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Treatment decisions for breast cancer patients are currently based on a small number of crude
predictive markers, despite the known complexity and heterogeneity of the disease. The field
of pharmacogenetics can increase the precision with which therapeutic decisions are made.
Discovering associations between genetic variation and treatment response will allow clinicians to
tailor therapies to most effectively treat that specific tumor in that patient. In this review we outline
two genes with potential clinical relevance in breast cancer treatment. A common polymorphism

in the gene encoding Fc fragment of IgG low affinity Illa receptor (FCGR3A; gene: FCGR3A) may
substantially influence a patient’s likelihood of responding to trastuzumab. The other gene that
will be discussed in the review is cytochrome P450 2D6 (CYP2D6; gene: CYP2D6), which has many
genetic variants that impair the bioactivation and effectiveness of tamoxifen therapy.

© 2009 Elsevier Ltd. All rights reserved.

Introduction

Breast cancer is associated with an enormous amount of
morbidity and mortality worldwide. According to estimates by
the World Health Organization International Agency for Research
on Cancer approximately 1.29 million women were diagnosed,
and over 400,000 women died, with breast cancer in 2008
worldwide.! Treatment for breast cancer is constantly evolving
as new technologies, therapies, and strategies are discovered. The
individualization of breast cancer treatment promises to increase
effectiveness and decrease drug related toxicities while mitigating
health care costs.

Breast cancer is not a single disease, but a spectrum of
related disease states. The genetic influences of breast cancer
etiology are being explored by researchers in order to unlock the
mysteries of effective cancer therapy. The first major breakthroughs
were the identification of the estrogen (ER) and progesterone
receptors (PRs).

Differentiating breast cancers, just on the basis of ER and
PR status vastly improves treatment efficacy.? ER-positive (ER+)
tumors are dependent on estrogen signaling for their growth and
replication. They are effectively treated by antiestrogen therapy
with either tamoxifen or an aromatase inhibitor. ER-negative (ER-)
tumors, on the other hand, are not estrogen dependent and will
not respond to antiestrogens but are far more responsive to first
line chemotherapeutic combinations such as paclitaxel followed by
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5-FU, doxorubicin, and cyclophosphamide (T/FAC).> Expression of
the PR is highly correlated with ER expression. Although the effect
of PR status on treatment seems to be less important than that of
ER, low PR expression is a poor prognostic indicator in general.*

The other well characterized tumor marker is human epidermal
growth factor receptor 2 (HER2/neu). HER2 has been identified as
a marker of poor prognosis and increased cancer aggressiveness.’
The treatment of HER2+ tumors has changed significantly with the
inclusion of trastuzumab, a monoclonal antibody with specificity
for the HER2/neu receptor. Trastuzumab and HER2 will each be
discussed in more detail later in this review.

With the advent of gene expression analysis new tumor markers
are being identified and validated. One tool that is finding main
stream acceptance is the OncotypeDX™ test. OncotypeDX™ is a
prognostic tool to classify a node negative, ER+ breast cancer
patient’s recurrence risk® and likely benefit from chemotherapy.’
The assay employs a 16 gene algorithm, with five internal standard
controls, to calculate a recurrence score on a scale of 0-100.8
OncotypeDX™ is one example of the use of genetic information to
guide treatment decisions in breast cancer therapy. Assays which
employ different genes to make predictions for other breast cancer
populations exist. For a more complete review on genes, markers,
and assays recommended by the American Society for Clinical
Oncology (ASCO) see Harris et al. 2007.°

The field of pharmacogenetics investigates the link between a
patient’s genetic blueprint and their response to drug therapy.
The substitution of a nucleotide, called a single nucleotide
polymorphism (SNP), can have a significant downstream impact
upon the disposition of and/or response to a drug. SNPs that alter
drug response are often found in the coding region of DNA and
they can cause amino acid substitutions in the translated protein
(a nonsynonymous SNP). The resulting variant protein can have
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altered biological behavior relative to the wild type protein. It
has also been demonstrated that a SNP in a coding region that
does not change the amino acid sequence, a synonymous SNP, can
impact protein folding kinetics and create an improperly folded and
functionally different protein.’® Non-coding SNPs in the upstream
promoter region of a gene can have a substantial influence by
affecting the extent of DNA transcription and subsequent protein
expression. Identifying SNPs that considerably alter the function
or expression of proteins involved in the pharmacokinetics or
pharmacodynamics of drugs and their ultimate effect on efficacy
and safety is the aim of pharmacogenetics.

