Pharmacogenomics and Personalized Medicine

Dove

REVIEW

Pharmacogenomic Assessment of Patients with
Colorectal Cancer and Potential Treatments

1,2
1,2

Gemma Bruera
Enrico Ricevuto

On behalf of Oncology
Network ASLI Abruzzo

'Oncology Territorial Care, S. Salvatore
Hospital, Oncology Network ASLI
Abruzzo, University of L'Aquila, LAquila,
Italy; 2Department of Biotechnological
and Applied Clinical Sciences, University
of L'Aquila, LAquila, Italy

Correspondence: Gemma Bruera
Oncology Territorial Care, S. Salvatore
Hospital, Oncology Network ASLI
Abruzzo, Department of Biotechnological
and Applied Clinical Sciences, University
of L'Aquila, Via Vetoio, LAquila 67100,
Italy

Tel +39 0862368746

Fax +39 0862368308

Email gemma.gbb@gmail.com

This article was published in the following Dove Press journal:
Pharmacogenomics and Personalized Medicine

Abstract: Evolving intensiveness of colorectal cancer (CRC) treatment, including che-
motherapeutics and targeted agents associations, in adjuvant and metastatic CRC (MCRC)
(0OS) with
Pharmacogenomic guidelines recommended pre-treatment identification of at-risk patients

settings, increased overall survival individual wvariability of toxicity.
suggesting dose adjustment of fluoropyrimidines based on dihydropyrimidine dehydrogenase
(DPYD), and irinotecan on UDP glucuronosyl-transferase 1 family polypeptide Al
(UGT1A1) genetic variants, but they are poorly applied in clinical practice. This review
highlighted clinically validated pharmacogenetic markers, to underline the need of their
implementation in the multidisciplinary molecular board for individual CRC patients in
clinical practice. Five clinically relevant DPYD variants with different prevalence impair
enzymatic effectiveness and significantly increase toxicity: ¢.1236 G>A (c.1129-5923 C>G,
HapB3), 4.1-4.8%; c.1679 T>G (DPYD*13), ¢.1905+1G>A (DPYD*2A), c.2846 A>T,
c.2194 A>T (DPYD*6) 1% each. ¢.1679T>G and ¢.1905+1G>A are most deleterious on
DPD effectiveness, moderately reduced in c.1236/HapB3 and ¢.2846A>T. Cumulatively,
these variants explain approximately half of the estimated 10-15% fluoropyrimidine-
related gastrointestinal and hematological toxicities due to DPD. Prevalent UGT1A1 gene
[TA];TAA promoter allelic variant UGT1A1*28, characterized by an extra TA repeat, is
associated with low transcriptional and reduced enzymatic effectiveness, decreased SN38
active irinotecan metabolite glucuronidation, vs wild-type UGTIAI*] [A(TA)6TAA].
Homozygote UGT1A1*28 alleles patients are exposed to higher hematological and gastro-
intestinal toxicities, even more than heterozygote, at >150 mg/m> dose. Dose reduction is
recommended for homozygote variant. Wild-type UGT1A41%*28 alleles patients could tolerate
increased doses, potentially affecting favorable outcomes. Implementation of up-front eva-
luation of the five validated DPYD variants and UGTI1A1*28 in the multidisciplinary
molecular tumor board, also including CRC genetic characterization, addresses potential
treatments with fluoropyrimidines and irinotecan associations at proper doses and schedules,
particularly for early CRC, MCRC patients fit for intensive regimens or unfit for conven-
tional regimens, requiring treatment modulations, and also for patients who experience
severe, unexpected toxicities. Integration of individual evaluation of toxicity syndromes
(TS), specifically limiting TS (LTS), an innovative indicator of toxicity burden in individual
patients, may be useful to better evaluate relationships between pharmacogenomic analyses
with safety profiles and clinical outcomes.

Keywords: colorectal cancer, personalized treatments, pharmacogenomics

Introduction
Over the last 35 years, complexity of CRC medical treatment raised from single
agent S5-fluorouracil (5-FU) as the only line of treatment in MCRC, with 30% of
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activity consisting of partial responses,'” giving a few
months increase of overall survival (OS), to 5-FU, or
newer antimetabolites, as single agents or associating
with up to three different chemotherapeutic agents, also
including an anti-vascular endothelial growth factor
(VEGF) or anti-epidermal growth factor receptor (EGFR)
targeted drug, as adjuvant and subsequent lines of MCRC
treatment, gaining up to 80% efficacy,” ® also consisting of
complete responses, and justifying integration with sec-
ondary surgical resection of metastases,” thus achieving
>20% 5 years-OS. Chemotherapeutic drugs, including
fluoropyrimidines, irinotecan, oxaliplatin, associated to
targeted (bevacizumab, ziv-

agents, antiangiogenic

aflibercept, regorafenib, ramucirumab) or anti-EGFR

(cetuximab, panitumumab), determined significant
improvements of MCRC clinical outcomes, but correlated
with a relevant increase of toxicity burden.

In clinical practice, the pathway addressing step-by-
step proper treatment of each individual CRC patient con-
sists of: evaluation of clinical parameters, such as age,
comorbidities, performance status, to differentiate among
patients fitting for intensive medical treatments or unfit,
thus requiring modulated treatment strategies; evaluation
of disease extension (primary tumor/nodes-limited; meta-
static involvement, liver-/lung-limited or multiple meta-
static sites); genetic characterization of cancer cells by
KRAS/NRAS/BRAF genotyping, mismatch repair proteins
(PMMR), and microsatellite instability (MSI), addressing
among different drug options.®'” Nowadays, R4S geno-
type identifies MCRC patients resistant to anti-EGFR
treatments, BRAF VOOE mutant patients could benefit
from anti-BRAF (encorafenib)/cetuximab association in
pretreated patients;'® deficient MMR, and/or MSI-high
patients could benefit from immunotherapy.'’

Evolving intensiveness of CRC medical treatment to
achieve better clinical outcome is weighed by a wider
spectrum of increased cumulative toxicities, with consis-
tent individual variability, justifying on-treatment modula-
tions of planned regimens.”’ More, most MCRC patients
are unfit for intensive regimens,'® thus requiring a priori
individual modulations, including drug dose reductions
and/or schedule modifications, reduction of number of
associated drugs, and individual planning of different
sequential treatment strategies.

Implementation of pharmacogenomic analyses in the
multidisciplinary CRC management can increase the
safety of different treatment options,”' determining cumu-
lative adverse events of any grade in approximately 90%

of patients at any disease stage with high individual varia-
bility,
Pharmacogenomic analysis, based on the detection of

and can be unpredictable at clinical level.

inherited allelic variants, consisting of point mutations or
single nucleotide polymorphisms (SNPs) differentially
affecting Phase I and II enzymes function, specifically
regarding ATP-binding cassette/solute carrier membrane
transporters, proteins involved in DNA repair, folate path-
way, and immune response, can identify at-risk patients
and should be routinely implemented in tumor molecular
board evaluations in clinical practice, to properly persona-
lize chemotherapy and manage toxicity. Some genetic
markers of toxicity were validated, specifically for fluor-
opyrimidines and irinotecan, and are under evaluation, not
established to date for oxaliplatin-specific adverse events,
such as peripheral neuropathy, nor for novel targeted
agents. International scientific consortia, particularly the
Clinical Pharmacogenomics Implementation Consortium
and Dutch Pharmacogenetics Working Group,** published
pharmacogenomics guidelines, strongly recommending
before treatment beginning the identification of CRC
patients potentially at risk of toxicity, to increase safety,
suggesting dose adjustment of fluoropyrimidines based on
dihydropyrimidine dehydrogenase (DPYD), and of irino-
tecan based on UDP glucuronosyl transferase 1 family,
polypeptide Al (UGT1A1) genetic variants. In clinical
practice, these recommendations are still poorly applied
in the oncological settings. Nevertheless, chemotherapy-
related toxicities prevalently remain unjustified.

This review highlights clinically validated pharmacogenetic
markers to be implemented in the multidisciplinary pathway of
proper selection of medical treatment in clinical practice for the
individual CRC patient, also including CRC genetic character-
ization. Different retrospective studies investigated predictive/
prognostic relevance of different pharmacogenomics biomar-
kers in CRC patients, related to the occurrence of different
adverse  events, prevalently  gastrointestinal  and
hematological. > %> To date, only some DPYD and UGT1A1
genetic variants demonstrated clinically relevant evidence and
were validated for clinical application.

Fluoropyrimidines and Clinically
Relevant DPYD Genetic Variants

Up to now, the fluoropyrimidine drugs class is a milestone
in CRC treatment, in early and metastatic disease, and
5-FU and its pro-drug capecitabine remain the chemother-
of different 5-FU,

apy backbone associations.
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capecitabine, and tegafur can induce gastrointestinal and/
or hematological limiting toxicities (LT), prevalently
related to clearance deficiency. The most relevant rate-
limiting enzyme involved in hepatic catabolism of about
85% of fluoropyrimidines administered dose is DPYD,
codified by DPYD gene, frequently characterized by
genetic variants justifying highly inter-patients variability
in enzymatic effectiveness (about 8-21-fold).

