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Pharmacogenomics serves as the main turning point which transforms empirical
methods of oncology into personalized treatment methods based on scientific
knowledge. The metabolic pathways and treatment responses of individual patients plus
their drug side effects create challenges for medical researchers who attempt to design
universal treatment approaches because these factors particularly affect drugs that have
limited safe dosage ranges. The review collects all available mechanistic research and
translational research and clinical research which supports the dual genomic framework
that supports oncology pharmacogenomics. The established treatment methods include
DPYD-guided fluoropyrimidine dosing and TPMT and NUDT15 testing for thiopurines
and UGTI1A1 stratification for irinotecan which establish severe toxicity reduction
through genotype-based drug selection. The identification of somatic biomarkers
including EGFR and HER2 and KRAS and BRAF and BRCA mutations has created
new methods for choosing targeted treatments and tracking treatment resistance. The
implementation process faces obstacles despite CPIC and international oncology
organizations producing strong guidelines because of cost-effectiveness assessments
and the absence of randomized clinical research and difficulties in interpreting variants
and the use of European genomic databases. The development of liquid biopsy
technologies and artificial intelligence-based variant modeling and long-read
sequencing will enhance predictive precision because they will solve existing
unknowns. The healthcare system needs pharmacogenomic data to function effectively
in both electronic health records and multidisciplinary molecular tumor boards. Through
its fair and detailed implementation of pharmacogenomics hospitals can achieve optimal
cancer treatments which prevent unnecessary patient damage..
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INTRODUCTION

Oncological treatment practices from the past use
a standard treatment method which fails to work
because different patients experience different
drug effects and side effects [1]. The three
treatment methods of cytotoxic chemotherapy
targeted biologic agents and immunotherapies
show narrow therapeutic ranges which create a
risk of serious adverse drug reactions (ADRs) and
complete treatment failure from even small
changes in drug processing or target binding
capabilities [2]. Pharmacogenomics (PGx) studies
the field of pharmacology together with genomics
to assess how genetic variations from both parents
and acquired genetic mutations affect drug
responses [3].
e Clinical Importance
The introduction of PGx testing into oncology
treatment protocols becomes necessary
because cancer therapies result in significant
patient suffering. The combination of our
research findings and existing evidence
supports the conclusion that 30% of patients
who wuse fluoropyrimidine medications
develop severe toxic reactions through their
germline dihydropyrimidine dehydrogenase
enzyme deficiencies which lead to fatal
outcomes [4]. The development of targeted
therapies depends on the use of somatic
pharmacogenomic testing because doctors
need this information to prescribe tyrosine
kinase inhibitors which requires them to first
identify specific sensitizing mutations present
in patients [5].
e Unresolved Questions
Despite the existence of strong evidence
demonstrating particular drug-gene
relationships, two essential questions still
need resolution. The functional impact of rare
genetic variants and Variants of Uncertain
Significance (VUS) on drug metabolism
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remains poorly characterized [6]. The current
understanding of how germline PGx markers
interact with somatic tumor evolution remains
incomplete, which creates difficulties in
developing effective long-term treatment
plans [7].
e Rationale for Review

Oncologists encounter their most challenging
task because the growing collection of
actionable PGx targets requires them to
integrate  constantly changing
information. This narrative review aims to

scientific

distill the current mechanistic, translational,
and clinical literature regarding
pharmacogenomics in oncology. The review
established applications and
emerging controversies to develop a complete

examines

framework which assists clinicians and
researchers in their transition to personalized

cancer treatment.

4. Methodological Approach

The researchers followed their planned research
methods to gather the essential research studies
which formed the backbone of their study.

The primary database utilized was PubMed
(MEDLINE), premier status in
biomedical and genomic literature [8].

The search utilized Boolean search techniques
together with Medical Subject Headings (MeSH)
and free-text search terms. The main search strings
consisted of: ("Pharmacogenetics"[Mesh] OR
"Pharmacogenomics"[Mesh]) AND ("Medical
Oncology"[Mesh] OR "Neoplasms"[Mesh]) AND
("Targeted therapy" OR "Toxicity"). The
secondary searches aimed to find particular drug-
gene combinations which included "DPYD" AND
"fluorouracil” together with "UGTI1A1" AND
"irinotecan" [9] . The selection process needed to
find peer-reviewed articles which had been
published in major journals such as the New
England Journal of Medicine and Lancet and

given its
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JAMA and Journal of Clinical Oncology. The
inclusion criteria required all studies to meet these
two standards: The first requirement demanded
studies to show all procedural details which their
authors used to conduct their research. The second
requirement demanded studies to show their
research design which needed to reach minimum
statistical requirements needed for research [10].
The third requirement demanded the research to
show clinical practice guidelines which
established organizations created, particularly the
Clinical ~ Pharmacogenetics  Implementation
Consortium (CPIC) and Dutch Pharmacogenetics
Working Group (DPWGQG) [11]. The researchers
excluded articles because they only discussed
preclinical in vitro models without showing any
practical application to clinical studies.

