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Germline Genetic Testing to Predict Drug Response and Toxicity in Oncology—
Reality or Fiction?
Thomas IP Soh,1MBBS, Wei Peng Yong,1MB ChB

Abstract
In addition to 6-mercaptopurine, 5-fluorouracil and irinotecan, the United States
Food and Drug Administration (US FDA) has recently recommended label change for
tamoxifen, to include pharmacogenetic information on treatment outcome. With the
increasing availability of pharmacogenetic testing, on germline as well as somatic mutations,
oncologists are now able to identify individuals at risk of severe treatment toxicity or poor
treatment response. However, there are still knowledge gaps to fill before rationalised
therapy based on pharmacogenetics can be fully integrated into clinical practice. This
review provides an overview on the application of pharmacogenetic testing for germ line
mutations in oncology to predict response and toxicity.
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Introduction
There is an increasing interest in personalised medicine,
perhaps none greater than in the field of oncology.
The idea of making therapeutic decisions based on an
individual’s genetic makeup, with the ability to predict
tumour response, as well as minimise toxicity is extremely
appealing to the oncologist. This is especially because
many chemotherapeutic agents have a narrow therapeutic
index. To date, there are at least 5 United States Food
and Drug Administration (US FDA) drug labels with
recommendations for germline genetic testing to be
considered prior to administration of the drug or drug group
for the treatment of cancer.1 This review aims to provide
a brief insight on the genetic basis for inter-individual
variations in therapeutic outcome relevant to key classes
of anticancer agents and the potential application of genetic
testing for treatment.
Variability in Response and Toxicity
Pharmacogenetics is defined as the study of inheritable
genetic variation in drug response. Contrary to popular
belief, it is not a new and modern concept. Observations of
individual differences in response to food and drugs date

