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Translatlonal Relevance

Lymphoblastoid cell lines (LCL) have been used in-
chemotherapeutic pharmacogenomic marker discovery
due to their ease of experimental manipulation, éxten- -
sive genotype catalogs, and lack of the in vivo confoun-
; ders present in clinical samples. One i 1mportant question

is how well these cell-based models generate clinically
relevant single-nucleotide polymorphisms (SNP) asso--
ciated with patient toxicity: We compared genome~w1de
_association smdy (GWAS) results of paclitaxel-induced
cytotoxicity in LCLs and paclitaxel-induced penpheral
neuropathy in patients with breast cancer. We observed
significant overlap between the clinical and LCL studies, -
thus confirming a role for the LCL model in the analysis
of at least a subset of genes involved in patient paclitaxel
_response. One overlap gene, REX2, was functionally
validated in a nerve cell model of paclitaxel response.
Peripheral neuropathy is an often dose-limiting toxicity
‘induced by paclitaxel treatment. If physicians could
predict which patients are more likely to experience this
severe toxicity, lower doses or altemauve treatments
could be prescribed. , :

candidate markers and genes discovered in both preclinical
and clinical studies (14, 15). However, a critical question is
how well this cell-based model generates clinically relevant
markers and genes associated with patient response to drug.
Recently, a few chemotherapeutic response single-nucleo-
tide polymorphisms (SNP) discovered in LCLs have been
replicated in patient populations by associating with phe-
notypes such as tumor response and overall survival in
patients receiving the same drug (16-19); however, these
studies tested the individual variants most associated with
the LCL phenotypes. We sought to understand to what
extent the overall genetic architecture of patient response
to chemotherapy can be captured by LCLs by investigating
beyond just the top few signals. In contrast to previous
studies that tested single SNPs, we use an enrichment
method (20) to determine in a systematic manner whether
top genome-wide association study (GWAS) SNPs for pac-
litaxel-induced sensory peripheral neuropathy in patients
with breast cancer (3) are more likely to also be paclitaxel-
induced cytotoxicity SNPs identified in LCLs than expected
by chance.

In this study, we found that SNPs associated with patient
paclitaxel-induced neuropathy are enriched for SNPs asso-
ciated with paclitaxel-induced cytotoxicity in HapMap
LCLs. This significant enrichment confirms that LCLs are
a useful model in the study of a subset of shared genes
involved in patient toxicity. The overlap SNPs are predom-
inantly expression quantitative trait loci (eQTL) as defined
previously (21), therefore supporting an enriched function-
al role for these significant SNPs. We show a functional role
for one eQTL host gene (RFX2) in paclitaxel toxicity, using a
cellular model of peripheral neuropathy. These results are

consistent with the hypothesis that the cell-based models
capture components of the underlying genetic architecture
for paclitaxel-induced sensory peripheral neuropathy.

Materials and Methods
Cytotoxicity assays

HapMap LCLs from a population with Northern and
Western European ancestry from Utah (HAPMAPPTO1,
CEU, n = 77), a Yoruba population in Ibadan, Nigeria
(HAPMAPPTO03, YRI, n = 87), and an African-American
population from the Southwest of the United States (HAP-
MAPPTO7, ASW, n = 83) were treated with 12.5 nmol/L
paclitaxel and cytotoxicity was determined using an Ala-
marBlue (Invitrogen) cellular growth inhibition assay as
described (22). The cytotoxicity phenotype used in the LCL
GWAS was mean percentage survival at 12.5 nmol/L pac-
litaxel determined from 6 replicates from 2 independent
experiments. Percentage survival values for each cell line
were log,-transformed before statistical analysis to form an
approximately normal distribution in each population.

LCL genome-wide meta-analysis

A GWAS of paclitaxel-induced cytotoxicity was conducted
on each of the 3 populations separately. Greater than 2
million SNPs from HapMap 127 [minor allele frequency
(MAF) > 0.05 within the panel, no Mendelian errors and in
Hardy-Weinberg equilibrium (P > 0.001)] were tested for
association with paclitaxel cytotoxicity in each population,
using the quantitative trait disequilibrium test total associ-
ation model (23). To control for population structure in the
admixed ASW population, local ancestry at each genotyped
SNP locus was estimated using HAPMIX (24) and to
increase genome coverage of the ASW, ungenotyped mar-
kers were imputed using BEAGLE (25) as previously
described (26). Genomic contro] lambda (Agc) values
(27) were calculated for the GWAS of each population.
Studies with Agc values greater than 1 were corrected for
residual inflation of the test statistic by dividing the
observed test statistic at each SNP by the Agc (27), and
then the corresponding P values were carried through the
meta-analysis.