A DPD deficiency familial linkage detected in a patient
who experienced 5-FU-induced toxicity suggested poten-
in 5-FU
Molecular data suggested a correlation

tial biological pharmacogenetic variability
metabolism.”®
between DPYD gene allelic variants and DPD effective-
ness deficiency, inducing fluoropyrimidine toxicity.

The metabolism of fluoropyrimidine involves enzymes
with different intermediate metabolites, prevalently depending
on the key enzyme DPD, that metabolize >80% administered
5-FU or capecitabine dose into 5-fluoro-5,6-dihydrouracil
(5-FDHU).?” In the event of DPD inactivation or reduced
effectiveness, the 5-FU amount for activation of anabolic
pathway increases, inducing adverse effects.

DPYD is a gene characterized by a wide range of inter-
individual genetic variants, with highly polymorphic features,
also according to ethnicity. DPD deficiency is prevalently

related to mutations within DPYD encoding genes, with more

than 40 reported polymorphisms, point (introns and exons),
splice-site, frame-shift nonsense mutations, deletions (exon
skipping), functionally affecting splicing process, gene tran-
scription, with complete inactivation or significant and different
reduction of enzyme effectiveness. Different DPYD genetic
variants alter mRNA splicing or the protein sequence, even if
prevalently with not significantly impairment of enzyme effec-
tiveness or inducing not clear functional effect. Four DPYD
variants are of primary relevance due to their prevalence,
impaired enzymatic effectiveness, and correlation with severe
fluoropyrimidines-related adverse events (Table 1): c.1236
G>A (¢c.1129-5923 C>G, HapB3, rs75017182), c.1679 T>G
(DPYD*13, p.I560S, 1s55886062), c.1905+1G>A (DPYD
IVS14+1G>A, DPYD*2A, 1s3918290), c¢.2846 A>T (p.
D949V, 1567376798). In Europeans, ¢.1129-5923C>G HapB3
is the most common DPYD variant with decreased function,
with carrier frequencies 4.1-4.8%, followed by c.1905+1G>A
(1-1.2%) and ¢.2846A>T (0.8-1.4%).

The ¢.1236 G>A (c.1129-5923 C>G, HapB3) variant in
intron 10 inserts a cryptic splice site, determining partial pro-
duction of a transcript with non-functional features. This variant
in SNP is the determining DPYD haplotype (HapB3), spanning
intron 5 to exon 11. The synonymous variant ¢.1236G>A
(rs56038477) is in perfect linkage disequilibrium with
¢.1129-5923C>G.

Table 1 DYPD and UGT/AI Mutations with Pharmacogenetic Clinical Implications in Colorectal Cancer

Gene Mutations Locus Position Protein Prevalence | Toxicity Fluoropyrimidine/
Risk Rate | Irinotecan Dose Reduction
Heterozygous | Homozygous

DPYD

c.1236G>A/ Intron 10 HapB3 4.1-4.8% 1.59 75 50

HapB3 Cryptic splicing site

1129- rs75017182

5923C>G
*13 1679T>G Rs558886062 lle560Ser <l 4.40 50 0
*2AIVS 1905+1G>A Exon 14 skipping rs3918290 1-1.2 2.85 50 0
+1G
*14 2846A>T rs67376798 Asp949Val 0.8-1.4 3.02 75 0

D949V

*6 2194G>A Rs180160 V732I <l - 85 70
UGTIAI
*28 TAG6/TA7 40 1.90 100 -

TA7ITA7 10 4.79 - 70
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The three other mutations were associated with more
relevant fluoropyrimidine risk of toxicity:*® DPYD*2A,
c.1905+1 G>A (DPYD:1VS14+1 G>A); DPYD*13, ¢.1679
T>G; ¢.2846 A>T. The most well-studied DPYD variant
clearly associated with severe or even life-threatening toxi-
city, DPYD*2A, ¢.1905+1 G>A (DPYD:IVS14+1 G>A),
localized at the exon 14 intron boundary, a splice site muta-
tion, a purine transition at the first nucleotide of the intron 14,
functionally consisting of a splicing mutation, determines
entire exon 14 skipping and translation in a protein non-
functional effectiveness.”” Thus, the heterozygous genotype
consisting of mutated and wild-type alleles determines 50%
reduction of its effectiveness; bi-allelic mutation or homo-
zygous mutated genotype determines complete loss of func-
tion of enzymatic DPD effectiveness. DPYD*13, c.1679
T>G, and ¢.2846 A>T are missense mutations affecting the
function of the protein, strongly related with fluoropyrimi-
DPYD*13, ¢.1679 T>G
induces the aminoacid change Ile560Ser in a DPD flavine

dine-induced adverse events:

binding domain; the non-synonymous variant c.2846 A>T,
determining the Asp949Val aminoacid change near a DPD
iron-sulfur motif. In a review reporting daily practice guide-
lines, omission or dose reductions of fluoropyrimidine drugs
were recommended in homozygous and heterozygous car-
riers of these three variants, respectively. Thus, the most
deleterious impact on DPD effectiveness is determined by
DPYD*2A (c.1905+1G>A) and DPYD*13 (c.1679T>G);
¢.2846A>T and ¢.1129-5923C>G moderately reduced DPD
effectiveness.

Among the four DPYD variants, DPYD ¢.2846A>T,
DPYD*2A, and DPYD*13 are rarer with frequencies of
0.2-1.4% in Europeans; DPYD-HapB3 are reported with
higher minor allele frequency of 4.8%. Considering the
combined frequency of all four variants, 7% of Europeans
harbor at least one of these DPYD variants with decreased
function that cannot justify the reported estimation of
10-15% of fluoropyrimidine-induced toxicities related to
DPD. Thus, DPYD analysis, by identification of poor
metabolizers, may reduce toxicity occurrence, even if
patients wild-type for the described genetic variants may
experience severe toxicities.*?

More than 30% of CRC patients receiving 5-FU and its
pro-drug capecitabine report early-onset limiting or even
life-threatening toxicity.

In a meta-analysis of eight studies including 7,365 patients,
the four most relevant DPYD variants were clinically and
significantly related to fluoropyrimidine-induced toxicity
(Table 1)*°  ¢.1236G>A/HapB3  adjusted RR=1.59

(CI=1.29-1.97, P<0.0001); DPYD*13  (c.1679T>G)
RR=4.40 (CI=2.08-9.30, P<0.0001); DPYD*2A ¢.1905
+1G>A RR=285 (CI=1.754.62, P<0.0001); and
¢.2846A>T RR=3.02 (CI=2.22-4.10, P<0.0001). Consistent
associations were also reported for DPYD*13 (c.1679T>Q)
and c.1236G>A/HapB3, respectively, with: gastrointestinal
adverse events, adjusted RR=5.72 (CI=1.40-23.33, P=0.015)
and RR=2.04 (CI=1.49-2.78, P<0.0001); hematological
adverse events, adjusted RR=9.76 (CI=3.03-31.48,
P=0.00014), and RR=2.07 (CI=1.17-3.68, P=0.013). In
a meta-analysis, also patients harboring DPYD*2A ¢.1905
+1G>A were reported as at increased risk of overall adverse
and

events, specifically hematological ones,

1

diarrhea,
mucositis.>' A strong association was reported between
DPYD ¢.2846A>T missense mutation and overall >G3 toxi-
city, and >G3 diarrhea. In prospective studies, an inverse linear
relationship was described between odds ratio (OR) of
DPYD#*2A ¢.1905+1G>A and overall >G3 toxicity incidence,
suggesting a relevant impact in patients with lower incidence
of severe toxicity.

