and 

modulation of a tumor microenvironment shown to contribute 

to failure and emphasizing the role of genomic-driven 

approaches to overcome resistance.(32) Figure 2 shows varied 

resistance mechanisms of precision oncology, such as genetic 

mutations, pathway reactivation, phenotypic plasticity, and 

microenvironmental and adaptive cellular resistance to the 

therapy. 

 

Table 2 Resistance Mechanisms in Major Cancers 

Cancer Type Targeted Therapy Resistance Mechanism Clinical Implication 

NSCLC EGFR inhibitors T790M mutation Switch to Osimertinib 

Breast Cancer Endocrine therapy ESR1 mutations Use SERDs or switch to CDK4/6 inhibitors 

Colorectal Cancer Anti-EGFR therapy KRAS mutations Discontinue EGFR blockade 

CML Imatinib T315I mutation Use ponatinib 
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Fig 2 Mechanisms of Resistance in Precision Oncology 

 

 Liquid Biopsy and Dynamic Genomic Surveillance: 

Tracking Tumor Evolution in Real Time 

Cancer is dynamic as it evolves under the pressure of 

therapy, and therefore classical biopsies cannot fully 
characterize the molecular complexity of cancer. Liquid 

biopsy has become a paradigm shifting, low-intervention 

method of real-time monitoring of tumor evolution and 

resistance.(33) The surveillance of circulating tumor DNA 

(ctDNA), circulating tumor cells or CTCs (extracellular 

vesicles) and noncoding RNs in the blood allows clinicians to 

perform noninvasive detection of emerging mutations, follow 

minimal residual disease (MRD), and monitoring of clonal 

dynamics during treatment.(34) Out of those ctDNA has 

received the most clinical interest as they are specific and can 

echo systemic tumor heterogeneity. Examples of applications 

include early prediction of resistances mutations (e.g. EGFR 
T790M, KRAS, ESR1) to predict relapse by detecting 

minimal residual disease and adaptive complementary 

therapy based on real-time clonal dynamics.(35) Its use as a 

predictor of therapeutic escape prior to clinical development 

has been confirmed by such landmark trials as AURA3 and 

TRACERx. Using AI, liquid biopsy data can now be used to 

predict resistance trajectories, simulate the evolution of 

tumors and recommend therapy changes, all in a framework 

of genomic intelligence.(36)Although issues like sensitivity 
inconsistency, platform variations and interpretative 

limitations affect its accuracy, its accuracy is still being 

boosted by the emerging technologies in ultra-deep 

sequencing, fragmentomics and multi-analyte assays. Finally, 

liquid biopsy is being transformed to a proactive molecular 

guide through the shifting terrain of resistance that has 

emerged in precision cancer medicine.(37) 

 

 AI-Driven Modeling of Resistance Pathways and 

Predictive Therapeutics 

Since cancer treatment is becoming highly 
personalized, the ability to handle resistance becomes one 

that is computationally sophisticated rather than a medical 

judgment. Increasingly, artificial intelligence (AI), combined 

with machine learning (ML) and systems biology, is 

becoming the main paradigm to model resistance evolution, 

forecast the response to treatment and the time course of 

treatment sequences.(38)With AI, the frozen genomic data 

turns dynamic into a narrative of the future- when, how and 

where the resistance is bound to take place. Approaches, such 

as supervised and unsupervised learning, deep learning, or 

reinforcement learning allow real-time simulation of clonal 

dynamics, the search of synthetic lethal targets, and smart 
adjustment of therapy.(39) Uses include virtual tumor twins to 

model paths of treatment, to drug repurposing engines to find 

novel resistance modifiers that were not obvious. In 

healthcare, decision support systems (CDSS) based on AI are 

already in use, including Watson for Genomics and Tempus 

as clinical tools that combine genomic data with knowledge 

bases to produce context-sensitive recommendations of 

therapeutic actions.(40) Nevertheless, there are still problems, 

such as black-box algorithms, data-bias, and ethics reduce 

interpretability and trust of them. The next development of AI 

application in precision oncology is an evolution-competent, 
dynamic treatment platform capable of continuous training by 

real-life data that ensures a specific approach to prevent the 

emergence of resistance in individuals and or even before 

resistance occurs. Table 3 provides an overview of the varied 

AI-enabled tool and application in medico genomics, 

including machine learning variant interpretation tools, 

natural language processing for clinical annotation, deep 

learning drug response prediction tools and end-to-end AI-

powered AI platforms that allow providing personalized 

medication recommendations based on genomic, phenotypic, 

and pharmacological data integration.(41) 

