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Introduction: Large inter-individual and inter-ethnic differences are observed
in efficacies and toxicities of medical drugs. To improve the predictability of
these differences, pharmacogenetic information has been applied to clinical
situations. Expanding pharmacogenetic information would be a valuable
tool to the medical community as well as the patient to fulfill the promise
of personalized anticancer drug therapy.

Areas covered: This review highlights genetic polymorphisms and ethnic
differences of genes, UGT1As, CYP3A4, CES1As, ABCB1, ABCC2, ABCG2,
SLCO1B1, CDA and CYP2D6, involved in metabolism and disposition of three
anticancer drugs: irinotecan, gemcitabine and tamoxifen.

Expert opinion: Recent pharmacogenetic studies have successfully identified
distinct ethnic differences in genetic polymorphisms that are potentially
involved in efficacies and toxicities of anticancer drugs. This achievement
has led to personalized irinotecan therapy, reflecting ethnic differences in
UGT1A1 genotypes, and possible benefits of genetic testing have also been
suggested for gemcitabine and tamoxifen therapy, which still requires further
validation. The ultimate goal for patients is a high rate or even perfect predic-
tion of efficacies and toxicities of anticancer drugs in each ethnic population.
For this challenge, more clinical studies combined with comprehensive omics
approaches are necessary to further advance the field.

Keywords: cthnic difference, gemcirabine, gencetic polymorphism, haplotype, irinotecan,
pharmacogenomics, tamoxifen
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1. Introduction

The term ethnic group refers to a group of people who share a common heritage,
often consisting of a common language, social background and culture. Ethniciry
is an important factor for drug metabolism, disposition and response including
cfficacy and toxicity. Echnic differences in drug responses are now rccognized to
be determined by genetic and environmental factors to a varying extent, depending
on the drug. ‘Pharmacogenomics’, defined as an academic field studying the influ-
ence of genetic factors on drug responses, mainly targets genetic polymorphisms
such as single nucleotide polymorphisms (SNPs). In recent pharmacogenetic
research for personalized therapy based on genetic testing, issues of ethnic differen-
ces in genetic polymorphisms have been an arca of focus. The current review
describes three representative anticancer drugs of which the distinct ethnic differen-
ces in generic polymorphisms of their metabolic enzymes have been demonstrated
and recently validated to some extent. Irinotecan is one of the most extensively stud-
ied drugs and cthnic-dependent genotyping of a detoxifying enzyme has been
clinically applied for predicting severe neutropenia. The detoxifying enzyme of
gemcitabine has also been the subject of study due to its large ethnic difference in
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Article highlights.

o Recent progress in pharmacogenomic research on
anticancer drugs has successfully identified several useful
genetic markers of drug metabolism/disposition, which
potentially affect toxicity and efficacy. These genetic
markers have distinct ethnic frequencies.

Cumulative evidence of the association of

UGT1A1 genotypes with severe toxicities, especially
neutropenia, after irinotecan therapy, has led to the
clinical application of UGT1A1 genetic testing in the US
(for UGT1A7*28) and in Japan (for UGT1AT*28 and
*6), reflecting ethnic differences in high risk groups.
Gemcitabine toxicities, especially neutropenia, can be
predicted by reduced cytidine deaminase activity, and
CDA*3 (208G>A, A70T) is a responsible factor for
reduced enzyme activity in East Asians and some African
populations. Effects of CDA*2 (79A>C, K27Q) vary
depending on the study.

Efficacy of tamoxifen could be predicted by

CYP2D6 genotypes but these predictions still need
validation. Larger prospective randomized clinical trials
that compare outcomes between genotype-guided and
non-guided dosing of tamoxifen are necessary for
concluding whether CYP2D6 genotyping is really useful
for tamoxifen therapy.

To improve more precise predictions of toxicity/
efficacy and identify responsible factors for their ethnic
differences, further comprehensive omics approaches
are needed for each ethnic group.

This box summarizes key points contained in the article.

functional SNP frequencies and their possible relation to rox-
icity. An activating enzyme of tamoxifen has emerged to be
highly polymorphic among ethnic groups and the relation of
its genetic polymorphisms to efficacy is discussed. Based on
cumulative clinical evidence, the main themes in this review
are toxicities for irinotecan and gemcitabine, and efficacy
for ramoxifen.

2. Irinotecan

For the past decade, extensive irinotecan pharmacogencric
studies have been conducted in different cthnic populations
and demonstrated the significant relevance of UGTIA! poly-
morphisms to irinotecan toxicities in an ethnic-dependent
manner. These cfforts have brought about the realization
of personalized irinotecan cherapy in the US (Auguse 2005)
and in Japan (March 2009). From thesc studics, the
importance of considering ethnic differences in haplotype
structures  covering the UGTIA gene complex has also
emerged. This section overviews the cumulative evidence
of ethnic-dependent genetic polymorphisms/haplotypes that
are related to the risk of irinotecan roxicirtics, particularly
focusing on uridine diphosphate glucuronosyltransferase
(UGT)1A enzymes and also recent findings on transporters
and other enzymes.

2.1 Irinotecan metabolism/disposition and toxicity
lrinotecan is widely applied to the treatment of a broad range of
carcinomas, including colorectal and lung cancers. The active
metabolite SN-38 (7-cthyl-10-hydroxycamptothecin}, a topo-
isomerase I inhibitor, is generated by hydrolysis of the parent
compound by carboxylesterases (CESs) in the liver, and is subse-
quently glucuronidated by UGT 1A, such as 1A1, 1A7 and 1 A9,
to form an inactive metabolite, SN-38 glucuronide (SN-38G)
(Figure 1) 11-4). Irinotecan is also inactivated by CYP3A4 to pro-
duce  7-ethyl-10-[4-N-(5-aminopentanoicacid)-1-piperidino]
carbonyloxycamptothecin  (APC) and 7-ethyl-10-(4-amino-
1-piperidino)carbonyloxycamptothecin - (51 Irinotecan and
its metabolites are excreted into bile and urine via the
action of ATP-binding cassette (ABC) transporters, such as
P-glycoprotein (P-gp/ABCB1), multi-drug resistance-associated
protein 2 (MRP2/ABCC2) and breast cancer resistance pro-
win (BCRP/ABCG2) (6. Transport of SN-38 from plasma
into the liver is mediated by the organic anion transporting
polypeptide C (OATP-C/SLCO1BI1) (7. Multi-drug resis-
tance-associated protein 1 (MRP1/ABCC1) is also known to
contribute to acquisition of irinotecan resistance in cancer
cells {s}.

Dose-limiting toxicities in irinotecan therapy are severe
diarrhea and leucopenia, in which increased plasma SN-38
levels mainly via lowered UGT activity are thought to be
involved [9). Because biliary SN-38G excreted into the small
intestine is cleaved by bacterial glucuronidases in the colon
o re-regenerate SN-38, this process is also assumed to be
onc of the mechanisms of latc-onset diarrhea o).

2.2 Genetic polymorphisms and ethnic differences of
UGT1As

2.2.1 Structure of UGT1A genes

UGTs catalyze the transfer of glucuronoic acid to a variety of
endogenous and cxogenous compounds and facilitate cheir
detoxification and excretion into the bile or urine. Among
four human UGT subfamilies (i.e.,, UGT1, UGT2, UGT3
and UGT8), UGTIA isozymes (especially, 1A1, 1A7, 1A9
and 1A10) are demonstrated to glucuronidate SN-38 [1-4.11).
UGTI1Al and 1A9 are expressed in the liver and the
gastrointestinal tract, while UGT1A7 and 1A10 are detected
in extrahepatic tissues 112). The human UGTIA gene complex
spans ~ 200 kb on chromosome 2q37, and consists of nine
active (148, 1410, 149, 147, 146, 1A5, 144, 1A3 and 141)
and four inactive (1AI12P, 1A11P, 1A13P and 1A2P) exon 1
segments and common cxons 2 - 5 (Block C) {(Figure 2).
Each UGTIA gene wanscript is formed by splicing one exon
1 (encoding N-terminal substrate-binding domain) with the
common exons 2 - 5 {encoding C-terminal UDP-glucuronoic
acid-binding domain) 113).

2.2.2 Major polymorphisms of UGT1As affecting

SN-38 glucuronidation

UGT1A1 is abundandy expressed in the liver and is responsible
for bilirubin glucuronidation in humans. Presendy, > 100
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Figure 1. Metabolism and excretion pathways of irinotecan.
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Figure 2. Structure of the UGT1A gene complex and the major UGTTAT, 1A7 and 1489 polymorphisms,

genctic variations of UGTTAIL have been idenrified, which
include causative variations for hyperbilirubinemia, such as
Gilbert's syndrome and Crigler-Najjar syndrome types 1 and
11 (heepe! fvwvw.pharmacogenomics. pha. ulaval.ca/sge/uge).

