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Forest plots of risk allele effects for the seven genome-wide significant SNP loci in the

individual and total endometriosis case-control cohorts.
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Figure 4.

Allele-specific score prediction for endometriosis, using the BBJ population as the discovery
dataset and the QIMRHCS~+OX population as the target dataset. The variance explained in
the target dataset on the basis of allele-specific scores derived in the discovery dataset for
twelve significance thresholds (P< 0.01, P<0.05, P<0.1, P<0.2, P<0.3, P<04, P<0.5,
P<0.6,P<0.7, P<0.8, P<0.9, P< 1.0, plotted left to right). The y-axis indicates
Nagelkerke’s pseudo R? representing the proportion of variance explained. The number
above each bar is the Pvalue for the target dataset prediction analysis (i.e. R* significance).
Prediction was performed using all GWA meta-analysis SNPs (a) and after excluding all
SNPs within #2500 kb of the seven implicated SNPs listed in Table 1 (b). These figures
show that the results were not driven by a few highly associated regions, indicating a
substantial number of common variants underlie endometriosis risk.

Nat Genet. Author manuscript; available in PMC 2012 December 20.

38



syduosnuey Joyny swpung DN 2domnyg @

Sld?.IOSI’LUEW Joyny sivpung DN edomg wf

Nyholt et al.

Table 1

Summary of the endometriosis case-control cohorts

Cohort Ancestry  No. of cases (stage B)  No. of controls
QIMRHCS GWA European 2,262 (905) 2,924

OX GWA European 919 (452) 5,151

BBJ GWA Japanese 1,423 1,318
GWA meta-analysis 4,604 9,393
Replication Japanese 1,044 4,017
Total 5,648 13,410
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Summary of the GWA and replication study results for the seven genome-wide significant loci
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Table 2
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GWA
QIMRHCS 00X BBJ Meta-analysis Replication Total
Chr SNP Position RA OA RAFu, RAFonwa RAFuse RAFontro RAFese  RAFcongrol Py Pytagen RAFce  RAFcontrol P Py Ptagen
1 157521902 22490724 A C 0.265 0.236 0.259 0.238 0.570 0.514 46x10%  23x107° 0568 0.521 65x1075 32x1071 7.6x10713
2 15133946197 11727507 G 0.538 0.514 0.551 0.521 0.485 0.449 6.1x10%  7.0x1078 0.489 0.455 35%x102 61%x107°  67x107°
2 § 54141819 67864675 C T 0.331 0.298 0.343 0.309 0.226 0.203 40%107  65x10% 0220 0.203 51x102  85x107%  4.1x1078
6 § 157739264 19785588 T  C 0.545 0.512 0.556 0.515 0.772 0.742 13x107  58x108 0778 0.744 69x107% 3.6x10710 21x10710
7 ;_:? 1512700667 25901639 A G 0.769 0.730 0.776 0.744 0.221 0.189 93x 10710 38x1071  0.197 0.191 26x1070 3.6x10°  1.1x107°
9 § 151537377 22169700 C T 0.424 0.395 0.436 0.401 0.410 0.379 25x100  1.0x10%  0.402 0.359 13x107 24x107° 58x10712
12 § 1510859871 95711876 C T 0.332 0.299 0.332 0.295 0.373 0.328 55x107°  37x107 0377 0.328 1L1x107° 51x10713 26x107!
17

[}
Chr ==hromosome, Position = GRCh37 (hg19) bp position, RA = risk allele, OA = other allele, RAF = risk allele frequency.

¥ o
= Gg{A meta-analysis and total Pvalues for rs13394619 include results published in Adachi et al. (2010), consisting of P= 6.1 x 10—4 (RAFcase = 0.517, RAFcontrol = 0.414) and P=1.0 x 10-2

(RAF%!’@se =0.488, RAFcontrol = 0.429) obtained in their 500K and 6.0 case-control cohorts, respectively. Pa]] includes all available endometriosis cases. PstageB excludes unknown and minimal (rAFS I-

1) engemetriosis stage cases where detailed stage data was available.
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A genome-wide association study identifies a genetic
variant in the SIAHZ locus associated with hormonal
receptor-positive breast cancer in Japanese

Seham Elgazzarl, Hitoshi Zembutsu!, Atsushi Takahashi?, Michiaki Kubo?, Fuminori Aki%, Koichi Hirata’,
Yuichi Takatsuka®, Minoru Okazaki’, Shozo Ohsumi®, Takashi Yamakawa®, Mitsunori Sasal?,
Toyomasa Katagiri'!, Yoshio Miki!'? and Yusuke Nakamura!

In Japan, breast cancer is the most common cancer among women and the second leading cause of cancer death among
women worldwide. To identify genetic variants associated with the disease susceptibility, we performed a genome-wide
association study (GWAS) using a total of 1086 Japanese female patients with hormonal receptor-positive (HRP) breast cancer
and 1816 female controls. We selected 33 single-nucleotide polymorphisms (SNPs) with suggestive associations in GWAS
(P-value of <1 x 104 as well as 4 SNPs that were previously implicated their association with breast cancer for further
replication by an independent set of 1653 cases and 2797 controls. We identified significant association of the disease with a
SNP 156788895 (P.ombined Of 9.43 x 108 with odds ratio (OR) of 1.22) in the SIAH2 (intron of seven in absentia homolog 2)
gene on chromosome 3g25.1 where the involvement in estrogen-dependent diseases was suggested. In addition, rs3750817 in
intron 2 of the fibroblast growth factor receptor 2 gene, which was reported to be associated with breast cancer susceptibility,
was significantly replicated with Peompineq Of 8.47 x 108 with OR = 1.22. Our results suggest a novel susceptibility locus on
chromosome 3g25.1 for a HRP breast cancer.

Journal of Human Genetics advance online publication, 6 September 2012; doi:10.1038/jhg.2012.108

Keywords: breast cancer in the Japanese population; FGFRZ gene; GWAS; hormonal receptor-positive breast cancer; SIAHZ
gene; 3g25.1 locus; 10926 locus

INTRODUCTION

Nearly 70% of breast cancer is known to be hormone dependent, as
estrogen and progesterone have key roles both in the development
and progression of the disease.l> The exposures to higher level and/or
for longer period of estrogen such as early menarche, late menopause,
late age at first pregnancy, nulliparity, postmenopausal obesity and
high serum estrogen level in postmenopausal women is considered to
be risk factors for breast cancer.>-> Furthermore, progestin, synthetic
progesterone, was shown to markedly increase the risk of breast
cancer in postmenopausal women when this hormonal therapy was
provided for > 10 years.% In Japan, breast cancer is the most common
cancer among women and its incidence has been doubled in both pre-
and postmenopausal women in the last 20 years, mainly as an
estrogen receptor-positive subgroup.” Although hormone therapy and
radiotherapy are effective, cancer cells often become resistant to these

treatments; nearly half of estrogen receptor-positive breast cancer
patients at an advanced stage suffer from recurrence®'? and only one-
third of hormonal receptor-positive (HRP) patients with metastatic
disease respond to radiotherapy.!! Therefore, new therapeutic options
for the disease are eagerly awaited.

The aim of this study is to identify the genetic factors susceptible to
HRP breast cancer in the Japanese population and should facilitate
the development of novel approaches to prevent and/or treat breast
cancer.