 
Table 3 AI Tools and Applications in Medicogenomics 

AI Tool Application Area Use Case Example 

IBM Watson for Genomics Genomic interpretation Matches genomic alterations with therapies 

Tempus Data-Driven treatment planning Combines clinical, molecular, and outcomes data 

Paige AI Histopathology analysis Uses deep learning for pathology image recognition 

Path AI Biomarker detection Correlates histology with genomic mutations 

Deep variant Variant calling High-accuracy detection of SNPs and indels 

 

 Therapeutic Adaptation: Rethinking the Design of Cancer 

Therapies in the Resistance Era 

Static precision oncology, which aims at matching 

drugs to actionable mutations, is lame against dynamic 

resistance evolution. The future is resistance-conscious 

therapies in which treatment incurs a genomic definition, 

driven by real-time genomic intelligence, adaptive, and 

anticipatory. The need to beat the monotherapy limits is 

driving the need to rationally combine agents based on 

resistance pathway modulated by vertical inhibition of 

signaling cascades (e.g., BRAF + MEK), or horizontal 

blockade of rescue signals (e.g., EGFR + MET). In addition 
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to combinations, targeting synthetic lethality and collateral 
sensitivity presents new therapeutic turns as the tumors 

change.(42)The time aspect in therapeutics is also of critical 

importance; adaptive scheduling, evolutionary-based dosing 

(based on biomarkers such as ctDNA) has held promise as a 

way to delay resistance and extend response. Attacking tumor 

plasticity and drug tolerant persister states using epigenetic or 

metabolic weaknesses as a target brings an additional 

reversibility dimension to resistance control.(43)Notably, 

pharmacogenomics will improve drug selection and ordering 

by disclosing risk of drug resistance through metabolism and 

transporter basis. The second horizon is resistance-adaptive 
clinical trials- baskets, umbrella and platform trials, which 

adjust therapy in real time in response to new genomic 
information arising.(44) Today, in this paradigm, treatment 

was not a one-time instance that would include patients, but 

it would also evolve along with the tumor, the goal not only 

to have immediate response, but also sustainable and 

preemptive resistance inhibition. Table 4 demonstrates 

examples of the therapeutic failure due to resistance to 

treatment in different malignancies and the interventions 

based on the genomic intelligence-mediated approaches that 

have facilitated the development of adaptive treatment 

methods, biomarker-informed drug choice, and re-

sensitization strategies to overcome resistance to therapy.(45) 

 

Table 4 Examples of Resistance-Driven Therapy Failures and Genomic Intelligence-Based Interventions 

Cancer type Therapy Resistance Mechanism Genomic Solution Outcome 

NSCLC EGFR-TKI T790M mutation Osimertinib Extended PFS 

Melanoma BRAF inhibitor MAPK reactivation Pathway combination 

inhibitors 

MEK/BRAF reduced resistance 

 

 Tumor Microenvironment and Immunogenomic 

Interactions in Resistance Evolution 

This Tumor Micro Environment (TME), itself a 

dynamic co-evolved ecosystem, consists of immune 

infiltrates, stromal cells, extracellular matrix (ECM), 

vasculature and a mesh of soluble factors. Conversely to 

being a passive scaffold, TME has a participatory role in 
defining tumor behaviors, responsiveness to treatment, and 

more importantly resistance evolution. Growing data point to 

the conclusion that resistance is not merely a cell-intrinsic 

genomic event but is highly embedded into extrinsic 

ecological forces inside the TME. In that regard, the 

formulation of the response to resistance ought to be a 

systems-level response that considers the interaction between 

the tumor cells and their immediate environment.(46) 

 

The adaptive immune evasion is one of the peculiarities 

of the mechanisms that tumors evolve during 

immunotherapeutic pressure. Loss of neoantigen expression, 
MHC class I down regulation and JAK1/2 mutations are some 

of the mechanisms that hinder to interferon signaling and 

dulls T-cell recognition. These adaptations reflect the patterns 

of resistance during targeted therapies in cancers such as 

melanoma proving that evolution of resistance occurs not 

only in the genomic scale but also in immunologic scales. In 

addition, cancerous cells may activate immune checkpoint 

receptors detecting a high level of PD-L1 to activate the 

cancer cells and inhibit the killing activities of cytotoxic T-

cells, which is frequently done once the cancer cells, are 

attacked by the immune system.(47) 
 