In the event of toxicity experienced after treatment,
other variants, such as ¢.2194 G>A (DPYD*6, p.V732],
rs1801160), could be evaluated (European Medicine
Agency Pharmacovigilance Risk Assessment Committee).
The association between c.1601G>A (DPYD*5, p.S534N,
rs1801159) and toxicity was not significant (adjusted
RR=1.52, CI=0.86-2.70, P=0.15).*°

Clinical relevance of the DPYD pharmacogenetic test
to predict fluoropyrimidines-related toxicity was retrospec-
tively investigated among 603 CRC patients treated with
fluorouracil-based regimens.*> Patients were tested for
eight DPYD polymorphisms, including DPYD*I3
c.1679T>G,DPYD*24 c.1905+1G>A, DPYD c.2846A>T,
DPYD*6 ¢.2194G>A, and four other variants (DPYD-
1s2297595, DPYD-rs1801158, DPYD-rs1801159, DPYD-
rs17376848) related with >G3 toxicity occurrence, within
the first three treatment cycles. >G3 toxicity incidence in
DPYD*24 ¢.1905+1G>A, DPYD c¢.2846A>T, DPYD*13
c.1679T>G heterozygous genotype carriers were 66.7%,
60.0%, and 50.0%, respectively. DPYD*24 c.1905+1G>A
and DPYD c¢.2846A>T were significantly associated to
>@G3 toxicity (P=0.003, P=0.048, respectively); no signifi-
cant correlations were reported with DPYD*13 ¢.1679T>G
due to the low allelic frequency, even if death was reported
after one treatment cycle in one out of two heterozygous
patients (DPYD*24 ¢.1905+1G>A mutant). Among seven
patients carrying one variant DPYD*24 ¢.1905+1G>A,
DPYD*13 ¢.1679T>G, DPYD ¢.2846A>T allele, who did
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not develop >G3 toxicity, dose or schedule modification
for moderate chronic toxicity was reported in 57%
patients. No other DPYD polymorphism was associated
with >G3 toxicity. In the daily practice, DPYD*2A4
c.1905+1G>A, DPYD*13 ¢.1679T>G, and DPYD
c.2846A>T genotype analyses could prevent >G3 toxicity
related to fluoropyrimidines and enhance compliance to
treatment plan.

Among 1,545 stage III CRC patients enrolled in Pan-
European Trials in an Alimentary Tract Cancer
(PETACC)-8 Phase 3 trial, randomized to standard adju-
vant fluorouracil, leucovorin, oxaliplatin (FOLFOX4), or
cetuximab added to FOLFOX4 for 6 months, 25 DPYD
variants were genotyped, and related with >G3 5-FU
adverse events.”® Statistically significant correlations
were found between DPYD ¢.2846 A>T and DPYD*6
c.2194 G>A variants (D949V and V732I) with increased
incidence of >G3 5-FU adverse events: 18 out of 21
(85.7%, OR=6.3; CI1=2.0-27.0, P<0.001) and 121 out of
199 (60.8%, OR=1.7, CI=1.3-2.4, P<0.001), respectively.
The association with neutropenia >G3 was: DPYD ¢.2846
A>T OR=52 (CI=2.0-16.0); DPYD*6 c.2194 G>A,
OR=1.8 (CI=1.3-2.4). Hematologic toxicities >G3 were
associated with DPYD*6 ¢.2194 G>A variant, OR=1.9
(CI=1.4-2.6). The association between DPYD*6 ¢.2194
G>A variant and 5-FU-related >G3 side-effects, and over-
all hematological toxicities, was confirmed and validated
in a population of 339 MCRC patients treated with
FOLFOX4 in the
Cancérologie Digestive 2000-05 phase 3 trial.

Fédération  Francophone de

In an ancillary pharmacogenetic study of Italian
TOSCA randomized trial including CRC patients treated
with 3 or 6 months of FOLFOX-4 or XELOX adjuvant
chemotherapy, 10 DPYD variants, including the three
most relevant mutations (DPYD*2A ¢.1905+1G>A,
DPYD*13 ¢.1679 T>G, DPYD c.2846 A>T), DPYD*6
c.2194 G>A, DPYD*5 c.1601G>A, and five different
other variants (DPYD*4 rs1801158 G4A, *9A rs1801265
T4C, 152297595 A4G, 1517376848 T4C, 175017182 C4G)
were retrospectively evaluated.”® Fluoropyrimidine-related
adverse events were reported in 194 out of 508 evaluable
patients (38.2%), more frequently in DPYD*6 c.2194
G>A carriers. Time to toxicity was significantly affected
in patients harboring DPYD*6 ¢.2194 G>A, DPYD*2A
¢.1905+1 G>A, and rs2297595 GG genotype. Neutropenia
was the prevalent adverse event (28.5%); diarrhea 6.5%.
DPYD*6 ¢.2194 G>A, DPYD*2A ¢.1905+1 G>A variant
alleles

were significantly associated with time to

neutropenia. Median time to toxicity was 7 months
among homozygous genotype patients, significantly shor-
tened (0.9-2.1 months) in homozygous DPYD*6 ¢.2194
G>A and rs2297595, and in DPYD*2A ¢.1905+1 G>A
heterozygous genotypes. Shortened time to toxicity was
reported in DPYD*6 ¢.2194 G>A. The early onset of
toxicity underlines the relevance of enzymatic deficiency
and could contribute to verify DPYD variants/DPD status
in patients experiencing early-onset limiting fluoropyrimi-
dine related toxicities after treatment administration.

In a multi-center toxicity evaluation conducted among
17 hospitals in the Netherlands, including 1,181 patients,
the four most relevant DPYD mutations, DPYD*2A
c.1905 G>A, DPYD*13 ¢.1679 T>G, c.2846 A>T, and
c.1236 G>A/HAPB3 were prospectively genotyped prior
to receive a treatment containing a fluoropyrimidine drug
(capecitabine or fluorouracil alone or associated with other
chemotherapeutic drugs or radiation therapy).** Among
1,103 patients, 85 (8%) harbored heterozygous DPYD
variant allele, 1,018 (92%) DPYD wild-type. Patients har-
boring heterozygous DPYD variant allele were treatment
with up-front 25% (c.2846A>T and ¢.1236G>A) or 50%
(DPYD*2A and ¢.1679T>G) dose reduction; patients with
wild-type genotype were treated with standard dose.
Overall, fluoropyrimidine-related limiting adverse events
were prevalent in patients with DPYD variant (33 of 85
[39%] patients) compared with wild-type (231 of 1,018
[23%]; P=0.0013). DPYD genotype-based dose reductions
improved safety: relative risk (RR) for severe fluoropyr-
imidine-related toxicity was 1.31 (95% CI=0.63-2.73) for
dosing guided by genotype analyses compared with 2.87
(2.14-3.86) in the historical control for DPYD*2A car-
riers; no reported toxicity vs 4.30 (2.10-8.80) in
DPYD*13 ¢.1679T>G patients, 2.00 (1.19-3.34) vs 3.11
(2.25-4.28) for c.2846A>T patients, 1.69 (1.18-2.42) vs
1.72 (1.22-2.42) for c.1236G>A ones. For DPYD*2A and
DPYD*13 ¢.1679T>G carriers, an up-front dose reduction
of 50% was useful. The authors suggested more investiga-
tion for ¢.1236G>A and c.2846A>T carriers and adequate
dose modulation 50% vs 25%.

DPYD  c.496A>G, c.1601G>A, c.1627A>G,
¢.1896T>C, and ¢.2194G>A variants were detected in
a population of 982 patients who experienced >G2 gas-
trointestinal and/or >G3 hematological adverse events,
and in a cohort of 272 patients not requiring reduction
of drug dose, treatment delay, or discontinuation; while
c.1905+1G>A and c.2846A>T were reported only in the
cohort of patients experiencing LT.?” DPYD ¢.1679T>G
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and ¢.1236G>A/HapB3 were not detected. In an univari-
ate analysis, DPYD*2A ¢.1905+1G>A, ¢.2846A>T, and
c.2194G>A alleles were reported as significantly corre-
lated with hematological and gastrointestinal adverse
events (P<0.05); c.496A>G variant was associated with
neutropenia (P=0.06). Specifically, DPYD*2A IVS14
+1GA and AA genotypes were reported as significantly
correlated with diarrhea (P=0.001), febrile neutropenia
(P<0.0001), thrombocytopenia (P=0.012), and alopecia
(P=0.007); c.2194GA/GG variants were associated with
mucositis (P=0.053), leucopenia (P=0.003), and throm-
bocytopenia (P=0.049); ¢.2846AT/TT were reported as
correlated with diarrhea (P=0.02). Thus, ¢.2194G>A was
correlated with toxicities with clinical impact, as the
¢.1905+1G>A and c.2846A>T variants, and should be
analyzed to prevent the risk of experiencing adverse
events related to fluoropyrimidine administration.