MATERIALS AND METHODS

Samples

Characteristics of study subjects are shown in Table 1. Most of the breast
cancer cases and all the controls in this study were registered in the BioBank
Japan, which begun in 2003 with the goal of collecting DNA and serum
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Table 1 Characterization of samples used in hormonal receptor-
positive breast cancer

Source
Diseases in control®

BioBank Japan
MRC healthy volunteer

GWAS Replication
Case
Number of subjects 1086 1653
Mean age at interview 66.7 (18.5) 60.7 (9.3)
(£s.d)
Mean age of menarche 124 12.2
Mean age of menopause 48.3 47.9
Cases with DCIS 52 207
Cases with invasion 1034 1446
Body mass index prime 1.08 1.03
Platform Illumina HumanHap Invader assay
610K
Source BioBank Japan BioBank Japan
Collaborative hospitals®  Collaborative hospitals®
Control
Number of subjects 1816 2797
Mean age at interview 61.3(12.6) 65.9 (13.2)
(£s.d.)
Body mass index prime 1.06 1.02
Platform Ilumina HumanHap Ilumina HumanHap
610K 610K

BioBank Japan
Rheumatoid arthritis

Hepatitis B Amyotrophic lateral
sclerosis
Keloid Liver cirrhosis

Drug eruption
Pulmonary tuberculosis
Peripheral artery
disease
Arrhythmias
Stroke
Myocardial infarction

Abbreviations: DCIS, ductal carcinoma in situ; GWAS, genome-wide association study.
2Tokushima Breast Care Clinic, Yamakawa Breast Clinic, Shikoku Cancer Center, and Itoh
Surgery and Breast Clinic, Kansai Rosai Hospital, Sapporo Breast Surgical Clinic and Sapporo
Medical University Hospital.

bThe control groups from BioBank Japan consisted of female individuals without cancer also
without any disease related to breast cancer.

samples, along with clinical information from 300000 individuals who were
diagnosed to have any of 47 different diseases from a collaborative network of
66 hospitals in Japan. All cases were diagnosed to have a HRP breast cancer by
the following examinations: examination of breast tissue (biopsy or cytology),
estrogen receptor and progesterone receptor positivities were evaluated by
immunohistochemistry. For the genome-wide association study (GWAS)
study, 1086 subjects with HRP breast cancer had been selected as cases
(Table 1); 846 samples were collected from the BioBank Japan and the
remaining 240 samples were collected from collaborative hospitals. Controls
for the GWAS consisted of 1816 females including 231 healthy volunteers from
the Midosuji Rotary Club, Osaka, Japan. In addition, we also used genome-
wide screening data of 1585 female samples for 8 diseases registered in the
BioBank Japan (Table 1). In the replication stage, 1547 cases were obtained
from BioBank Japan and 105 cases from the collaborative hospitals. In all, 2797
female controls were registered in BioBank Japan and were genotyped in
GWAS for other diseases (Table 1).

For re-sequencing analysis, we selected 2266 cases with HRP breast cancer
from the BioBank Japan. We used 497 female controls with 4 diseases
(hepatitis B, keloid, drug eruption and pulmonary tuberculosis) from the
BioBank Japan as well as 231 healthy volunteers from the Midosuji Rotary
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Club, Osaka, Japan. All participating subjects provided written informed
consent to participate in the study in accordance with the process approved by
Ethical Committee at each of the Institute of Medical Science of the University
of Tokyo and the Center for Genomic Medicine of RIKEN.

SNP genotyping

For the first stage, we genotyped 1086 female individuals with HRP breast
cancer and 1816 female controls using the Illumina HumanHap 610
Genotyping BeadChip (Illumina, San Diego, CA, USA). We applied our
single-nucleotide polymorphism (SNP) quality control standard (call rate of
>0.99 in both cases and controls, and Hardy—Weinberg equilibrium test of
P<1.0 x 107% in controls). A total of 453627 SNPs on autosomal chromo-
somes and 10525 SNPs on X chromosome passed the quality control filters
and were further analyzed. All control samples for the replication stage were
genotyped using the Illumina HumanHap 610 BeadChip (female samples of
three diseases as controls). All cluster plots were checked by visual inspection
by trained personnel, and SNPs with ambiguous calls were excluded. For cases
in the replication study, we used the multiplex PCR-based Invader assay (Third
Wave Technologies).!? In addition, 22 variations resulted from re-sequencing
analysis were selected and genotyped in 2266 cases and 728 female controls
also using the multiplex PCR-based Invader assay (Third Wave Technologies,
Madison, WI, USA).

Statistical analysis

Associations of SNPs were tested by employing the Cochran—Armitage trend
test in both the GWA and replication stages. For the combined study, the
simple combined method was applied. In the replication analyses, significance
level was applied to be P-value of <1.35x 107 (calculated as 0.05/37) by
Bonferroni correction. Odds ratios (ORs) and confidence intervals were
calculated using the non-susceptible allele as a reference. Heterogeneity
between the GWAS and replication sets was examined using the Breslow—
Day test. The genomic inflation factor (AGC) was calculated from the median
of the Cochran—Armitage trend test statistics. The quantile-quantile plot of the
logarithms of the genome-wide P-values was generated by the ’snpMatrix’
package in R program v2.10.0 (see URLs), and the Manhattan plot was
generated using Haploview v4.1 (see URLs). Haplotype analysis was performed
by the use of Haploview v4.1 by considering genotyped SNPs located within
500kb upstream or downstream of the marker SNP. In silico prediction of
functional consequences of SNP was done by the use of the SNP info web
server (see URLs). (Haploview software was used to analyze linkage disequili-
brium (LD) values, visualize haplotype.)

Imputation

Imputation was performed by referring to the genotype data of Japanese (JPT)
individuals as deposited in the Phase II HapMap database using MACH v1.0
(see URLs). Genotypes of SNPs that are located in the genomic region within
500 kb upstream or downstream of the marker SNP (the SNP that showed the
strongest association with HRP breast cancer) were imputed. In the process of
imputation, 50 Markov chain iterations were implemented. Imputed SNPs
with an imputation quality score of 1> < 0.3 were excluded from the subsequent
analysis.

Re-sequencing analysis

Initially, we carried out SNP discovery by using DNA samples of 96 cases with
HRP breast cancer. We designed 98 sets of primers (Supplementary Table 1)
using the genomic sequence information from UCSC Genome Bioinformatics
data base (NM_005067) to amplify the 22353 bps (two exons, one intron, 5'-
UTR and 3'-UTR) of the genomic region corresponding to the SIAH2 (intron
of seven in absentia homolog 2) gene. For each of the 96 DNA samples, PCRs
were performed by using GeneAmp PCR system 9700 (Applied Biosystems,
Foster City, CA, USA). We performed direct sequencing of the PCR products
with the 96-capillary 3730 x 1 DNA Analyzer (Applied Biosystems) with Big
Dye Terminators (Applied Biosystems) according to standard protocols. All
amplified fragments were sequenced by two pairs of sequencing primers. Then
SNPs were detected by Sequecher software v4.8 (Gene Codes, Ann Arbor, MI,
USA).



RESULTS

To identify genetic variants susceptible to HRP breast cancer in the
Japanese population, we performed a GWAS using 1086 female
patients and 1816 female controls with Illumina HumanHap 610k
BeadChip (Table 1). After the quality check of SNP genotyping data, a
total of 453627 SNPs were selected for further analysis. Principal
component analysis revealed that all the subjects participating in
this study were clustered in the Hapmap Asian population
(Supplementary Figure 1S). A quantile-quantile plot for this GWAS
is shown in Supplementary Figure 2S. The genomic inflation factor
(AGC) of the test statistic in this study was 1.053 indicating a very low
possibility of false-positive associations resulted from the population
stratification. Although no SNP achieved genome-wide significance
level, 46 SNPs in various chromosomes showed suggestive association
(P-values<1 x 10 ™%) as illustrated in Figure 1.