back to as early as the 6th century BC. Pythagoras first
made the observation that some individuals fall ill after
ingesting uncooked fava beans, and disallowed his followers
to eat them. It was not until the 1950s that the link between
glucose-6-phosphate dehydrogenase deficiency, haemolytic
anaemia, and fava beans was established.
With regards to the development of cytotoxic drugs
with narrow therapeutic index, the assumption that the
treatment response is proportional to dose is often made.
The recommended dose for further clinical testing is
usually defined as the dose at which less than one-third of
the treated subjects developed severe toxicity.2 Hence, it is
inevitable that for patients treated with any cytotoxic drug,
there exist four categories of individuals: (i) Responders
with tolerable toxicity, (ii) Responders with severe toxicity,
(iii) Non-responders with tolerable toxicity, and lastly, and
most undesirably, (iv) Non-responders with severe toxicity.
Ideally, if we could predict which category a patient belongs
to, we will be able to make appropriate treatment decisions.
To some extent, individualised therapy is already being
practised on a daily basis. Chemotherapy is dosed based
on an individual’s morphometric (e.g. body surface area),
physiologic (e.g. liver, renal function), and demographic
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(e.g. age) characteristics. With the introduction of
genetic testing, another parameter is now available to
guide individualised cancer therapy. Genetic testing for
the majority of chemotherapeutics is still largely under
investigation. There are however, a few agents that have
set the stage for others to follow.
6-Mecaptopurine (6-MP)
6-MP is one of the first chemotherapeutic agents
recommended by the US FDA to consider genetic testing
prior to commencement of therapy. It is used predominantly
for the treatment of childhood acute lymphocytic leukemia
(ALL). Thiopurine methyltransferase (TPMT) is a cytosolic
enzyme that catalyses the methylation of aromatic and
heterocyclic sulphydryl compounds. The substrates of
TPMT include 6-MP, 6-thioguanine and azathioprine.
Although there are 2 other pathways competing with TPMT
for the metabolism of 6-MP, the activity of the competing
pathways in haematopoietic tissues is negligible and TPMT
is the major inactivating enzyme for 6-MP in these tissues.3
TPMT activity has a tri-modal distribution and is
inherited in an autosomal codominant pattern.4 Genetic
polymorphisms in TPMT have been associated with 6-MP
toxicity and therapeutic efficacy.5 Patients with TPMT
deficiency require dose reduction to prevent life-threatening
toxicity. Even when treated at 10% of the standard dose of
6-MP, patients homozygous for TPMT variants have similar
or superior survival compared with patients with at least
one wild-type (normal) allele.6 Patients homozygous for
the wild-type allele are less likely to have severe treatment
toxicity but may be at higher risk of disease relapse.7
To date, at least 21 TPMT polymorphisms have been
identified, 17 of which were shown to have reduced
TPMT activity. Approximately 1 in 300 Caucasians has
almost no detectable TPMT activity, and 1 in 10 has
intermediate TPMT activity. TPMT*2 (238G>C, P240A),
TPMT*3A (460G>A, A154C; 719A>G, C240Y), and
TPMT*3C (719A>G, C240Y) account for over 90% of
low or intermediate activity phenotypes in Caucasians,
with reported allelic frequencies of 0.2%, 4.4%, and 0.4%,
respectively.8 TPMT protein variants are prone to enzymatic
degradation, resulting in lower catalytic activity.9
The mean calculated cost per life-year gained by TPMT
genotyping in ALL patients was 2100€ (~SGD$3650), based
on genotyping costs of 150€ (~SGD$260) per patient, and
this is expected to further improve following wider use and
decreasing cost due to availability of lower cost genotyping
methods.10 With measurement of TPMT red blood cell
activity being time-consuming and may be unreliable
following blood transfusions, pretreatment genetic testing
is an attractive alternative to screen for patients with TPMT
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deficiency.11 In 2003, a US FDA advisory committee
made a landmark decision to recommend the addition of
pharmacogenetic information on TPMT polymorphisms and
treatment toxicity to the prescribing information for 6-MP.
However, several questions remain unanswered. There are
substantial differences in the frequency of TMPT variants
across various population groups. In Asian populations,
TPMT*3C is the most common TPMT variant, with
estimated allele frequency of TPMT*3C in the region of 2%
to 4%.12 This difference means that the cost effectiveness
of testing in specific populations is still unclear.
In addition, variable number tandem repeats (VNTR) have