In a population of 1,827 patients, 31 (1.7%) showed
DPYD*2A SNP, 53 carried one additional SNP: 35 (66%)
among 146 who developed severe toxicities, 18 (34%) out
of 220 with no or mild toxicities (P<0.0001).’ DPYD*6
c.2194G>A was the prevalent SNP (12.5%), significantly
correlated with severe neutropenia. In particular, neutro-
penia was reported in 50% of patients harboring
c.2194G>A (23 out of 46) vs 21% of wild-type genotype
(67 out of 320) (OR=3.75, CI=1.98-7.10; P<0.0001).
DPYD ¢.2846A>T and DPYD*13 ¢.1679T>G were corre-
lated to different adverse events: a significant correlation
of ¢.2846A>T SNP was reported (P=0.0097), not statisti-
cally relevant for ¢.1679T>G due to the small population
enrolled. DPYD ¢.2846A>T (1.37%, five out of 366
patients) was associated with neutropenia (P=0.0141) and
other toxicity (P=0.0049), while DPYD*13 ¢.1679T>G
(two out of 366, 0.55%) induced only gastrointestinal
adverse events (P=0.0027). The event of toxicity was
significantly different in patients with one of the three
SNPs vs wild-type (median time to toxicity 5 vs 11 cycles;
P<0.0001). In particular, patients harboring ¢.1679T>G
variant vs wild-type reported very early occurrence of
toxicity, 2 vs 8 cycles (P=0.02), as in ¢.2846A>T SNP, 1
vs 8 cycles (P<0.0001). Patients harboring DPYD*6
c.2194G>A variant showed an earlier toxicity onset, sig-
nificantly different vs wild-type, 6 vs 10 cycles
(P=0.0022). This could be related with a moderate reduc-
tion of about 15-20% of the enzymatic effectiveness of
DPD, induced by this SNP, with a detrimental effect
determining limiting toxicities by a cumulative effect evi-
dent in the advanced cycles, and not in CRC patients

treated with fluoropyrimidine alone, but after exposure to
poly-chemotherapy association. Thus, 50% dose reduction
is recommended in DPYD*13 ¢.1679T>G genotype
patients, as reported in Clinical Pharmacogenetics
Implementation Consortium guidelines.

Among 828 patients who received fluoropyrimidine-
based chemo-radiotherapy, occurrence of severe >G3
adverse events in patients harboring DPYD variant allele
and receiving upfront reductions of fluoropyrimidine dose
according to pharmacogenetic recommendations and
patients who did not received specific reductions was
compared with patients with DPYD wild-type genotype
treated with standard dose.*”> Patients harboring DPYD
variant allele who received standard doses reported an
increased risk of limiting gastrointestinal (adjusted
OR=2.58, P=0.045) or hematological (adjusted OR=4.19,
P=0.015) adverse events vs wild-type. Patients harboring
DPYD variant allele treated with dose reductions reported
comparable limiting gastrointestinal adverse events vs
wild-type patients, but more, even if not statistically sig-
nificant, limiting hematological adverse events.
Hospitalizations for all patients harboring DPYD variant
allele were comparable, not depending from dose modula-
tion; mean duration of hospitalization was significantly
shorter among patients treated with dose reduction
(P=0.010).

Recently, Clinical Pharmacogenetics Implementation
Consortium (CPIC), and the Royal Dutch Association for
the Advancement of Pharmacy (DPWG) regulatory organi-
zations tried to harmonize drug dosing adjustment accord-
ing to genotype considering the gene activity score (GAS)
model: based on the enzyme effectiveness, DPYD alleles
are classified as completely non-functional (GAS=0), inter-
mediate functional (GAS=0.5), or normally functional
(GAS=1.0). The potential correlation between the 4-SNP
panel of DPYD variants including DPYD*2A, DPYD*13,
c.2846A>T, c.1236A>G-HapB3, strongly recommended by
the current pharmacogenomic guidelines to prevent limiting
toxicities induced by fluoropyrimidine, and the risk to
experience dose-limiting toxicities was evaluated by strati-
fying patients according to DPYD GAS model.*® GAS 1.0,
patients harboring one DPYD*2A or DPYD*13 allele, GAS
1.5, one ¢.2846A>T, or c.1236G>A-HapB3 allele. Non-
carriers GAS 2.0. A population of 763 patients treated
with fluoropyrimidine-based chemotherapy was retrospec-
tively evaluated. Patients harboring at least one DPYD
variant with decreased function in the 4-SNP panel reported

a significant correlation with the risk of experience dose-
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limiting adverse events (>G3 non-hematological or grade
>G4 hematological toxicity), within the first three treatment
cycles (OR=2.7, 95% CI=1.33-5.41), or during the entire
treatment course (OR=2.7, 95% CI=1.42-5.04). The GAS
model demonstrated to better evaluate the risk of experience
dose-limiting acute (GAS=1.5, OR=1.80, and GAS=1.0,
OR=10.12) and total adverse events (GAS=1.5, OR=2.08,
and GAS=1, OR=7.09).

5-FU and capecitabine treatment in patients with low or
absent DPD effectiveness is contraindicated by the Food
and Drug Administration (FDA), no dose modulation is
recommended for intermediate metabolizers, variably
applied in clinical practice. Moreover, the recent publica-
tion of CRC European Society for Medical Oncology
(ESMO) guidelines did not consider recommendations
regarding pre-emptive DPYD evaluation. European
Society for Medical Oncology guidelines suggest baseline
pharmacogenomics evaluations as optional, strongly
recommended before fluoropyrimidine re-introduction in
patients who experienced severe toxicity.’’ To prevent
potential severe adverse events, particularly gastrointest-
and hand—foot

European Medicine Agency Pharmacovigilance Risk

inal, hematological, syndrome, the
Assessment Committee recommended DPD evaluation for
all patients candidate to receive a fluoropyrimidine-based
regimen, specifically baseline evaluation of the following
clinically validated mutations: ¢.1236 G>A (c.1129-5923
C>G, HapB3), c.1679 T>G (DPYD*13, p.I560S), ¢.1905
+1G>A (DPYD*2A), ¢.2846 A>T (p.D949V).
Furthermore, proper evaluation of correlations between
fluoropyrimidine and safety should take into account con-
comitant administered drugs and their potential pharmaco-
logical interaction with DPD, as well as previous
experienced toxicities in the event of pre-treatment, to
suggest adequate recommended dose reduction. Detection
of specific pharmacogenomic biomarkers predictive of
drug-induced adverse events, particularly in the adjuvant
setting, remain a critical need, to avoid LT, potentially
affecting treatment effectiveness, due to dose and/or sche-
dule modifications or treatment discontinuation. The nar-
row therapeutic index may be particularly unfavorable in
CRC patients potentially cured by surgery, and treated
with fluoropyrimidines in the adjuvant setting. Suggested
administered fluoropyrimidine doses should take into
account DPYD genotype, and, specifically: for wild-type,
100% of standard dose; for heterozygous, 75% in ¢.1236
G>A, 50% in ¢.1679 T>G, c.1905+1G >A, c.2846 A>T,
85% in ¢.2194 G>A; for rare mutant homozygous, 50% in

c.1236 A/A, 70% in ¢.2194 A/A, and should be avoided in
¢.1679 G/G, ¢.1905+1 A/A, and c.2846 T/T.

Irinotecan and Clinically Relevant
UGTIAI Genetic Variant

Irinotecan is a pro-drug, converted by carboxylesterases,
ubiquitously distributed in the tissues, to its active meta-
bolite SN-38, a topoisomerase I poison 100-1,000-fold
more potent. Irinotecan could determine severe toxicities,
prevalently gastrointestinal and hematological LT,
primarily related to a clearance deficiency. Metabolism
and drug excretion are primarily hepatic, less relevant
renal.

Marked inter-patient variability has been reported for
irinotecan-based regimens toxicity, due to highly variable
levels of the active metabolite SN38 in the plasma and/or
at the site of specific adverse event, as the bone marrow
correlated with different factors. In particular, irinotecan
conversion to SN38 by carboxylesterase enzymes and
SN38 glucuronidation to inactive SN38 glucuronide
(SN38G) by uridine diphosphate glucuronosyltransferase,
UGT1A Phase II enzymes family, involved in bilirubin
conjugation. Other transport and metabolic pathways are
involved in irinotecan and SN38 disposition: SN-38 is
subject to oxidation by cytochrome P450 family isoforms
3A4, 3AS, and adenosine triphosphate-binding cassette
transporters; distribution qualities of SN38 compared
with irinotecan may be relevant.

In the genome, the UGT1A4 enzymes family is a series
of four invariant exons; transcribed product may be spliced
to one of nine exons, defining specific substrate-binding
domains. Due to the structural variability, the isoform
UGTIAI has the greatest affinity for SN-38, prevalently
related to irinotecan catabolism, by conjugating the active
metabolite SN-38 with glucuronic acid; UGTIA47 and
UGTIA9 were recently reported as involved in the
process.

UGT enzyme levels are prevalently regulated at tran-
scriptional level, and the variability of the promoter struc-
ture affects the transcription rate. In the proximal
promoter, a series of TA repeats vary from five to eight
in length: the transcriptional effectiveness of the gene is
more efficient with a lower number of repeats. The pre-
valent alleles have six and seven repeats. Ethnic and racial
origin affect the allele frequency of these repeats: in
a white population, about 50% [TA6/TA6], 40% [TA6/
TAT7], 10% [TA7/TA7] genotypes.
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The prevalent allelic variant of promoter region of
UGTI1A41 gene [TA],TAA, UGT1A1*28, rs8175347, char-
acterized by an extra TA repeat in the promoter gene
region [A(TA)7TAA] is associated with low transcrip-
tional and reduced enzymatic effectiveness, decreased
SN38 glucuronidation, vs wild-type UGTIA4A1*] [A(TA)
6TAA], that has six TA repeats. SN-38 is glucuronidated
less efficiently in patients harboring homozygous
UGTI1A41%*28 allele compared to patients who have one or
two wild-type alleles, and therefore are exposed to higher
SN-38 plasma concentrations after treatment.