The most typical UGTIAL polymorphism isa variation of
the number of TA repeats (A(TA), TAA, n = 5= 8} in the

promoter region. The wild-type allele containg six TA repears
(1 = 6} that are located -54 vo <39 from the transladional start
codon, UGTIAI*28 (i = 7), 2 common variation in Gilbert’s
syndrome 4, has reduced transcriprional activity (63% of the
wild-type allele) 18y and rare variatons “36 (n = 5) and 37
(n = 8 have cnhanced (130%) and reduced (50%)
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transcriptional activity, respectively (Table 1). UGT1A1°28
shows high frequencies in Africans (35 - 56%) and Cauca-
sians (26 - 39%) bur lower frequencies in East Asians
(7 - 16%) n6-201. UGT1A1*36 and °37 are detected in Afri-
cans (4 - 10% and 1 - 12%) and Caucasians (0.5 - 1.7%
and 0 - 0.9%), bur not in Asians [15). UGTIAI*6 [211G>A
(G71R)] was originally found in Japancse paticnts with
Crigler-Najjar type II and Gilbert’s syndrome and has shown
reduced SN-38 glucuronidation activity 3211, UGTIAL"6 is
commonly found in East Asians (13 - 24%) but rarcly
detected in  Caucasians and  Africans 117-1922.  The
UGTIA1760 allde (-3279T>G), located in the distal
enhancer region (phenobarbital-responsive enhancer module;
PBREM), has reduced transcriptional activity and was associ-
ated with increased plasma bilirubin levels 231, The *60 are
commonly found in Africans (63 - 85%) and Caucasians
(35 - 55%) and rto a lesser extent in East Asians
(17 - 33%) (164182022, A rare variation UGTIAI*27
[686C>A (P229Q))] in cxon | is mostly found in Asians
with Gilbert’s syndrome [18.22.24-26) and was shown to have
lower or marginal SN-38 glucuronidation acrivity (3211
Another rare variation 147*7 [1456T>G (Y486D)] in cxon
5 detected in Asians with Crigler-Najjar type IT 1s.26) showed
reduced SN-38 glucuronidation activity (3.21). It is also recog-
nized that the frequencies of UGTIAI polymorphisms of
South and Middlc East Asians arc almost the same as thosc
of Caucasians {18].

Among [A7 variations, 147°3 [387T>G, 391C>A,
622C>T (N129K, R131K, W208R)] and 147°4 [622C5T
(W208R)] were shown to cause reduced SN-38G formarion
in vitro 3.27). The frequencies of IA7%3 are 22 - 27% in
Africans, 37 - 41% in Caucasians and 17 - 26% in
Asians [20.22,25.27-30].

As for 149 variations, 149°16 (originally named %2.2) {-118
{T)9>10)] is commonly derected in all ethnic groups surveyed
(36 - 67%) 16.19.20.25.28.31-35]. This /A9 polymorphism was
reported to enhance cranscriptional activity i vitro (31, but
evidence of clinical significance was not obrained (sce Section
2.3.2.1).

2.2.3 Haplotype structures and ethnic differences of
UGT1A

2.23.1 UGTIAI

The first haplotype analysis of the UGTIA! enhancer
(PBREM)/promoter region was conducted in Caucasians
and African-Americans and revealed a close linkage between
the (TA)7 polymorphism (°28), -3279T>G ("60) and
-3156G>A (*93) 1361. Subsequently, distinct UGT1A1 haplo-
types extending o exon 1 were identified in Japanesc (371 This
study revealed that the *6 allele is in complete linkage discqui-
librium (LD) (|D’] = 1) with the "28 allele [(TA)7)], and hap-
lotype analysis estimated that the *6 and *28 alleles [(TA)7]
arc on distincr chromosomes, and thereby haplotypes "6 and
*28 were defined according to functional allele names. The
*27 allele [686C>A (P229Q)] was also found to be in

complete LD with the *28 allele [(TA)7], and the haplotype
harboring the “27 allele was cstimated as a subtype of the
*28 haplotype group (*28¢) because of the existence of the
*28 allele on the same chromosome. The haplotypes in this
study were defined as follows: */ haplotype as the wild type
without minor alleles of the four polymorphisms (*60, *28,
*6 and *27), *6 haplotype with only che *6 allele, *28 haplo-
type as having both *60 and *28 alleles, and *60 haplotype as
bearing only the *60 allele.

Further studies have also confirmed the ethnic specific
UGTI1AT haplotype structures, that is, *6 for East Asians (frc-
quencies of 14 ~ 24%), *36 (including (TA)5) (1 - 2% and
4%) and *376 (including (TA)8) for Caucasians and Africans
(1 and 7 - 12%, respectively), and the higher frequency of *28
(including (TA)7) in Caucasians (36 - 39%) and Africans
(35 ~ 45%) than in the East Asians (6 — 13%) {24.28.36-38].

2232 1A9-1A7-1A1

The combinatorial haplotypes among 149, 147 and 141 were
first estimated in Japancse subjects [25). This study revealed
close linkages between 149*76 [-118(1)10] and 1471,
between 1A7*2 and the 14160 haplotype [-3279T>G with-
out (TA)7] and between 1A47°3 and 1A1*6 or 1A41*28. The
five major combinatorial haplotypes (1A9-147-1A1) con-
sisted of *76-*1-*1, *1-73-6, *1-"2-*6G0, *1b-*1-°28 and
*1-*3-"28 at frequencies of 58, 13, 11, 5.8 and 5.6%, respec-
tively (Table 2). Comparable haplotype structures covering
1A9-1A7-141 were also found in Korean cancer paticnts
(Table 2) (281, bur the frequency of *1-%3-*6 (1A9-1A7-1A1)
(20.4%) was much higher than */-*3-28 (0.6%).

The close linkages between the UGTIA1°28 and
UGTIA7*3 1291, 1A7*2 or *3 and 1A9*]1 [-118(T1)9] 134}, or
the distinct haplotype structures of 749-141 between Cauca-
sians and Asians were also demonstrated (32). Combinarorial
haplotype analysis through JA9-147-1A1 segments was also
conducted in Caucasians (20]. The five major combinarorial
haplotypes (IA9-1A7-1A1) were *16-"1-"1, *1-73-*28,
*1-12-*1, *1-*3-*60 and *1-*2-*60 at frequencies of 33, 27,
14, 5.1 and 4.6%, respectively (Table 2). This study showed
close linkage of 147*3 with 141328 as previously reported,
but this linkage was weaker in Caucasians than in East Asians,
in which linkage of 14773 with *28 or *6 was obscrved.

These comprehensive haplotype analyses on UGTIA genes
have revealed linkages among functional polymorphisms of
1A9, 1A7 and A1, and that their combinatorial haplotype
structures vary among cthniciry.

2.3 Association and ethnic dependency of UGT1A
polymorphisms with PK and adverse reactions of
irinotecan

2.3.1 Contribution of UGT1A1 genotypes

Based on cumulative knowledge of UGT1AT polymorphisms,
initial irinotecan pharmacogenctic studies had mainly focused
on UGTIAI polymorphisms. The first retrospective study
was rcported by Ando er al. 140, showing significant
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Table 1. A list of genetic variations for irinotecan pharmacogenetic studies referenced in this paper.

Allele rs Region Nucleotide Amino- In vitro (or cell line)