This review will look more closely at two genes with potential
pharmacogenetic relevance; at different stages of development. The
first gene encodes the Fc fragment of immunoglobulin G (IgG) low
affinity Illa receptor (FCGR3A; gene: FCGR3A). A nonsynonymous
SNP in this gene encodes a variant protein which responds
differently to trastuzumab. Evidence is accumulating that this
could be a clinically relevant polymorphism; however, improved
outcomes have not been reproduced in multiple patient cohorts.
The other gene is cytochrome P450 2D6 (CYP2D6; gene: CYP2D6).
The evidence supports a clinically relevant association between
CYP2D6 polymorphisms and tamoxifen outcome. At this time the
clinical benefit of genotyping patients before tamoxifen treatment
is unknown.

Trastuzumab and FCGR3A

Trastuzumab is approved for use in HER2 overexpressing metastatic
breast cancer. It is used as a first line treatment in combination
with paclitaxel, or as a single agent in the second line treatment
of patients who have failed prior chemotherapy. Approximately
20% of breast tumors overexpress the HER2 receptor, however, only
25-30% of these tumors respond to trastuzumab therapy." It would
be extremely beneficial to find markers that can predict which
patients are more likely to respond to trastuzumab treatment.

Fragment Fc gamma receptors enable immune effector cells,
such as macrophages, natural Kkiller cells, and neutrophils, to
bind to the Fc portion of IgG antibodies that are attached to
invading antigens.”? This binding triggers the effector cell to kill
the unwelcome invader' in a process termed antibody-dependent
cell-mediated cytotoxicity (ADCC). The receptor subtypes are
differentially expressed on effector cells; macrophages express
activating FCGR2A (CD32) and FCGR3A (CD16), while natural killer
cells express only the CD16.

A nonsynonymous SNP of FCGR3A causes an amino acid
substitution at position 158 (rs396991; current genome build (36.3)
maps SNP to V212F) from phenylalanine (F) to valine (V). The
158-V protein displays stronger IgG,; binding and amplified ADCC
response when compared to the wild type protein, F-158.1516
A common nonsynonymous SNP in the gene encoding FCGR2A
(FCGR2A) that changes a histidine (H) to arginine (R) at amino acid
131 (rs1801274; current genome build (36.3) maps SNP to R166H)
has also been identified. An in vitro study has shown that the
wild type protein, H-131, binds more efficiently to human IgG, than
the R-131-containing protein."”

In vitro and animal studies demonstrate that trastuzumab efficacy
is dependent upon ADCC, which is modulated by FCGR3A.'
Trastuzumab treatment causes an infiltration of natural killer
effector cells into the tumor, without modulation of HER2 or tumor
cell proliferation.'®?® An in vitro/in vivo study further demonstrated
that trastuzumab treatment effectiveness is correlated with extent
of ADCC activation; which is a product of specific effector cell
prevalence and efficiency of effector cell activation.?’ FCGR3A
V|V patients were shown to be more efficient at activating effector
cells than V/F and F/F patients.?!
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Fig. 1. Fifty-four HER2+ metastatic breast cancer patients treated with a first line
trastuzumab-containing regimen were genotyped for the V158F polymorphism of
the gene encoding fragment of Fc gamma receptor Illa (FCGR3A). Nine of the 11
V[V patients (82%) achieved complete or partial response compared with 17 of 43
with V/F or F/F genotypes (40%) (p=0.03). The remaining patients had stable or
progressive disease.

Anti-CD20 rituximab was the first monoclonal antibody in which
the impact of FCGR3A and FCGR2A SNPs were clinically investigated.
Two separate studies in lymphoma patients demonstrated im-
proved survival for FCGR3A V[V patients.?? Only one of those studies
found an independent improvement in survival for FCGR2A H/H
patients.® A third lymphoma trial, by Kim et al.,** included study
and control groups treated with the same combination regimen
aside from the administration of rituximab to the study cohort but
not the control group. Significantly improved response was seen in
patients with the FCGR3A V[V genotype, compared to F carriers, only
in the study cohort; indicating that the SNP specifically influences
rituximab treatment as opposed to disease prognosis.