Pharmacogenetic analyses aim to minimize toxicity
and maximize treatment efficacy. In 2005, US FDA
recommended to prospectively identify patients at higher
risk for adverse effects induced by standard irinotecan
doses, due to a genetic polymorphism in the gene encoding
UGTIAI, inducing a lower capacity to metabolize and
excrete SN-38, and a greater exposure to active drug
after receiving standard drug dose.’® This warning was

added to irinotecan package inserts:

Individuals who are homozygous for UGT1A1*28 allele
are at increased risk for neutropenia following initiation of
CAMPTOSAR treatment. A reduced initial dose should be
considered for patients homozygous for UGT1A1*28
allele.

Also, the FDA approved the companion genetic test
UGTIAI Molecular Third Wave
Technologies Inc, Madison, WI), evaluating genomic

(Invader Assay;
DNA isolated from peripheral blood, to identify patients
homozygous harboring UGTIAI*28 allele, and recom-
mended to consider a modulated initial irinotecan dose in
these patients.

Major irinotecan-related adverse events in combination
regimens are dose-limiting diarrhea and neutropenia, fre-
quently and variably occurring together in the same
patient. A relationship between UGTIAI*28 genotype
and toxicity was demonstrated in patients treated with
single-agent irinotecan administered every 3 weeks. The
incidence of hematologic and gastrointestinal toxicities
was increased in patients homozygous or heterozygous
for *28 genotype; addiction of more drugs significantly
increased the risk of experiencing adverse events.
UGTI1A41%*28 homozygous genotype was clearly associated
with neutropenia induced by the administration of irinote-
can alone or in a combination regimen, only significant for
diarrhea. Concomitant experience of both toxicities, that
can be considered a major risk factor for early death as

reported in trials proposing irinotecan addiction to 5-FU,
may be correlated with a specific genotype. In a large
cooperative group trial (N9741) including 520 patients,
the preliminary genotyping evaluations confirmed the sig-
nificant association between homozygous *28 and the risk
of developing G4 neutropenia for irinotecan plus oxalipla-
tin arm (P=0.004), but not for weekly administration of
irinotecan plus 5-FU (IFL; P=0.46). An increased risk of
febrile neutropenia was associated with homozygous *28.
No association was reported for the severity of diarrhea.

In a prospective study including 250 patients with
metastatic disease treated with first-line irinotecan, 5-FU,
leucovorin, prevalence of homozygous TA-/TA-, hetero-
zygous TA¢/TA, wild-type TA¢/TAg genotype were 8.8%,
45.6%, 45.6%, respectively.*’ TA¢ and TA; allele frequen-
cies were 68.4% and 31.6%, respectively. UGTIAI*28
polymorphism correlated with increased risk of G3-4
hematologic adverse events (OR=8.63; CI=1.31-56.55),
relevant for the first cycle alone. G3-4 neutropenia
occurred in two out of 114 (1.7%) TA¢/TAs, six out of
114 (5.3%) TA¢/TA, and three out of 22 (13.6%) TA7/TA,
patients. TA, allele and G3-4 non-hematologic toxicity
were not statistically significantly correlated. TA indel
polymorphism did not affect diarrhea; G3 diarrhea was
reported in three TA¢/TAg¢ and three TA¢/TA, patients;
no G4 diarrhea was reported in the first treatment cycle.

Hematologic and non-hematologic toxicities during the
entire treatment course were not clearly associated with
UGTIA1*28 polymorphism. Specifically, G3—4 neutrope-
nia were reported in four out of 22 (18.2%) TA+/TA,, 20
out of 114 (17.5%) TA;/TA¢, and 11 out of 114 (9.6%)
TA¢/TA¢ patients. G3—4 diarrhea were reported in one out
of 22 (4.5%) TA7/TA7, 14 out of 114 (12.3%) TA;/TAs, six
out of 114 (5.3%) TA¢/TA¢ patients, respectively.

Among UGT1A1*28/*28 genotype patients, the asso-
ciation between irinotecan dose and the risk of G3-4
hematologic adverse events was assessed in a meta-
analysis including 821 patients, treated with different regi-
mens, including higher irinotecan doses (200-350 mg/m?),
administered every 21 days, intermediate irinotecan dose
(180 mg/m?), administered every 2 weeks, or lower doses
with weekly administration (80—125 mg/m?); irinotecan
was administered alone or in combination with other
drugs.*® UGT1A1*28/*%28 genotype was correlated with
limiting hematologic adverse events in three out of 10
samples (P<0.05), associated with toxicity in two samples
(P<0.1), and not associated in the other five.
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The risk of developing irinotecan-related hematologic
adverse events for patients harboring a UGT1A1*28/*28
genotype was related with administered dose. The risk of
hematologic among patients with
UGT1A1*28 and patients with UGTIA1*1/*1 or
UGTI1A1*1/%28 was significantly correlated with drug
dose increase (P=0.028). The risk of develop toxicity
was enhanced in patients with UGTI1A1*28/*28 vs
UGTI1A1*1/*1 or UGT1A1*1/*%28 genotype treated with
moderate (150-250 mg/m?) (OR=3.22, CI=1.52-6.81;
P=0.008) and high (>250 mg/m*) (OR=27.8, CI=4.0—
195; P=0.005) irinotecan doses. Risk of toxicity was simi-
lar at lower irinotecan doses (OR=1.80, CI=0.37-8.84;
P=0.41) (100-125 mg/m?), the therapeutic dose range
commonly administered. At higher doses (>150 mg/m?),

adverse events

the risk of experience hematologic adverse event was
strongly correlated with UGT1A1*28 polymorphism. At
the other side, at lower doses (<150 mg/m?), the risk of
develop hematologic adverse events in patients harboring
a UGT1A1%*28/*28 genotype was not significantly differ-
ent compared with patients with one or two wild-type
alleles (UGT1A1*1/%28 or UGT1A1*1/*1, respectively).

UGT1A1*28/*28 genotype correlated with limiting
diarrhea only in one sample (RR=3.40, CI=1.76-6.59;
P=0.02), and the risk of develop diarrhea in patients har-
boring a UGT1A1*28/*28 genotype was not related with
irinotecan dose. However, diarrhea rate in patients harbor-
ing one or two wild-type alleles inversely correlated with
irinotecan dose.

Irinotecan maximum-tolerated dose was investigated in
a dose-finding phase I trial enrolling patients with meta-
static disease harboring UGT1A1*1/*1 and *1/*28 geno-
types, undergoing first-line irinotecan plus infusional
5-FU/leucovorin (FOLFIRI).*! Patients with
UGT1A1*28/*28 genotype were excluded; 59 with *1/*1
or *1/*28 genotype were eligible for dose titration.
Irinotecan starting dose was 215 mg/m* with biweekly
administration for both subgroups, dose of infusional
fluorouracil was fixed. At cycle 1, the prevalent limiting
hematologic toxicity (24%) was G3—4 neutropenia; among
non-hematologic toxicities, G3 diarrhea (7%), G3—4 asth-
enia (5%), G3 anorexia (3%). Along the entire treatment
course, G3—4 neutropenia was 37% (7% G3—4 febrile
neutropenia), and G3 diarrhea was 14%.

Irinotecan dose was escalated up to 370 mg/m? in
patients harboring *1/%28 genotype and up to 420 mg/m?
in patients harboring *1/*1 genotype. Dose-limiting toxi-
cities were reported in two out of four patients with *1/*28

genotype at 370 mg/m? and in two out of three patients
with *1/*1 genotype at 420 mg/m”. No dose LT were
reported in 10 patients with *1/*28 genotype treated at
310 mg/m* and in 10 patients with *1/*1 genotype treated
at 370 mg/m?. Thus, these levels represented the maxi-
mum tolerated doses for each group. The prevalent G3—4
adverse events were diarrhea and neutropenia.

In a meta-analysis of 16 trials conducted in Caucasian
population, including different irinotecan combination
regimens and doses in CRC, UGT1A1*28/*28 genotype
significantly correlated with more than 4-fold (OR=4.79,
CI=3.28-7.01; P<0.00001) and 3-fold (OR=3.44,
CI=2.45-4.82; P<0.00001) increased risk of develop neu-
tropenia vs wild-type and patients with at least one
UGTI1A1*1 allele, respectively (Table 1).** UGT1A1*1/
*28 genotype showed an OR of 1.90 (CI=1.44-2.51;
P<0.00001) for increased risk of experience neutropenia.
An increased risk of irinotecan-related neutropenia was
reported in patients with heterozygote or homozygote
UGTI1A1*28 allele, regardless of the administrated dose
and association of fluoropyrimidine.