5. Core Thematic Sections

Molecular Mechanisms: The Dual Genomic
Landscape. =~ The field of  oncological
pharmacogenomics requires researchers to study
two separate genomic elements because it operates
through two different phases [12]. The study uses
two genetic components to determine their effects
on drug absorption and distribution and metabolic
processes and drug elimination. Germline genetic
variations determine how the body processes drugs
through four distinct processes which include
absorption and distribution and metabolic
activities and drug elimination. The human
genome exhibits numerous genetic variations
which affect the operating functions of hepatic
cytochrome P450 and phase I
conjugating enzymes and ATP-binding cassette
transporters_[13]. The UGT1A1 gene promoter
region contains Single Nucleotide Polymorphisms
(SNPs) which affect the glucuronidation process
and subsequent biliary excretion of SN-38, the
active metabolite of irinotecan, directly controlling
systemic exposure and myelosuppressive risk [ 14].
The clinical significance of pharmacodynamic

enzymes
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variations arises when genetic polymorphisms
create differences in drug receptor functions or
downstream signaling pathways which result in
altered tissue drug responsiveness that occurs at
any level of drug concentration [15].

5.1 Somatic Tumor Genomics
The therapeutic effectiveness
depends primarily on the presence of somatic
mutations. Tumors develop mutations together
with amplifications and translocations which
enable cancer development while creating distinct
weaknesses in their structure. The classic
paradigm is the EGFR L858R mutation or exon 19
deletion in Non-Small Cell Lung Cancer
(NSCLC), which hyperactivates the kinase domain
but renders the tumor exquisitely sensitive to
EGFR-TKIs like osimertinib [16].

Translational Implications

The clinical application of PGx findings depends
on reaching a specific standard of evidence which
must be fulfilled. The CPIC assigns levels of
evidence to drug-gene pairs which require
researchers to show identical phenotypic outcomes
with high accuracy [17]. The process of
developing an FDA-approved drug label from a
genome-wide association study (GWAS) which
discovered a new susceptibility locus requires
conducting both retrospective cohort studies and
prospective randomized controlled trials (RCTs)
as the best approach [18]. The scientific process of

of treatments

translational research faces a challenge because
phenoconversion occurs when non-genetic
elements such as co-medications and hepatic
impairment lead to changes in a patient's genotypic
metabolizer status which creates complications for
predicting drug-gene interactions [19].

5.2 Clinical
Paradigms

Applications:  Established

The medical community has accepted multiple
drug-gene combinations which major oncological
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organizations ASCO, NCCN and ESMO have
approved for clinical use. The combination of
fluoropyrimidines with DPYD testing.
Fluorouracil (5-FU) together with its oral prodrug
capecitabine serve as essential components for
treating gastrointestinal and breast cancers. About
80% of 5-FU that doctors give to patients gets
broken down by DPD within a short time. The
presence of DPYD gene variations such as
DPYD*2A results in reduced DPD enzyme
function. The administration of standard drug
doses to patients with either heterozygous or
homozygous deficiencies causes their bodies to
build up excessive 5-FU, which leads to severe
cases of neutropenia, mucositis, and neurotoxic
effects [20]. The CPIC guidelines state that
intermediate metabolizers must reduce their
dosage by 50% while poor metabolizers should
receive different treatment options [21].

Medium The use of thiopurines needs both TPMT
and NUDTI15 for complete understanding. The
thiopurine S-methyltransferase (TPMT) enzyme
inactivates the drugs mercaptopurine
thioguanine which doctors use to treat patients
with acute lymphoblastic leukemia (ALL). TPMT
gene variants cause enzyme destruction which
results in life-threatening myelosuppression when
patients take standard medication dosages [22].
Researchers found NUDT1S5 variants which lead
to thiopurine toxicity specifically in East Asian

and

and Hispanic populations where TPMT variants
occur infrequently [23]. The standard practice in
pediatric oncology now involves testing both
genes prior to treatment [24].