been found in the promoter region of TPMT. Although there
is in vitro evidence to suggest that VNTR polymorphisms
correlate negatively with TPMT activity, the importance
of VNTR polymorphisms has not been clearly established
in clinical studies.13
There is currently still no consensus regarding the
optimal dose of chemotherapy for TMPT heterozygotes in
all populations. Similarly, there has been no study to date
to compare if dose individualisation for heterozygotes is
superior to dose adjustment based on toxicity.
Irinotecan (CPT-11)
Irinotecan is a topoisomerase I inhibitor, and commonly
used for the treatment of colorectal and lung cancers.
It is converted to an active metabolite SN-38, by
carboxylesterase 2, which is 100 to 1000 times more potent.
UDP glucuronasyltransferase 1A1 (UGT1A1) is the major
enzyme responsible for the glucuronidation of SN-38,
rendering it more soluble for elimination via bile and urine.14
The UGT family of enzymes catalyses the glucuronidation
of many lipophilic xenobiotics and endogenous substrates,
including bilirubin. There are numerous polymorphisms of
the UGT 1A1 gene, of which the most extensively studied
being UGT 1A1*28 and UGT1A1*6.15
In Caucasian populations, UGT1A1*28 polymorphism
is the most common variant associated with Gilbert
syndrome.16 Approximately 5% to 15% of Caucasian and
12% to 27% of African populations have this polymorphism,
but this is present in only 1.2% to 5% of South East Asian
and Pacific populations.17,18 In East Asians, Gilbert syndrome
has been linked to other functional polymorphisms,
namely UGT1A1*6 (211G>A, G71R) and UGT1A1*60
(3279T>G), with reported allelic frequencies 13% to 23%
and 13.6% respectively.18 Homozygotes for all the above
polymorphisms, as well as double heterozygotes (*6/*28)
are associated with an increased risk of toxicity from
irinotecan due to decreased clearance of SN-38.
Up to 35% of patients receiving irinotecan for metastatic
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colon cancer have been reported to experience dose
limiting toxicities.19 In 2005, the US FDA amended the
product label of irinotecan to include a precautionary
note warning of increased neutropenia and toxicity for
patients who are homozygous for UGT1A1*28.20 A metaanalysis of 9 studies in 2007 confirmed the association for
doses greater than 150mg/m2 with increase neutropenia in
patients homozygous for UGT1A1*28.21 However, more
importantly, no association was seen at lower doses (100 to
125mg/m2), which is the dose often used for weekly dosing.
In a large study of patients treated with irinotecan,
5-Fluorouracil (5-FU) and leucovorin (FOLFIRI), it was
observed that there was an 8-fold increased risk of developing
severe neutropenia during the first treatment cycle in patients
with UGT1A1*28 polymorphisms.22 Interestingly, patients
homozygous for UGT1A1*28 also seemed to have better
tumour response, time to tumour progression, and a trend
toward better survival. Clinical data from 2 Japanese studies
had also demonstrated that increased risk of neutropenia
is present even in heterozygous UGT1A1*6, with toxicity
observed even in low dose irinotecan.23,24 This highlights
the lack of evidence that dose reduction alone can reduce
toxicity, and perhaps toxicity may even somehow represent
a biomarker for response.
The Evaluation of Genomic Applications in Practice and
Prevention (EGAPP) working group recently concluded that
the evidence is currently insufficient to recommend using
genotyping of UGT1A1 to modify the dose of irinotecan.25
The recommendation came after the observation that
although there was a significant association between the
UGT1A1*28 homozygous genotype and severe neutropenia,
there was no statistically significant difference in the
frequency of severe diarrhoea. More importantly, there
was suggestion that reducing irinotecan dose may result in
patient harm due to decreased tumour response.
The US FDA approved the InvaderR UGT1A1 molecular
assay (Third Wave Technologies) for the detection of
UGT1A1*28 in 2005.1 Following a label revision in 2008
in Japan, similarly, the Japanese Ministry of Health, Labour
and Welfare has approved the use of UGT1A1 genotyping
for UGT1A1*28 and UGT1A1*6 variants to predict for
toxicity.26 The variants are detected using invasive cleavage
of oligonucleotide probes with cleavase enzyme and a
fluorescence resonance energy transfer cassette.27 Several
gaps remain to be filled, including knowledge pertaining
to the ideal dose of irinotecan in heterozygotes. At present,
the main usefulness of genotyping for UGT1A1 is in
allowing clinicians to consider alternative treatment options
if genetic testing reveals an unfavourable genotype, or to
consider a weekly dosing schedule instead of the usual
2- or 3-weekly dose.
5-Fluorouracil (5-FU)