One published breast cancer clinical trial has evaluated genetic
associations between FCGR3A F158V genotype and clinical out-
comes to trastuzumab-based therapy.?> Trastuzumab and paclitaxel
treated patients with the V/V genotype achieved higher rates of
objective response (Fig. 1) and had prolonged progression free
survivals when compared to V/F and F/F patients. This survival
benefit was not seen in a control cohort of HER2- patients treated
with only paclitaxel. A correlation between ADCC in vitro activation
and response to trastuzumab treatment was also reported; however,
the ADCC measure was normalized for the prevalence of effector
cells, thus demonstrating ADCC activation efficiency, not true ADCC
response.

Overall, these studies support a potential association between
an FCGR3A SNP and effectiveness of monoclonal antibody therapy
that is treatment related, not prognostic. While the preponderance
of evidence supports a clinically relevant association in rituximab
and lymphoma treatment, these findings cannot necessarily be
extended to trastuzumab and breast cancer, particularly in light of
the lack of association observed by other FCGR3A pharmacogenetic
monoclonal antibody cancer therapy studies.?6?’

One issue that is yet to be fully addressed is the impact of FCGR2A
H131R. Significant treatment effects of this polymorphism alone?
or in combination with FCGR3A F158V?4?> were reported before it
was determined that the two SNPs are in linkage disequilibrium.?
Results of these previous studies are now inconclusive as to the true
impact of the FCGR2A SNP on treatment outcomes.>

Aside from answering the outstanding pharmacological ques-
tions, there is a long way to go before genotyping the FCGR3A
and FCGR2A SNPs can be recommended for patients receiving
trastuzumab. Data from larger HER2+ breast cancer patient cohorts
must replicate the findings of the above mentioned studies
of limited sample size?"* followed by a prospective study
investigating the clinical utility of such a genetic test before this
test is used to guide therapy decisions.
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Tamoxifen and CYP2D6

Most malignant breast tissue is ER+ (75%) and its growth is
stimulated by estradiol. Selective estrogen receptor modulators
(SERMs) inhibit estrogen binding to ERs in breast tissue, reducing
or eliminating estrogen-driven proliferation of ER+ tumors and are
therefore effective therapies for the treatment of breast cancer.’!
Antiestrogen therapy, including SERMs or aromatase inhibitors, is
recommended for ER+, but not for ER- breast cancers.*? Tamoxifen,
a SERM, is the most widely used antiestrogen therapy for pre- and
postmenopausal women with metastatic breast cancer, adjuvant
treatment of primary breast cancer, and as a chemopreventive agent
for women with a high risk of developing breast cancer.

The metabolism of tamoxifen is complex, undergoing Phase
I and II reactions. It is oxidized to N-desmethyltamoxifen and
4-hydroxytamoxifen by CYP3A4/5 and CYP2D6, respectively, and
both primary metabolites are converted to endoxifen.>* Endoxifen
formation from N-desmethyltamoxifen is almost exclusively
catalyzed by CYP2D6 and from 4-hydroxytamoxifen by CYP3A4/5.3
The antiestrogenic activities of endoxifen and 4-hydroxytamoxifen
are comparable and are considerably greater than those of
tamoxifen.34-3 The ~5-10 fold higher plasma concentrations of
endoxifen compared with 4-hydroxytamoxifen suggest endoxifen
is largely responsible for the in vivo activity of tamoxifen.343638

The CYP2D6 gene (CYP2D6) on chromosome 22 is subject to
several genetic polymorphisms that affect its enzyme activity.>®
Impaired oxidative metabolism of CYP2D6 substrates is inherited
in a Mendelian (monogenic) fashion and is an autosomal recessive
trait.*? Six to 10% of Caucasians have two null CYP2D6 alleles
(poor metaboliser [PM] alleles, e.g. CYP2D6*4) and are deficient
in CYP2D6 enzymatic activity. In contrast, individuals with one
or more wild type alleles (extensive metaboliser [EM] alleles)
have extensive metabolism of CYP2D6 substrates. A third class
of alleles includes polymorphisms that reduce enzyme activity
(intermediate metaboliser [IM] alleles) while a fourth class includes
gene duplication/multiplication of normal activity alleles (ultra-
rapid metaboliser [UM] alleles).