The risk of diarrhea was 2-fold increased in patients
with UGT1A1%28/*28 genotype (OR=1.84, CI=1.24-2.72;
P=0.002), with irinotecan high dose (OR=2.37,
CI=1.39-4.04; P=0.002) or in the event of fluoropyrimi-
dine association (OR=1.78, CI=1.16-2.75; P=0.009).
UGT1A1*28 homozygous variant showed a stronger asso-
ciation with toxicity, also reported for UGT1A1*28 het-
erozygous variant.

Thus, pre-emptive UGT1A1*¥28 polymorphism geno-
typing for CRC patients can contribute to personalize
treatments, reducing irinotecan-related adverse events.

To prevent potentially severe adverse events, UGT1A1
pharmacogenetic analysis is recommended before irinote-
can treatment to avoid LT, or after irinotecan exposure in
the event of G3—4 gastrointestinal and/or G4 hematologi-
cal, or any unexpected severe toxicity. To properly evalu-
ate potential correlation between irinotecan and induced
toxicity, concomitant administered treatments and their
potential pharmacological interaction with UGTIAI, as
well as previously experienced toxicities, should take
into consideration, to recommend dose modifications, spe-
cifically: 100% of standard dose for wild-type 6/6, and
heterozygote 6/7; 70% in mutant homozygote 7/7.

For UGT1A1*28 homozygous CRC patients, the US
Food and Drug Administration (FDA) recommend initial
irinotecan dose modulation, with dose reduction not
better specified. The

European Medicines Agency
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(EMA) recommends reduction from 80 to 60 mg/m* of
irinotecan starting dose in UGTI1A1*28 homozygous
patients.

Potential Correlations Between
DPYD and UGTIAI Activity and
Efficacy

Some studies proposed tumoral DPD effectiveness as
pharmacogenomic markers of response, correlated with
5-FU efficacy.

SNPs in DPYD were not significantly associated with
OS or PFS among 568 MCRC patients treated with first
line capecitabine, oxaliplatin, bevacizumab + cetuximab in
the CAIRO? trial.*

In a prospective study including 250 previously untreated
MCRC patients treated with irinotecan, 5-FU, leucovorin,*
TA-/TA; patients (OR=0.32; CI=0.12-0.86) compared with
TA¢/TAg reported higher response rate, potentially related to
different pharmacokinetics, specifically higher biliary index
and lower glucuronidation ratio, associated with TA,/TA,
genotype, suggesting functional relevance of the polymorph-
ism. Patients harboring the TA7/TA; (HR=0.52; CI=0.31-
0.90) and TA¢/TA; (HR=0.73; CI=0.55-0.98) variant allele
significantly showed different time to progression, vs wild
type patients: 316, 239, and 226 days, respectively. Patients
with TA; variant allele vs TA¢/TA¢A showed a non-
significant survival advantage: HR=0.81 (95% CI=0.45-
1.44) for TA7/TA;, HR=0.84 (95% CI=0.58-1.21) for TA¢
/TA, respectively; median OS=686, 669, and 613 days for
TA,/TA,, TA¢/TA;, and TA¢/TAg patients, respectively.

In the dose-finding phase I trial enrolling MCRC
patients harboring UGT1A1*1/*1 and *1/*28 genotypes,
treated with first-line irinotecan added to infusional 5-FU/
leucovorin (FOLFIRI),*' ORR was higher in patients with
*28 allele or treated at doses higher than the maximum
tolerated doses; time to progression was not different
between higher and lower than maximum tolerated doses.

In a meta-analysis, in Caucasian CRC patients who had
received irinotecan, OS and PFS were not significantly
affected by the presence of >1 UGT1A41*28 alleles (homo-
zygous, heterozygous, or wild-type).**

Other UGTI1A1l wvariants include the UGTI1A1*6
(rs4148323, 211G>A) polymorphism, prevalent in the
Asian populations, considered as a predictor for irinotecan-
induced adverse events in this geographic area. UGT1A1*6/
*6 genotype correlated with an approximately 70% reduction
of UGT1ALl effectiveness. UGT1A1*6 correlated with the

risk of irinotecan-related neutropenia, and was reported as
a significant correlate with limiting diarrhea.*
UGT1A9*22 genotype carriers were more at risk for
diarrhea due to higher enzyme expression and SN-38
glucuronidation.*® Other UGTIA9 variants, such as
UGT1A9*3 and UGT1A9*5, are rare in Caucasians and
therefore were not reported as significantly affecting iri-
notecan pharmacokinetics and pharmacodynamics in this
specific population.*’
with UGTIA7*3* and UGTIA7*4
polymorphisms*® showed lower enzyme activity and

Patients

reduced SN-38 conjugation: an increased risk of irinote-
can-induced toxicity was reported in UGTIA7*3/*3
carriers.***°

Irinotecan and SN-38 represent substrates of ABC trans-
porters, therefore irinotecan pharmacokinetics and related
toxicities may be affected by polymorphisms in ABC.>
Increased SN-38 plasma concentrations and/or decreased
absolute neutrophil counts were associated with ABCCl1
SNPs rs6498588 and rs17501331.°" Increased risk of early
toxicity, reduced objective response, and shorter OS were
reported in patients harboring ABCB1 SNP (rs1045642).>

Also, enhanced SN-38 plasma concentrations and major
risk of neutropenia was reported for SLCOIBI1*5
(rs4149056), combined with UGT1A1%*28 variant alleles.>

Other Pharmacogenomic

Biomarkers

This review aimed to focus on recommended biomarkers
with enhanced evidence to be applied in clinical practice
and add relevant information to guide potential treatments
and contribute to better management of CRC patients.

Other potential pharmacogenomics biomarkers were
reported requiring more evidence for recommendation,
both for fluoropyrimidines and irinotecan, and also for
oxaliplatin.

In the ancillary pharmacogenetic evaluation of Italian
TOSCA randomized study enrolling CRC patients treated
with FOLFOX-4 or XELOX adjuvant chemotherapy, for 3
or 6 months, 17 polymorphisms in 11 genes (specifically,
7S, MTHFR, ERCCI, XRCCIl, XRCC3, XPD, GSTTI,
GSTP1, GSTM1, ABCCI, ABCC2) were analyzed, and
none of them showed a clinically relevant association
with G3-4 fluoropyrimidines and oxaliplatin-related (G2-
4 for neurotoxicity) toxicity.>*

TYMS is the key intracellular 5-FU target. A polymorphic
tandem repeat sequence in the 5'-untranslated region
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(5'UTR) into TYMS Sequence Enhancer Region (TSER)
defines different haplotypes (TSER*2 up to TSER*9).
Many studies evaluated the associations between TSER gen-
otype (predominantly TSER*2 and *3) and treatment
response.” Allele harboring the triple tandem repeat (3R)
has increased TYMS expression compared with those har-
boring the double repeat (2R). In MCRC, low TYMS levels
correlated with more favorable treatment outcome.’® TYMS
3R/3R vs TYMS 3R/2R genotype carriers have a 1.6-fold
increased risk of toxicity (43% of patients treated with 5-FU).
Only 3% of patients with TYMS 3/3 genotype developed
G3—4 toxicity.”®

An important predictor of response to 5-FU is methy-
lenetetrahydrofolate reductase, encoded by MTHFR gene.
Several SNPs influence MTHFR activity; and MTHFR
A222V was significantly associated with 5-FU response,
increased risk of adverse events, and OS in stage III and
IV CRC patients, even if conflicting results were reported.

The ABCBI1 gene is part of the drug transporter gene
family. A significantly higher risk of diarrhea was reported
in patients harboring ABCB1 111451 treated with 5-FU,”’
while lower risk of hand-and-foot syndrome was reported
for patients harboring the same genotype and treated with
capecitabine.’® Among 239 CRC patients treated with
capecitabine, a significant correlation was reported
between ABCBI1*1 haplotype [1236C, 2677G (893Ala),
and 3435C] and limiting overall adverse events.’’

Exon 5 GSTPI 313A>G polymorphisms (GSTP1*B,
Ile105Val, rs1695) were correlated with inhibition of
enzyme effectiveness, cancer resistance or toxicity, speci-
fically increased risk of neutropenia,®* and neurotoxicity,*
while homozygous mutant patients reported a lower risk of
neurotoxicity and tumor progression vs wild-type.