Among these 46 SNPs, we excluded SNPs possessing strong LD
(»>0.8) and selected 33 SNPs for replication analysis as well as 4
additional SNPs that were previously reported their association with
breast cancer and showed P-value of < 1.0 x 102 in GWAS analysis,
using an independent set of 1653 female patients and 2797 female
controls. Among 37 SNPs analyzed in the replication study, an
SNP 16788895 was successfully replicated with the P-value of
<1.35x 1073 even after the Bonferroni correction (0.05/37) as
shown in Table 2 and Supplementary Table 2S. Combined analysis
of the results of the GWAS and the replication study suggested strong
association of the locus of the SIAH2 gene on chromosome 3g25.1
(156788895, Peombined Of 943 x 108 with OR of 1.22, 95% confidence
interval 1.13-1.31) without any significant heterogeneity between the
two studies (Pheerogeneity = 233 X 10701,

The SNP rs6788895 was further examined its association with the
subgroups of breast cancer, an invasive papilloductal breast cancer

GWAS identify genetic variants
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group and a HER2-negative breast cancer group, and found
significant  associations with them  (Peombined = 3.61 X 10~7,
6.78 x 107%, OR =123, 1.21, respectively) although they did not
reach to the genome-wide significant level (Supplementary Table 3S).
Imputation analysis of this locus identified nine additional SNPs in
strong LD (1% of >0.8) that showed similar levels of association with
rs6788895 (Figure 2a). The subsequent logistic regression analysis
revealed no significant association of these nine SNPs when we
accounted the effect of SNP rs6788895. The haplotype analysis found
no haplotype revealing stronger association than the single SNP
(Supplementary Table 4S). Although in silico prediction of the
functional effect of rs6788895 identified no possible biological effect,
one SNP 152018246 showing strong LD with rs6788895 (r?=0.94),
which was located about 0.7kb upstream from the transcription
initiation site of SIAH2, was indicated to be present within the
binding site of multiple transcription factors such as STAT1, LEFI,
PAX2, which were reported to have some implication to breast
cancer.!*1® The re-sequencing of 22353bps corresponding to the
SIAH2 gene identified 10 novel genetic variations in addition to 37
genetic variations reported previously. We further genotyped 22 of the
47 variations after the exclusion of SNPs showing strong LD with the
marker SNP (72 of >0.8). As a result, we identified no genetic variant
showing significant association in HRP breast cancer (Supplementary
Table 5S and Supplementary Table 65)

Furthermore, we examined the association of 37 previously
reported SNPs with the HRP breast cancer'’"? using our sample
sets (Supplementary Table 7S) and found very moderate association
of four genetic variants, 1rs1292011, rs3803662, rs2981579 and
rs3750817, with HRP breast cancer in the GWAS phase (Pgyas=
5.89 x 10792, 6.95 x 1079, 8.68 x 1079 and 5.03 x 10 7%, respec-
tively). Purther analysis of these four SNPs identified significant
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Figure 1 Manhattan plot for the genome-wide association study (GWAS) of hormonal receptor-positive breast cancer indicating —loglOP of the Cochran—

Armitage trend test for 453627 single-nucleotide polymorphisms (SNPs) plotted against their respective positions on each chromosome.

Table 2 Association of SNP rs6788895 on chromosome 3q25.1 with hormonal receptor-positive breast cancer

Case Control
Chr. Chrloc. SNP RA Stage 11 12 22 RAF 11 12 22 RAF P assoc® OR (95% ClI) Phet®
3 151950498 rs6788895 G GWAS 106 456 524 0.69 242 832 742 0.64 234E-05 1.28 (1.14-1.43)
Rep 164 694 786 0.69 337 1265 1195 0.65 5.77E-04 1.18 (1.07-1.29) 2.33E-01
Combined 270 1150 1310 0.69 579 2097 1937 0.65 9.43E-08 1.22 (1.13-1.31)

Abbreviations: Chr., chromosome; chrloc., chromosomal location (bp); Cl, confidence interval; GWAS, genome-wide association study; OR, odds ratio {calculated based on the risk allele);
RA, risk allele; RAF, risk allele frequency; Rep, replication; SNP, single-nucleotide polymorphism; 11, homozygous non-risk genotype; 12, heterozygous genotype; 22, homozygous risk genotype.
3Passoc, Pvalue for the GWAS and replication study obtained from the Cochran-Armitage trend test and P-value for the combined study obtained from the simple combined test.

bPhet, P-value for heterogeneity test obtained from the Breslow-Day test.
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Figure 2 (a) Regional association plots of the locus associated with hormonal receptor-positive breast cancer on chromosomes 3q25.1 (intron of seven in
absentia homolog 2 (SIAHZ2)). (b) Regional association plots of the locus associated with hormonal receptor-positive breast cancer on chromosomes 10q26
(fibroblast growth factor receptor 2 (FGFR2)). For each plot, —logoP of the Cochran-Armitage trend test of single-nucleotide polymorphisms (SNPs) in the
genome-wide association study (GWAS) was plotted against relative chromosomal locations. The square and rounded signs represent imputed and genotyped
SNPs, respectively. All SNPs are color coded as red (?=0.8-1.0), orange (r2=0.6-0.8), green (2=0.4-0.6), light blue (2=0.4-0.6), and dark blue
(P<0.2) according to their pair wise r2 to the marker SNP. The marker SNP is represented in purple color. SNP positions followed NCBI build 36

coordinates. Estimated recombination rates (cM/Mb) are plotted as a blue line.

replication of two SNPs, 1$3750817 (Preplication = 5-39 X 1075, OR
=1.22) and 152981579 (Preplication = 1.21 X 1073, OR=1.20). Both
SNPs are located within intron 2 of the fibroblast growth factor
receptor 2 (FGFR2) genes. The combined analysis of the GWAS and
replication phases of rs3750817 revealed strong association with
Peombined = 847 X 1079 (OR=1.22) and that of rs2981579 was
1.77x 107% (OR=1.20) (Table 3). Imputation analysis of this
locus identified three additional SNPs, rs9420318, rs11199914 and
r$10736303 that showed similar levels of association with rs3750817
(Figure 2b).

DISCUSSION

We reported here GWA and replication studies using a total of 2730
female breast cancer cases and 4613 female controls in the Japanese
population to identify common genetic variants susceptible to the
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HRP breast cancer. The SNP rs6788895 located in the intronic region
of the SIAH2 gene on chromosome 3q25.1 revealed a significant
association with the HRP breast cancer (Peombined Of 9.43 x 1008
with OR of 1.22, 95% confidence interval of 1.13-1.31). We further
examined the association of rs6788895 with the subgroups of breast
cancer. The analysis of two histological subgroups, an invasive
papilloductal breast cancer group and a HER2-negative breast
cancer group, indicated suggestive associations with Peombined Of
3.61 x 10™%7 (OR = 1.24) and with P ppineq of 6.78 x 107% (OR =
1.21), respectively (Supplementary Table 3S). However, rs6788895
showed no association in the GWAS with the hormonal receptor-
negative group (Pyenq of 1.03 x 10791) or with the HER2-positive
breast cancer group (Pyrenq of 1.15 x 10701),

For further characterization of the chromosome 3q25.1 locus, we
imputed genotypes of SNPs that were not genotyped in the GWAS



Table 3 12981579 and rs3750817 in different population

Minor/major
SNPs allele MAF  OR P-trend Population
1s2981579 (FGFR2) A/G 042 1.43 3.60x10-3! UK20
152981579 AG 044 131 2.60x1079 American?®®
152981579 AG 0.47 1.20 1.77x0-06 Japanese
rs3750817 (FGFR2) T/IC 049 1.22 8.47x107%  japanese
rs3750817 T/C 0.37 0.78 8.20x 109 American2®

Abbreviations: FGFR2, fibroblast growth factor receptor 2; MAF, minor allele frequency; OR,
odds ratio (calculated based on the non susceptible allele) except rs3750817 in American
population OR, calculated based on the susceptible allele); SNP, single-nuclectide
polymorphism.

and then examined their associations with HRP breast cancer, but
found no SNP showing stronger association than the marker SNP
16788895 although several SNPs having strong LD with rs6788895
(r?>0.8) showed similar levels of associations (Figure 2a). Previous
reports implicated possible roles of SIAH2 in breast carcinogenesis
and described that SIAH2 expression was highly associated with
estrogen receptor levels.>?’?° In addition, SIAH2 protein was
indicated to have an essential role in the hypoxic response by
regulating the hypoxia-inducible factor-o.>

Moreover, SIAH2 was known to induce ubiquitin-mediated degra-
dation of many substrates, including proteins involved in transcrip-
tional regulation (POU2AF1, PML and NCORI1), a cell surface
receptor (DCC) and an anti-apoptotic protein (BAGI). These
proteins were reported to have some relations to breast cancer by
different mechanisms.>'3> Recent genetic studies showed that the
chromosome 3q25.1 region might have a critical role in some
estrogen-dependent diseases such as development of peritoneal
leioyomatosis.>%37

We also examined the association of previously reported loci with
the breast cancer!”~2% using our sample sets and found very moderate
association of four genetic variants in our GWAS. Further analysis of
these four SNPs identified significant replication of two SNPs,
1s3750817 and 152981579 (Peombined = 8-47 X 107 and 1.77 x 1079
with OR = 1.22 and OR = 1.20, respectively). A T allele for rs3750817
is a protective allele for both Japanese and American populations with
comparable ORs (Table 3).