Allele frequency Ref.
(haplotype) change acid Activity/ Africans Caucasians East in vitro Frequency
change .
expression Asians Enzymatic
activity
UGT1AT° *6 rs4148323 Exon 1 211G>A G71R Reduced 0 0 - 0.007 0.130 - 0.241 (3,21] [17-19,22]
*7 1534993780 Exon 5 1456T>G Y486D Reduced 0 0 0-0.014 {3.21] [24-26]
*27 rs35350960  Exon 1 686C>A P229Q Reduced or 0 0 0.003 - 0.01 [3.21) [22,24-25)
no change
*28 158175347 Promoter (TA)6 >(TA)7 Reduced 0.346 -0.560  0.257 - 0.388 0.068 - 0.160  [15] (16-20]
ATAINTAA
*36 Promoter (TA)B >(TA)S Increased 0.036 - 0.10 0.005 - 0.017 0 [1s} (18]
ATAINTAA
*37 Promoter (TA)6 >(TA)8 Reduced 0.009-0.115 0. -0.009 0 {151 [18]
A(TAINTAA
*60 153755319 PBREM -3279T>G Reduced 0.632 - 0.851  0.351 - 0.550 0.167 - 0.327 |23 (16,18,20,22]
*93 rs10929302  PBREM -3156G>A 0.28 - 0.37 0.27 - 0.31 0.09 - 0.13 [16.20,22,25,36]
UGTIA7 (*2, *3) 1517868323  Exon 1 387T>G N129K Reduced or  NA 0.60 - 0.65 0.35 - 0.42 13,27 [20,25,28-30]
no change
(*2, *3) rs17863778  Exon 1 391C>A R131K Reduced NA 0.60 - 0.65 0.35 ~ 0.42 {3,271 [25,28-30)
(*3, *4) r$11692021 Exon 1 6227>C W208R Reduced 0.22 - 0.27 0.37-041 017 - 0.26 13,271 [20,22,25,27-30]
UGT1A9” *1h or *22° 1535426722  Promoter!118(Mn  (T)9 >(T)10 Increased or Q.44 0.36 - 0.42 0.44 - 0.67 116,31] [16,19,20,25,28,
. no change 31-35]
ABCBI (*2) rs1128503 Exon 12 1236C>T G412G 0.124-0.215  0.340 - 0.451 0.572 - 0.720 {22,66,68,69,76]
(*2) rs2032582 Exon 21 2677G>T AB893S Conflicting 0.087 - 0.150  0.380 - 0.469 0.360 - 0.589  {6,66] [22,66,68,69,76]
(*10) Exon 21 2677G>A AB893T 0.005 0.02 - 0.10 0.120 - 0.220 [66,68-69]
(*2) 151045642 Exon 26 3435C>T 11145 Conflicting 0.100-0.270  0.460 - 0.590 0.369 - 0.540  I5,66) (22,66,68,69,76)
*2 1236T/26771/  AB93S 0.075 0.410 0.365 - 0.386 168,69]
34357
ABCC1 153765129 Intron 11 V$11-48C>T 0.004 - 0.028 0.168 - 0.172 0.087 - 0.125 {22,76]
ABCC2 5-Flank -1774delG Reduced - - 0.34 - 0.343 {72] [72,73}
1s717020 Exon 1 -24C>T Reduced 0.22 0.179 - 0.195 0.17 - 0.248 (72,77 [22,72-76}
153740066 Exon 28 3972C>T 113241 No change 0.275 0.336 - 0.0365 0.216 - 0.299  {72] [22,72-76)
ABCG2 152622604 intron 1 T>C 0.080 - 0.135  0.252 0.106 - 0.229 {22)
rs2231137 Exon 2 34G>A V12M No change 0.05 0.017 - 0.065 0.192 - 0.289  (80] [22,76,82-83}
rs2231142 Exon 5 421C>A Q141K Reduced 0.004 - 0.038 0.075-0.115 0.292 - 0.343  (80,81) [22,76,82-83}
sLco18t (*1b, *15,*17) 152306283 Exon 5 388A>G N130D No change 0.74 - 0.829 0.3 - 0.456 0.651 - 0.827 |86l [22,76,86,88-89]
(*5, *15, *17)  rs4149056 Exon 6 521T>C V174A Reduced 0.009 -0.115  0.14 - 0.189 0.07 - 0.175 [7) [22,76,86,88-89)
CES1A3 Pseudogene No function  0.949 0.856 0.675 - 0.687  {108] [106,107]
CYP3A4 *18 152740574 *-flank -392A>G Conflicting 0.530 - 0.866  0.025 - 0.096 0 [18) [18,22)
*3 154986910 Exon 12 13347>C M445T  No change - 0.013 - 0.042 0 f99] [18,22]
*16 rs12721627  Exon 7 554C>G 71855 Reduced - - 0.014 - 0.050  [97,98) |18
*18 rs28371759  Exon 10 878T>C L293P Increased/ - - 0.017 - 0.028  (97,98,96] [18,22)
no change/
decreased

2UGT alleles nomenclature (hitp//mww.pharmacogenomics.pha.ulaval.ca/sgc/ugt_alleles as of 1 October 2010).
bOriginal haplotype name.
PBREM: Phenobarbital-responsive enhancer module.
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Table 2. Comparison of combinatorial haplotypes of UGT1A1, 1A7 and 1A9 between Caucasians and Asians.

Combinatorial haplotype® Haplotype frequency®
1A9 - 1A7 - 1A1 Caucasians® Japanese® Koreans®
(N = 250) (N = 196) (N = 81)
*1b - *1 - *1 33.4 54.4 58.3 59.5 47.5 51.8
*1 - *2 - *1 14.4 0.5 o
*1 - *3 - *1 36 0.5 31
Other combinations *1 3 0.2 1.2
*1 - *2 - *60 46 11.8 11.3 12.7 14.8 17.2
*1 - *3 - *60 5.1 0.5 0.6
Other combinations *60 2.1 0.9 1.8
*7 - *3 - +28 26.6 28.9 5.8 12.5 0.6 7.3
*1b - *7 - *28 1.6 5.6 4.9
Other combinations *28 0.7 1.1 1.8
*1 - *3 - *6 ND 13.1 15.3 204 23.5
Other combinations *6 2.2 3.1

“UGT1A9*1b is closely linked with UGTTA7*1 and UGT1AT*1 in both Caucasians and East Asians. UGT1A7*3 is closely linked with UGTIAT28 or *6 in East

Asians but weakly linked with UGT1A1*28 tn Caucasians.

"Data from the literature were arranged according to the haplotype defimition by Saeki et al. (2006) (25).
“Cecchin et al. (2009} {20]. Only haplotypes with a frequency greater than 0.5% were included.

9Saeki er al. (2006) [25).
“Han et al. (2006} |28}.
N: The number of subjects is listed in parentheses.

association of UGTIAI*28 with irinotecan toxicities (grade 4
leucopenia and/or grade 3 or 4 diarrhea) in Japanesc paticnts
trcated with various irinotecan-containing  regimens.
Although the cffects of 14176 and *27 were not significant
in this study, their additive contributions to the roxicitics
were also suggested. Further prospective studies have also
shown the significant relevance of UGT1AI1°28 to the
reduced rate of SN-38G formation (AUC ratio of SN-38G:
SN-38) and to grade 3 or 4 diarrhea t41), or grade 4 neutrope-
nia {42) in caucasian populations after irinoteccan monother-
apy. The clinical importance of *28 to severe diarrhea or
neutropenia after combination therapy with 5-fluorouracil
(5-FU), ralditrexed, capecitabin or oxaliplatin was also shown
in other caucasian populations (Table 3) [30.43-53).

In parallel with these findings on UGT1A1°28, clinical
studies on the roles of other UGTIA! polymorphisms specific
for East Asians, such as *6, have also progressed. Additive and
comparative effects of *6 to *28 on reduced SN-38G forma-
tion and severe neutropenia (grade 3/4) were shown in Japa-
nese cancer patients after irinotccan monotherapy and
combination therapy with cisplatin, which suggested the clin-
ical importance of "6 as well as *28 (37,54.56]. The significant
contribution of 1476, but not *28, to reduced SN-38G for-
mation and grade 4 ncutropenia was reported in Korean
paticnts after combination therapy of irinotecan plus cis-
platin (28], where the *28 frequency (7.3%) was much lower
than 1A1%6 (23.5%) and no “28 homozygous patients were
found (Table 2). Significant associations of "6 or 28 (or
*27) 157-61] 1o severe toxicities (neutropenia) were also found
in Chinese or Japanese populations (Table 3). Thesc findings

suggested that both *6 and *28 would be suitable markers to
predict severe irinotecan toxicities for East Asians, although
the frequencies of 6 and 28 vary among populations, which
may affect statistical significance.

Regarding the 60 haplotype [-3279T>G withour (TA)7],
trends of *60 haplotype-dependent decrease in SN-38G forma-
tion (37.54) were observed in Japanese, but contribution of *60
to irinotecan severe toxicitics was not demonstrated [28.54,62).

The *93 allele (-3156G>A), a variation closely linked to
the *28 allele, was suggested as a better predictor for UGT1A1
status than the *28 allele in Caucasians (421, and recent
studies showed significant relevance to severe neutropenia
(Table 3} (49.631.

2.3.2 Relevance of 1A7 and 1A9 genotypes
considering comprehensive UGT1A haplotypes
Because UGT1A7, 1A9 and 1A10, which are expressed in
the gastrointestinal trace, also have SN-38G formation
activity [2-4.11), their polymorphisms arc assumed to contrib-
ute to irinotccan pharmacokinetics (PK)/pharmacodynamics
(PD). Because recent comprehensive haplotype analyses have
revealed ethnic-dependent linkages among UGT14 polymor-
phisms (sce section 2.2.3.2), the possible relevance of
UGT1A7 and 149 polymorphisms was evaluated considering
the combinatorial haplotypes (149-1A7-1A1).

23.2.1 UGTIA9

Although 1A49*16 [-118(T)10] was rcported to enhance i vitro
transcription  {31), associations of 1A9*/6 with hepatic
1A9 protein levels or SN-38G formation were inconsistent
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Table 3. Association of genetic polymorphisms with severe irinotecan toxicities.