The relationship between genomic alterations and TME 

is a two-way communication which induces immune 

resistance. Mutations that contribute to cancer such as KRAS, 

PTEN loss, and WNT/beta- catenin stimulation are able to 

establish an immunosuppressive or immune- excluded 

environment dissimilitude suppressing cells; altering 

cytokine landscapes, or sequestering T cells out of the tumor 

center. These genotype phenotype differences lead to the 

development of immunological deserts where even effective 

immunotherapies cannot work, owing to the absence of 

immune stimulation at the site of disease.(48) 

 

Physical barriers Stromal barriers, especially cancer-

associated fibroblasts (CAFs) and ECM components, are 

physical barriers to drug access and immunologic access. In 

desmoplastic cancer, such as that in pancreatic ductal 
adenocarcinoma, hypoxia and acidic niches created by dense 

fibrotic matrices in a tumor protect drug-resistant clones.(49) 

CAFs may also release pro-survival molecules (e.g., HGF) 

and this upregulates bypass pathways via activation of bypass 

proteins (example, activation of MET pathway) resulting in 

the escape of the cancer cells in response to EGFR-targeted 

therapies. A logical next step is to modulate the TME with 

stromal-depleting agents, TGF-β inhibitors, or anti-

angiogenic therapy as a method to increase the ability to 

penetrate in the treatment and slow the emergence of 

resistance.(50) 

 
New immunogenomic biomarkers are possible to 

observe the development of resistance over time in real-time. 

It is possible to look at the immune dynamics and tumor 

escape mechanism using tools to monitor the dynamics of T-

cell receptor (TCR) diversity, neoantigen load, and HLA loss 

of heterozygosity (LOH). These proposed biomarkers are 

central to adaptive immunotherapy, in which therapy is 

dynamically targeted on the condition of the immune 

landscape, via such combination approaches as bispecific 

antibodies or checkpoint modulation. (51) 

 
The tumor and gut microbiome is another unexpected 

frontier in resistance evolution as evidenced by its effects on 

immune tone and response to therapy. The microbiota 

variation was implicated in the reduced efficiency of the PD-

1 blockade and antibiotic usage in early failure of 

immunotherapy. Probiotics/fecal microbiota transplant 

(FMT)/dietary attempts at modulating the microbiome can 

provide a new knob to turn to weight the balance of the 

immune system towards treatment sensitivity.(52) 

 

 

https://doi.org/10.38124/ijisrt/25aug886
http://www.ijisrt.com/


Volume 10, Issue 8, August – 2025                                          International Journal of Innovative Science and Research Technology 

ISSN No: -2456-2165                                                                                                              https://doi.org/10.38124/ijisrt/25aug886 

 

 

IJISRT25AUG886                                                                 www.ijisrt.com                                                                                 1430 

 Pharmacogenomics-Driven Therapy Optimization 
Pharmacogenomics (PGx) is imperative in the 

maximization of cancer treatment especially where there is 

emerging resistance. There is genomic polymorphism of 

drug-metabolizing enzymes (e.g. CYP2D6, DPYD, and 

UGT1A1), transporters (ABCB1), and pharmacodynamic 

targets in both therapeutic efficacy and toxicity that determine 

resistance patterns.(53) To give an example, poor metabolizers 

of CYP2D6 are less active in tamoxifen activation and risk 

endocrine resistance, and DPYD/UTG1A1 variants affect the 

tolerance of fluoropyrimidines and Irinotecan, and individual 

doses can be personalized. Alongside the main treatment, 
PGx can inform flexibly adaptive therapy, e.g. with 

progression of a non-small cell lung cancer, sequencing 

EGFR TKIs based on resistance mutations (e.g. T790M, 

C797S) or re-challenge with drugs during drug holiday.(54) 

The clinical decision support systems (CDSS) powered by 

AI, and combining PGx landscape, tumor genomics, and real-

time liquid biopsies currently allow the dynamic alteration of 

therapy. Notwithstanding the limitations of access, clinician 

literacy, and standardization, the integration of the fields of 

PGx and genomic surveillance and AI modeling provides an 

effective path regarding overcoming resistance, 

individualizing dose prescription, and prolonging treatment 
response to the era of precision oncology.(55) 