For characterization of the chromosome 10q26 locus, we imputed
genotypes of SNPs that were not genotyped in the GWAS, and
examined the associations of these SNPs with HRP breast cancer. As a
result, three additional SNPs, rs9420318, rs11199914 and rs10736303
were found to have similar levels of association with rs3750817
(Figure 2b). The most strongly associated SNPs are located in intron 2
of the FGFR gene. The intron 2 region contains a highly conserved
region and possess the transcription factor binding sites possibly
related to the estrogen receptor signaling pathway.>® FGFR2 encodes a
receptor tyrosine kinase and has an important role in human
mammary epithelial-cell transformation,®*° suggesting that FGFR2
is a good candidate for breast cancer susceptibility. Subsequent
functional analyses are thus essential to pinpoint the causal variants
and genes associated with HRP breast cancer. In addition, because
breast cancer is multi factorial disease, we could not exclude the
possibility that some subjects with undiagnosed early stage of cancers
or undiagnosed hormonal-dependent diseases or subject have diseases
related to breast cancer might have been included as controls. Hence,
this study might not have sufficient power to detect SNPs having very
modest effects on susceptibility to HRP breast cancer. In conclusion,
our findings, the verification of the association of the FGFR2 to the

GWAS identify genetic variants
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risk of breast cancer in the Japanese population and the novel
identification of significant association of genetic variations in the
SIAH2 gene, should contribute to the better understanding of the
susceptibility to HRP breast cancer.

URLS
The Leading Project for Personalized Medicine, http://biobankjp.org/;
EIGENSTRATsoftwarev2.0, http://genepath.med.harvard.edu/ ~ reich/
Software.htmy;
R project v2.10.0, http://www.r-project.org/;
Haploview v4.1, http://www.broadinstitute.org/haploview/haploview;
MACH v1.0, http://www.sph.umich.edu/csg/yli/fmach/index.html;
PLINK statistical software v1.06, http://pngu.mgh.harvard.edu/
~ purcell/plink/;
SNP info web server, http://manticore.niehs.nih.gov/index.html.
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A Genome-Wide Association Study Identifies Novel Loci for
Paclitaxel-Induced Sensory Peripheral Neuropathy in CALGB
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Abstract

Purpose: Sensory peripheral neuropathy is a common and sometimes debilitating toxicity associated
with paclitaxel therapy. This study aims to identify genetic risk factors for the development of this toxicity.

Experimental Design: A prospective pharmacogenetic analysis of patients with primary breast cancer,
randomized to the paclitaxel arm of CALGB 40101, was used to identify genetic predictors of the onset and
severity of sensory peripheral neuropathy. A genome-wide association study in 855 subjects of European
ancestry was conducted and findings were replicated in additional European {n = 154) and African
American (n = 117) subjects.

Results: A single nucleotide polymorphism in FGD4 was associated with the onset of sensory peripheral
neuropathy in the discovery cohort [1s10771973; HR, 1.57; 95% confidence interval (CI), 1.30-1.91; P =
2.6 x 107%] and in a European (HR, 1.72; 95% CI, 1.06-2.80; P = 0.013) and African American (HR, 1.93;
95% CI, 1.13-3.28; P = 6.7 x 107) replication cohort. There is also evidence that markers in additional
genes, including EPHAS (1s7349683) and FZD3 (1s10771973), were associated with the onset or severity of
padlitaxel-induced sensory peripheral neuropathy.

Conclusions: A genome-wide association study has identified novel genetic markers of paclitaxel-
induced sensory peripheral neuropathy, including a common polymorphism in FGD4, a congenital
peripheral neuropathy gene. These findings suggest that genetic variation may contribute to variation in
development of this toxicity. Validation of these findings may allow for the identification of patients at
increased risk of peripheral neuropathy and inform the use of an alternative to paclitaxel and/or the clinical

management of this toxicity. Clin Cancer Res; 18(18); 5099-109. ©2012 AACR.
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introduction

Paclitaxel is a useful microtubule-stabilizing agent with
efficacy in the treatment of many cancers. It is effective for
the treatment of breast cancer in the metastatic, adjuvant,
and neoadjuvant settings (1, 2). Sensory peripheral neu-
ropathy remains a significant issue in the clinical use of this
agent. More than 50% of patients experience some degree of
sensory peripheral neuropathy during their course of pac-
litaxel treatment, with 5% to 30% experiencing grade 3 or
4 toxicity (3, 4). Paclitaxel-induced sensory peripheral
neuropathy is dose-, treatment schedule-, and infusion
time-dependent (3). Cumulative dose is a significant pre-
dictor of sensory peripheral neuropathy, as is underlying
diabetes and concurrent or previous administration of other
drugs associated with this toxicity. A recent study suggests
that mild to moderate symptoms of sensory peripheral
neuropathy can persist for up to 2 years following comple-
tion of paclitaxel treatment (5). Long-term neuropathy is
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Translatlonal Relevance

 Padlitaxel is widely used in the treatment of many;,
cancers, including breast cancer. Treatment with pacli-
taxel is often limited by the development of peripheral
neuropathies that can significantly impact a patient's
quality of life, Biomarkers for the prediction of paclitax-.
el-induced peripheral neuropathy could be used to opti-
mize the use of paclitaxel. A genome-wide genotyping
approach in women receiving single-agent paclitaxel as
adjuvant therapy for: breast cancer identified several
novel genetic loci implicated in padltaxel»mduced sen-
sory peripheral neuropathy. In particular, a common
genetic variant in FGD4, a causal gene for the congenital
peripheral neuropathy Charcot-Marie-Tooth' disease,
was associated with increased onset of neuropathy in
both Europeans and African Americans. This variant and
others identified in these studies could be validated as
genetic predictors of paclitaxel-induced sensory periph-
eral neuropathy. The genetic variants identified in these
studies will also lead to investigations into novel path-
ways for this common chemotherapy-induced toxicity.

particularly concerning for patients with primary breast
cancer, such as those evaluated in the current study, as more
than 80% will be long-term survivors whose quality of life
will be compromised. Significant sensory peripheral neu-
ropathy during paclitaxel treatment can lead to dose reduc-
tions and treatment suspension, possibly resulting in sub-
optimal disease treatment and the potential for an increased
likelihood of relapse. A predictive marker for this dose-
limiting toxicity would enable studies to identify whether
an individualized assessment of adverse event risk could be
useful in the clinical decision making process. It could also
provide a possible target for therapeutic interventions.
Substantial interindividual differences in the prevalence,
reported and objective severity, and onset of peripheral
neuropathy is consistent with an underlying genetic sus-
ceptibility to this toxicity. CALGB 40101 is a phase III
randomized study comparing cyclophosphamide and
doxorubicin versus single-agent paclitaxel as adjuvant ther-
apy for patients with breast cancer at relatively low risk for
relapse. In addition, the study compared short versus longer
therapy of each regimen as a 2 x 2 factorial design. A
pharmacogenetic companion study (CALGB 60202) was
included in this trial to prospectively evaluate germline
determinants of interindividual differences in response and
toxicity. An initial analysis of treatment outcome in CALGB
40101 has shown no difference in response between the 4
and 6 cycle treatment arms (6); additional analyses of
response await complete follow-up data. The goal of this
present study was to identify genetic markers predictive of
sensory peripheral neuropathies in the paclitaxel treatment
arm of CALGB 40101 and to further our understanding of
the underlying mechanism of injury and repair. Herein, we
report the results of a genome-wide association study

(GWAS) of 1,040 paclitaxel-treated women to identify
novel germline susceptibility loci associated with the devel-
opment of sensory peripheral neuropathies. This represents
the largest prospective breast cancer pharmacogenetic study
of paclitaxel treatment toxicities to date and provides a
paradigm for the identification of genetic markers with
potential clinical application in personalized medicine.