Sai & Saito

Ethnic N° Responsible Toxicity Tumor Regimen Ref.
group polymorphisms type
Caucasians 18 (2) UGT1A1*28 Neutropenia, Various Monotherapy 141]
diarrhea (G3/4)
50(16) UGTIAT*28 Neutropenia (G4) Various Monotherapy 142)
g5 UGT1A1*28 Diarrhea (G3/4) CRC Monotherapy and 143)
combination (5-FU or
raltitrexed)
75 UGTIAT*28 Neutropenia (G3/4) CRC Combination (5-FU) [44]
49 UGTIA1*28 Neutropenia (G3/4) CRC Combination (5-FU) {45)
103° UGT1A1*28 Neutropenia (G4) CRC Combination (oxaliplatin) {46)
250 UGT1A1*28 Neutropenia (G3/4) CRC Combination (FOLFIRI) [47)
(first cycle)
56 UGT1A1*28 Diarrhea (G3/4) CRC Combination (raltitrexed) [48)
105 UGT1A1*28 Hematologic CRC Combination (5-FUAolic [30]
UGTIA7*3 toxicity (G3/4), acid, oxaliplatin)
diarrhea (G3)
55(11) UGTIA7(*2,*3) - Diarrhea (G3/4) CRC Combination {(capecitabine)  [39]
1A9*1[-118(T)9)
250 UGTIA7*3 Hematologic toxicity CRC Combination (FOLFIR!) [20]
(G3/4) (first cycle)
89 UGT1A1*28 Neutropenia (G4) CRC Combination (LV5FU2) 149)
UGT1A1*93
25(25) UGTIA1*28 Diarrhea (G3/4) CRC Combination (5-FU + LV) [50]
ABCB11236CC (wild)
SLCO1B1521CC (wild)
208 UGT1A1*28 Neutropenia (G3/4) CRC Monotherapy and [s1
combination (capecitabin)
136 UGT1A1*28 Neutropenia (G3/4) CRC Combination [52]
ABCB13435C>T (FUIRI or LvSFU2-IRI)
149 UGT1A1*28 Hematologic toxicity CRC Combination (FUIRI or (53]
(G3/4) FOLFOX)
UGT1A1*28 Non-hematologic
UGTIA7*3 toxicity (G3/4)
67 (19) UGTIA1*93 Neutropenia Monotherapy |76}
ABCCT IV511-48C>T, (ANC nadir)
SLCO181*1b
1€ UGT1A1 *28 Neutropenia (G4) Nasopharynx ~ Combination (vincristin) [92]
SLCO1B1*15
Japanese 118 UGT1A1*28 Leucopenia (G4) Various Monotherapy and {40}
and/or diarrhea (G3/4) combination (varicus)
55 UGT1A1*6 and *28 Neutropenia (G3/4) Various Monotherapy [54,71)
ABCC2-1774delG
ABCG2*iIB SLCO1B1*15
ABCB1*2 Diarrhea (G3)
30 UGTIA1*6 and *28 Neutropenia (G3/4) Ovarian Combination (cisplatin) 156}
Cervical
49 UGTIAT*6 Neutropenia (G3/4) Various Monotherapy [58)
133 UGTIAT*6 Neutropenia (G3/4) Various Monotherapy and [59]
combination (various)
78 UGTIAT*S, Neutropenia (G4) NSCLC Combination 161]
UGT1A1*27 (palitaxel or gemcitaine)
87 UGT1A1*93, Neutropenia (= G3) SCLC Combination (cisplatin) [63]
ABCB13435C>T Diarrhea (2 G3)
108 ABCG2 rs2622604 Myelosuppression Various Monotherapy 185]
(G3/4) and combination
11 SLCO1B1*15 Neutropenia (G4) (100}
2Number of subjects. Number of other ethnicities is described in parentheses.
PA subgroup consisting of 87% Caucasians.
“Case report.
YUGTIA1*6 was not determined.
CRC: Colorectal cancer; SCLC: Small cell lung cancer.
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Table 3. Association of genetic polymorphisms with severe irinotecan toxicities (continued).

Ethnic N? Responsible Toxicity Tumor Regimen Ref.
group polymorphisms type
Monotherapy and
combination {cisplatin)
1€ UGT1A1 *6 and Diarrhea (G4) Pharyngeal Combination (docetaxel) [o1)
*28 SLCO1B1*15 Neutropenia (G4)
Koreans 81 UGT1A1*6 Neutropenia (G4) NSCLC Combination (cisplatin) [28]
107 UGT1A1*6 Neutropenia (G4) NSCLC Combination (cisplatin) 179)
UGT1A9*1 and *1/*1b
SLCO1B1 521T>C
UGT1A9*1 Diarrhea (G3)
ABCC23972CC{wild)
ABCG2 34G>A (V12M)
Chinese 36(19) UGTIATI*6 Neutropenia (G4) Various Monotherapy [57]
128 UGTIA1*28° Neutropenia (G3/4), CRC Combination (5-FU + LV) [60}

diarrhea (G3/4)

“Number of subjects. Number of other ethnicities is described in parentheses.
"A subgroup consisting of 87% Caucasians.

“Case report.

UGT1AT*6 was not determined.

CRC: Colorectal cancer; SCLC: Smalt cell tung cancer.

among studies [16.32-331. Considering the combinatorial haplo-
types of 149-1A1, 1A971b-dependent increase in SN-38G
AUC and reducrion in severe toxidities were related to its close
linkage with JAI*I, and thus the dinical significance of
1A9*16 was not demonstrated [2054).

2322 UGT1A7
Regarding /A7 polymorphisms, no associations of 14772 and
*3 with severe toxicities (grade 4 leukopenia or grade 3 diarrhea)
were observed in Japanese patients [64). Another study in Japa-
nese paticnts considering the combinatorial haplotypes
({A9-1A7-1A1) revealed thar alterations in the AUC ratio
(SN-38G:SN-38) and the incidence of neutropenia were inde-
pendent of the 149 or 1A7 haplotypes but UGTIAI™6 or *28
were the most suitable markers to predict severe neutrope-
nia [s4). In Korean paticnts, the association between homozy-
gous [A9*1- IA7*3 - 1AI"6 and lowered AUC ratios
(SN-38G:SN-38) was obscrved as well as that berween homo-
zygous IA1*6 and grade 4 neutropenia (28], Because of the close
linkage of 74773 to 1416 and/or 149°1 [-118(T)9], the ben-
efit of genotyping JA 16 was suggested for Korean patients (2s).
Meanwhile, linkage of UGT1A773 to 28 is incomplete, and
the possible clinical contribution of /473 in addition o 28
was suggested in Caucasians. Association of 147*2 or*3 subtype,
which was linked to 149*7 [-118(1)9] but not to UGT1A1*28,
with reduced incidence of grade 3 or 4 diarrhea was observed in
colorectal cancer (CRC) patients (including 83% Caucasians)
after capecitabine/irinotecan therapy (Table 3) (39). This observa-
tion was interpreted to suggest that UGT1A7 low-activity alleles
protected against severe diarrhea by reduced SN-38G excretion
into gut, resulting in reduced regeneration of SN-38 from
SN-38G by bacterial B-glucuronidase. A significant association

of UGT1A7*3 with hemarologic toxicities was observed in cau-
casian paticnts treated with irinotecan and 5-FU-containing
regimens, and combination of UGT1A1°28 and UGTIA7*3
was indicated to be a superior predictor of hemarological or
non-hematological toxicities (3053 and clinical outcome
(Table 3) (20].

2.4 Contributions of transporter polymorphisms to
irinotecan-PK-PD

Because there are still substantial numbers of paticnts with
UGT 1A wild type who suffer from severe irinotecan roxicitics,
the clinical significance of drug transporter genetic polymor-
phisms has been investigated in various ethnic groups, and
these studics have also revealed distinct ethnic differences in
transporter polymorphisms/haplotypes.

2.4.1 Ethnic differences in major polymorphisms of
transporter genes

For ABCBI, as association of common polymorphism
3435C>T with reduced P-gp expression/function has been
reported [65], this SNP and haplotypes harboring 3435C>T

‘and its linked 1236C>T and 2677G>T (A893S) have been

an arca of focus 661 The frequency of ABCBI2 containing
these three SNPs (67) is high in Caucasians and Asians
(37 - 41%) but low in Africans (8%) (Table 1) [68.69]. Associ-
ation of ABCB/*2 with lower renal clearance of irinotecan
and its metabolites (7o} and with higher AUC of SN-38 and
grade 3 diarrhea after monotherapy was observed in Japanese
cancer patients (71). Other studics have also shown association
of ABCBI 3435TT with scvere diarrhea after combination
with cisplatin in Japanese (03] and with severe neutropenia in
Caucasians after combination with 5-FU-containing regimens
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(Table 3) [521. Lower excretion from intestinal cells or bone
marrow cells by ABCBiI*2 may be involved in these
adverse reactions. :

ABCC2-1774dclG is commonly found in East Asians
(34%) (Table 1) {7273] and was associated with reduced
MRP2 expression and chemical-induced hepatitis (721.
Patients with homozygous -1774delG  together with
ABCBI*2 and ABCGZ'IIB (scc bclow) showed higher
SN-38 AUC and neutropenia after irinotecan monother-
apy [71). ABCC2-24C>T and its linked 3972C>T (lle13241le)
arc common in all ethnic groups (18 - 25% and 21 - 34%,
respectively) (Table 1) (2272761, ABCC2-24C>T  caused
reduced promoter activity [72.77), but no in vitre effect of
3972C>T (113241) was shown (721, Effects of ABCC2
3972C>T (11324]) are conflicting among studies; higher
AUC of irinotecan and its mcrabolites in Caucasians (73],
lower incidence of grade 3 diarrhea in Koreans (79} and no
effects of irinotecan-PK/PD in Japancse (Table 3) (71].