 

 Pharmacogenomics-Driven Therapy Optimization and 

Real-World Case Evidence 

Case examples that involve real-life situations highlight 

the translational effects of the genomic intelligence in the 

journey of defeating resistance. Most patients with EGFR-

mutant non-small cell lung cancer (NSCLC) who used first-

generation TKIs (e.g., erlotinib) subsequently acquire 

T790M-level resistance; this was meaningfully reversed with 

Osimertinib, as seen in the AURA3 study, which was 
designed with ctDNA used as a prompt to switch patients 

early. In the case of colorectal cancer that has spread, usually 

to the liver, patients initially sensitive to the anti-EGFR 

antibodies (cetuximab/panitumumab) develop resistance to 

therapy consequent to emergent KRAS mutations that can be 

detected by means of liquid biopsy; tactical drug holidays 

followed by re-challenge to anti-EGFR has been used to re-

sensitize the tumors as seen in the CRICKET trial and the 

CHRONOS trial.(56) Another example is hormone receptor-

positive breast cancer: ESR1 mutations, acquired during 

treatment with aromatase inhibitors, suggest resistance and 

are now applied to direct the switch of treatment regimen to 
selective estrogen receptor degraders (e.g., elacestrant which 

was validated in EMERALD trial). PARP inhibitors in 

BRCA-mutated tumours have already demonstrated synthetic 

lethality, but resistance by BRCA reversion mutation or fork 

protection is proliferating being dealt with by ATR or WEE1 

inhibitors, already in clinical trial such as CAPRI and 

VIOLETTE. These illustrations point to the realization that 

real-time genomic monitoring and pharmacogenomic 

adaptation hold the potential to inform drug selection, shift 

timing, and rechallenge, as they promise to usher in the 

evolution-aware model of oncology.(57) 
 

 

 Real-Time Resistance Monitoring: Liquid Biopsy, AI, and 
Predictive Modeling 

Among the most monumental changes in the field of 

precision oncology, triggering a revolution, stands the 

genomic testing transition that left the stagnant, once-off 

analysis to the real-time monitoring of tumor evolution. With 

development of malignancies, resistance is almost inevitable 

due to adaptability according to pressure of therapy. To 

predict this development and therefore act early, it is useful 

to have tools; ones to track the molecular alterations in a non-

invasive fashion over-time. The combined forces of liquid 

biopsy technologies and artificial intelligence (AI) and 
predictive modeling are making it possible to conduct 

proactive resistance monitoring prior to the manifestation of 

clinical progression.(58) 

 

Liquid biopsies, especially circulating tumor DNA 

(ctDNA) are a less invasive source of detecting resistance 

mutations, monitoring the clonal evolution, and representing 

the heterogeneity of the tumor tissues. As an example, EGFR 

T790M mutations detected in ctDNA can be identified earlier 

than the radiological progression in non-small cell lung 

cancer (NSCLC), meaning that it is possible to switch to 

different therapy on time.(59) Likewise, progression of ESR1 
mutation can be potentially detected using serial ctDNA of 

hormone receptor-positive breast cancer and mediate 

endocrine therapies. As opposed to the conventional biopsies, 

ctDNA ensures a pooling of the signal of all the metastatic 

tumors, and thus provides a systemic view of the tumor 

development. Such trials as TRACERx and PADA-1 have 

demonstrated the successful use of ctDNA as a predictively 

valued biomarker of resistance (60) 

 

Resistance detection is also improved by means of 

artificial intelligence and digital pathology. AI has already 
learned how to analyze pathological slides and radiologic 

slides to speculate on molecular changes and forecast immune 

escape or transformation events.(61) Deep learning models 

also able to address ctDNA rich data, method artifacts 

removal and measure clonal burden. Resistance trajectories 

can be simulated using machine learning algorithms (e.g. 