5-fluorouracil (5-FU) has been a key chemotherapeutic
agent in the treatment of colorectal cancer over the past
few decades, and has activity in a variety of other cancers,
including head and neck, gastric, and breast cancer. 5-FU
is converted to its cytotoxic nucleotides, which in turn
inhibit thymidylate synthase (TYMS) or incorporates
into RNA and DNA. It is metabolised to its inactive
form, 5, 6-dihydro-5-fluorouracil, by dihydropyrimidine
dehydrogenase (DPD).28 DPD is the rate-limiting enzyme in
the catabolism of pyrimidines such as uracil and thymidine,
and the synthesis of β-alanine.29 Decreased DPD activity
can lead to the accumulation of 5-FU and severe toxicities,
including mucositis, neutropenia, neurological symptoms
and death.30
More than 40 different polymorphisms of DPYD (the
gene coding for DPD) are reported to date, of which
17 mutations are found in patients with severe 5-FU
toxicity.31 Approximately 3% to 5% of the population is
heterozygous and 0.1% is homozygous for alleles with
impaired DPD function.32 DPYD*2A is the most common
DPYD polymorphism associated with impaired DPD
activity. DPYD*2A is caused by a 5′ splice site mutation
at intron 14 G1A resulting in the formation of a truncated
protein.33 It is estimated that about a quarter of patients
suffering from severe 5-FU toxicity have DPYD*2A
polymorphism.34,35 The allelic frequency of DPYD*2A is
only about 1.8% in European Caucasians and less than 1%
in Asian populations.36,37
Up to two-thirds of patients who experienced
treatment toxicity do not have a molecular basis for DPD
deficiency.38 Other genetic or epigenetic variations may
account for this, including variations in TYMS and 5,
10-methylenetetrahydrofolate reductase (MTHFR) which is
an important enzyme that regulates folate and homocysteine
homeostasis.
The TYMS gene contains 7 exons and a 5′-flanking
untranslated enhancer region containing a 28-bp tandem
repeat sequence.39 The number of tandem repeats varies from
two (2R) to nine (9R) copies.40 The translational efficiency
is correlated with the number of tandem repeats. In vitro,
there is a 2.6- to 3.6-fold increase in TYMS expression
with the 3R variant compared with the 2R variant.41 The
distribution of tandem repeats in Caucasians is 16% 2R/2R,
51% to 55% 2R/3R, 29% to 32% 3R/3R and <1% for other
variants.42,43 In patients with metastatic colorectal cancer,
those homozygous for 3R had a poorer survival (12 months
vs 16 months) and a lower response rate (9% vs 50%) to
5-FU, compared with those homozygous for 2R.44
Another polymorphism, 3RC, alters the transcriptional
activity of the TYMS gene.45 3RC is a G→C single nucleotide
polymorphism (SNP) located at the 12th nucleotide of the
second tandem repeat of 3R. The 3RC allele occurs in 56%,
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28% and 37% of all 3R alleles in Caucasians, AfricanAmericans and notably, Singapore Chinese, respectively,
and a 3RC variant has a lower TYMS expression level and is
associated with better clinical outcome with 5-FU compared
to the 3R variant.46 However, TYMS polymorphisms have
relatively modest and inconsistent associations with toxicity,
and several studies have failed to replicate the results, and
further studies are indicated.47
A large prospective German study of 683 patients
looked to assess the predictive value of polymorphisms in
DPYD, TYMS and MTHFR for severe toxicities related to
fluorouracil (FU) treatment.48 The sensitivity of DPYD*2A
genotyping for overall toxicity was 5.5% with a positive
predictive value of only 46%. Inclusion of additional DPYD
variants improved prediction only marginally. Interestingly,
while women had a higher risk for toxicity, DYPD genotype
was not a dependent factor.
Commercially available assays such as TheraGuide
5-FU™ are currently available to test for variations in
DPYD and TYMS. However, testing should be indicted
only if alternative therapy is a consideration, given the
low sensitivity for testing (especially low sensitivity for
women), infrequent prevalence and heterogeneity of
functional DYPD polymorphism, and inconsistency of
TYMS polymorphism association with toxicity.
Tamoxifen
Tamoxifen is used in the treatment of estrogen receptor–
positive breast cancer and also for chemoprevention for
patients at high risk for developing breast cancer. It is
metabolised via the cytochrome P450 (CYP) pathway to
form several metabolites, including endoxifen and 4-OHtamoxifen which are the most potent. Endoxifen is present at
a much higher plasma concentration than 4-OH-tamoxifen
and is thought to be largely responsible for the therapeutic
effect of tamoxifen.49
CYP2D6 is the predominant CYP isoform that catalyses
the formation of endoxifen.50 At least 88 allelic variants
of CYP2D6 have been described, many of which are
nonfunctional or have reduced catalytic activity, resulting in
a tetra-modal distribution: poor, intermediate, extensive and
ultrarapid. It is estimated that 5% to 10% of Caucasians have
nonfunctional variants.51 The most common nonfunctional
variants, CYP2D6*3, CYP2D6*4, CYP2D6*5, and
CYP2D6*6, constitute approximately 97% of the poormetaboliser phenotype, resulting in up to a 4-fold difference
in endoxifen concentration in homozygotes for these
variants, compared to wild-types.52 Ultrarapid metabolisers
carry gene duplications or multiple duplications of
functional alleles resulting in increased enzyme activity.
These genotypes are rare in Caucasians and Asians but are
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common in Ethiopians and Saudi Arabians.53
Initial studies suggest that women with decreased
CYP2D6 activity had poorer clinical outcomes when treated
with tamoxifen, both in the adjuvant and chemoprevention
settings. For example, in a large retrospective analysis of
German and US patients, Schroth et al54 showed that the
recurrence rates were 14.9% for extensive metabolisers,
20.9% for heterozygous extensive/intermediate metabolisers,
and 29.0% for poor metabolisers. Ultrarapid metabolisers,
and possibly extensive metabolisers, may potentially benefit
from extended tamoxifen use (up to 5 years) before switching
to AI.55 However, retrospective analyses of 2 large adjuvant
breast cancer trials, ATAC and BIG1-98, were presented
recently, and they failed to establish a relationship between
CYP2D6 polymorphisms and treatment outcome in patients
treated with tamoxifen.56,57 Although only in abstract form,
these results highlight the uncertainty surrounding genetic
testing for CYP2D6 to guide tamoxifen therapy currently.
Administration of CYP2D6 inhibitors may affect
tamoxifen-related breast cancer outcomes by converting
an extensive metaboliser to a phenotypic poor metaboliser
and should be avoided.58 Potent CYP2D6 inhibitors include
antidepressants such as fluoxetine and paroxetine, whereas
moderate/weak inhibitors include cimetidine, amiodarone,
ticlopidine and haloperidol.
An FDA approved microarray-based pharmacogenetic
test, the AmpliChip CYP450R test, is available for
pretreatment testing of CYP2D6.59 It can detect 27 variant
alleles of CYP2D6 and three variants of CYP2C19
using an array of over 15,000 probes. The variants tested
include nonfunctional variants (CYP2D6*3, CYP2D6*4,
CYP2D6*5 and CYP2D6*6), and those that are more
commonly found in East Asians (CYP2D6*10), African
Americans (CYP2D6*17), and Middle Eastern and North
African populations (CYP2D6*2XN).
At this point, expert opinion is that there is currently no
strong evidence to routinely recommend CYP2D6 testing
prior to tamoxifen prescription, and more studies are
required. While CYP2D6 is important, it may not be the
only determinant of tamoxifen outcome. Other determinants
may include other metabolising enzymes, complex interplay
of different active metabolites in addition to endoxifen, and
possibly concomitant medications. It is still recommended
that patients who are on tamoxifen avoid potent CYP2D6
inhibitors.
Conclusion
Pharmacogenetic testing is now widely available, and not
merely fiction. The ability to predict outcome even before
commencement of treatment is now a reality. However,
widespread implementation is hampered by knowledge gaps
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in optimal drug dosing. The relevance in specific patient
populations, especially where the frequency of the allele is
low, is also continually under question. Certainly, genetic
testing is not for everyone, but it promises the potential
for cost saving, reduced toxicity and improved efficacy in
the near future.
To keep pace with the wealth of information generated
from preclinical pharmacogenetic studies and the increasing
accessibility of pharmacogenetic testing, there is an urgent
need for more validation studies, especially adequately
powered prospective trials to facilitate the translation of
pharmacogenetic knowledge into clinical practice.