For ABCG2, 34G>A (V12M), which has no influence on
BCRP expression or activity (80}, and 421C>A (Q141K),
which has reduced protein expression [80.81], are commonly
detected in East Asians (19 - 29% and 29 - 34%. respec-
tively) buc less in Africans and Caucasians (5 - 7% and
0.4 - 12%, respectively) (Table 1) [22.76.52.83]. Association of
ABCG2 34G>A (V12M) with a higher incidence of grade
3 diarrhea was shown in Korean patients after a combination
therapy of irinotecan and cisplatin (7], but a decreasing trend
in grade 3/4 neutropenia was observed in Japanese
patients (71]. Haplotype *IIB (including 421C>A (Q141K))
showed a moderate association with ncurropenia in Japanese
patients (Table 3) [71], bur other studies did not show its
clinical relevance 179.4-851.

For SLCO1B1, 388A>G (N130D) (tagging SNP of *14),
which has no alteration in transporter activity [s6] bur is
associated with altered PK of statins (37, is commonly
observed in Asians and Africans (> 65%) and Caucasians
(30 - 46%) (22.76.86,88-89]. SLCOIBI 521'T>C (V174A) (tag-
ging SNP of *5, *I5 and *17), which reduced in vitro
SN-38 influx (7), was commonly detected in all ethnic groups
(7 - 19%) (Table 1). Association of 521T>C (V174A) with
higher SN-38 AUC level and severe ncutropenia after
irinotecan-containing therapy was observed in East Asians
(Table 3) {71.79.90-92}.

A recent comprehensive analysis of 42 SNPs in African-
American and Caucasian paticnts showed significant associa-
tion of ABCCI TVS11-48C>T, SLCOIBI*16 as well as
UGT1A1*93 o neutropenia after irinotencan monother-
apy (76). Another study covering 170 SNPs in Japanesc
cancer patients revealed the association of ABCG2 intron
SNP with scvere myelosuppression (Table 3) (851. The clinical
significance of these SNPs should be further investigated.

All these findings on the clinical relevance of transporter
polymorphisms still vary among studies, which might be
partly attributed to ethnic differences in combination with
transporter genotypes and the regimens used. However, as
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additive cffects of transporter polymorphisms to the incidence
of severe toxicities were suggested (71}, evaluation of total can-
didatc polymorphisms rather than ecach individual SNP
should be considered for each regimen.

2.5 Relevance of enzyme polymorphisms for another
metabolic pathway (CYP3A4) and for activation
(CESs)

2.5.1 CYP3A4 polymorphisms

Because corrclations between in vivo CYP3A4 activity and iri-
noteccan PK parameters have been shown {93}, the clinical
impact of CYP3A4 polymorphisms on irinotecan therapy
has been investigated. CYP3A4*IB (-392A>G), a SNP in
the 5-flanking region, is commonly found in African-
Americans (53 - 87%) and t a lesser extent in Caucasians
(3 - 10%), but not in Asians (Table 1) {22,18). Clinical studies
showed no significant impact of CYP3A4*/B on irinotecan-
PK/PD in caucasian patients 94,951 CYP3A44*3, found in
Caucasians (1.3 - 4.2%) (Table 1) (18.22], showed insignificant
association with reduced clearance of irinotecan lactone [941.
CYP3A4*16 [554C>G (Thr185Ser), which was shown to
have reduced enzymatic activity [94.95), is detected in East
Asians (1.4 - 5%) and also in Mexicans (5%) but not in Afri-
cans or Caucasians (Table 1) 18). Patients bearing CYP3A44*16
showed significantly decreased AUC ratios (APC:irinotecan)
after irinotecan trearment but no significant association with
total clearance of irinotecan or toxicities 961. CYP3A4*18
{878T>C (1.293P)] is also observed in East Asians specifically
(1.7 — 2.8%) (Table 1) 18.22]. In vitro function of this allele has
revealed variability among substrates [97.99], and no association
with irinotecan-PK/PD was shown in Japanese patients [96).
Because CYP3A4 acrivity can be largely influenced by non-
genctic factors, a benefit of CYP3A4-phenotyping reflecting
non-genetic factors was suggested for irinotecan dosing as
well as UGTIAI genotyping (100).

2.52 CES genotype

Both CES1 (expressed in liver and lung) and CES2 (expressed
in intestine and kidney) are involved in producing SN-38.
Hydrolytic activity of CES2 for irinotecan was reported to
be much higher than that of CES1 ne). Detecred CES2
variations were all rare [102103] and no clinical relevance of
major CES2 polymorphisms has been demonstrated so
far 145.76,85.94,103). Recent studies have revealed the precise
gene structure of human CES! and identified two functional
genes, CESIAI (1AI) and CESIA2 (1A2), which have 98%
homology and are inversely located (tail-to-tail) on chromo-
some 16q13-q22 (1A2-1A1) no4). Further studics have identi-
ficd CESIA! variants (varlAl) in which cxon 1 was replaced
with exon 1 of CESIA2, and a pscudogene CESIA3 (1A3)
replaced CESIA2 nwosansl. Four CESIA  haplotypes
(I1A2-1A1, 1A2-varlAl, 1A3-1A1 and 1A3-varlAl) were
defined and the CESIA genotypes were also categorized by
the number of functional CESIA genes (IAI, 1A2 and
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varlAl) into three groups (two, three or four functional
genes). Frequencies of the pscudogene (/43) are higher in
Africans (95%) and Caucasians (86%) than in Asians
(68 - 69%) (Table 1) 1106.107). Japanecse paticnts with three
or four active CESIA genes showed increased in vivo CES
activity (PK parameter) compared with those with two func-
tional genes, but the influence of the CES genotypes on
SN-38 formation was relatively small and their clinical impact
on irinotecan-PD has not been elucidated [107).

2.6 Relevance to efficacy of irinotecan therapy

The relevance of UGTIA genotypes to irinotecan efficacy is
still controversial. Onc initial study showed a trend, although
insignificant, of poorer overall survival (OS) in CRC patients
with UGT1A1°28 after irinotecan monotherapy or combina-
tion therapy with 5-FU (FOLFIRI) 143). This poorer response
was interpreted to be due to reduced irinotecan dosages
because of severe diarrhea. Other studics also showed no sig-
nificant relationship of UGT1A1%28 or the haplotype includ-
ing UGTIA1°28 and UGTIA7*3 to response rate {complete
response (CR) + partial response (PR)) and time to progres-
sion or OS in the CRC patients after combinacion therapy
with 5-FU, whereas their association with severe toxicities
was significant {is,531. No relationship of UGT1A4%6 and *27
genotypes fo tumor response was reported in Japanese
NSCLC paticnts after combination therapy with paclitaxel
or gemcitabine 161). On the other hand, a recent study with
a larger number of CRC patients receiving FOLFIRI therapy
has shown a significant relevance of UGT1A41%28 and the
haplotype including UGT1A1*28, *93, 60 and UGTIA7"3
to increased response rate (CR + PR}, and also the relation
of *28 to the prolongation of time to progression [20]. Further-
more, in a dosc-cscalation study of irinotecan in FOLFIRI
therapy in CRC patients without UGTIAI*28/*28, the
response rate (CR + PR) after recciving maximum tolerated
dose was higher in patients with *28/*] genotype compared
with those with *//*/ 1108}. This study indicates that an appro-
priate dose setting based on UGTIA genotypes could achieve
berter efficacy by careful management for minimizing toxic-
ity. However, there are several issues to be considered for
obtaining better responses because cfficacy could be influ-
enced by several factors, such as function of pharmacody-
namic genes, propertics of target tumors (tumor stage,
acquisition of resistance, etc.) and other patient background
factors (hepatic/renal dysfuncrion, inflammarory status, etc.)
in addition to the cxposure level of SN-38 in the tissucs,
which would be a major causal factor for severe toxicities.
The influence of genotypes of pharmacodynamic genes for iri-
notecan has also been investigated in caucasian patients with
irinotecan monotherapy and a significant relevance of the
haplotype of XRCCI harboring -1449del GGCC and
1196G>A (R399Q) to the reduced response (CR + PR) was
observed 11091, Further study in Turkish CRC paricnes with
irinotecan-containing regimens has also revealed a significant

association of the XRCCI 1196G>A (R399Q) genotype

with short OS although no influence of this SNP on tumor
response was observed (110). Taken together, further challenges
include optimizing irinotccan dosage to achieve better
responscs as well as to minimize toxicities considering both
genotypes and background factors in each regimen.