Bayesian networks or dynamic survival models) using 

longitudinal multi-omics data and reveal early transformation 

events, such as a histologic change of NSCLC into small-cell 

lung cancer. (62) 

 

Predictive modeling goes further and combines 
information on genomics changes, immune clones, treatment 

exposure, and clonal phylogenies in a bid to predict how and 

when resistance will occur. Such tools as PyClone and 

OncoNEM restore tumor development and recommend 

strategic treatment maneuvers. Adaptive modulation of 

treatment, so-called evolutionary steering, which aims to 

postpone resistance, is currently under trial.(63) 

 

Decision support systems are important in clinical 

integration. Expert-assisted dashboards on or in electronic 

health records (EHRs) would in turn inform clinicians of new 
resistance markers and recommend evidence-based therapy 

adjustments. Regardless of certain problems, including 

sensitivity limits of ctDNA, or intricacy of interpretation, 
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real-time resistance monitoring holds a lot of potential. It 
enables the oncologists to identify relapse much sooner, 

customize the transitions between treatment, and anticipate 

resistance, transforming the field of oncology into a 

predictive and evolution-informed therapy system.(64) 

 

 Pharmacovigilance and Resistance Surveillance in 

Precision Oncology 

Pharmacovigilance in its new context in the changing 

environment of precision oncology, however, is no longer 

synonymous with monitoring of adverse drug reactions but 

has also evolved to the proactive monitoring of emergence of 
genomic resistance and drug safety in the real-world. Due to 

the growing popularity of targeted agents and use of 

immunotherapies and combination therapies, the patterns of 

resistance and toxicity are usually genotype-dependent, 

comorbidity-dependent, and treatment-history-dependent.(65)  

 

Pharmacovigilance systems based on an AI, connect to 

electronic health records and real-time liquid biopsy data, can 

forecast emergence of early resistance signals, adverse events 

and drug-drug interactions specific to genomic subtypes. As 

an example, both development of resistance to EGFR in non-

small-cell lung cancer or checkpoint in melanoma can be 
monitored along with pharmacogenomic profiles to predict 

and avoid discontinuation because of toxicity. Integration of 

these surveillance tools allow improved clinical outcomes 

and by extension it finds regulatory decision-making and 

post-marketing safety approaches.(66)  

 

 Strategies to Overcome and Prevent Therapeutic 

Resistance: Toward Durable Precision Responses 

Although it is crucial to characterize resistance 

mechanisms, the end result of precision oncology would be 

to avoid or circumvent resistance in order to achieve durable 
responses to therapy. Our rapidly improving understanding of 

tumor evolution is leading to a new surge in therapeutic 

approaches: adaptive, combinatorial and personalized 

approaches to cancer care.(67) 

 

The focus of blockage of escape pathways is 

combination therapies. With tumors, the proliferation of 

redundant survival pathways makes the monotherapies 

useless. Dual combination (e.g. BRAF and MEK inhibitors in 

melanoma) therapy has demonstrated effectiveness in 

postponing the reactivation of the MAPK pathway. 

Horizontal targeting (e.g. PI3K and mTOR inhibitor) and 
vertical inhibition (e.g. EGFR &amp; MET blockade in 

NSCLC) also inhibits compensatory signaling. Such trials as 

COMBI-d, BEACON CRC prove that combination strategies 

are more beneficial in progression-free survival and prevent 

resisting.(68) 

 

The evolutionary ideas can be applied to the adaptive 

and sequential therapy, which is an alternative to continuous 

administration of a large dose of medicine. There can be a 

fitness cost to resistance it is in some cases to the advantage 

of a population to maintain drug-sensitive cells by 
intermittent dosing and, in this way, resistant clones will be 

suppressed by competition. To do so, this so-called tumor 

containment model (recently being tested in prostate cancer 

and NSCLC studies) involves making use of mathematical 
models and real-time biomarkers (e.g., ctDNA) to guide when 

to administer treatment and at what dosage.(69) 

 

Immunotherapy combinations deal with immune 

evasion- one of the hallmarks of resistance. The tumors can 

abrogate antigen presentation (e.g., B2M mutations), or 

cooption of alternate checkpoints (e.g., TIM-3), or they can 

recruit immunosuppressive immune cells. A combination of 

checkpoint blockade with the targeted therapy or with 

epigenetic modifiers (e.g., HDAC inhibitors), or even 

oncolytic viruses, can re-program the immune environment, 
transforming the previously so-called cold tumors into 

responsive. Individualized combinations on the basis of the 

neoantigen load and signatures of T-cell infiltrations are 

arising.(70) 

 

Synthetic lethality forms on the weak points of 

cancerous cells resistant to treatment. PARP inhibitors can be 

used in BRCA-deficient tumors, and ATR, CHK1 and WEE1 

agents in p53-mutated or replication stressed tumors. 