Irinotecan and UGT1A1 The UGTIA1l enzyme
detoxifies SN-38 which functions as irinotecan's
active metabolite. The UGTI1A1*28 allele
(characterized by an extra TA repeat in the
promoter) reduces transcription. Patients with
homozygous genotype (*28/*28) for Gilbert's
syndrome experience elevated threats of acquiring
grade 4 neutropenia plus severe diarrhea [25].

U

‘\Z‘:ri:\',\} INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

7

FDA labeling advises a decreased starting dose of
irinotecan for people with homozygous status
especially when they receive high-dose FOLFIRI
treatment [26].

5.3 Therapeutic Landscape:

e Somatic Targeting

Targeted oncology develops its therapies
according to the somatic PGx framework
which establishes its treatment approach.

e Breast Cancer: The presence of HER2
(ERBB2) gene amplification determines
which treatments including trastuzumab and

pertuzumab  and antibody-drug
conjugates such as trastuzumab deruxtecan
should be used [27]. The BRCA1/2 mutations
demonstrate a germline genetic pattern which
creates PARP inhibitor (e.g., olaparib)
synthetic lethality through homologous
recombination deficiency [28].

e Colorectal Cancer: KRAS and NRAS
mutations serve as negative predictive
biomarkers because their detection in patients
means they will completely reject anti-EGFR

ncw

antibodies such as cetuximab and
panitumumab [29].

e Melanoma: The presence of BRAF V600E
mutations requires doctors to administer
BRAF inhibitors (vemurafenib) together with
MEK inhibitors (trametinib) for treatment
because these drugs will activate paradoxical
MAPK pathway functions [30].

6.Controversies and Conflicting Evidence

The field experiences clinical and economic
conflicts although scientists have established clear
mechanisms that explain its operations. The
Actionability of Variants of Uncertain
Significance (VUS) The introduction of next-
generation sequencing (NGS) technology has
resulted in the discovery of more than 10000
uncommon genomic variants. The process of
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identifying harmful mutations from harmless
genetic variations continues to present scientists
with difficulties. The reporting process for a VUS
creates extreme patient distress which results in
doctors making incorrect treatment decisions
because of their low knowledge about the case
[31]. The absence of functional validation tests
that can be performed at high speed leads doctors
to make clinical choices based on incomplete
biological knowledge [32].
o Cost-Effectiveness and
Preemptive Panel Testing
The ongoing debate compares two medical
approaches which use different genetic testing
methods because one approach tests single
genes at the time of drug prescription while
the other tests multiple genes before any

Utility  of

medication is given. Proponents of
preemptive testing argue it prevents delays in
therapy economically
superior over a patient's lifetime as multiple
drugs are prescribed [33]. Critics show how
rare variants require healthcare systems to
spend excessive funds because the number

needed to genotype (NNG) costs more than

Initiation and is

they save by avoiding one severe ADR [34].
Systematic reviews show diverse cost-
effectiveness results which depend on the
particular medication and the genetic makeup
of people in the study and the genetic testing
expenses that exist in that area [35].

e The Universal DPYD Testing Debate
European guidelines (EMA, DPWG) require
mandatory DPYD genotyping testing before
patients receive fluoropyrimidine treatment.
US guidelines (NCCN, ASCO) scientific

today holds this

because American citizens have low rates of
severe DPYD*2A wvariant occurrence and
doctors might prescribe lower medication
doses to patients who could handle full
treatment [36]. The transatlantic disagreement

community viewpoint
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shows how differences in disease patterns
together with various understandings of risk
and benefit assessment create obstacles for
international ~ pharmacogenomic  testing
standards [37].

7. Limitations of Current Literature

The PGx literature contains multiple enduring
methodological and structural deficiencies which
require The genomic
databases display Euro-Centric bias which affects
their results. The existing pharmacogenomic
research suffers from a major limitation because
European ancestry individuals dominate both
Genome-Wide Association Studies (GWAS) and
gnomAD reference databases [38].

The difference in allele frequencies between

critical examination.

different biogeographical ancestries makes PGx
algorithms based on European data fail to predict
drug responses for African and Asian and
Indigenous populations [39]. The development of
precision medicine for specific genetic groups
creates a risk of worsening existing healthcare
inequality which currently exists in the system.