REFERENCES
1.

Table of valid genomic biomarkers in the context of approved drug labels.
U.S. Food and Drug Administration (FDA).Available at: http://www.
fda.gov/Drugs/ScienceResearch/ResearchAreas/Pharmacogenetics/
ucm083378.htm. Accessed 28 September 2010.

2.

Mick R, Ratain MJ. Model-guided determination of maximum tolerated
dose in phase I clinical trials: evidence for increased precision. J Natl
Cancer Inst 1993;3;85:217-23.

3.

Lennard L. The clinical pharmacology of 6-mercaptopurine. Eur J Clin
Pharmacol 1992;43:329-39.

4.

Weinshilboum RM, Sladek SL. Mercaptopurine pharmacogenetics:
monogenic inheritance of erythrocyte thiopurine methyltransferase
activity. Am J Hum Genet 1980;32:651-62.

5.

Evans WE, Hon YY, Bomgaars L, Coutre S, Holdsworth M, Janco
R, et al. Preponderance of thiopurine S-methyltransferase deficiency
and heterozygosity among patients intolerant to mercaptopurine or
azathioprine. J Clin Oncol 2001;19:2293-301.

6.

7.

8.

9.

Relling MV, Hancock ML, Boyett JM, Pui CH, Evans WE. Prognostic
importance of 6-mercaptopurine dose intensity in acute lymphoblastic
leukemia. Blood 1999;93:2817-23.
Stanulla M, Schaeffeler E, Flohr T, Cario G, Schrauder A, Zimmermann
M, et al. Thiopurine methyltransferase (TPMT) genotype and early
treatment response to mercaptopurine in childhood acute lymphoblastic
leukemia. JAMA 2005;293:1485-9.
Schaeffeler E, Fischer C, Brockmeier D, Wernet D, Moerike K, Eichelbaum
M, et al. Comprehensive analysis of thiopurine S-methyltransferase
phenotype-genotype correlation in a large population of GermanCaucasians and identification of novel TPMT variants. Pharmacogenetics
2004;14:407-17.
Tai HL, Fessing MY, Bonten EJ, Yanishevsky Y, d'Azzo A, Krynetski EY,
et al. Enhanced proteasomal degradation of mutant human thiopurine
S-methyltransferase (TPMT) in mammalian cells: mechanism for TPMT
protein deficiency inherited by TPMT*2, TPMT*3A, TPMT*3B or
TPMT*3C. Pharmacogenetics 1999;9:641-50.