Several pharmacokinetic studies have demonstrated that women
who are poor metabolisers of CYP2D6, either by genotype (PM/PM)
or induced by a CYP2D6 inhibitor like some of the selective
serotonin reuptake inhibitors (SSRIs, e.g. paroxetine or fluoxetine)
which are often co-prescribed to alleviate hot flashes, have
lower endoxifen plasma concentrations than patients with normal
CYP2D6 metabolism.3*3%4! These findings confirm a role for CYP2D6
in the formation of endoxifen.

The impact of CYP2D6 activity on tamoxifen pharmacokinetics
has also been shown to translate into an effect on clinical benefit
from tamoxifen therapy. One study used data from the North
Central Cancer Treatment Group (NCCTG) adjuvant breast cancer
trial (89-30-52) in which U.S. based post-menopausal women
with ER+ breast cancer received adjuvant tamoxifen.*? Analysis
adjusting for tumor size and nodal status demonstrated patients
with a PM/PM genotype tended to have worse relapse- and
disease-free survival. Two subsequent studies have confirmed the
effect of CYP2D6 genotype on tamoxifen treatment outcomes.
In a retrospective study of German women diagnosed with
primary invasive breast cancer who received adjuvant tamoxifen
monotherapy, adjusted analysis for tumor size and nodal status
showed that patients with decreased CYP2D6 activity (PM/PM,
IM/IM, IM/PM, or EM/PM) had shorter relapse- and event-free
survival rates, but not overall survival, than patients with normal
metabolism (IM/EM, or EM/EM).#* In a second study, from The
Netherlands, patients with the PM/PM genotype had increased
breast cancer mortality, but not all-cause and all-cancer mortalities,
compared with EM/EM patients.** The findings are consistent with
women with a PM/PM genotype having inefficient conversion of

tamoxifen to its active metabolite, endoxifen, and as a consequence
being at increased risk of tamoxifen therapeutic failure.

Goetz and colleagues investigated whether potent inhibitors of
CYP2D6 (eg SSRIs) affect the efficacy of tamoxifen using the NCCTG
89-30-52 trial data.***> Adjusted analysis for tumor size and nodal
status found that patients with decreased CYP2D6 metabolism
(EM/PM, PM/PM, or EM/EM taking a potent or moderate CYP2D6
inhibitor) had shorter times to breast cancer recurrence, relapse-,
and disease-free survivals, but not overall survival, compared
with EM/EM patients not taking a CYP2D6 inhibitor. Together the
findings of all four studies confirm CYP2D6 plays a role in the
activation of tamoxifen and suggest that patients with decreased
CYP2D6 metabolism, as a result of genetic and/or environmental
factors, are less likely to derive clinical benefit from adjuvant
tamoxifen therapy than patients with normal CYP2D6 metabolism.

The findings of three independent tamoxifen pharmacogenetic
studies are in conflict with those mentioned thus far.*¢-4¢ Wegman
et al. demonstrated that in postmenopausal women with ER+ and
ER- tumors treated with adjuvant tamoxifen, those with EM/PM
or PM/PM genotypes had a similar distant recurrence-free survival
to EM/EM patients.*® Considering ER+ tumors only, patients with
EM/PM and PM/PM genotypes who received tamoxifen had a
reduced risk of recurrence compared to those who did not receive
tamoxifen, suggesting tamoxifen is activated in patients with PM
alleles and efficacy is not dependent on CYP2D6 activity. The risk
of recurrence for EM/EM patients with ER+ tumors was the same
between the tamoxifen and no-tamoxifen groups, also suggesting
CYP2D6 does not play a role in the activation of tamoxifen.