Materials and Methods

Participants

All study participants were enrolled in CALGB 40101 and
gave their additional consent to participate in the pharma-
cogenetic companion study (CALGB 60202). CALGB
40101 was open from May 15, 2002 until July 30, 2010.
The final total accrual was 3,873 patients. Patients eligible
for the treatment protocol were females with histologically
confirmed invasive carcinoma of the breast and 0 to 3
axillary nodes positive for cancer. Eastern Cooperative
Oncology Group (ECOG) performance status of 0-1, ade-
quate organ function, and absence of congestive heart
failure or myocardial infarction in the previous 6 months
were required. Enrollment was required within 84 days of
breast surgery (either modified radical mastectomy or
lumpectomy) and the treatment began within 7 days of
registration. Patients with locally advanced, inflammatory,
or metastatic breast cancer or involvement of dermal lym-
phatics were ineligible. Patients were disease-free from any
prior malignancies for at least 5 years. Previous trastuzu-
mab, chemotherapy, or hormonal therapy, with the excep-
tion of tamoxifen, for the current malignancy was not
permitted nor was anthracycline treatment for any previous
disease. Patients who received tamoxifen or any other
selective estrogen receptor modulators (SERM) for preven-
tion or other indications {e.g., osteoporosis) were eligible.
Treatment with tamoxifen, other SERMs, or exogenous
hormones (e.g., hormone replacement therapy, oral contra-
ceptives, raloxifene) was discontinued before enrollment.
Trastuzumab was recommended for patients with HER2-
positive disease. Patients could also enroll in adjuvant
studies of bisphosphonates or hormonal therapies (e.g.,
ovarian suppression concurrent with chemotherapy). All
patients provided written informed consent for both the
treatment and companion protocols that met state, federal,
and institutional guidelines.

Treatment

Patients were randomly assigned with equal probability
to 4 or 6 cycles of cyclophosphamide/doxorubicin (AC) or
paclitaxel. A full description of the study design is included
in a recent publication describing the initial analysis of
treatment response {6). The first 570 patients were treated
with AC every 3 weeks, or paclitaxel weekly for 12 or 18
weeks. Thereafter, both regimens were administered every 2
weeks for 4 or 6 cycles. Pharmacogenetic samples were
collected only from patients enrolled on every 2-week regi-
mens, who received dose-dense paclitaxel for 4 or 6 cycles.
Paclitaxel was given for more than 3 hours at 175 mg/m?
when given every 2 weeks. The 6 cycle treatment arms for
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Table 1. Patient demographics
Aifrican
Post Quality European  American
Randomized® Control® Discovery® Replication Replication
Sample size 1,940 1,023 855 154 117
Age Mean (SD) 53.4 (9.6) 53.4 (9.6) 53.7(9.6) 55.2(9.4) 54.1 (9.2)
Self-reported race  White (Non-Hispanic/Non-Latino) 1,434 788 772 143 19
and ethnicity
White (Hispanic or Latino) 63 15 1 - -
White (Unknown) 115 77 72 1 —
Black or African American 204 85 - — 101
(Non-Hispanic/Non-Latino)
Black or African American 10 2 - - 19
(Hispanic or Latino)
Black or African American 17 13 1 - 13
(Unknown)
Asian 29 10 - - -
Native Hawaiian or Pacific Islander 2 2 — — -
American Indian or Alaska Native 18 7 2 — -
Multiple 2 — — — —
Unknown (Non-Hispanic/Non-Latino) 9 4 4 - -
Unknown (Hispanic or Latino) 24 13 - - -
Unknown (Unknown) 13 7 3 - 19
Menopausal status Post 1,176 (61%) 609 (60%) 513 (60%) 99 (64%) 81 (69%)
Pre 764 (39%) 414 (40%) 342 (40%) 55 (36%) 36 (31%)
ER/PR Status ER+/PR+ 1,059 (65%) 546 (53%) 475 (56%) 108 (70%) 35 (30%)
ER+/PR~- 223 (11%) 119 (12%) 98 (11%) 15 (10%) 18 (15%)
ER-+/PR unknown 3 (<1%) 2 (<1%) 2 (<1%) 1 (1%) 0 (<1%)
ER-/PR+ 24 (1%) 15 (1%) 13 2%) 1(1%) 2 (2%)
ER-/PR— 629 (32%) 341 (33%) 267 (31%) 29 (19%) 62 (53%)
ER unknown/PR unknown 2 (<1%) —_ - — —
HER2 status Positive 1,605 (78%) 790 (77%) 660 (77%) 120 (78%) 88 (75%)
Negative 361 (19%) 195 (19%) 163 (19%) 27 (18%) 26 (22%)
Unknown 74 (4%) 38 (4%) 32 (4%) 7 (5%) 3(3%)
Assigned number 4 1,151 (69%) 572 (56%) 471 (55%) 139 (90%)° 75 (64%)
of cycles
6 789 (41%) 451 (44%) 384 (45%) 15 (10%) 42 (36%)
& Randomized refers to all patients enrolled in CALGB 40101 and assigned to the paclitaxel treatment arm.
P post quality control refers to patients with whole genome data passing quality control (n = 1,029) and excluding patients without
evaluable phenotype data (n = 6).
° Discovery cohort is all patients with Northwestern European ancestry and evaluable phenotype data.
9 |dentified using principal components analysis of whole genome data.
® This reflects the early closure of the 6 cycle arm of the study.

both drugs were closed after enrolling 3,172 patients.
Arms were stratified by menopausal, estrogen receptor
(ER), progesterone receptor (PR), and HER2 status.
Patient demographics are shown in Table 1. Premedica-
tion recommendations for the initial dose were 12.5 to 50
mg diphenhydramine and 50 mg ranitidine, 300 mg
cimetidine, or 20 mg famotidine administered i.v. 30 to
60 minutes before paclitaxel. Dexamethasone was given
as a 10 mg i.v. dose within 60 minutes of paclitaxel or
alternatively, as a 10 mg or 20 mg oral dose more than
one hour before paclitaxel. To facilitate the 14-day dosing

schedule, filgrastim was recommended on days 3 to 10 of
each cycle (5 ug/kg rounded to either 300 or 480 pug).
Sargramostim (250~500 pg/m?, days 3-10) or pegfilgras-
tim (6 mgs.c., 24-36 hours after paclitaxel) could be used
in place of filgrastim. The treating physician could omit
granulocyte colony-stimulating factor (G-CSF) treatment
when confident neutrophils would recover within 14
days; however, if treatment could not be delivered on
schedule, then a G-CSF was required in subsequent cycles.
Erythropoetin was permitted at the discretion of the
treating physician. Patients positive for HER2 by either
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immunohistochemical 3 staining or gene amplification
by FISH could initiate adjuvant trastuzumab concurrent
with paclitaxel (weekly administration) or at the com-
pletion of paclitaxel (weekly or every 3 weeks). Weekly
trastuzumab consisted of a 4 mg/kg i.v. loading dose
followed by weekly doses of 2 mg/kg and the 3-week
schedule of a loading dose of 8 mg/kg and 6 mg/kg every
3 weeks for a total duration of one year.