10. van den Akker-van Marle ME, Gurwitz D, Detmar SB, Enzing CM,
Hopkins MM, Gutierrez de Mesa E, et al. Cost-effectiveness of
pharmacogenomics in clinical practice: a case study of thiopurine
methyltransferase genotyping in acute lymphoblastic leukemia in Europe.
Pharmacogenomics 2006;7:783-92.
11. Lennard L, Lilleyman JS, Van Loon J, Weinshilboum RM. Genetic
variation in response to 6-mercaptopurine for childhood acute
lymphoblastic leukaemia. Lancet 1990;336:225-9.

12. Collie-Duguid ES, Pritchard SC, Powrie RH, Sludden J, Collier DA, Li T,
et al. The frequency and distribution of thiopurine methyltransferase alleles
in Caucasian and Asian populations. Pharmacogenetics 1999;9:37-42.
13. Marinaki AM, Arenas M, Khan ZH, Lewis CM, Shobowale-Bakre el-M,
Escuredo E, et al. Genetic determinants of the thiopurine methyltransferase
intermediate activity phenotype in British Asians and Caucasians.
Pharmacogenetics 2003;13:97-105.
14. Humerickhouse R, Lohrbach K, Li L, Bosron WF, Dolan ME.
Characterization of CPT-11 hydrolysis by human liver carboxylesterase
isoforms hCE-1 and hCE-2. Cancer Res 2000;60:1189-92.
15. Yong WP, Innocenti F. Translation of pharmacogenetic knowledge into
cancer therapeutics. Clin Adv Hematol Oncol 2007;5:698-706.
16. Monaghan G, Ryan M, Seddon R, Hume R, Burchell B. Genetic variation
in bilirubin UPD-glucuronosyltransferase gene promoter and Gilbert's
syndrome. Lancet 1996;347:578-81.
17. Akaba K, Kimura T, Sasaki A, Tanabe S, Ikegami T, Hashimoto M,
et al. Neonatal hyperbilirubinemia and muta¬tion of the bilirubin
uridine diphosphate-glucuronosyltransferase gene: a common missense
mutation among Japanese, Koreans and Chinese. Biochem Mol Biol
Int 1998;46:21-6.
18. Yong WP, Innocenti F, Ratain MJ. The role of pharmacogenetics in cancer
therapeutics. Br J Clin Pharmacol 2006;62:35-46.
19. Innocenti F, Undevia SD, Iyer L, Chen PX, Das S, Kocherginsky M, et
al. Genetic variants in the UDP-glucuronosyltransferase 1A1 gene predict
the risk of severe neutropenia of irinotecan. J Clin Oncol 2004;22:1382-8.
20. Haga SB, Thummel KE, Burke W. Adding pharmacogenetics information
to drug labels: lessons learned. Pharmacogenet Genomics 2006;16:847-54.
21. Hoskins JM, Goldberg RM, Qu P, Ibrahim JG, McLeod HL. UGT1A1*28
genotype and irinotecan-induced neutropenia: dose matters. J Natl Cancer
Inst 2007;99:1290-5.
22. Toffoli G, Cecchin E, Corona G, Russo A, Buonadonna A, D'Andrea M,
et al. The role of UGT1A1*28 polymorphism in the pharmacodynamics
and pharmacokinetics of irinotecan in patients with metastatic colorectal
cancer. J Clin Oncol 2006;24:3061-8.
23. Minami H, Sai K, Saeki M, Saito Y, Ozawa S, Suzuki K, et al.
Irinotecan pharmacokinetics/pharmacodynamics and UGT1A genetic
polymorphisms in Japanese: roles of UGT1A1*6 and *28. Pharmacogenet
Genomics 2007;17:497-504.
24. Onoue M, Terada T, Kobayashi M, Katsura T, Matsumoto S, Yanagihara K,
et al. UGT1A1*6 polymorphism is most predictive of severe neutropenia
induced by irinotecan in Japanese cancer patients. Int J Clin Oncol
2009;14:136-42.
25. Evaluation of Genomic Applications in Practice and Prevention (EGAPP)
Working Group. Recommendations from the EGAPP Working Group:
can UGT1A1 genotyping reduce morbidity and mortality in patients
with metastatic colorectal cancer treated with irinotecan? Genet Med
2009;11:15-20.
26. Pharmaceuticals and medical devices safety information No 248, July
2008, Revision of precautions for irinotecan hydrochlorides. Available
at: http://www.pmda.go.jp/english/service/pdf/precautions/PMDSI-248.
pdf. Accessed 13 February 2011.
27. Hasegawa Y, Sarashina T, Ando M, Kitagawa C, Mori A, Yoneyama
M, et al. Rapid detection of UGT1A1 gene polymorphisms by newly
developed Invader assay. Clin Chem 2004;50:1479-80.
28. Heggie GD, Sommadossi JP, Cross DS, Huster WJ, Diasio RB. Clinical
pharmacokinetics of 5-fluorouracil and its metabolites in plasma, urine,
and bile. Cancer Res 1987;47:2203-6.
29. Wasternack C. Degradation of pyrimidines and pyrimidines analogs–
pathways and mutual influences. Pharmacol Ther 1980;8:629-51.
30. Diasio RB. Clinical implications of dihydropyrimidine dehydrogenase
on 5-FU pharmacology. Oncology 2001;15:21-6.