In a second study of a US. based population of primary
invasive breast cancer patients treated with adjuvant tamoxifen,
analysis adjusting for patient clinicopathological characteristics,
demonstrated that patients with EM/PM or PM/PM genotypes had
similar progression-free and overall survivals to EM/EM patients.45
In the third study, Wegman and colleagues evaluated the genetic
association in an independent, large cohort of postmenopausal
women with breast cancer treated with tamoxifen.”” In contrast to
previous studies,*>*>%> the Kaplan-Meier estimates demonstrated
that patients with a PM/PM genotype had a significantly better
prognosis than patients with the EM/PM or EM/EM genotypes.
Together these studies suggest CYP2D6 activity is not necessary for
tamoxifen bioactivation and efficacy.

Inconsistent relationships are common for genetic association
studies and there is considerable heterogeneity among the
tamoxifen pharmacogenetic studies. For instance, different PM and
IM alleles were genotyped, different genotypes were grouped for
analysis, many studies did not consider co-prescribed inhibitors of
CYP2D6, the dose of tamoxifen and duration of therapy varied, as
did the coadministered chemotherapies or radiotherapies, patient
menopausal and tumor hormonal statuses. These factors make it
difficult to compare the findings across the studies. Also, the effect
size appears to be relatively small (HR~2), and because of the
low frequency of the PM/PM genotype only a limited number of
patients with decreased CYP2D6 activity were included in each
study. Hence many of the studies may have been underpowered
to show a significant difference in efficacy to tamoxifen therapy
among genotypes. Moreover, all of the studies are retrospective,
which may have introduced various biases.

There is enough evidence to indicate that CYP2D6 inhibitors
such as fluoxetine and paroxetine should not be co-prescribed with
tamoxifen and the current recommendation is that breast cancer
patients receive venlafaxine, which does not affect CYP2D6
activity, to alleviate hot flashes. Adjuvant tamoxifen is the
drug of choice for pre- and postmenopausal women but recent
research suggests aromatase inhibitors are superior to tamoxifen
in the postmenopausal setting.*® Postmenopausal women with a
PM/PM genotype might respond better to an aromatase inhibitor
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than tamoxifen but there is insufficient evidence at present to
support changing standard clinical practice to genotype-guided
therapy. Ideally, the results of a large prospective, randomized
clinical trial that compares outcomes between genotype-guided
and standard of care dosing of tamoxifen would be the best study
upon which to make a decision about whether to change adjuvant
antiestrogen prescribing practice, however such a study is unlikely
to ever be performed for this off-patent medication. The results
of other large, retrospective tamoxifen pharmacogenetic trials,
including those that compared tamoxifen therapy to alternative
hormone therapies such as aromatase inhibitors will clarify the
prognostic and predictive relevance of CYP2D6 testing.

Conclusion

This review covered two genes that may one day be useful
clinically as predictive markers for breast cancer treatment decision
making. A common SNP in FCGR3A has shown promise as an
important predictor of rituximab and trastuzumab effectiveness.
The association demonstrated by these studies warrants additional
studies to elucidate the extent to which the SNP influences ADCC
and the tumor response to monoclonal antibodies. Potentially
FCGR3A genotype could be useful in distinguishing between
patients who should and should not receive trastuzumab in their
chemotherapy regimens to treat HER2+ breast cancer.

CYP2D6 plays an essential role in the bioactivation of tamoxifen
to its more active metabolites, endoxifen and 4-hydroxytamoxifen.
Trial results indicate that a CYP2D6 genotype test could be valuable
in predicting patient’s response to tamoxifen treatment. In October
2006, the United States Food and Drug Administration’s (FDA'’s)
Clinical Pharmacology Subcommittee of the Advisory Committee
for Pharmaceutical Science reviewed the relationship between
tamoxifen and CYP2D6. The subcommittee recommended the FDA
amend the package insert for tamoxifen to warn post-menopausal
women of the potential heightened risk of treatment failure
for patients with deficient CYP2D6 activity. However, widespread
adoption of a CYP2D6 test to guide tamoxifen treatment is not
sensible at present until a large, well designed study demonstrates
a meaningful clinical advantage of its use.

We have only scratched the surface of the potential benefits
of applying genetic information to clinical decision making. It is
possible that someday a thorough genetic analysis of the tumor and
patient will enable clinicians to identify the drug and dosage that
will most effectively battle the patient’s breast cancer, substantially
reducing the health burden of breast cancer worldwide.