Genotyping and quality control

A summary of the steps included in sample and single
nucleotide polymorphism (SNP) quality control and in
principal components analysis (PCA) is illustrated in Sup-
plementary Fig. S1. A total of 1,040 paclitaxel-treated
patients with informed consent and a DNA sample
(obtained from peripheral blood) available as of July 1,
2009 were included in the primary study. Genomic DNA
was genotyped using the HumanHap610-Quad Genotyp-
ing BeadChip (Illumina), which interrogated 592,532
SNPs. Subjects with call rates less than 0.98 (n = 5) or with
suboptimal genotype clustering performance (n = 1) were
excluded followed by reassessment of genotypes within the
remaining subjects. SNPs with call rates less than 0.95, poor
genotype clustering performance, more than 1 replicate or
Mendelian discordance, relative minor allele frequency
(MAF) less than 0.005, nondiploid (e.g., Y or mitochondrial
chromosomes), or deemed unreliable by Illumina (n =
4,106; Tech Note: Infinium Genotyping Data Analysis,
2007) were excluded, leaving 572,745 SNPs. Identity-by-
descent (IBD) analysis verified the absence of closely related
individuals (proportion IBD > 0.15) and identified one
unintended duplicate pair, which was removed and later
confirmed to be due to a DNA plating error (PLINK version
1.07; ref. 7). Evaluation of X-chromosome heterozygosity
identified 3 genetic males that were also removed and
similarly confirmed to be due to a DNA plating error (8).
PCA, as implemented by EIGENSOFT version 3.0, was used
to visualize the genetic ancestry of the 1,029 individuals
passing quality control (9). PCA was conducted using
genotypes from study subjects combined with genotypes
of unrelated individuals from the HapMap Project repre-
senting Northwest European {CEU, n = 73), African (YRI,
n = 77), and Chinese (CHB, n = 75) ancestries and geno-
typed using the same platform by Illumina (Supplementary
Fig. $2; ref. 10). To address the potential bias arising from
population stratification, we chose to focus our primary
analysis on individuals of Northern European descent. A
second PCA was conducted using only 1,029 study subjects.
Mean values for the first 3 eigenvectors within all patients
self-declaring "White" race and "Non-Hispanic" ethnicity
were determined. "Genetic Northwest Europeans” (herein
called Europeans) were defined as individuals with each of
their first 3 eigenvectors within 2 SDs of each mean value
irrespective of self-declared race and ethnicity. A total of 859
individuals were identified and identical results were
obtained when repeated with the inclusion of HapMap
individuals (data not shown). These 859 individuals were
the focus of the primary analysis (Supplementary Fig. S2).

Imputation of genotypes was conducted within the 859
Europeans using MACH 1.0 (11) and reference haplotypes
from unrelated CEU individuals from either HapMap (122)
or the 1000 Genomes Project (June 2010 release). Before
imputation, study genotypes were more stringently filtered
and limited to autosomal SNPs with MAF 0.01 or more and
exact Hardy-Weinberg Pvalues > 0.001 in control subjects.
To address any potential stranding inconsistencies between
study genotypes and the reference haplotypes, all symmetric
SNPs (A/T or C/G) with MAF more than 0.40, and therefore
difficult to resolve, were removed leaving 548,596 and
547,465 SNPs for imputation using the HapMap and
1000 Genomes reference haplotypes, respectively. Imputed
SNPs with MAF less than 0.01 or R? less than 0.5 were
excluded. Genotyping within the replication cohorts
(described below) was conducted using TagMan Allelic
Discrimination assays (Applied Biosystems), and individ-
ual assays are shown in Supplementary Tables S1 and S2.

One hundred fifty nine self-declared "White" individuals
with either "Non-Hispanic" or "Unknown" ethnicity, who
enrolled in the CALGB 40101 pharmacogenetic companion
study subsequent to the genotyping of the original 1,040
subjects, were used as a replication cohort. Within the
discovery set, these criteria accurately identified 98.7% of
the 859 Europeans with a false-positive rate of 2.4%. An
additional 100 individuals of African ancestry were also
identified from within the group of 1,029 individuals
passing sample quality control. African ancestry was defined
using individuals who self-declared "Black/African Ameri-
can" race with either "Non-Hispanic" or "Unknown" eth-
nicity. Any individual with their first 3 eigenvectors within 3
SDs of each eigenvector mean value were considered to be of
African descent. This self-declared race/ethnicity criteria
identified 94.2% of individuals with African ancestry and
incorrectly identified 2.0%. The final African American
replication cohort consisted of the 100 patients of African
descent with genome-wide data and an additional 20 self-
declared "Black/African American” individuals with either
"Non-Hispanic" or "Unknown" ethnicity, who enrolled
after the original genotyping.

Statistical analysis

The primary objective was the identification of SNPs
associated with the occurrence of sensory peripheral neu-
ropathy. The analyses were carried out using 2 complemen-
tary endpoints: (i) the cumulative dose level triggering the
first grade II or higher treatment related sensory peripheral
neuropathy episode and (ii) the maximum observed treat-
ment-related sensory peripheral neuropathy grade. The
adverse events were graded according to the National Can-
cer Institute Common Toxicity Criteria for Adverse Events
(NCI-CTCAE) version 2.0. The timing of sensory peripheral
neuropathy was assessed with a time-to-event approach in
which an event was defined as the firstincidence of a grade I1
or higher neuropathy and the time as cumulative paclitaxel
exposure (mg/m?). For patients not experiencing any event,
the total study paclitaxel drug exposure was used. These
patients are effectively right-censored at the cumulative dose
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level. The marginal associations were tested using the Cox
score test (12). The severity of sensory peripheral neurop-
athy, defined as the maximum grade neuropathy observed
during paclitaxel treatment or within 30 days following the
last dose, was evaluated using ordinal logistic regression.
Cumulative dose (mg/m?) was log-transformed and incor-
porated into the ordinal regression model. For both cases,
the marginal null sampling distribution was approximated
using asymptotics. These analyses were powered for an
additive genetic model. To minimize type I error due to
sparseness, SNPs within the European discovery set were
constrained to relative MAF of 1% or more and the obser-
vation of a minimum of 2 minor allele homozygous geno-
types leaving 521,600 evaluable SNPs. Imputed genotypes
were represented as allele dosages bound between 0.0 and
2.0. All analyses were conducted using the R statistical
environment version 2.12 with the cumulative dose-to-
event and ordinal analyses implemented using functions
from the survival and MASS extension packages (13-16).
Quantile-quantile plots of the marginal asymptotic Pvalues
were evaluated for potential remaining population stratifi-
cation or inflation of significance levels. Each SNP with a
marginal Pvalue < 10~ was evaluated further for potential
errors by checking its MAF (vs. HapMap), Hardy-Weinberg
Equilibrium within unaffected subjects, and potentially
informative missing rates; they were also visually inspected
for genotype clustering performance.

On the basis of the combined results of the time-to-event
and ordinal regression analyses of the 859 European
patients, a replication plan delineating SNPs, regression
model, genetic model (the most plausible model suggested
from Kaplan-Meier estimates), and effect direction for one-
sided testing was drafted a priori to any data collection
within the replication cohorts. Three SNPs from the genes
FZD3, EPHA5, and FGD4 (rs7001034, 1s7349683, and
1s10771973) were selected for replication based on mar-
ginal significance levels, biologic plausibility, and estimated
effect size (as detailed in the Results). An additional 10 SNPs
with P values < 107° and/or previously implicated in
congenital sensory peripheral neuropathies (NDRG1) were
also evaluated with the specified limitation of being con-
strained to exploratory analyses. Genotypes for the FZD3
SNP rs7001034 were captured indirectly using a proxy SNP
(rs7833751; R* = 1.0 CEU HapMap 127) due to the absence
of acceptable TagMan assays to evaluate the locus directly.
Because of the impracticality of capturing the FZD3 linkage
disequilibrium (LD) block to the same extent as the Euro-
pean group, this locus was not evaluated in the African
ancestry replication group. Direct sequencing was used to
capture the FGD4 1510771973 genotypes within the repli-
cation cohorts. To limit the overall type I error rate for the
validation study at the one-sided 0.05 level, we tested each
of the 3 SNPs at the marginal 0.01 level. Because the FGD4
locus replicated in both populations and there are signif-
icant differences in LD structure between the European and
African American populations, an additional 4 coding
region SNPs were chosen from the approximately 30 kb
LD block containing 1810771973 to further extend this

finding. In addition, to evaluate the independence of the
identified association in rs10771973, the time-to-event
analysis was repeated with 1510771973 as a covariate. This
analysis was conducted using the R extension package
GenABEL (13). A haplotype-based association test was also
conducted for the 3 genes containing the top hits (EPHA5,
FZD3, and FGD4), using all genotyped SNPs within 100 kb
of the transcription start and stop sites for each gene. Phase
for each SNP set was estimated using fastPHASE v 1.1 in all
samples combined (17). Haplotype block boundaries using
the method of Gabriel and colleagues were generated in
Haploview v4.2 using HapMap v3 12 CEU samples (18). For
each haplotype block that included an allele with a per SNP
association signal of less than 1072, individual haplotypes
were extracted from fastPHASE output, and haplotypes with
frequency less than 5% were combined. Association with
outcome was analyzed on a per haplotype basis using time-
to-event or maximum grade as described above.

