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SUMMARY 

Implementation of pharmacogenetics (PGx) in the clinical practice of cancer therapy is one of the goals for a precision 
medicine. For some anticancer drugs (!uoropyrimidines and irinotecan) precise recommendations by regulatory agencies 
are available. However, in the future, implementation of PGx in clinical practice should also consider the anticancer drugs 
without available pharmacogenetic guidelines and the increasingly important role of rare PGx variants. To overcome 
barriers to PGx implementation we need to focus on pharmacogenetic test clinical utility by adopting a panel-based 
approach and sensitize both physician and patients to the therapeutic value of pharmacogenetic tests.

Impact statement
Implementation of Pharmacogenetics in Oncology is man-
datory for precision medicine. Validated pharmacogenetic 
biomarkers require a pre-therapeutic screening, while the 
contribute of less validated and rare variants, of polythera-
peutic and polygenic effect on patient’s phenotype are be-
coming increasingly important.
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INTRODUCTION
Pharmacogenetics (PGx) refers to the variabil-
ity in response to drug therapies in humans, 
based on the genetic constitutive character-

istics of patients. PGx has grown rapidly in 
the last two decades and PGx biomarkers are 
now available for several drugs to the point 
that regulatory agencies (US Food and Drug 
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Administration (FDA) and European Medical 
Agency (EMA)) incorporated PGx information 
into drug labels (1).
In cancer therapy, PGx has a peculiar role 
since many anticancer drugs are characterized 
by a narrow therapeutic index and the genetic 
background of patients can affect the absorp-
tion, distribution, metabolism, and elimination 
(ADME) of drugs. Regardless of the recom-
mendations made by regulatory agencies on 
anticancer drug use, only for a few of them a 
pretherapeutic pharmacogenetic screening is 
considered mandatory in the clinical care (as 
for ! uoropyrimidines, irinotecan) (see table I). 
Advances in genetics are changing and 
next-generation sequencing (NGS) of DNA of-
fers novel ways to identify PGx factors. Rare 
genetic variants represent new PGx biomarker 
frontier to be investigated and elucidated in 
their contribution to interindividual variability 
(2). In addition, PGx is acquiring a pivotal role 
to better de" ne not only the simple interac-
tion between a candidate gene and a specif-
ic drug, but also polytherapy that is the basis 
of all the anticancer regimens. In this contest, 
the gene activity related to one genetic vari-
ant can affect the metabolism of more than 
one drug concomitantly administered with 
multiple genes and drug interactions involve-
ment (3). Analogously, the activity of a sin-

gle drug can be affected by genetic variants 
in more than one gene acting at a different 
point of the metabolic pathway of the drug. 
In this review we focus on PGx implementa-
tion in cancer therapy. 

NATIONAL AND INTERNATIONAL 
GUIDELINES
Among the most relevant enabling tools in the 
germline PGx implementation process, clin-
ical guidelines for the application of validat-
ed PGx markers have acquired a recognized 
role in the everyday management of patients’ 
treatment (4). Current PGx guidelines propose 
dosing/ treatment personalization for a set of 
gene-drug pairs in oncology that shows sub-
stantial evidence linking genotype and clinical 
phenotype. 
Most of the known PGx information is shared 
through PharmGKB (www.pharmgkb.org) (1, 
5) an open-source literature database, curat-
ed and continuously updated by an interna-
tional panel of experts committed to imple-
ment the translation of PGx recommendations 
into the clinical practice. PharmGKB collects 
the PGx guidelines promoted for the " rst time 
by the Clinical Pharmacogenetics Implemen-
tation Consortium (CPIC) and the Dutch Phar-
macogenetics Working Group (DPWG), two 

 Table I. Recommendations for main pharmacogenetic biomarkers available in anticancer treatments.