Acknowledgements: This work was supported by the NIH
Pharmacogenetics Research Network (U01 GM63340).

Competing interests: None (all authors).

Funding: National Institutes of Health, USA; State of North
Carolina.

References

—_

. IARC. World Cancer Report. Geneva: World Health Organization; 2008.

2. Fisher B, Redmond C, Brown A, et al. Adjuvant chemotherapy with and without
tamoxifen in the treatment of primary breast cancer: 5-year results from the
National Surgical Adjuvant Breast and Bowel Project Trial. J Clin Oncol 1986;4:
459-71.

3. Mortimer ], Flournoy N, Livingston RB, Stephens RL. Aggressive adriamycin-
containing regimen (PM-FAC) in estrogen receptor-negative disseminated breast
cancer. Results of a Southwest Oncology Group trial. Cancer 1985;56(10):
2376-80.

4, Liu S, Chia S, Mehl E. Progesterone receptor is a significant factor associated
with clinical outcomes and effect of adjuvant tamoxifen therapy in breast cancer
patients. Breast Cancer Res Treat. 2009 Feb 10 [Epub ahead of print].

5. Menard S, Fortis S, Castiglioni F, et al. HER2 as a prognostic factor in breast

cancer. Oncology 2001;61(Suppl 2):67-72.

6. Paik S, Shak S, Tang G, et al. A multigene assay to predict recurrence of
tamoxifen-treated, node-negative breast cancer. N Engl | Med 2004;351(27):
2817-26.

7. Paik S, Tang G, Shak S, et al. Gene expression and benefit of chemotherapy
in women with node-negative, estrogen receptor-positive breast cancer. J Clin
Oncol 2006;24(23):3726-34.

8. Sparano JA, Paik S. Development of the 21-gene assay and its application in
clinical practice and clinical trials. J Clin Oncol 2008;26(5):721-8.

9. Harris L, Fritsche H, Mennel R, et al. American Society of Clinical Oncology 2007
Update of Recommendations for the Use of Tumor Markers in Breast Cancer.
J Clin Oncol 2007;25(33):5287-312.

10. Kimchi-Sarfaty C, Oh JM, Kim I-W, et al. A “silent” polymorphism in the MDR1
gene changes substrate specificity. Science 2007 January 26;315(5811):525-8.

11. Vogel CL, Cobleigh MA, Tripathy D, et al. Efficacy and safety of trastuzumab as
a single agent in first-line treatment of HER2-overexpressing metastatic breast
cancer. ] Clin Oncol 2002;20(3):719-26.

12. Sondermann P, Huber R, Oosthuizen V, et al. The 3.2-Angstrom crystal structure
of the human IgG1 Fc fragment-FcgammaRIIl complex. Nature 2000;406(6793):
267.

13. Fanger MW, Shen L, Graziano RF, et al. Cytotoxicity mediated by human
Fc receptors for IgG. Immunol Today 1989;10(3):92-9.

14. Wu ], Edberg ]JC, Redecha PB, et al. A novel polymorphism of FcgammaRIlla
(CD16) alters receptor function and predisposes to autoimmune disease. J Clin
Invest 1997;100(5):1059-70.

15. Shields RL, Namenuk AK, Hong K, et al. High resolution mapping of the binding
site on human IgG1 for Fcgamma RI, Fcgamma RII, Fcgamma RIII, and FcRn and
design of IgG1 variants with improved binding to the Fcgamma R. J Biol Chem
2001;276(9):6591-604.

16. Koene HR, Kleijer M, Algra ], Roos D, von dem Borne AE, de Haas M. Fcgamma
Rllla-158V/F polymorphism influences the binding of IgG by natural killer cell
Fcgamma Rllla, independently of the Fcgamma Rllla-48L/R/H Phenotype. Blood
1997;90(3):1109-14.

17. Warmerdam PA, van de Winkel ]G, Vlug A, et al. A single amino acid in the
second Ig-like domain of the human Fc gamma receptor Il is critical for human
IgG2 binding. | Immunol 1991;147(4):1338-43.

18. Clynes RA, Towers TL, Presta LG, et al. Inhibitory Fc receptors modulate in vivo
cytoxicity against tumor targets. Nat Med 2000;6(4):443-6.