Fesulis

Of the 859 individuals with European ancestry randomly
assigned to paclitaxel treatment, 4 withdrew before study
treatment and were therefore excluded (Supplementary Fig.
S1). Patient characteristics of the CALGB 40101 paclitaxel
treatment arm, the genotyped samples, and the discovery
and replication cohorts are listed in Table 1. The meno-
pausal, ER, PR and HER2 status, and the assigned number of
cycles were not different between the genotyped paclitaxel
cohort and the European discovery cohort. The genotyped
sample was also representative of all patients randomized to
paclitaxel treatment in CALGB 40101. One exception is a
fewer number of samples from the 6 cycle paclitaxel arm
in the European replication cohort, which reflects the
early closure of the 6 cycle arm and the later study enroll-
ment of this group of patients. Peripheral sensory neurop-
athy was the major dose limiting toxicity in the paclitaxel
arm, and the distribution of toxicity grades within the 855
patients in the primary analysis, stratified for number of
treatment cycles assigned, is shown in Table 2. Sensory
peripheral neuropathy was dose dependent with 17% of
the patients randomized to 4 cycles of paclitaxel experienc-
inga grade Il or greater event as compared with 33% of those
randomized to 6 cycles of treatment. The cumulative inci-
dence of sensory peripheral neuropathy was similar
between the entire cohort randomized to paclitaxel treat-
ment and the discovery set (Supplementary Fig. $3), and
between the discovery set and both replication groups (data
not shown). There was no effect of age on cumulative dose
triggering a grade II or greater peripheral neuropathy event
(data not shown).

Among the SNPs analyzed in the GWAS for association
with the initial onset of sensory peripheral neuropathy,
none reached genome-wide significance although 7 had a
marginal significance level of P < 107> (Table 3 and Sup-
plementary Fig. S4). Inspection of the quantile-quantile
plot of the marginal P values (Supplementary Fig. S5A)
indicates the absence of any remaining population sub-
structure (A = 1.01). Of these top SNPs, biologic relevance
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Table 2. Incidence of sensory peripheral neuropathies in study groups

Sensory peripheral neuropathy grade

0 1 2 3 4 Event rate®
Discovery set
4 Cycles 181 (38%)? 209 (44%) 66 (14%) 15 3%) 0 (0%) 17%
6 Cycles 99 (26%) 160 (42%) 81 (21%) 44 (11%) 0 (0%) 33%
European replication
4 Cycles 44 (32%) 67 (48%) 24 (17%) 4 (3%) 0 (0%) 20%
6 Cycles 6 (40%) 4 (27%) 3 (20%) 2 (13%) 0 (0%) 33%
African American Replication
4 Cycles 23 (31%) 33 (44%) 12 (16%) 7 (9%) 0 (0%) 25%
6 Cycles 9 (21%) 19 (45%) 7 (17%) 6 (14%) 1(2%) 33%

dose dense paclitaxel.

@ Number of patients and percentage (in parentheses) of all patients in the discovery or replication cohort assigned to 4 or 6 cycles of

® Event rate is the incidence of a grade 2 or greater sensory peripheral neuropathy.

was apparent for polymorphisms in EPHA5 (1s7349683;
per allele HR, 1.63; 95% CI, 1.34-1.98; P= 9.6 x 10~7; Fig.
1A) and FGD4 (rs10771973; per allele HR, 1.57; 95% ClI,
1.30-1.91; P = 2.6 x 1075 Fig. 1B). EPHA5 encodes an
ephrin receptor gene implicated in the process of neuronal
regeneration following nerve injury and FGD4 encodes a
Rho-GTPase guanine nucleotide exchange factor previously
implicated in congenital peripheral neuropathies (19-22).
The FGD4 (Table 3; Supplementary Fig. S6A and S6B) and
EPHAS5 (Table 3; Supplementary Fig. S7A and S7B) SNPs
were tested in replication cohorts, and association for the
former was confirmed in both the European and African
American samples (Europeans: 1s10771973; per allele HR,
1.72; 95% CI, 1.06-2.80; P = 0.013; African Americans:
1s10771973; per allele HR, 1.93,95%CI, 1.13-3.28, P=6.7
x 107%). Considering the high minor allele frequency of
this risk allele in Europeans, 42% of patients are expected to
have a 1.6-fold increased risk and 9% a 2.6-fold increased
risk of peripheral neuropathy; in African Americans (MAF
17%), the increased risk is 1.9- and 3.7-fold, respectively.
Inspection of the Kaplan-Meier genotype stratified time to
neuropathy distributions suggests that an allele dose-effect
assumption for FGD4 1s10771973 is appropriate (Fig. 1B).

No haplotypes in FGD4 or EPHA5 showed stronger asso-
ciation with time to sensory peripheral neuropathy than the
single SNP analyses in these regions (data not shown). After
conditioning the time-to-event analysis on 1510771973, no
other genotyped markers at the FGD4 locus showed asso-
ciation with time to peripheral neuropathy (data not
shown). Using imputation to infer additional untyped
markers and visualizing the LD structure within the HapMap
CEU population revealed an approximately 30 kb region of
high LD within the FGD4 locus showing a strong and
reproducible association with the onset of sensory periph-
eral neuropathy (Supplementary Fig. S8). Approximately,
16 SNPs are strongly linked (R? > 0.80) with rs10771973, 5
of which are synonymous variants within the coding region.

Ordinal logistic regression analyses were used to identify
SNPs associated with the severity of sensory peripheral
neuropathy. Four SNPs were associated with toxicity grade
with a significance level of P < 1 x 107> (Table 4 and
Supplementary Fig. $4). As with the Cox analysis, a quan-
tile-quantile plot of the normalized marginal P values
(Supplementary Fig. S5B) suggests the absence of any
remaining population substructure (A = 0.986). A SNP
within the Frizzled 3 homolog WNT signaling receptor gene
(FZD3) met the threshold of genome-wide significance
(1s7001034; P = 3.1 x 1077, OR, 0.57; 95% CI, 0.48-
0.69) and showed a clear relationship between allele dosage
and sensory peripheral neuropathy grade (Fig. 2). However,
none of these top SNPs from the ordinal regression analysis
replicated in either the European or African American
populations (Table 4).

Discussion

A small subset of patients exposed to paclitaxel have
significant and occasionally protracted neuropathy that
has a major impact on quality of life. If we could prospec-
tively identify these patients before administration of
paclitaxel, they might be otherwise equally well served
with alternative nonpaclitaxel containing regimens. Using
agenome-wide association study of CALGB 40101, we have
identified several genetic loci associated with the onset or
severity of paclitaxel-induced sensory peripheral neuropa-
thy. One of these novel markers associated with early-onset,
paclitaxel-induced sensory peripheral neuropathy (FGD4,
1s10771973) was replicated in both Europeans and African
Americans and resides within a gene with a clearly estab-
lished role in the hereditary peripheral neuropathy Char-
cot-Marie-Tooth disease (CMT). These findings will
inform studies to test the application of genetic markers
for optimization of paclitaxel selection, dosing, and adverse
event management. Several features of the study design and
analysis support the robustness of our findings, including
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the prospective design, a large cohort of patients with
primary breast cancer who are chemotherapy naive and
treated with single-agent paclitaxel, careful collection of
sensory peripheral neuropathy and covariate data, strict
censoring for dose and cycle reductions for other adverse
reactions and preexisting neuropathy, and the use of cumu-
lative dose to the initial incidence of grade 2 toxicity to
account for the established effect of total drug exposure on
sensory peripheral neuropathy.

The current finding that FGD4 plays a role in the devel-
opment of paclitaxel-induced sensory peripheral neuropa-
thy and/or the repair response of peripheral nerves follow-
ing paclitaxel injury is consistent with the known functions
of the gene. FGD4 encodes for the protein FGD1-related F-
actin binding protein (Frabin), and previous studies have
shown specific point mutations in FGD4 can cause the
congenital peripheral neuropathy CMT (CMT4H; refs. 21~
24). The disease is characterized by a slow progressive
demyelination of peripheral sensory and motor neurons
accompanied by distal muscle weakness and atrophy, sen-
sory loss, hyporeflexia, and skeletal deformity (25). Pacli-
taxel-induced peripheral neuropathy shares some of these
characteristics, including sensory loss and secondary demy-
elination (26-28). Frabin is a guanine nucleotide exchange
factor for cdc42, a Rho-GTPase that regulates cellular mor-
phogenesis, including myelination. Several hypotheses
have been proposed to explain how mutations in FGD4
might lead to demyelinating CMT4H disease, including
disruption of the actin/microtubule cytoskeleton, loss of
¢Jun-NH-terminal kinase (JNK) activation signals, and
disruption of phosphoinositide signaling pathways, all of
which could affect Schwann cell myelination and/or the
bidirectional communication between Schwann cells and
axons (21).