The Excision Repair Cross-Complementing group
(ERCC also named XPD) and the X-Ray Cross-
Complementing group (XRCC) are genes involved in
DNA adducts repair. ERCC2 encode DNA Helicase; resis-
tance to platinum drugs is related with nuclear protein
suppression. A significant correlation between A/A (Lys/
Lys) genotype at codon 751 and favorable OS in MCRC
treated with 5-FU and platinum was reported.®* ERCC2
variants Lys751GIn and Asp312GlIn were correlated with
favorable outcomes in patients treated with oxaliplatin-
based
Lys751GIn correlated with increased risk of relapse.®'

chemotherapy. Heterozygous genotype for
Lower response, unfavorable PFS, and OS in Caucasians

were reported in the CC and the heterozygous AC.

Arg399GIn germline variant of the gene encoding
XRCC1 was associated with lower risk of toxicity:
patients harboring Gln mutant allele (heterozygous plus
homozygous) reported a 5.2-fold increased risk of resis-
tance to 5-FU/oxaliplatin therapy.®® Carriers of both AA
(for ERCC2) and GG (for XRCC1) may show enhanced
DNA repair ability, reducing the effect of nucleoside
analogs drugs, inducing drug resistance and unfavorable
outcomes.

Cost-Effectiveness Analyses

Moreover, among 550 CRC patients who received fluor-
opyrimidine-based chemotherapy, a cost analysis was per-
formed on the experienced adverse events. Retrospective
genotype of DPYD*2A, DPYD*13, DPYD c.2846A>T,
DPYD-HapB3, and UGT1A1*28 did not affect patients’
treatments.”> DPYD and UGT1A1%28 variants were cor-
related with the costs to manage adverse events during
fluoropyrimidine-based chemotherapy: patients with at
least one DPYD wvariant experienced higher costs
(€2,972; 95% CI=€2,456—€3,505) compared with wild-
type (€825; 95% CI=€785-€864) (P<0.0001), and showed
an increased risk of adverse events requiring hospitaliza-
tion (odds ratio=4.14; 95% CI=1.87-9.14). In patients
treated with fluoropyrimidine plus irinotecan, the incre-
mental cost between patients harboring DPYD variant
and UGT1A1*28/*28 and wild-type was €2,975.

Among 571 Italian patients who were treated with
fluoropyrimidines-based therapy, the DPYD gene was ret-
rospectively analyzed to analyze the cost sustained to
manage toxicity guided by DPYD and clinical benefit,
based on quality adjusted life years (QALYs).*
Effectiveness was measured as OS from chemotherapy,
data regarding safety, efficacy, and resource utilization to
manage specific adverse events, were used to measure
costs to treat drug-related toxicity. Fluoropyrimidines
treatment guided by DPYD genotype was reported as
a cost-saving option for the Italian healthcare system.
Patients without any DPYD c¢.2846A>T, DPYD*2A,
DPYD*13, and DPYD-HapB3 variant alleles (group A)
had more QALYs and favorable outcomes, in terms of
survival months from the beginning of treatment, vs
patients harboring one of the DPYD c¢.2846A>T,
DPYD*2A, DPYD*13, and DPYDHapB3 risk variant
alleles (group B),
containing regimen. The mean cost to manage fluoropyr-

treated with fluoropyrimidine-

imidine-induced toxicity in group A was estimated at

€1,010, compared with the average cost of group
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B (€3,712). These incremental costs were mainly related
with more frequent limiting adverse events in group B vs
group A, specifically G4 diarrhea and febrile neutropenia.
DPYD extensive metabolizers (528 patients) reported
enhanced effectiveness and lower cost, compared with
DPYD intermediate and poor metabolizers (43 patients)
with mean QALY 4.18 (95% CI=3.16-5.55) vs 3.02 (95%
CI=1.94-4.25), representing a cost-saving option. The cost
of DPYD extensive vs intermediate/poor metabolizers was
significantly lower (P<0.01); some differences in survival
between the two groups were reported (P>0.05).

In a prospective clinical trial proposing upfront fluor-
opyrimidine dose adjustment based on DYPD genotype,
the mean treatment cost per individual was significantly
lower in patients analyzed for DYPD*2A variant before
drug administration (€2,772), compared with patients trea-
ted with standard dose (€2,817), showing a cost-effective
rationale.®’

Discussion

The evolving intensiveness of CRC medical treatment to
increase clinical outcome is weighed by a wider spectrum
of enhanced cumulative toxicities, with consistent indivi-
dual variability, justifying on-treatment modulations of
planned regimens in clinical practice.’* More, most
MCRC patients
strategies,'® thus requiring a priori individually modulated

are unfit for intensive treatment
approaches, consisting of drugs dose reductions and/or
schedule modifications, regimens associating with reduced
number of drugs, and individual planning of different
sequential treatment strategies.

Chemotherapeutic drugs administered as a single agent
or in multiple association in CRC patients are frequently
associated with severe toxicities, that compromise planned
dose and schedule, and treatment efficacy. Detection of
genetic variants in genes involved in drugs metabolism
could predict the safety profile and enable us to tailor proper
Different
demonstrated that genetic variants of different enzymes

individualized treatment strategies. studies
involved in fluoropyrimidine and irinotecan metabolism
increased the risk of adverse events. Clinically relevant
data involve DPD for fluoropyrimidine, and UGT1A1 for
irinotecan, through its metabolite SN-38.%

A reduced DPD effectiveness could result in an
increased 5-FU half-life, inducing a higher risk of adverse
events occurrence.®” Although prospective identification
of known DPYD variants determining a consistent reduc-

tion of DPD effectiveness is validated to prevent severe,

treatment-related adverse events, this clinical approach is
not yet routinely implemented in clinical practice.
Prospective detection of DPYD variants, guiding upfront
personalization of fluorouracil dose, could translate into
a relevant clinical benefit in patient care by reducing
toxicity, and maintaining the treatment plan and efficacy.
To date, three DPYD variants showed highest evidence to
predict 5-FU-induced severe toxicity: DPYD*24 c¢.1905
+1G>A, DPYD*13 ¢.1679T>G, DPYD ¢.2846A>T, each
reported with approximately 1.0% prevalence in the
Caucasian population.®® Different studies demonstrated
that at least four most relevant DPYD genetic variants
should be conventionally evaluated, also including
DPYD c.1236 G>A (c.1129-5923 C>G, HapB3), the
most prevalent DPYD variant. Patients carrying c.IVS14
+1G>A DPYD variant develop severe toxicities when
treated with fluoropyrimidine, with different reported fre-
quencies (5.5-29%). Recently, further studies showed that
DPYD*6 ¢.2194G>A should also be evaluated due to
significant association with clinically-relevant adverse
events. Overall, approximately 8% of CRC patients are
heterozygous DPYD variant allele carriers, mostly deter-
mined by these five mutations significantly determining
fluoropyrimidines-related toxicity, justifying different
dose reductions.

Allelic variant UGTIA1*28 is associated with reduced
irinotecan metabolism, and hematological and gastrointest-
inal toxicities. The risk to experience adverse events seems
to be dose-dependent, generally not reported for doses
<150 mg/m?. Reduced Irinotecan dose is recommended in
patient carriers of homozygote UGTIAI*28 variant.
Moreover, some data suggest that patients carrying wild-
type UGTIAI allele could tolerate increased irinotecan
doses, potentially affecting more favorable clinical outcome.

Moreover, coexisting diarrthea and neutropenia repre-
sent major related irinotecan adverse events, and in this
event proper and careful doses adjustments are required.
Thus, oncologists should better define different and speci-
fic genotype-phenotype implications, to properly persona-
lize treatments in clinical practice.

Pharmacogenomic analyses should be performed
when chemotherapy treatment is planned, according to
specific clinical settings, particularly to avoid LT in
elderly and frail patients with comorbidities. These eva-
luations should be recommended for all early CRC poten-
tially cured by surgery, and suitable for adjuvant
treatment, and particularly in specific settings such as in
the high-risk stage II early CRC, when the proposal of
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treatment can be considered optional for the patient, add-
ing limited advantage in terms of clinical outcomes. The
usefulness of these baseline analyses should be properly
considered in the metastatic setting for patients poten-
tially suitable for intensive first line treatment associa-
tions, with potentially increased toxicities determined by
more drug combinations, particularly for more intensive
triplet chemotherapy plus targeted agent regimens, and
specifically related to fluoropyrimidines and irinotecan
associations (Table 2).

Moreover, pharmacogenomic analyses should be per-
formed after treatment in the event of limiting G3—4 gastro-
intestinal and/or G4 hematological toxicity or in the event of
any unexpected toxicity, to adequately modulate treatment, to
reduce LT, maintain adequate dose and schedule, and avoid
affecting the clinical effectiveness of the administered
treatment.

Specific pharmacogenetic analyses will help to properly
relate genotype variants with adverse events to verify: lack
of toxicity in patients with wild-type genotype; the occur-
rence and the spectrum of adverse events in patients with
variant genotypes treated with standard- 5-FU and/or irino-
tecan doses, even if about 50% experience severe toxicity.
To this aim, prospective studies including larger patient
populations will provide an accurate risk evaluation.