2.7 Regulatory status and current issues of
irinotecan therapy

Based on cumulative evidence supporting the clinical signifi-
cance of UGT1A1°28, the FDA in the US approved a label
amendment for irinotecan (Camprosar) (NDA 20-571/
$-024/5-027/S-028), adding a recommendation of a reduc-
tion in the starting dose by at least one level of irinotecan
for UGT1A1*28 homozygous patients (July 2005), and clini-
cal use of a genctic diagnostic kit for the *28 allcle (August
2005). Subsequently, in Japan, considering the clinical rele-
vance of *6 in addition to *28 to irinotecan toxicities in East
Asians, the Ministry of Health, Labor and Welfare of Japan
approved changes of irinotccan labels (Campto® and Top-
otecin®™) by adding a caution for the risk of severe toxicities
in parients cither homozygous or compound heterozygous
for UGTIAI"28 and *6 ("28/*28, *6/*6, “28/*6) (Junc
2008) and the clinical usc of a diagnostic kit for
UGTIA1"28 and *6 (March 2009). Furthermore, in Singa-
pore where three Asian cthnic groups (i.e., Indians, Malays
and Chincse) comprise the population, the Health Sciences
Authority Pharmacogenetic Advisory Committee in Singa-
pore has recommended updating the label for irinotecan con-
sidering the increased risk for serious adverse reaction
associated with homozygores and compound heterozygotes
of UGTIA1*28 and *6, as in the case in Japan (hrp://www.
hsa.gov.sg/publish/hsaportal/en/health_products_regulation/
safety_information/product_safery_alerts/safery_aleres_2010/
association_between.heml). This introduction of the label
change is based on the studies originated by Chowbay and
co-workers (57] showing that genotype distributions of
UGTI1A! in Indians are similar to Caucasians (*28 is a dom-
inant defecrive allele), those of Chinese are similar to Japanese
("6 as well as *28 are defective alleles) and those of Malays are
in between. Thus, both "28 and *6 have been taken into
account to cover all ethnic groups in Singapore.

Because of limited scales of retrospective investigations and
moderate predicrability, the genetic test is not mandarory.
A recent meta-analysis on Caucasians (10 sets of paticnts) to
evaluate the relation of irinotecan dosage and risk of toxic-
itics [111] showed that the risk of hematologic roxicitics was
higher in patients with "28 homozygous who reccived middle
and high doses of irinotecan (> 150 mg/ m") but not low doses
(< 150 mg/m?), suggesting the benefit of *28-genotyping only
with regimens of higher doses of irinotecan. Howecver,
another meta-analysis on 15 clinical studies showed a signifi-
cant association between "28 homozygotes and increased risk
of ncucropenia cven at low doses of irinotecan regimens
(< 150 mg/mz) (2l It should be noted that these studies
did not include clinical studies in East Asians, where
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UGTIA1"6 and regimens containing co-administered drugs
such as cisplatin or paclitaxel caused scvere toxicities at low
doses of irinotecan (26.36,52.611. Further prospective studies
are ongoing for appropriatc irinotecan dose scteing in Japan,
based on the UGTIAI genotype *6 or *28.

3. Gemcitabine

Gemcitabine {2, 2’-difluorodeoxycyridine) is a deoxycytidine
analog with antineoplastic activity against solid tumors includ-
ing pancreatic and NSCLCs (13, This section reviews the
current pharmacogenomic status of gemcitabine-induced
myclotoxicities as well as cfficacy, and its ethnic differences.

3.1 Gemcitabine metabolism/disposition and toxicity
After infusion, gemcitabine is transported into cells by equili-
brative and concentrative nucleoside transporters, and then
phosphorylated initially by dcoxycytidine kinase 1o 27, 2'-
difluorodeoxycytidine monophosphate (Figure 3) 1141, The
drug is further phosphorylated to its active diphosphorylated
and rtriphosphorylated forms, dFdCDP and dFdCTP.
dFdCDP inhibits ribonucleotide reductase to deplete cellular
deoxynucleotides pools, especially dCTP, and chis is a self-
potentiating mechanism of gemcitabine thar leads to
increased formation of acrive gemcitabine di- and triphos-
phates. Also, dFdCTP is incorporated into DNA and inhibits
DNA synthesis. Most gemcitabine is rapidly metabolized by
cytidine deaminase (CDA) to an inactive form 2/,
2’-difluorodeoxyuridine and excreted into urine.

Toxicitics by gemcitabine are generally mild, bur severe
toxicities such as myelosuppression and interstitial pneumonia
are occasionally observed (115]. The frequencies of grade
4 ncutropenia were 13 and 6%, as described in the package
inscres of Japan and the US, respectively.

3.2 Association of CDA polymorphisms and
gemcitabine-induced toxicities

Because CDA is the enzyme responsible for detoxifying gem-
citabine, its decrease in activity increases AUC of gemcitabine
leading to enhanced metabolic activation and inhibition of
DNA synthesis, resulting in high damage in tissues with active
cell proliferation such as bone marrow. Until now, two non-
synonymous SNPs 79A>C (K27Q) (*2) and 208G>A
(A70T) (*3) and their functional significance have been
reported [114].

Regarding 79A>C (K27Q) (“2), minor (C) allcle frequen-
cies are 0.30 - 0.36 in Caucasians, 0.04 - 0.11 in Africans
and 0.20 in Asians (Table 4) 6119 The recombinant
enzyme with GIn27 showed reduced activity by 34% with
an increasc in K, for gemcitabine as compared to the wild-
type enzyme with Lys27 (116). However, the minor allele of
this SNP has been shown 10 be associated with < 1.7-fold
higher enzymatic activity for gemcimbine by caralytic tests
using lysates of red blood cells taken from caucasian cancer
patients {120,121). In accordance with this, the minor allele
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(C) is associated with lower frequencies of grade 3 and
4 ncutropenia in 65 caucasian NSCLC parients treated
with gemcitabine and cisplatin f1211. On the other hand,
another study in the US reported the association of the C
allele with increased grade 3 and 4 roxicities in 55 gemcita-
bine- and cisplatin-treated patients with metastatic breast
cancer (122). Morcover, a recent caucasian study reported no
significant effect of 79A>C on PK of gemcitabine [1231.
Anorher recent study performed in France also showed no
impact of 79A>C genotypes on serum CDA activity (124).
Similarly, no impact of 79A>C was obscrved for CDA
activity, PK and toxicitics of gemcitabine in 256 Japanese
cancer patients {125]. The reason for these discrepancies is
unknown. Difference in activities berween recombinant
GIn27 enzymes (reduced activity) and lysates of red blood
cells taken from caucasian cancer patients (increased activity)
may be caused by population-specific linkage of 79A>C with
polymorphism(s) that can induce higher expression of CDA
proteins. Another possible factor is regimen including
concomitant drugs for treatment [126]. Because the effect
of 79A>C on the CDA catalytic acrivitics is small, precise
and well-planned clinical studies using large sample sizes
are necessary for cvaluation of the actual impact of
79A>C polymorphism.

As for 208G>A (A70T) (*3), the mutant enzyme expressed
in yeast has reduced activiry for both ara-C and cyridine (1141,
Ethnic differences have been reported in the minor allelic fre-
quency of 208G>A (Table 4) (116-119). This polymorphism was
detected in East Asian populations such as Japanese
(0.022 - 0.043), Korcan (0.005) and Chinese (0.005) and
some Africans (Ghanaian + Kenyan, 0.131), but was not
detected in Caucasians and African-Americans. Plasma of Jap-
ancsc patients with the minor allele had reduced activity for
gemeitabine and cyridine in an allele number-dependent
manner [125}. Furthermore, an allele was associated with
reduced clearance of gemcitabine, that is, ~ 80 and 20% of
residual clearance values in heterozygotes and homozygotes
for 3, respectively, compared to that in the wild type.
A constructed population pharmacokinetic model in Japanese
showed that heterozygous and homozygous 208A alleles con-
tribute to the 17.1 and 63.9% reduction in clearance n127). In
addition, 1 and 3 paticnts from 256 and 242 Japanese cancer
patients administered gemcitabine, respectively, suffered from
prolonged severe grade 4 myelosuppression, and 3 out of the
4 patients had homozygous A/A allele, suggesting that in Jap-
anese, 208G>A is a major determinant for severe myelosup-
pression by gemcitabine (126,129, In contrast to the Japanesc
studies, although > 10% show grade 3 and 4 myclotoxicities,
208G>A polymorphism has not been found in French studies
including a casc that ended in death 1241301 The patients
with toxicities had indeed > 70% lower CDA activity in
scrum (12d]. Thus, no useful genetic markers have been
found for non-East Asian patients, and other factors
rather than 208G>A are probably involved in reducing
enzymatic activities. Intensive re-sequencing of CDA
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Figure 3. Activation and inactivation pathways of gemcitabine.

Table 4. Ethnic differences in allele frequencies of CDA polymorphisms.

*2 *3 Ref.