19. Gennari R, Menard S, Fagnoni F, et al. Pilot study of the mechanism of action
of preoperative trastuzumab in patients with primary operable breast tumors
overexpressing HER2. Clin Cancer Res 2004;10(17):5650-5.

20. Arnould L, Gelly M, Penault-Llorca F, et al. Trastuzumab-based treatment
of HER2-positive breast cancer: an antibody-dependent cellular cytotoxicity
mechanism? Br ] Cancer 2006;94(2):259-67.

21. Varchetta S, Gibelli N, Oliviero B, et al. Elements related to heterogeneity of
antibody-dependent cell cytotoxicity in patients under trastuzumab therapy for
primary operable breast cancer overexpressing Her2. Cancer Res 2007;67(24):
11991-9.

22. Cartron G, Dacheux L, Salles G, et al. Therapeutic activity of humanized anti-
CD20 monoclonal antibody and polymorphism in IgG Fc receptor Fcgamma RIlla
gene. Blood 2002;99(3):754-8.

23. Weng W-K, Levy R. Two immunoglobulin G fragment C receptor polymorphisms
independently predict response to rituximab in patients with follicular
lymphoma. J Clin Oncol 2003;21(21):3940-7.

24. Kim DH, Jung HD, Kim ]G, et al. FCGR3A gene polymorphisms may correlate
with response to frontline R-CHOP therapy for diffuse large B-cell lymphoma.
Blood 2006;108(8):2720-5.

25. Musolino A, Naldi N, Bortesi B, et al. Immunoglobulin G fragment C
receptor polymorphisms and clinical efficacy of trastuzumab-based therapy
in patients with HER-2/neu-positive metastatic breast cancer. J Clin Oncol
2008;26(11):1789-96.

26. Farag SS, Flinn IW, Modali R, Lehman TA, Young D, Byrd JC. Fc gamma RIlla and
Fc gamma Rlla polymorphisms do not predict response to rituximab in B-cell
chronic lymphocytic leukemia. Blood 2004;103(4):1472-4.

27. Galimberti S, Palumbo GA, Caracciolo F, et al. The efficacy of rituximab plus
Hyper-CVAD regimen in mantle cell lymphoma is independent of FCgammaRlIlla
and FCgammaRIla polymorphisms. ] Chemother 2007;19(3):315-21.

28. Zhang W, Gordon M, Schultheis AM, et al. FCGR2A and FCGR3A polymorphisms
associated with clinical outcome of epidermal growth factor receptor expressing
metastatic colorectal cancer patients treated with single-agent cetuximab. ] Clin
Oncol 2007;25(24):3712-8.

29. Ternant D, Ohresser M, Thomas C, Cartron G, Watier H, Paintaud G,
Dose-response relationship and pharmacogenetics of anti-RhD monoclonal
antibodies. Blood 2005;106(4):1503-5.

30. Lejeune ], Thibault G, Ternant D, Cartron G, Watier H, Ohresser M. Evidence
for linkage disequilibrium between Fc{gamma}RIlla-V158F and Fc{gamma}RIla-
H131R polymorphisms in white patients, and for an Fc{gamma}RIlla-restricted
influence on the response to therapeutic antibodies. J Clin Oncol 2008;26(33):
5489-91.

31. Lewis JS, Jordan VC. Selective estrogen receptor modulators (SERMs):
mechanisms of anticarcinogenesis and drug resistance. Mutat Res 2005;
591(1-2):247-63.



32.

33.

34.

35.

36.

37.

38.

39.

40.

D.L. Hertz et al./ The Breast 18 (2009) S59-S63

National Comprehensive Cancer Network. Clinical practice guidelines in
oncology - version 2.2007. National Comprehensive Cancer Network, Inc; 2007.
Desta Z, Ward BA, Soukhova NV, Flockhart DA. Comprehensive evaluation of
tamoxifen sequential biotransformation by the human cytochrome P450 system
in vitro: prominent roles for CYP3A and CYP2D6. ] Pharmacol Exp Ther 2004;
310(3):1062-75.