Regulatory agencies Scienti! c Societies PharmGKB

Gene-drug couple EMA FDA DPWG SIF-AIOM CPIC

DPYD-
Fluoropyrimidines

Testing 
required

Actionable 
PGx

Testing 
required

Testing 
required

Testing 
required 1A

UGT1A1-Irinotecan Actionable 
PGx

Actionable 
PGx

Testing 
required

Testing 
required N.A. 1A

CYP2D6-Tamoxifen N.A. Actionable 
PGx

Testing 
required N.A. Testing 

required 1A

TPMT/NUDT15-
Thiopurines N.A. Testing 

required
Testing 
required N.A. Testing 

required 1A

Testing required has been reported when a pharmacogenetic test is recommended; actionable PGx when only information regarding 
treatment outcome (toxicity and ef" cacy) in relation to the PGx biomarker have been reported. PGx biomarker considered only informative 
is not listed for the presented pharmacogenes. N.A. was reported when no PGx guidelines were available. PharmGKB level of evidence 1A 
refers to “variant-drug combinations that have variant-speci" c prescribing guidance available in a current clinical guideline annotation or an 
FDA-approved drug label annotation” (1). 
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international working groups that pioneered 
implementation of PGx guidelines based on 
clinical evidence. More recently PGx guide-
lines from other professional societies such as 
the Canadian Pharmacogenomics Network for 
Drug Safety (CPNDS) and the French National 
Network of Pharmacogenetics (RNPGx) have 
been included. 
Just a few gene-drug couples present vali-
dated germline PGx guidelines in oncology, 
i.e. DPYD-!uoropyrimidines, CYP2D6-tamox-
ifen, TPMT/NUDT15-thiopurines, and UG-
T1A1-irinotecan (the latter just for the DPWG). 
In Italy, a collaboration between the Italian So-
ciety of Pharmacology (SIF) and the Italian So-
ciety of Medical Oncology (AIOM) was set up 
to develop and curate PGx recommendations 
for !uoropyrimidines and irinotecan (table I). 
DPD represents the rate limiting enzyme in-
volved in the catabolism of the anticancer 
drugs 5-!uorouracil, capecitabine and tegafur. 
Four variants in DPYD (DPYD*2A, DPYD*13, 
DPYD_c.2846C > T, and DPYD-HapB3) have 
a validated functional effect in reducing DPD 
functionality and increasing the risk of severe 
toxicity related to !uoropyrimidines adminis-
tration. All the international guidelines now 
agree that a pre-treatment DPYD genotyp-
ing is recommended (6, 7), and recently also 
EMA published a document recommend-
ing the DPD screening in order to increase 
treatment safety that was embraced also by 
the Italian drug agency (AIFA) (8). Based on 
the current guidelines, patients that are car-
riers of one variant allele within the panel 
should receive a halved starting dose of !u-
oropyrimidines. In the remote possibility that 
a patient should carry more than one variant 
allele, patients should be phenotyped (i.e. 
DPD activity should be determined) or oth-
erwise !uoropyrimidines treatment should be 
avoided. Italian SIF-AIOM recommendation 
also include a warning on the missense DPYD 
c.2194G > A (DPYD*6) that could be consid-
ered as a post-toxicity analysis in absence of 
the four validated variants. However, the vari-
ant has not been judged suf"ciently powered 