Recently, pharmacogenomic analyses was even more
evaluated among patients treated with intensive regimens,

Table 2 Implementation of Pharmacogenetic Analysis in
Colorectal Cancer in Clinical Practice

Patients’ fitness
Fit
Unfit

Disease extension
Early colorectal cancer (CRC)
B2 stage
C stage
Metastatic (MCRC)

RAS/BRAF genotype
Wild-type
Mutant

Pharmacogenomics assessment
DYPD (all stage early CRC and MCRC)
UGTIA1#28 (MCRC)

Toxicity syndromes
Single-site
Multiple-sites

associating fluorouracil, irinotecan, oxaliplatin plus tar-
geted agent, administered according to different schedules,
underlying their contribution to adequately manage treat-
ments combining different drugs potentially affecting the
same hematological and gastrointestinal safety profile.
DPYD and UGTIAI variants were evaluated in 87%
MCRC patients enrolled in TRIBE trial randomized to
FOLFIRI vs FOLFOXIRI plus bevacizumab.®’

Detected DPYD variants were heterozygous DPYD*24
c.1905+1G>A and DPYD c.2846 A>T 1.1%, respectively;
no DPYD*13 ¢.1679T>G variant was reported. UGTIAI
wild-type, heterozygote *1/*28, and homozygote *28/*28
were 33.5%, 57.6%, and 8.9%, respectively. Concomitant
DPYD and UGTIAI*28 minor variants were detected in
seven patients. Genotyped patients with any >G3 adverse
events were 51%; >G3 gastrointestinal 23%, and hematolo-
gical 38%. The most frequent adverse events were neutrope-
nia (37%), diarrhea (15%), febrile neutropenia (8%), and
stomatitis (7%). DPYD ¢.1905+1G/A and DPYD c.2846A/
T variants were significantly associated with >G3 hematolo-
gical adverse events and stomatitis; and UGT1A41*28 variant
with >G3 hematological toxicities, particularly neutropenia.
Genotype/phenotype relations between DPYD variants and
at least one >G3 adverse event during treatment occurred in
eight out of 10 (80%) DPYD c¢.1905+1G/A or DPYD
c.2846A/T carriers; seven out of 10 patients (70%) with
a DPYD variant allele had a >G3 adverse event within the
first four cycles of therapy, compared to 39% with wild-type
genotype (P=0.055). The most frequent adverse events were
neutropenia (70%), febrile neutropenia (20%), stomatitis
(40%), diarrhea (20%), and thrombocytopenia (10%).
DPYD ¢.1905+1G/A and DPYD c.2846A/T were signifi-
cantly associated with >G3 stomatitis (OR=9.69,
respectively); and DPYD c.1905+1G/A with >G3 thrombo-
cytopenia (OR=21.50). DPYD c.1905+1G/A and DPYD
¢.2846A/T confirmed the association with >G3 stomatitis in
multivariate analysis (OR=17.32 and 14.11, respectively),
also confirmed for DPYD c.1905+1G/A with thrombocyto-
penia (OR=62.81); DPYD ¢.1905+1G/A was significantly
associated with higher risk of anemia (OR=41.26); DPYD
¢.1905+1G/A or DPYD c.2846A/T variants with increased
risk of >G3 overall hematological adverse events (OR=3.88),
neutropenia (OR=4.12), thrombocytopenia (OR=9.42), and
stomatitis (OR=10.33), compared to wild-type genotypes,
and increased overall gastrointestinal adverse events
(OR=4.59).

Patients with UGT1A41%1/*28 heterozygote or homozy-
gote genotype showed >G3 overall adverse events of 54%
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and 62%, respectively; UGTIAI*28/*28 homozygote
patients showed more frequent >G3 adverse events within
the first four cycles of treatment (56.4%), compared to
heterozygote (43.0%) and wild-type genotypes (29.5%)
(P=0.002). UGTI1A1 variants and neutropenia were signif-
icantly associated, higher for homozygote (OR=3.75) than
heterozygote (OR=1.66), compared with wild-type.

Patients bearing DPYD c¢.1905+1G/A or DPYD
c.2846A/T and/or UGTIAI*28/*28 genotypes showed
a significantly higher risk of >G3 overall toxicity
(OR=1.89), overall hematological (OR=2.79), stomatitis
(OR=3.32), neutropenia (OR=2.98), and febrile neutrope-
nia (OR=2.78), compared to patients with wild-type
genotypes.

Genetic variants of DPYD and UGTIAI genotype
modify fluoropyrimidines and irinotecan safety profile,
and justify inter-patient variability of toxicity.”” In phase
II trials evaluating the COI regimen (capecitabine, oxali-
platin, irinotecan) plus bevacizumab or cetuximab,’’
DPYD ¢.496 A>G and ¢.1896 T>C were independently
and significantly associated with severe toxicity and treat-
ment modulations; UGTIA1*28 heterozygote variant was
associated (P=0.054),”" also with increased risk of severe
neutropenia.’® "

Moreover, in the last few years, in order to better
evaluate, at the clinical level, the burden of toxicities in
the individual CRC patient, we proposed the consideration
of individual toxicity syndrome (TS), and specifically lim-
iting TS (LTS), consisting of at least a LT associated or not
to other limiting or G2 toxicities,”'**° defined as single
site-LTS (LTS-ss), characterized only by the LT, from
multiple sites-LTS (LTS-ms), characterized by >2 LTs or
a LT associated to other, at least G2, non-limiting toxici-
ties. Recently, we added the evaluation of LTS as an
indicator of the individual toxicity in the phase II trial of
MCRC RAS wild-type patients treated with FIr-C/FOx-C
intensive treatment regimen, adding cetuximab to triplet
chemotherapy;'* more, we used LTS as the parameter to
which relate 5-FU/irinotecan-related pharmacogenomic
analyses, including DPYD and UGTIAI genetic variants
to predict gastrointestinal toxicity in individual patients,'*
evaluated on-treatment in patients who experienced LTS at
first dose level, and before starting treatment at recom-
mended dose level. LTS were observed in 65.5% (19 out
of 29), and 83% young-elderly patients (five out of six),
mostly LTS-ms 59%, consisting of LT associated to other
at least G2 non-limiting toxicities (34%) or >2 LTs (24%).
Pharmacogenomic analyses including DPYD*24 c1905+1

G>A and A166G, UGTIAI*28 genetic variants were
related with LTS. The prevalence of pharmacogenomic
alterations were: DPYD genetic variants, two out of 13
(15%), none out of eight patients with LTS, and all in five
patients without LTS; UGT1A41*28, six out of 12 patients
(50%), five out of seven patients with LTS (71%), and one
out of five without LTS (20%), respectively. Upfront
detection of UGTIA1*28 variants may be useful to select
patients fit for intensive treatments including anti-EGFR
associated with triplet chemotherapy. DPYD and UGTIAl
wild-type genotype may justify increased tolerability at the
recommended doses. Evaluation of TS, specifically LTS,
may address selection of MCRC patients suitable for
intensive regimens adding triplet chemotherapy and anti-
EGFR drug, or to modulate intensive triplet chemother-
apy-based regimens. Furthermore, implementation of
a pharmacogenetic profile, including DPYD
UGTIAI, of the individual patient, particularly treated
with intensive regimens associating different drugs, may
also be related to individual TS, specifically LTS, to better
evaluate the relationship between individual genetic iden-

and

tity and the occurrence of TS.

In conclusion, implementation of up-front evaluation of the
five validated DPYD and UGTIAI*28 variants in the multi-
disciplinary molecular tumor board, also including CRC genetic
characterization, addresses potential treatments with fluoropyri-
midines and irinotecan associations at proper doses and sche-
dules, particularly for early CRC, MCRC patients fit for intensive
regimens or unfit for conventional regimens requiring treatment
modulations, and also for patients who experienced severe,
unexpected toxicities. Integration of individual evaluation of
toxicity syndromes (TS), specifically limiting TS (LTS), as an
innovative indicator of toxicity burden in individual patients, may
be useful to better evaluate relationships between pharmacoge-
nomic analyses with safety profile and clinical outcome.

Abbreviations

anti-EGFR, anti-epidermal growth factor receptor; anti-
VEGF, anti-vascular endothelial growth factor; CRC, col-
orectal cancer; DPYD, dihydropyrimidine dehydrogenase;
LT, limiting toxicity; LTS, limiting toxicities syndromes;
LTS-ms, limiting toxicity syndrome multiple sites; LTS-ss,
limiting toxicity syndrome single site; MCRC, metastatic
colorectal cancer; OS, overall survival; SNP, Single
Nucleotide Polymorphisms; UGT1A1, UDP glucuronosyl
transferase 1 family, polypeptide Al; 5-FU, 5-fluorouracil;
5-FUDR, 5-fluorouracil degradation rate.
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