The observed association between the FGD4 SNP
1s10771973 and paclitaxel-induced sensory peripheral neu-
ropathy is consistent with the hypothesis that common
FGD4 polymorphisms subtly affect the development and/
or maintenance of Schwann cell function. In this case,
carriers of common FGD4 polymorphisms would have
preexisting subclinical abnormalities and a predisposition
for toxicity. This is supported by increased risk for paclitaxel-
induced sensory peripheral neuropathy in asymptomatic
patients with diabetes, previous platinum drug exposures
and alcohol use (3), and early Schwann cell activation in
response to paclitaxel administration (29). Alternatively,
FGD4 polymorphisms could lead to impaired repair pro-
cesses such as Schwann cell remyelination and/or axonal
regeneration after paclitaxel exposure. Genetic variation in
FGD4 could also directly affect the response of Schwann
cells to axonal injury via its ability to activate JNK (30). A
neuronal protective role for activated JNK in cultured dorsal
root ganglion cells exposed to oxaliplatin has been reported
(31). Whether changes in frabin activity or expression lead
to a decreased neuronal regenerative capacity and/or an
increased sensitivity to paclitaxel-induced sensory periph-
eral neuropathy requires further study. Interestingly, FGD4
was identified through a genome-wide siRNA screen in lung
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Figure 1. The EPHAS rs7349683
C>T and FGD4 rs10771973 G>A
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cancer cell lines as a paclitaxel chemosensitizer. The che-
mosensitizing properties of FGD4 are related, at least in
part, to its ability to prevent mitotic progression (32).
Whether a similar mechanism is involved in the repair
response to paclitaxel-induced peripheral neuropathy is
unknown.

The FGD4 1510771973 SNP is located in the intronic
region and is in tight LD with a number of other SNPs.
Computational analysis of the genomic region surrounding
this SNP found that 1510771972, another intronic SNP in
high LD with rs10771973 in both the European and African
populations, is predicted to alter conserved transcription
factor-binding sites for Myc-Max and USF (data not
shown). One could speculate that disruption of either one
or both of these transcription factor-binding sites in
patients carrying the 1s10771973 SNP could lead to altered
expression and therefore function of FGD4/Frabin.

The other 2 top hits from the genome-wide analysis are
also of potential interest for the paclitaxel-induced sensory
peripheral neuropathy phenotype. In the time-to-toxicity
analysis, the most significant SNP was in EPHAS5, which

0.6
0.5 4
0.4 1
0.3 1
0.2 1

Minor allele frequency

0.1 1

Grade 0  Grade 1 Grade2  Grade 3

Figure 2. Association of FZD3 SNP rs7001034 with sensory peripheral
neuropathy. The minor allele frequency of rs7001034 in the European
discovery cohort is expressed as a function of maximal grade of sensory
peripheral neuropathy in 855 individuals.

encodes for an ephrin receptor involved in axonal guidance
and regeneration following injury. Recent studies have
shown that in mice, EphA5 mRNA is rapidly upregulated
in response to a sciatic nerve lesion (20) and that EphA5
signaling during synaptogenesis is transduced via cdc42
(19), the Rho-GTPase involved in Frabin signaling. A com-
mon SNP in FZD3 reached genome-wide significance in the
ordinal analysis. FZD3 encodes a Wnt receptor with
reported roles in neurite outgrowth (33). In light of the
biologic relevance of EPHAS5 and FZD3 and the limited size
of the replication cohorts available for these studies, it will
be necessary to further explore the role of these 2 genes in
larger populations of paclitaxel-treated patients. Additional
studies are also warranted for other top hits, including
152233335 in the N-myc downstream-regulated gene 1
(NDRGI; Supplementary Table S1). Rare mutations in
NDRGT are also associated with a different subtype of CMT
(CMT4D; ref. 34).

Until the availability of genome-wide approaches
for identifying genetic predictors of paclitaxel-induced
peripheral neuropathy, candidate gene approaches focused
mostly on drug metabolizing enzymes and transporters
implicated in paclitaxel exposure. These candidate gene
studies yielded no replicated associations of SNPs with
paclitaxel-induced sensory peripheral neuropathy, and
most were complicated by a very small number of subjects,
a retrospective analysis of toxicity, and chemotherapy with
multiple agents (35-38). In the current analysis, no signif-
icant associations were observed for any SNPs residing
in the candidate genes known to influence paclitaxel expo-
sure (Supplementary Table S3), providing further evidence
that factors contributing to the function and repair
of peripheral nerves are more important than alterations
in paclitaxel pharmacokinetics for determining genetic sus-
ceptibility to this toxicity. Interestingly, recent analyses
of peripheral neuropathy induced by treatment with borte-
zomib, thalidomide, and vincristine have provided evi-
dence that genes involved in repair mechanisms, inflam-
mation, peripheral nervous system development, and
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mitochondrial dysfunction could influence an individual
patient’s risk of developing toxicity (39-42). However, there
was no overlap of implicated genes with the current study
(Supplementary Table S3), suggesting that the mechanisms
underlying this common toxicity might be drug specific.

To assess the potential translational implications of this
finding to clinical practice, we estimated the cumulative
dose level triggering an event for each FGD4 1510771973
genotype. Considering the data in Fig. 1B, to control the
probability of experiencing a neuropathy event at a critical
threshold of 33%, the tolerated cumulative dose level for
patients with 2 copies of the risk allele is 710 mg/m?. The
corresponding expected critical dose level for patients with
one copy of the risk allele is increased to 877 mg/m?.
Patients with no copies of the risk allele are expected to
tolerate more than 1047 mg/m?, corresponding to the full
dose of paclitaxel for 6 cycles. If these thresholds are
prospectively validated and further refined in follow-up
studies, they may be used to estimate tolerable dose levels
based on genotype and to tailor the treatment regimen.

While this pharmacogenetic study has several advantages
over previous studies on paclitaxel pharmacogenetics,
including a large cohort of treatment-naive patients receiv-
ing single-agent paclitaxel and a genome-wide approach to
discovery, several limitations also exist. The most significant
limitation is the sole use of the NCI-CTC for assessment of
sensory peripheral neuropathy. It is widely recognized that
detailed patient-reported symptom data and a quality oflife
assessment more accurately describes this phenotype and
that physician-reported NCI-CTC grading underreports
peripheral neuropathy (43-45). However, it remains diffi-
cult to apply these techniques across the multiple sites and
large sample sizes required for the sufficient power for
pharmacogenetic analyses. In a recent phase III study of
1,060 women treated with taxanes, the Patient Neurotox-
icity Questionnaire and the Functional Assessment of Can-
cer Therapy-General were administered to only the first 300
patients in the study {46). The only use of patient-reported
toxicity data and symptom measurements for pharmaco-
genetic analysis of taxane peripheral neuropathy is limited
by the very small sample size of the study (38). While it will
be important in follow-up studies to validate these findings
using additional instruments, it should be noted that
despite its limitations, the NCI-CTC scores are widely
accepted for primary evaluation of treatment toxicity in
large phase III studies such as CALGB 40101. A second
limitation of the current study is the small sample size of the
replication cohorts, a common issue confronting almost all
pharmacogenetic studies (47).

In summary, our findings support the use of prospective
pharmacogenetic analyses of well-phenotyped data sets
collected under controlled clinical trial settings and unbi-
ased genome-wide genetic approaches for the identification
of novel genes involved in drug efficacy and toxicity. Using a
prospective design for validation and replication and a well-
controlled single-agent clinical study, we have identified an
SNP in FGD4 associated with increased risk of developing
paclitaxel-induced sensory peripheral neuropathy. The
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