to be included in other PGx guidelines or to 
be recommended by regulatory agencies as a 
pre-treatment test.
Irinotecan is converted into its active metab-
olite SN-38, which in turn is detoxi"ed by the 
UDP-glucuronosyltransferase (UGT) enzyme 
encoded by the UGT1A1 gene. The risk of 
irinotecan toxicity increases in presence of 
genetic variants associated with a reduced 
UGT1A1 enzyme activity, such as UGT1A1*28. 
The DPWG as well the SIF-AIOM recom-
mendations suggest a starting dose of 70% 
of the standard dose for homozygous carri-
ers of the UGT1A1*28 allele, while no pre-
cautionary starting dose reduction is needed 
for heterozygous carriers of the UGT1A1*28 
allele (9). These guidelines are currently not 
endorsed by national or international regula-
tory agencies.
Thiopurines (azathioprine, mercaptopurine, 
thioguanine) are inactivated and detoxi"ed by 
the enzymes TPMT and NUDT15, whose ac-
tivity is affected by the presence of single nu-
cleotide polymorphisms in the corresponding 
genes, which might lead to drug accumula-
tion and toxicity. Dosing recommendations for 
thiopurines based on TPMT and NUDT15 gen-
otype have been published by the CPIC and 
the DPWG (10, 11). Both the guidelines rec-
ommend substantial dose reductions for indi-
viduals who have low or de"cient enzyme ac-
tivity, including considering an alternative drug 
to thiopurines.
Tamoxifen is activated by CYP2D6 into hydrox-
ylated metabolites having greater antiestro-
genic potency than the parent drug. Patients 
bearing loss-of-function genetic polymor-
phisms on CYP2D6 have lower exposure to ac-
tive tamoxifen metabolites concentrations and 
could therefore be exposed to the risk of un-
der-treatment and disease recurrence. Dosing 
recommendations for tamoxifen based on CY-
P2D6 genotype have been published by the 
CPIC and the DPWG (12, 13). Both the guide-
lines recommend that an alternative medica-
tion should be considered for patients who are 
CYP2D6 intermediate metabolizers or poor 
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metabolizers. Alternatively, a dose increase 
can be considered for these patients coupled 
with monitoring of endoxifen plasma level. 

STATE OF ART ON ANTI-TUMOUR 
DRUG PHARMACOGENETICS 
WITHOUT AVAILABLE 
PHARMACOGENETIC GUIDELINES 
In addition to the above reported drugs/phar-
macogenes associations, other less validated 
genetic polymorphisms have been associat-
ed with response to anticancer agents, either 
cytotoxic drugs or targeted agents. However, 
for most of these associations the current level 
of evidence is low and thus a pre-therapeu-
tic genetic test is considered only informa-
tive by FDA and/or EMA. For some of these 
drugs, recommendation guidelines by CPIC, 
DPWG or other international working groups 
(i.e. The CPNDS) integrate information pres-
ent in drug labels by extending data also to 
other genes potentially involved in treatment 
response variations. An example is represent-
ed by cisplatin and TPMT variants. FDA con-
siders a TPMT genetic test only informative in 
relation to the prediction of cisplatin-induced 
ototoxicity in children. In agreement with FDA, 
CPNDS indicates any non-functional TPMT
variant (TPMT*2, *3A, *3B and *3C) at high 
risk for ototoxicity providing a level C – op-
tional recommendation. In addition, CPNDS 
recommends a pharmacogenetic test of the 
same TPMT variants for the prevention of cis-
platin-induced hearing loss in children with a 
level A – strong recommendation (14). 
CPNDS also published guidelines for polymor-
phisms in three genes, RARG, SLC8A3 and UG-
T1A6, in case of pediatric use of doxorubicin 
and daunorubicin to reduce the incidence of 
cardiac toxicity. In particular, a level B - moder-
ate recommendation has been provided for the 
study of RARG rs2229774, SLC28A3 rs7853758 
and UGT1A6 rs17863783 variants (15).
For other cytotoxic agents (i.e. paclitaxel, 
docetaxel, vincristine, oxaliplatin), associa-
tions with polymorphisms in genes relevant 