Using the software METAL, we combined SNP P values
across the 3 population studies, taking into account a study-
specific weight (sample size) and direction of effect (pos-
itive or negative f; ref. 28). This approach converted the
direction of effect and P value observed in each study into a
signed Z-score, such that very negative Z-scores indicate a
small P value and an allele associated with higher drug
sensitivity, whereas large positive Z-scores indicate a small P
value and an allele associated with higher drug resistance. Z-
scores for each SNP were combined across studies in a
weighted sum, with weights proportional to the square-
root of the sample size for each study (28).

Patient samples and GWAS

Cancer and Leukemia Group B (CALGB) 40101 is a phase
M1 trial comparing the efficacy of standard therapy cyclo-
phosphamide and doxorubicin with single-agent paclitaxel
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as adjuvant therapy for breast cancer in women with 0 to 3
positive axillary lymph nodes. All study participants were
enrolled in CALGB 40101 and gave their additional consent
to participate in the pharmacogenetic companion study
(CALGB 60202), which has been published (3). All patient
research met state, federal, and Institutional Review Board
guidelines. Germline DNA was isolated from 1,040 patients
on the paclitaxel arm of CALGB 40101 and genotyped using
the Illumina 610-Quad platform as described previously
(3). Following quality control analysis, genotypes were
available for 520,679 SNPs. Principal component (PC)
analysis identified 855 genetic Furopeans that were used
in a GWAS of sensory peripheral neuropathy (3). A dose-to-
event analysis was conducted, with an event defined as
grade 2 or greater sensory peripheral neuropathy. The Cox
score test, powered for additive genetic effects, was used to
test these marginal associations. Only SNPs with MAFs
more than 0.05 in the patient population and in Hardy-
Weinberg equilibrium in the CEU (P> 0.001) were used in
the LCL GWAS comparisons.

Enrichment analysis

We conducted a permutation resampling analysis (29) to
test for an enrichment of cytotoxicity-associated SNPs
(LCLs) among the paclitaxel-induced sensory peripheral
neuropathy-associated SNPs (patients). To this end, the
patient outcomes (cumulative dose and event indicator
vectors) were randomly shuffled while keeping the geno-
type data fixed to preserve linkage disequilibrium. On the
basis of this permutation replicate, the standardized Cox
score statistics were recalculated for all the SNPs. This
process was conducted 1,000 times. For each of the
1,000 permutation replicates, the number of SNPs that had
P < 0.05 in the patient data, P < 0.001 in the LCL data, and
the same direction of effect (the same allele associated with
increased neuropathy and increased cytotoxicity) was cal-
culated. The overlap distribution from the permutations
was compared with the observed SN overlap to generate an
empirical Pvalue, calculated as the proportion of permuta-
tions in which the number of LCL/patient overlap SNPs
exceeds the observed number. To test the robustness of our
findings, we calculated an empirical Pvalue across a range of
inclusion thresholds from P < 0.001 to P < 0.1. We also
tested for enrichment of patient SNPs among the LCL SNPs
by generating 1,000 randomized SNP sets the same size and
MAF distribution as the observed LCL data at a range of P
value thresholds to calculate empirical P values. In addition
to the paclitaxel LCL cytotoxicity data, we compared the
patient sensory peripheral neuropathy data with LCL cyto-
toxicity GWAS data from capecitabine (30) and carboplatin
(13) as negative controls.

To test for eQTL enrichment in the LCL, patient, and LCL/
patient overlap SNPs, we generated 10,000 randomized
SNP sets each of the same size as the observed set of LCL
cytotoxicity (P < 0.001), patient neuropathy (P < 0.05), or
LCL/patient overlap SNPs. The randomized SNP sets were
matched on MAF distribution of the observed list and
sampled (without replacement) from the set of SNPs on

the Illumina 610-Quad platform, similar to the method of
Gamazon and colleagues (31). We grouped the platform
SNPs into discrete MAF bins of a width of 5%, from which
the SNPs used in the simulations were selected. For each
of the 10,000 sets, we determined the number of eQTLs
(P < 10™*) and calculated an empirical P value for enrich-
ment. The eQTLs were defined previously and are available
in the SCAN database (21, 31).