79A5C 208G>A

Lys27Glin Ala70Thr

rs2072671 rs60369023
Japanese 0.20°-0.21 0.02 - 0.04 [119,125]
Korean 0.15 0.01 {119
Chinese 012, 0,01 {118
Chinese-Americans 0.16 o 118}
Caucasian-Americans 0.30- 0.33 o2 (116,119]
Europeans. (Britishj 0.36 0 {117y
African-Americans 0.09 - 0.1 0 {116;,119]

0.04 013 [117}

Africans (Ghanaian + Kenyans)

including transeriptional regulatory and all intronic regions is
necessary to identify causative variation(s).

For other gemeitbine-related genes, a study o Asians has
shown. the. significant association of SLC28471 1561G>A
(DS2INY with decreased ncucmphd and plarcler nadir
counts {1317, However, the variane protein was found to retain
transporting function in vitro. This SNP is frequent in Euro--
pean Americans. (minor allele frequency: 0.51) compared o
African-Americans (0.10) and Asians (0.034) 1321, [n addition,
combinatorial effects of the SNPs on grade 3/4 neutropenia’
were also investigated for 17 SNPs of 8 genes for gemcirabine
metabolism and disposition in 154 potentially resectable and
149 locally advanced pancreatic cancer patients (mostly

caucasian patients) treared with gemcirabine-based chemother-
apy (1331341, Significantly associated SNPs were CDA435C>T
(T145T, rs1048977), DCK 1VS6-1205C>T (rsd694362),
DCK IVS2+9846A>G {rs12648160) and CNT3 (SLC2843)
267A5G (T89T, 157867504) for the potentially resccrable
patientsand CDA*2 [79A-C (}\7 (\) I, DCKIVS6-1205CsT,
RRAMT 2223A5G (17417, rs3177016) and ENTT (SCL29AT)
IVS24913CT (rs9394992) for the locally advanced patients.
Thus, only.an intronic SNP DCKIVS6-1205C>T overlapped
the two patient groups, .of which the functional significance is
unclear. The influence of polymorphisms radher than . CDAS
scems 1o be a lack of evidence on their réproducibility aind
clinical imporuance for gemeitabine roxicity.
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3.3 Relevance of genetic polymorphisms to
gemcitabine efficacy

The relevance of pharmacogenomic information on the efficacy
of gemcitabine is still controversial. The minor allele (C) of
CDA*2[79A>C(K27Q)] was reported associated with decreased
response, shorter time to progression and OS in 65 caucasian
NSCLC patients treated with gemcitabine and cisplatin 211
Additive cffects of SNPs in genes related to transport and metab-
olism of gemcitabine were significant in the potentially resect-
able pancreatic cancer patents with OS for CDA2 [79A>C
(K27Q)], DCK 1VS6-1205C>T, DCTD 348T>C (V116V,
157663494), SLC28A3 1381C>T (L4611, 1s7853758),
SCL29A1 TVS2-549T>C (rs324148) and 1VS2+913C>T, and
in the Jocally advanced pancreatic cancer patients with progres-
sion-free survival for CDA79A>C (K27Q), RRM1 2223A>G
(T741T) and 850C>A (R284R, rs183484) and SCL29A1
IVS12-201A>G (rs760370) (133.134). Thus, only CDA*2 over-
lapped berween the two patient groups, but the influence of
CDA"2 dirccted opposite between these studies. As for RRM 1
SNPs, several studies also reported a significant association
with gemcitabine efficacies but the tendencies and correspond-
ing SNPs were also variable {135-137). Further studies are still
needed to clarify these issues in a larger number of patients.

4. Tamoxifen

Ethnic differences in genetic variations also contribure to the offi-
cacy of anricancer drugs. In this section, we select the anti-
breast cancer drug camoxifen as many papers have been published
recently showing the importance of CYP2D6 polymorphisms.

4.1 Pathways for metabolic activation of tamoxifen
Tamoxifen has potent anti-estrogenic action by binding to the
estrogen receptor, resulting in competition with estrogen and
inhibition of growth of ER-positive breast cancers [138]. Tamox-
ifen is a prodrug that is metabolized by cytochrome P450s to
N-desmethyl-camoxifen and an active metabolite 4-hydroxy-
tamoxifen, and then into endoxifen (N-hydroxy-desmethyl-
tamoxifen). CYP2D6 and CYP3A4/5 mainly mediate 4-hydrox-
ylation and N-desmethylation, respectively. Because the plasma
concentration of endoxifen is about six times higher than thar
of 4-hydroxy-tamoxifen and their potency is equivalent, endox-
ifen is thought to be the most important metabolite of tamoxifen
action 1139). Reduction in enzyme activitics by genctic polymor-
phisms of CYP2D6 and CYP3A4/5 could result in impaired effi-
cacy of tamoxifen. Because the majority of recent publications
have focused on CYP2DG, and frequent polymorphisms were
not reported in the major CYP3A isoform CYP3A4, the cffects
of CYP2DG6 genotypes are discussed in this section.

4.2 CYP2D6 polymorphisms and their influences on
tamoxifen efficacy

Though its hepatic expression levels are relatively low,
CYP2D6 is responsible for about 25% of the metabolism of
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known drugs f140.. CYP2D6 is 2 polymorphic gene and 80
haplotypes are now published in the CYP allele nomenclature
commitiee  homepage  (htp://www.cypalleles.ki.sc/cyp2d6.
htm). Several haplotypes (e.g., *9, *10, *17, *29 and *41) are
associated with reduced enzyme activity and some (*3, *4, *5
and *6) are with null activity. Large inter-ethnic differences
arc observed in the frequencies of CYP2D6 haplotypes
(Table 5) 1140-146). The frequencies for null haplotypes are about
24% in Caucasians, 7% in East Asians and 9% in Africans, and
those for reduced activity are 10% in Caucasians, 53% in East
Asians and 47% in Africans. On the basis of merabolizing
capacity, the subjects can be divided into four phenotypes by
combinations of these defective haplotypes and gene duplica-
tions. Typical classificarion is as follows: ultrarapid metaboliz-
ers (UMs) have three or more functional CYP2D6 gene(s) due
to gene duplication, resulting in expressing excessive amounts
of CYP2D6 protcins. Extensive metabolizers (EMs) carry two
alleles with normal enzyme activities. Subjects bearing one
allele with normal and one with null or decreased activiry are
classified as heterozygous EMs, and subjects having two alleles
with decreased activities or one allele with decreased and one
with null activity arc classified as intermediate merabolizers
(IMs). Heterozygous EMs and IMs are often combined and
designated as ‘IMs’. Poor metabolizers (PMs) have two non-
functional alleles lacking CYP2DG6 acrivitics. Resulting PM
frequencies are ~ 6% in Caucasians, and 0.5 - 1% in East
Asians and Africans. Mean plasma endoxifen concentration
was reported to increase according to the number of funcdonal
haplotypes [1471. Two subsequent reports supported this
phenomenon [143,149).

The majority of reports showed that pacients with onc or two
deficient CYP2D6 haplotypes were associated with a worse
clinical outcomessuch asshorter recurrence-free survival (149-1521.
A retrospective analysis of 1325 German and US cohorts of
paticnts treated with adjuvant tamoxifen for carly stage breast
cancer showed that IMs (including heterozygous EMs) and
PMs had a hazard ratio (HR) of 1.40 and 1.90, respecrively,
for time to recurrence when compared with EMs (including
UMs) ns0l. In Japanese, CYP2D6 deficient haplotypes were
significantly associated with shorter recurrence-free survival
(HR = 4.44 and 9.52 for heterozygous and homozygous defi-
cient haplotypes vs EMs) 1149]. They included both reduced
and null activity haplotypes as well as deficient haplotypes.
However, the influence of CYP2D6 genotypes on tamoxifen
cfficacy is still controversial. From 2005 to 2007, three reports
showed thart patients with CYP2D6"4, a major null haplotype
in Caucasians, showed insignificant or even better clinical
outcome [153-155]. The discrepancies may be caused by several
factors such as genotyped CYP2DG6 haplotype numbers, co-
medicarion of CYP2DG inhibitors, tamoxifen adherence (com-
pliance), tamoxifen doses and treatment length, and node
status. CYP2DG6 inhibitors may reduce the plasma endoxifen
concentrations and the strong inhibitors, paroxetine and fluox-
ctine, are commonly used for treatment of tamoxifen-induced
hot flashes and depression from cancer [1471.
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or CYP2D6 haplotypes with reduced or null activities or duplications.

in maj

.

Table 5. Ethnic differences

Duplication (%)

Reduced (%)

Null (%)

*9 *10° *17 *29 *41 *TrN *2xN *4xN *10 » N

*6

*5

*4

*3

0-1

4-10

0-2 14 - 21 2-7 -

0-1

Caucasians

36 - 64 0

3-9

0

East Asians
Africans

3-17 1-10 0-3

18 - 34

Summarized from references {128-134].
%In Japanese and probably East Asians, most of the =70 allele exist as *36-* /0. Because CYP2D6.36 had only slight enzymatic activity, additional *36 render negligible activity.