Annals Academy of Medicine

Germline Genetic Testing in Oncology—Thomas IP Soh and Wei Peng Yong

31. van Kuilenburg AB, Meinsma R, van Gennip AH. Pyrimidine degradation
defects and severe 5-fluorouracil toxicity. Nucleosides Nucleotides Nucl
Acids 2004;23:1371-5.
32. Ridge SA, Sludden J, Wei X, Sapone A, Brown O, Hardy S, et al.
Dihydropyrimidine dehydrogenase pharmacogenetics in patients with
colorectal cancer. Br J Cancer 1998;77:497-500.
33. Wei X, McLeod HL, McMurrough J, Gonzalez FJ, Fernandez-Salguero
P. Molecular basis of the human dihydropyrimidine dehydrogenase
deficiency and 5-fluorouracil toxicity. J Clin Invest 1996;98:610-5.
34. Raida M, Schwabe W, Hausler P, Van Kuilenburg AB, Van Gennip
AH, Behnke D, et al. Prevalence of a common point mutation in the
dihydropyrimidine dehydrogenase (DPD) gene within the 5′-splice donor
site of intron 14 in patients with severe 5-fluorouracil (5-FU)-related
toxicity compared with controls. Clin Cancer Res 2001;7:2832-9.
35. van Kuilenburg AB, Meinsma R, Zoetekouw L, Van Gennip AH. High
prevalence of the IVS14 + 1G→A mutation in the dihydropyrimidine
dehydrogenase gene of patients with severe 5-fluorouracil-associated
toxicity. Pharmacogenetics 2002;12:555-8.
36. van Kuilenburg AB, Muller EW, Haasjes J, Meinsma R, Zoetekouw
L, Waterham HR, et al. Lethal outcome of a patient with a complete
dihydropyrimidine dehydrogenase (DPD) deficiency after administration
of 5-fluorouracil: frequency of the common IVS14+1G→A mutation
causing DPD deficiency. Clin Cancer Res 2001;7:1149-53.
37. Yamaguchi K, Arai Y, Kanda Y, Akagi K. Germline mutation of
dihydropyrimidine dehydrogenese gene among a Japanese population in
relation to toxicity to 5-Fluorouracil. Jpn J Cancer Res 2001;92:337-42.
38. Collie-Duguid ES, Etienne MC, Milano G, McLeod HL. Known
variant DPYD alleles do not explain DPD deficiency in cancer patients.
Pharmacogenetics 2000;10:217-23.
39. Kaneda S, Nalbantoglu J, Takeishi K, Shimizu K, Gotoh O, Seno T, et
al. Structural and functional analysis of the human thymidylate synthase
gene. J Biol Chem 1990; 265:20277-84.
40. Kawakami K, Salonga D, Park JM, Danenberg KD, Uetake H, Brabender
J, et al. Different lengths of a polymorphic repeat sequence in the
thymidylate synthase gene affect translational efficiency but not its gene
expression. Clin Cancer Res 2001;7:4096-101.
41. Pullarkat ST, Stoehlmacher J, Ghaderi V, Xiong YP, Ingles SA, Sherrod
A, et al. Thymidylate synthase gene polymorphism determines response
and toxicity of 5-FU chemotherapy. Pharmacogenomics J 2001;1:65-70.
42. Lecomte T, Ferraz JM, Zinzindohoue F, Loriot MA, Tregouet DA, Landi
B, et al. Thymidylate synthase gene polymorphism predicts toxicity in
colorectal cancer patients receiving 5-fluorouracil-based chemotherapy.
Clin Cancer Res 2004;10:5880-8.
43. Marsh S, McLeod HL. Thymidylate synthase pharmacogenetics in
colorectal cancer. Clin Colorectal Cancer 2001;1:175-8.
44. Marsh S, McKay JA, Cassidy J, McLeod HL. Polymorphism in the
thymidylate synthase promoter enhancer region in colorectal cancer.
Int J Oncol 2001;19:383-6.
45. Kawakami K, Watanabe G. Identification and functional analysis of single
nucleotide polymorphism in the tandem repeat sequence of thymidylate
synthase gene. Cancer Res 2003; 63:6004-7.