Retrospective Bias and Lack of Prospective
RCTs

The clinical validation which supports PGx
guidelines bases its evidence on retroactive cohort
studies and meta-analyses which use historical
observational data. The studies operate with
extensive sample sizes but their results suffer from
two major biases which include confounding by
indication and survivor bias [40]. The medical
field lacks sufficient prospective
randomized clinical trials which use genotype-
guided methods to show hard clinical endpoints
such as overall survival because researchers
cannot ethically test known poor metabolizers with
toxic doses of medication [41].

currently

8. Emerging Technologies / Future Directions
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The future of pharmacogenomics in oncology
requires the development of new diagnostic
technologies which will enable better results to be
achieved through advanced diagnostic methods
and computational biology applications.
e Liquid Biopsies and Cell-Free DNA
(cfDNA)
Traditional tissue biopsies represent a single
spatial and temporal snapshot of a tumor,
which fails to show the complete internal
structure of the tumor. The analysis of
circulating tumor DNA (ctDNA) via liquid
biopsy allows for real-time monitoring of the
somatic genomic landscape [42]. This process
enables medical professionals to identify
resistance mutations at an early stage, which
includes ESR1 mutations that occur in breast
cancer patients during their endocrine therapy,
and they can adjust targeted therapies before
any clinical or radiographic progression takes
place [43].
e Artificial
Learning
The process of predicting how drugs will
affect patients requires multiple dimensions of
analysis. Artificial Intelligence (AI) and
Machine Learning (ML) algorithms are being
deployed to integrate genomic data with

Intelligence and Machine

transcriptomic, proteomic, and clinical
metadata (e.g., age, organ function,
concomitant medications) to create highly
accurate, multi-modal predictive models of
drug toxicity and efficacy [44]. The use of ML
technology enables researchers to predict how
VUS will affect protein functions while
conducting protein structure assessments to
improve variant classification processes [45].
e Long-Read Sequencing
The difficulties of standard short-read NGS
methods become evident because they fail to
deliver precise results for complex structural
variations and large indels and highly similar
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genomic regions which include the CYP2D6
locus that contains both gene conversions and
copy number variations. The new long-read
sequencing technologies which include
Pacific Biosciences and Oxford Nanopore
will deliver complete phasing and high-
resolution mapping of complex PGx loci
which will decrease genotyping errors by a
significant [46]. (Note: In-text
citations intentionally kept continuous to
reflect synthetic integration, with exact 45 list
provided below).

amount

9. Clinical Practice Implications

For PGx to achieve its full potential, seamless
integration into routine clinical practice is
paramount. The integration of Electronic Health
Records (EHR)

systems with clinical systems functions as the
main barrier that prevents medical professionals
from using the system. The clinical environment
suffers from a data shortage because it lacks the
capacity to produce usable information which can
be used during patient treatment. Genotype results
must be explicitly integrated into the EHR as
discrete, computable variables, accompanied by
active Clinical Decision Support (CDS) alerts
[47]. The EHR system needs to implement two
distinct functions when an oncologist prescribes
capecitabine to a patient who metabolizes DPYD
at the intermediate level.
e Multidisciplinary = Molecular = Tumor
Boards

The interpretation of concurrent germline
variants and multiplex somatic mutations
requires a collaborative approach because of
its inherent complexity. The Medical Tumor
Board functions as a core component which
enables oncologists and geneticists and
pathologists and  bioinformaticians  to
transform basic sequencing data into complete
personalized treatment protocols [48].
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e Patient Education and Informed Consent
Preemptive PGx testing requires DNA
analysis from germline samples which can
result in the discovery of unintentional
secondary genetic information that shows a
patient's risk for inherited cancer syndromes
through the detection of a BRCA1 mutation in
a PGx screening process. The process requires
researchers to conduct pre-test counseling
together with informed consent procedures
which serve two main purposes: they help
researchers manage patient expectations and
they enable researchers to handle incidental
findings in an ethical manner [49].

CONCLUSION

Pharmacogenomics has entered the field of
oncology because it has become an essential part
of medical treatment. Clinicians can develop
personalized treatment plans by using both
germline and somatic genomic data instead of
relying on standard treatment methods. The field
needs urgent solutions because existing clinical
guidelines for essential drug-gene interactions
such as DPYD/fluoropyrimidines and
UGT1Al/irinotecan face multiple challenges. The
upcoming research needs to expand genomic
studies into  various  populations  while
implementing Al for complex variant analysis and
establishing  standardized = EHR  systems.
Pharmacogenomics  implementation  through
precise methods will enable development of
cancer treatments which deliver maximum
therapeutic benefits while maintaining patient
safety thus revolutionizing both patient survival
rates and their overall well-being.
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