for their mechanisms of action or resistance 
(i.e. ABCB1 variants), have been reported (16-
18). Polymorphisms in genes encoding detox-
ifying or metabolic enzymes have also been 
associated with a lower response to oxalipla-
tin (i.e. GSTP1 variants) (18, 19) and cyclo-
phosphamide (i.e. CYP2B6 variants) (17) as 
well as with a potential high risk of paclitaxel 
induced peripheral neuropathy (i.e. CYP3A4
variants) (20). However, current available data 
do not support evidence for recommend-
ing genetic test before the administration of 
these drugs and the international pharmaco-
genetic working groups did not propose spe-
ci" c guidelines. An exception is represented 
by the RNPGx that suggests MTHFR and SL-
CO1B1 variants as potential biomarkers of 
methotrexate toxicity, although providing no 
recommendation essentially based on contro-
versial results (mainly for MTHFR) (21).
Regarding targeted therapy, evidence related 
to genetic variants associated with toxicity or 
clinical outcome are reported as actionable or 
informative PGx, which represent the lower 
level of evidence. 
Most examples are associated with metab-
olism enzymes. Considering the CYP family, 
CYP2C9 and CYP2D6 have been described 
as involved in toxicity related events for the 
tyrosine kinase inhibitors (TKI) of FGFR1-4, 
erda" tinib, and the EGFR TKI, ge" tinib, re-
spectively. CYP2C9 poor metabolizers (*3/*3) 
may result in higher systemic concentrations 
and higher adverse reaction risk; for this rea-
son, these patients should be monitored for 
adverse reactions (22). Similarly, CYP2D6 
poor metabolizers in treatment with ge" tinib 
should be carefully monitored even if dose 
adjustment is not required (23). 
Another gene involved in metabolism and of-
ten associated with PGx toxicity is UGT1A1. 
Many drugs are metabolized by the UGT1 
family enzymes, however, the isoform 1A1 is 
the most frequently related to adverse events. 
On PharmGKB platform, many examples are 
reported. Among these, UGT1A1 genotype 
is important in patients under sacituzumab 
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govitecan-hziy treatment. This drug is an an-
tibody–drug conjugate that integrates a hu-
manized monoclonal antibody, which targets 
the human trophoblast cell-surface antigen 
2 (Trop-2), with SN-38 (the active metabo-
lite of irinotecan) to promote the delivery of 
high concentrations of SN-38 to tumors. As 
for irinotecan, the risk of toxicity increases in 
presence of genetic variants associated with a 
reduced UGT1A1 enzyme activity, such as UG-
T1A1*28 (24).
Similarly, nilotinib, a TKI used for chronic my-
eloid leukemia, can increase bilirubin levels 
since UGT1A1 glucuronidates bilirubin for 
elimination. Even in this case, poor metabo-
lizers UGT1A1*28 have a higher risk of hyper-
bilirubinemia (25). A similar mechanism has 
been also observed for pazopanib, a TKI for 
patients with advanced renal cell carcinoma. 
UGT1A1*28 patients should be monitored for 
higher adverse reaction risk (26). The same 
drug treatment can promote deregulation of 
liver enzymes levels in patients carrying the 
HLB*5701 variant and should carefully fol-
lowed-up (27). This speci"c variant is well char-
acterized for its relationship with the abacavir 
hypersensitivity adverse event, but the mecha-
nism is not completely understood yet.
An additional example of PGx that deserves 
to be mentioned is dabrafenib and glu-
cose-6-phosphate dehydrogenase (G6PD), a 
cytoplasmic enzyme that catalyzes the "rst and 
rate-limiting step of the pentose phosphate 
pathway (28). Dabrafenib, which contains a sul-
fonamide moiety, confers a potential risk of he-
molytic anemia in patients with G6PD de"cien-
cy. Even in this case, it is suggested to monitor 
patients with G6PD de"ciency for signs of he-
molytic anemia; FDA has included this indica-
tion within the dabrafenib drug label.