August 2011, Vol. 40 No. 8

355

46. Mandola MV, Stoehlmacher J, Muller-Weeks S, Cesarone G, Yu MC, Lenz
HJ, et al. A novel single nucleotide polymorphism within the 5′-tandem
repeat polymorphism of the thymidylate synthase gene abolishes USF-1
binding and alters transcriptional activity. Cancer Res 2003;63:2898-904.
47. Henriette Tanja L, Guchelaar HJ, Gelderblom H. Pharmacogenetics in
chemotherapy of colorectal cancer. Best Pract Res Clin Gastroenterol
2009;23:257-73.
48. Schwab M, Zanger UM, Marx C, Schaeffeler E, Klein K, Dippon J, et al.
Role of genetic and nongenetic factors for fluorouracil treatment-related
severe toxicity: A Prospective Clinical Trial by the German 5-FU Toxicity
Study Group. J Clin Oncol 2008;26:2131-8.
49. Stearns V, Johnson MD, Rae JM, Morocho A, Novielli A, Bhargava P, et al.
Active tamoxifen metabolite plasma concentrations after coadministration
of tamoxifen and the selective serotonin reuptake inhibitor paroxetine. J
Natl Cancer Inst 2003;95:1758-64.
50. Lee KH, Ward BA, Desta Z, Flockhart DA, Jones DR. Quantification of
tamoxifen and three metabolites in plasma by high-performance liquid
chromatography with fluorescence detection: application to a clinical
trial. J Chromatogr B Analyt Technol Biomed Life Sci 2003;791:245-53.
51. Lennard MS. Genetic polymorphism of sparteine/debrisoquine oxidation:
a reappraisal. Pharmacol Toxicol 1990;67:273-83.
52. Bradford LD. CYP2D6 allele frequency in European Caucasians, Asians,
Africans and their descendants. Pharmacogenomics 2002;3:229-43.
53. Aklillu E, Persson I, Bertilsson L, Johansson I, Rodrigues F, IngelmanSundberg M. Frequent distribution of ultrarapid metabolizers of
debrisoquine in an Ethiopian population carrying duplicated and
multiduplicated functional CYP2D6 alleles. J Pharmacol ExpTher
1996;278:441-6.
54. Schroth W, Goetz MP, Hamann U, Fasching PA, Schmidt M, Winter
S, et al. Association between CYP2D6 polymorphisms and outcomes
among women with early stage breast cancer treated with tamoxifen.
JAMA 2009;302:1429-36.
55. Goetz MP, Kamal A, Ames MM. Tamoxifen pharmacogenomics: the
role of CYP2D6 as a predictor of drug response. Clin Pharmacol Ther
2008;83:160-6.
56. Rae JM, Drury S, Hayes DF, Stearns V, Thibert JN, Haynes BP, et al.
Lack of correlation between gene variants in tamoxifen metabolizing
enymes with primary end points in the ATAC Trial. Procs San Antonio
Breast Cancer Symposium: Abstract S1-7. Presented 9 December 2010.
57. Leyland-Jones B, Regan MM, Bouzyk M, Kammler R, Tang W, Pagani O,
et al. Outcome according to CYP2D6 genotype among postmenopausal
women with endocrine-responsive early invasive breast cancer randomized
in the BIG 1-98 trial. Procs San Antonio Breast Cancer Symposium:
Abstracts S1-8. Presented 9 December 2010.
58. Tan SH, Lee SC, Goh BC, Wong J. Pharmacogenetics in breast cancer
therapy. Clin Cancer Res 2008;14:8027-41.
59. Reynolds S. SPORE study provides new guidelines for Tamoxifen use.
NCI Cancer Bulletin 2006;3:1-2.