Recent  reports  assessed  these  confounding  factors.
Schroth ez al. (15¢) demonstrated that comprehensive genotyp-
ing of CYP2D6 (full haplotype coverage) is important for
increased predictability of tamoxifen clinical outcome. Results
from full haplotype coverage showed a significant association
of PMs with higher relapse-free survival (Cox proportional
HR = 2.77, vs EMs). On the other hand, only a *4 analysis
resuleed in misclassification of a cthird of patients and its HR
did not reach significance. Kiyotani et al. 157 showed that sig-
nificant effects of CYP2DG low or null activity haplotypes
were observed for shorter recurrence-free survival only in
tamoxifen monotherapy (p = 0.000036 for trend) but not in
combination chemotherapy (p = 0.53). Their review of previ-
ous publications also supports this notion. Also, they showed
that node starus did not affect outcome. Another paper with
two archival cohorts reported that comprehensive CYP2D6
genotyping and adherence to tamoxifen are suggested to be
uscful for identification of breast cancer patients likely to ben-
cfit from adjuvant tamoxifen niss). In their study, inclusion of
co-medication status of strong CYP2DG inhibitors, paroxe-
tine and fluoxetine, did not influence the HR. In line with
this, poor adherence of tamoxifen, not concomirant usage of
CYP2D6 inhibitors, led to lower cvent-free survival in
another multivariate analysis, though its HR was small
(0.987) nson.

Although many studies support the uscfulness of CYP2D6
genotyping, larger prospective randomized clinical trials that
compare outcomes between genotype-guided and non-
guided dosing of tamoxifen would be necessary for conclud-
ing whether CYP2D6G genotyping is really uscful for
tamoxifen therapy. In addition, differences in effect sizes of
IM and PM haplotypes should be precisely analyzed because
their frequencics are ethnic-specific. Because effects of
genetic polymorphisms on catalytic acrivities are known
to be substrate-dependent 981, the influence of reduced-
activity haplotypes on tamoxifen metabolism should be
assessed in vitro.

4.3 Relevance of CYP2D6 polymorphisms in
tamoxifen-induced hot flashes

Hot flashes arc the most common side cffect of ramoxifen,
occurring in > 50% of women recciving tamoxifen (1601, and
the onset of hot flashes can result in paticnt noncompliance.
As for the association with CYP2D6 genotype, Gocer et al.
first reported that patients with CYP2DG6*4/*4 genotype did
not experience moderate to severe {grade 2 - 3) hot flashes rel-
ative 10 EM and IM patients (151), suggesting chat metabolic
activation of tamoxifen by CYP2D6 could be involved in
the onset of hot flashes. In line with this, patients with hot
flashes showed longer recurrence-free survival than those
who did not report hot flashes (161]. A recent paper also
reported a trend toward fewer severe hot flashes in PMs com-
pared to IMs + EMs 11621. However, one repore contradicted
this phenomenon, although the sample size was very
small (163}
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s. Conclusions

Recent pharmacogenomic progress was summarized for iri-
notecan, gemcitabine and tamoxifen focusing on ethnic
differences of merabolizing enzymes and transporters. For iri-
notecan, studies with UGTIA haplotypes have collectively
revealed the primary importance of UGTIAI genotypes/
haplotypes for prediction of severe irinotecan toxicitics in
an ethnic-specific manner (*28 for Caucasians, and 6 and/
or *28 for Asians). All these efforts have brought personal-
ized irinotecan therapy to the US (for *28) and Japan (for
*28 and *6), and also to Singapore (for *28 and *6). Further
prospective studies considering ethnic-specific  genotypes,
such as UGTIA7*3 or UGTIAI*93 and/or transporter
genetic markers, and regimens would provide safer and
more cffective dosing strategies for irinotecan therapy.
Regarding gemcirabine, CDA"3 is a uscful marker for severe
myclotoxicities by gemcitabine in Japanese parients, but not
in Caucasians. For tamoxifen, che majority of recent cvi-
dence suggested that CYP2DG6 variant haplotypes with low
or null activities, which showed different frequencies among
cthnic popularions, are associated with worse clinical out-
comes compared to EM haplotypes. Prospective clinical
studies using specific ethnic populations are nccessary
for opening an era of selection and dosc-adjustment of
anticancer drugs bascd on pharmacogenomic information,

6. Expert opinion

Recent pharmacogenomic studies have successfully identified
several uscful genetic markers that are related to alteration of
drug metabolism and disposition, and ethnic differences in
their frequencics. In other words, echnic differences in drug
mctabolism and disposition are, at lcast partly, accributable
to cthnic differences in frequencies of functional genetic var-
iations. All of this effort has practically led to the implemen-
tation of personalized irinotecan therapy in the US, Japan
and now in Singapore, reflecting ethnic differences in geno-
type distributions. It is worth noting thar a label change of
irinotecan in Singapore has been considered for both
UGTIAI"28 and *6 to encompass the risk groups of three
cthnic populations with distinct genotypes. It would be
reasonable to consider further revision of the irinotecan
labe! in other countries, considering the frequencies of
UGT1A1"28 and *6 in various countrics. Global collabora-
tive rescarch that includes sharing knowledge and dlinical
data from different cthnic groups may facilitate personalized
therapy in other countrics.

Regarding ethnic differences in response to irinotecan
therapy, it has been recognized that there is higher suscepti-
bility (toxicity and cfficacy) in Japanesc than Caucasians after
irinotecan/cispaltin regimens (164, and lower response (diar-
rhea and responsc rate) in Africans than Caucasians after
combination of irinotecan with 5-FU or oxaliplatin nesi.
These susceptibility differences among ethnic groups cannot
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be explained by frequencies of candidate high risk markers
identified so far, such as UGT1A1°28 or *6. Thus, predic-
tion of cfficacics and toxicirics by alrcady established genetic
markers such as UGTIA1728 or *6 for irinotecan is still
insufficient. Recent integrated pharmacogenetic studies on
multiple genes have detected novel genetic markers (76.86] or
additive cffects of transporter polymorphisms (7], bue further
validation studics are still needed to avoid possible false pos-
itive markers in a larger population. On-going prospective
studies on irinotecan may provide the appropriate doses for
cach genotype. In addition and of primary importance is
the optimization of the dose of irinotccan for high risk
groups to avoid severe toxicitics with a sufficient efficacy.
Further challenges of dose-cscalations for non-high risk
groups (108] should also be rtaken into consideration for
cfficacy improvement.

For gemcitabine, CDA*3 was not found in caucasian
patients with toxicities, whose CDA activities were very
low, suggesting that undefined polymorphisms associated
with reduced enzyme acrivity may exist in caucasian popula-
tions. Thercfore, comprehensive genetic screening is neces-
sary including 5'- and 3’-flanking regions as well as entire
intronic regions with the next generation sequencers. The
impact of other genes related ro gemcitabine merabolism
and disposition has been analyzed and some were reported
to significantly influence gemcitabine rtoxicitics. However,
further validation studies are still necessary prior to
clinical application.

For tamoxifen, increasing cvidence supports the usefulness
of CYP2D6 genotyping to predict tamoxifen cfficacy. Larger
prospective randomized clinical trials that compare outcomes
between genotype-guided and non-guided dosing of tamoxi-
fen are necessary for concluding whether CYP2D6 genotyping
is sufficiently uscful for amoxifen therapy. In addition to
CYP2D6, studies on the effects of polymorphisms in other
related genes such as CYP3A44 arc warranted. Recently, an
intronic SNP rs3740065A>G in ABCC2, which was in link-
age disequilibrium with -1774dclG, was reported to be signif-
icantly associated with longer recurrence-free survival in
tamoxifen treatrment [149.166). This repore shows the new
direction of pharmacogenomic studies on tamoxifen.

Because the extent of adverse reactions may depend on the
adopted regimens, further comprehensive pharmacogeneric
studies should be conducted on other enzymes involved in
the metabolism of co-administered drugs. This analysis is par-
ticularly important for cancer therapy because multiple anti-
cancer drugs are commonly used in most regimens. In
addition, environmental factors, such as food, smoking or dis-
case status, would be involved in susceptibility to anticancer
drugs. Other diagnostic approaches including proteomics
and metabolomics, which can reflect these environmental fac-
tors, would provide additional cffective biomarkers to more
preciscly explain ethnic differences. Another emerging issue
is the lack of knowledge of molecular markers related to
very rare but life-threatening adverse cvents after anticancer
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chemothcerapies. For strcamlining research on such rare cascs,
a network should be established among hospitals, academic

population. Further extensive cfforts in all cancer research

fields and global collaboration would facilitate reaching

and regulatory agencies to manage all aspects of research,

this goal.

starting with sample collection and ending with multiple anal-

yses. These rare cases require a2 comprehensive and

interdisciplinary approach.

The goal is the high-rate or even perfect prediction of
efficacies and toxicities of anticancer drugs in cach ethnic
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