ROLE OF RARE VARIANTS  
IN IMPROVING THE SENSITIVITY  
OF PHARMACOGENETIC TESTS
In recent years, NGS high-throughput technol-
ogies have allowed better insights of genomic 

DNA, deepening our knowledge of inter-indi-
vidual genetic variation with large-scale stud-
ies and shedding light on the contribution of 
rare variants (MAF < 1%) on pharmacological 
phenotypes (29). Few studies have considered 
the impact of application of NGS approaches 
on pharmacogenes. 
One of the "rst studies evaluated SLCO1B1 
transporter gene rare damaging non-synony-
mous variants and their effect on methotrexate 
exposure after high-doses infusions in 699 chil-
dren affected by acute lymphoblastic leukemia. 
Inter-individual variation in methotrexate clear-
ance resulted in important changes in the an-
ti-leukemic effectiveness and in the occurrence 
of severe drug-related gastrointestinal and he-
matological toxicities. SLCO1B1 rare variants 
were studied as follow-up of a pharmacogenetic 
GWAS anaysis (30): they contributed for 17.8% 
of SLCO1B1’s effects on drug clearance (1.9% of 
total variation), delaying drug elimination with 
larger effect sizes than common SNPs (31). 
Recently, in a more comprehensive study, us-
ing exome sequencing data from 60,706 un-
related individuals, Ingelman-Sundberg and 
coworkers investigated the variability in 208 
pharmacogenes, clinically relevant for their 
role in drug ADME as well as in drug pharma-
codynamics. They found that each individual 
harbored 40.6 putatively functional variants 
on average, 10.8% being rare, and that the 
pharmacological relevance of these rare mu-
tations was highly drug-speci"c, depending 
on the gene products involved. Authors an-
alyzed "ve candidate drugs more in detail to 
assess whether rare genetic variants account 
for a substantial part of the unexplained in-
ter-individual differences in drug metabolism 
phenotype. In this analysis it emerged that 
sequencing of candidate transporter genes 
(SLCO1B1, ABCC1, ABCB1, ABCC2, ABCG2) 
would likely improve management of chemo-
therapy with irinotecan to prevent toxicity, 
since 8.7% of all deleterious variants found 
in SLCO1B1, 40.5% in ABCC1, and 100% in 
ABCB1, ABCC2, ABCG2 genes were rare, ac-
counting for > 40% of the still unexplained in-
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ter-individual variability in irinotecan transport. 
For other drugs such as voriconazole, rare 
variants only contributed less than 10% of the 
key metabolic and/or transport processes (32). 
Integrating rare genetic variants into pre-emp-
tive pharmacogenetic tests will allow genotyp-
ing to be highly effective for a true individu-
alization of patients’ drug treatment regimens 
(33). Besides understanding which drug would 
fully bene" t from a pharmacogene characteri-
zation at the sequencing level, population-spe-
ci" c patterns of rare variants should be known 
(34, 35) and taken into consideration for de-
veloping population-adjusted genetic pro" l-
ing strategies (2, 36, 37). For instance, CPIC 
guidelines recommended TPMT and NUDT15 
genotyping of common variants for thiopu-
rine dosing. NUDT15 risk alleles explained the 
majority of thiopurine-induced hematological 

toxicity in Asians; targeted sequencing of the 
full-length NUDT15 gene could thus be a rea-
sonable integrative approach to carefully pre-
dict the initial dosage in Asiatic patients (38). 
In other populations, such as in the Europe-
ans, the characterization of variants in TPMT
should be a priority (39).
Cost-effectiveness of the analysis of rare vari-
ants in pharmacogenes has still to be clear-
ly estimated, however NGS costs have been 
consistently reducing in recent years and this 
approach is promising for the future pharma-
cogenomic analysis (36).

BARRIERS TO PGX IMPLEMENTATION 
AND RELATED PROJECTS 
Despite the clinical evidence for PGx testing, 
its translation into clinical practice is slow and 

Figure 1. Issue and challenges from the discovery to clinical practice of pharmacogenetic biomarker. The " gure 
represents all the existed barriers and challenges to each step of PGx biomarker development from research to 
clinical practice.

PGx biomarker discovery
• Speci" c clinical context of application; 
• low prevalence polymorphism and rare variants; 
• high-throughput technologies; 
• analytical validation (assay development and standardization). 

Clinical research 
• Clinical validity assessment (sample size, clinical follow-up, evidence for 

clinical relevance); 
• clincal utility assessment (test-cost-effectiveness and cost-consequence).