CRISPR screen is still revealing novel single-synthetic lethal 

pairs in therapy-resistant clones.(71) The immune suppression 

and drug resistance is through progressive of CAFs, MDSCs, 
and hypoxic niches. To make the TME an ally, TGF-b, 

CXCR4, and VEGF inhibitors are under testing to remodel 

stroma, normalize vasculature, enhance delivery of drugs--all 

ways of turning a barrier into a helper.(72) 

 

 Future Directions toward a Self-Learning, Evolution-

Resistant Precision Oncology Ecosystem 

The combination of the three technologies, genomics, 

artificial intelligence, and adaptive treatment paradigms, is 

the paradigm shift in oncology, namely, the shift towards 

dynamic, self-learning, and personalized cancer treatment. 
The adoptable inner sphere of this evolution is the concept of 

closed-loop learning system whereby all the information 

about each patient, including omics, imaging, and real-time 

liquid biopsy, becomes input to AI-powered models that 

make continuous improvement of therapeutic decisioning. 

The first attempts are represented by such platforms as 

PREDICT-PROACTIVE, Project GENIE, and Tempus, yet 

the end goal is real-time clinical feedback infusion to power 

real-time care adaption’s.(73) 

 

Predictive oncology is developing fast with machine 

learning approaches being able to predict clonal evolution, 
drug response dynamics, and suggest dynamic therapies 

ahead of the clinical emergence of resistance. The second 

frontier is the hybrid models that combine mechanistic 

biological knowledge and deep learning to guarantee 

interpretability as well as accuracy.(74) 

 

 Conventional narrow guidelines are being developed to 

exchanged with adaptive procedures, N of 1 designs, and 

virtual control cores manufactured utilizing genuine world 

data. Gimmicks like I-SPY, WINTHER and my Pathway 

demonstrate how AI and dynamic endpoints like ctDNA 
kinetics can revise the regime of regulation and therapy.(75) 

 

https://doi.org/10.38124/ijisrt/25aug886
http://www.ijisrt.com/


Volume 10, Issue 8, August – 2025                                          International Journal of Innovative Science and Research Technology 

ISSN No: -2456-2165                                                                                                              https://doi.org/10.38124/ijisrt/25aug886 

 

 

IJISRT25AUG886                                                                 www.ijisrt.com                                                                                 1432 

Among the most game-changing innovations under 
development, there will be the usage of digital twins, or the 

virtual multi-omic images of individual patients, which allow 

mimicking the response to treatment, toxicity, and resistance 

development rates. Such digital avatars will be able to extend 

clinical decision-making well beyond the capabilities of 

humans. It is also important to note that making those 

technologies inclusive and accessible worldwide is a crucial 

step. The federated learning enables AI models to be trained 

with a diversity of decentralized authorized data sets with 

privacy maintained. Precision oncology can be made 

ubiquitous with the help of mobile genomic platforms and 
open-access decision tools, and in underserved areas of the 

world.  

 

III. CONCLUSION 

 

In order to achieve the full potential of anticipatory and 

evolution-aware oncology, the complementary elements 

should be integrated. Optimized pharmacogenomics-based 

therapies precondition the specific requirements that the 

therapeutic intervention not only be applicable to the tumor 

genomic signature but to also be harmonized to the metabolic 

and genetic individual profile as well, in order to have 
maximum efficacy and minimum adverse effects. Applied 

drug cases put the theoretical constructions into perspective 

and show that the practical significance of precision 

management in resistance treatment and clinical results is 

precisely measured. 

 

By continuing to broaden the therapeutic implications 

of genomic intelligence it is possible to project personalized 

strategies beyond traditional tumor type and across disease 

stages to the immunogenomic combo and synthetic lethality 

and tumor microenvironment modulation. Moreover, the 
integration of pharmacovigilance and drug resistance 

surveillance into the precision workflow will reinforce the 

chain of reactions between the therapeutic approach and 

stewardship, so that new adverse drug reactions and 

resistance profiles become rapidly countered. 

 

Collectively, these elements develop a comprehensive 

self-learning ecosystem of precision oncology the treatment 

of which is not fixed but dynamically optimized; tools and 

drugs of choice are not only reactive but are preemptively 

activated by real-time molecular understanding. This type of 

system will create resilience in the face of therapeutic failure 
and improve patient safety and it will open the gates to 

equitable, replicable innovation in cancer care. 
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