Stearns V, Johnson MD, Rae JM, et al. Active tamoxifen metabolite plasma
concentrations after coadministration of tamoxifen and the selective serotonin
reuptake inhibitor paroxetine. | Natl Cancer Inst 2003;95(23):1758-64.
Johnson MD, Zuo H, Lee KH, et al. Pharmacological characterization of
4-hydroxy-N-desmethyl tamoxifen, a novel active metabolite of tamoxifen.
Breast Cancer Res Treat 2004;85(2):151-9.

Lim YC, Desta Z, Flockhart DA, Skaar TC. Endoxifen (4-hydroxy-N-desmethyl-
tamoxifen) has anti-estrogenic effects in breast cancer cells with potency similar
to 4-hydroxy-tamoxifen. Cancer Chemother Pharmacol 2005;55(5):471-8.

Lim YC, Li L, Desta Z, et al. Endoxifen, a secondary metabolite of tamoxifen, and
4-OH-tamoxifen induce similar changes in global gene expression patterns in
MCF-7 breast cancer cells. ] Pharmacol Exp Ther 2006;318(2):503-12.

Borges S, Desta Z, Li L, et al. Quantitative effect of CYP2D6 genotype and
inhibitors on tamoxifen metabolism: Implication for optimization of breast
cancer treatment. Clin Pharmacol Ther 2006;80(1):61-74.

Eichelbaum M, Baur MP, Dengler HJ, Osikowska-Evers BO, Tieves G, Zekorn C,
et al. Chromosomal assignment of human cytochrome P-450 (debrisoquine/
sparteine type) to chromosome 22. Br ] Clin Pharmacol 1987;23(4):455-8.
Evans DA, Mahgoub A, Sloan TP, Idle JR, Smith RL. A family and population
study of the genetic polymorphism of debrisoquine oxidation in a white British
population. | Med Genet 1980;17(2):102-5.

S63

41. Jin Y, Desta Z, Stearns V, et al. CYP2D6 genotype, antidepressant use, and

42.

43.

44,

45.

46.

47.

48.

49.

tamoxifen metabolism during adjuvant breast cancer treatment. | Natl Cancer
Inst 2005;97(1):30-9.

Goetz MP, Rae JM, Suman V], et al. Pharmacogenetics of tamoxifen
biotransformation is associated with clinical outcomes of efficacy and hot
flashes. J Clin Oncol 2005;23(36):9312-8.

Schroth W, Antoniadou L, Fritz P, et al. Breast cancer treatment outcome with
adjuvant tamoxifen relative to patient CYP2D6 and CYP2C19 genotypes. J Clin
Oncol 2007;25(33):5187-93.

Bijl M]J, van Schaik RH, Lammers LA, et al. The CYP2D6*4 polymorphism affects
breast cancer survival in tamoxifen users. Breast Cancer Res Treat 2009 Feb 3
[Epub ahead of print].

Goetz MP, Knox SK, Suman V], et al. The impact of cytochrome P450 2D6
metabolism in women receiving adjuvant tamoxifen. Breast Cancer Res Treat
2007;101(1):113-21.

Nowell SA, Ahn ], Rae JM, et al. Association of genetic variation in tamoxifen-
metabolizing enzymes with overall survival and recurrence of disease in breast
cancer patients. Breast Cancer Res Treat 2005;91(3):249-58.

Wegman P, Elingarami S, Carstensen ], Stal O, Nordenskjold B, Wingren S. Genetic
variants of CYP3A5, CYP2D6, SULT1A1, UGT2B15 and tamoxifen response in
postmenopausal patients with breast cancer. Breast Cancer Res 2007;9(1):R7.
Wegman P, Vainikka L, Stal O, et al. Genotype of metabolic enzymes and the
benefit of tamoxifen in postmenopausal breast cancer patients. Breast Cancer
Res 2005;7(3):R284-90.

Thuerlimann B, Koeberle D, Senn HJ. Guidelines for the adjuvant treatment of
postmenopausal women with endocrine-responsive breast cancer: past, present
and future recommendations. Eur | Cancer 2007;43(1):46-52.



	Pharmacogenetics of breast cancer therapies
	Introduction
	Trastuzumab and FCGR3A
	Tamoxifen and CYP2D6
	Conclusion
	References