Clinical practice
• Integration in clinical work! ow (EHR and CDSS);
• improvement of PGx knowledge and education; 
• improvement of clinical utility (single gene vs panel-based approach); 
• PGx results interpretation and treatment personalization; 
• PGx test reimbursement; 
• PGx information in drug lea! et by regulatory agencies; 
• availability of PGx guidelines from speci" c scienti" c societies; 
• integration with polytherapeutic and polygenic effects.
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hindered by many barriers that prevent its im-
plementation on a larger scale (figure 1). Such 
translation requires, beyond an established 
statistical association with an outcome of drug 
therapy, evidence of clinical-utility and cost-ef-
fectiveness that will likely result in favorable 
coverage decisions from payers (40). Lack of a 
unique clinical utility de"nition results in uncer-
tainty regarding the level of evidence required 
to support implementation of a PGx test into 
the clinic. According to some authors, the rec-
ommendation for testing can be “potentially 
bene"cial”, “bene"cial” and “essential” de-
pending upon both the clinical effects associ-
ated with the gene-drug interaction and the 
level of evidence, as assessment of test sensi-
tivity and speci"city, supporting the associat-
ed clinical effect (41). Another barrier for PGx 
test implementation includes reimbursement 
issues, especially in those cases in which there 
is a relatively low allele frequency of de"cient 
variants, as in the DPYD case. Low allele fre-
quencies are inversely related to the incremen-
tal bene"t of screening, with consequences on 
the cost-effectiveness assessment of the PGx 
test. This results in uncertainty about level of 
coverage by insurance and reimbursement. 
Regardless, reluctance to embrace PGx test-
ing is often the result both of unfamiliarity with 
PGx knowledge and of the physician’s crucial 
position in PGx-based prescription delivery. 
Indeed, although physician may perceive the 
bene"t of using PGx, they are in a front-line 
position to handle the potential volume of 
such information by reviewing, interpreting, 
delivering PGx test results and providing fol-
low-up to the patient. Moreover, pharmacog-
enomic knowledge will further increase in the 
future considering the continuing advances in 
NGS which will result in new drug-gene inter-
actions discovered. Eventually, to make eco-
nomically feasible in community-based prac-
tice settings to utilize genetics to guide drug 
prescribing, structured approaches (i.e. algo-
rithms) and implementation of point-of-care 
electronic clinical decision support (CDS) are 
most needed (42). 

Clinical PGx programs utilizing implementa-
tion models have been reported since the 
early 2000s and continue to be published in 
a variety of healthcare settings including aca-
demic health centers, primary care and com-
munity practice adopting both preemptive 
and point-of-care testing (43). The eMERGE-
Pgx is a partnership of Electronic Medical Re-
cords and Genomics Network (eMERGE) and 
the Pharmacogenomics Research Network 
(PGRN) aimed at integrating clinically vali-
dated pharmacogenetic genotypes into the 
electronic health record and associated CDS 
(44). A few medical institutions also started 
implementation projects to overcome reac-
tive genotyping in favour of preemptive ge-
notyping. This is the case of the Icahn School 
of Medicine at Moun Sinai with CLIPMERGE, 
the Mayo Clinic with RIGHT project and the 
Vanderbilt University Medical Center with PRE-
DICT. Mount Sinai Medical Center’s, member 
of eMERGE network, initiated the CLIPMERGE 
PGx program directed at optimizing the use of 
PGx in clinical care by using a DNA biobank 
derived cohort (BioMe). Another main network 
involved in the integration of patient’s genetic 
data into their clinical care is IGNITE, involv-
ing the University of Florida’s with the PGx im-
plementation program Personalized Medicine 
Program, the Indiana University’s with INGE-
NIOUS program and the Vanderbilt University’s 
with I3P program. Cleveland Clinic’s Personal-
ized Medication Program, the St. Jude Chil-
dren’s Research Hospital’s PG4KDS program, 
the University of Chicago’s 1200 Patient Proj-
ect represented other initial efforts to translate 
PGx in clinical care (45). A multicentric pro-
spective, controlled, block‐randomized clini-
cal trial (PREemptive Pharmacogenomic test-
ing for prevention of Adverse drug Reactions, 
PREPARE) initiated in 7 European countries in-
cluding Italy with the "nancial support of the 
European Community Horizon 2020 recently 
concluded. The aim of the PREPARE study was 
to assess the clinical utility of implementing a 
panel of PGx markers into routine care on the 
prevention of toxic events, on the improve-
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ment of patients’ quality of life and on the re-
duction of toxicity-related costs (46). This huge 
international effort will hopefully demonstrate 
that PGx implementation in clinical practice is 
feasible and whether a pre-treatment PGx ap-
proach will positively impact health outcomes, 
decision making and costs in several " eld of 
Pharmacology, including cancer.

CONCLUSIONS
Implementation of PGx in oncology remains 
an important goal for the personalization of 
therapy. The recommendations of the regula-
tory agencies, although limited to only a few 
antineoplastic drugs, generate important ev-
idence for its clinical utility in support of im-
plementation in the clinical care. However, to-
day we are probably facing a decisive point 
in PGx research, where we acknowledge that 
the initial historical search for variants in can-
didate genes did not produce the expected 
breakthrough change in the prescription of 
oncologic drugs. Indeed, the effect of a drug 
follows a multimodal network at the interface 
between many interactions between drugs 
and genes. The activity of a single variant in 
a single gene has only in extreme cases (i.e.
in the case of *2A or *13 variants of DYPD) a 
dramatic effect. The activity of a gene can de-
pend on several variants located on the same 
actionable gene which can be present in dif-
ferent combinations predicting different phe-
notypes. The implementation of a panel-based 
pharmacogenetic test covering all the action-
able genes available in a pre-therapeutic set-
ting has been referred as the PGx intervention 
with the most clinical impact (47). Information 
on other pharmacogenes can be widely ex-
ploited in the oncologic context considering 
the polytherapeutic nature of most regimens. 
Drugs can interact each other and their action 
is the result of a polygenic effect depending 
on the functional activity of several genes. On 
this ground, focusing on gene-gene interac-
tions and between multiple genes and multi-

ple drugs could represent a PGx strategy with 
a real clinical relevance. Finally, emerging ob-
servation seem to indicate that rare variants 
in actionable genes could have a signi" cant 
pharmacological effect which has required, in 
some instance, an NGS diagnostic approach 
to unravel the complexity of the patient’s de-
veloped phenotype. Even the variant germ-
line burden has been considered to be of po-
tential impact on drug effect as suggested by 
Lauschke et al. (48) where the adoption of arti-
" cial intelligence strategy will play an increas-
ingly important role. This raises the problem 
of introducing expensive and more time-con-
suming technologies into clinical practice also 
considering the high level of personnel spe-
cialization required to conduct and interpret 
these data. It is mandatory to carefully evalu-
ate the feasibility of such approaches, proba-
bly not scalable in the short-term, in terms not 
only of costs but also of clinical utility.
Ultimately, the implementation of PGx in clini-
cal practice cannot overlook the aspects of ed-
ucation and sensitization that are still lacking 
among both healthcare professionals and pa-
tients (49). If these aspects are not given the 
attention they deserve, the lifetime bene" t of 
pharmacogenetic panel test on patient clinical 
outcome is reduced to a pre-therapeutic diag-
nostic exam, losing the therapeutic opportu-
nity to be used for future prescriptions. PGx 
might take many years to be implemented con-
sidering that, although sequencing techniques 
are increasingly accessible, they require spe-
cialized personnel and prolonged turnaround 
times, resulting in a high implementation cost 
in the realities of clinical oncological practice. 
In this scenario, the implementation projects 
carried out at national and international lev-
el acquire a crucial importance to tackle such 
challenges. 
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