Filtering procedure for functional analysis

First, we determined which of the LCL/patient overlap
SNPs from the enrichment analysis were located in or near
(within 2 kb) gene transcripts (dbSNP build 129, human
genome assembly build 36). Eleven of 24 overlap SNPs were
in or near genes and genotyping intensity plots for these
SNPs in the patient data are available in Supplementary
Fig. S1. Second, we determined which SNPs within genes
were also eQTLs (31) and prioritized by which had the
most target genes (P < 10™%). We also tested whether the
expression of the eQTL target genes associated with pacli-
taxel-induced cytotoxicity (P < 0.05) using previously
published exon array data (32). A general linear model was
constructed between gene expression and paclitaxel-
induced cytotoxicity with growth rate (33) and population
as covariates. A Toeplitz covariance structure with 2 diag-
onal bands was used to allow for familial dependencies in
the data as previously described (9).

siRNA

Neuroscreen-1 {NS-1) rat pheochromacytoma cells (Cel-
lomics Inc.) were maintained in NS-1 media (RPMI supple-
mented with 10% horse serum, 5% fetal calf serum and 1%
L-glutamine). Cells were seeded at a density of 1 x 10° cells/
mL on collagen I-coated plates and induced to differentiate
by adding 20 ng/mL nerve growth factor (NGF, BD Bios-
ciences) to the media 24 hours before transfection. Cells for
cytotoxicity assays were plated in 96-well collagen [-coated
plates, whereas cells for expression quantification and neur-
ite-outgrowth assays were plated in 6-well collagen [-coated
plates. Pooled Rfx2 siRNA (25 nmol/L; Qiagen; $101639659,
$101639666, S101639673, and S101639680) or nontarget-
ing control siRNA (Qiagen; 1027292) was transiently trans-
fected into the NS-1 cells using DharmaFECT Reagent #1
(Dharmacon). Quantitative reverse transcription PCR (qRT-
PCR) was conducted for Rfx2 (Rn00501380_m1) and con-
trol gene Gapdh (4352338E) using TagMan Gene Expression
Assays (Applied Biosystems) 24 hours posttransfection in
the neurite-outgrowth assays and 24, 48, 72, and 96 hours
posttransfection in the cytotoxicity assays to assess Rfx2
knockdown in NS-1 cells. Expression of the potential
Rfx2 target genes Cyp51 (Rn01526553_m1), Bachl
(Rn01477344_m1), and Cbaral (Rn01644475_m1) was
also measured by qRT-PCR at 24 hours post-siRfx2 transfec-
tion. Each qRT-PCR was run in duplicate and individual
samples were run in triplicate on each plate. Percentage
knockdown was calculated by dividing the relative Rfx2
expression levels in the siRfx2 sample by those in the non-
targeting control sample.
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Neurite-outgrowth assays

Twenty-four hours following siRNA transfection, trans-
fection media was removed from the NS-1 cells and 0,
12.5, or 100 nmol/L paclitaxel in NS-1 media (supple-
mented with 20 ng/mL NGF) was added to either the
siRfx2 or nontargeting control cells. After 24 hours in
the presence of paclitaxel, phase-contrast images (x 10) of
the cells were taken using an Axiovert 200M inverted
widefield fluorescence microscope (Zeiss). At least 500
cells per treatment in 6 randomly chosen fields were
imaged and the longest neurite per cell was measured
using Image] (34) software. The entire experiment was
carried out in duplicate and mean neurite lengths were
normalized relative to the 0 nmol/L drug treatment for
each siRNA. Because tracing neurite lengths is somewhat
qualitative, 2 scientists independently measured neurite
lengths and the second scientist was blinded to siRNA/
drug treatment. The mean of each set of measurements
between the 2 scientists was assessed for significance by 2-
way ANOVA (factors: siRNA treatment and drug treat-
ment) to determine if the siRfx2 affected neurite length
upon paclitaxel treatment.

NS-1 cytotoxicity assays

Twenty-four hours after siRNA transfection, transfection
media was removed from the NS-1 cells and 0, 6.25, 12.5,
25, 50, or 100 nmol/L paclitaxel in NS-1 media (supple-
mented with 20 ng/mL NGF) in triplicate was added to
either the siRfx2 or nontargeting control cells. After 72 hours
of paclitaxel treatment, ATP levels were measured using the
CellTiter-Glo assay (Promega) and percentage survival
curves were generated. The entire experiment was done in
duplicate and 2-way ANOVA was used to determine if the
siRfx2 significantly affected overall cytotoxicity upon pacli-
taxel treatment.

Hesulls

Enrichment of LCL cytotoxicity SNPs in patient sensory
peripheral neuropathy SNPs

We conducted a genome-wide meta-analysis (see Materi-
als and Methods) to test common SNPs for association with
paclitaxel-induced cytotoxicity in LCLs. We compared the
results from this analysis with those from clinical trial
CALGB 40101, a GWAS of paclitaxel-induced sensory
peripheral neuropathy in patients with breast cancer (3).
Neither study produced genome-wide significant results
(ot < 0.05) nor did the very top SNPs match between the
2 studies (Fig. 1). However, through a permutation resam-
pling analysis of the CALGB patient data, we found
that the top sensory peripheral neuropathy-associated SNPs
(P < 0.05) are significantly enriched for SNPs associated
with paclitaxel-induced cytotoxicity in LCLs (P < 0.001)
with consistent allelic directions of effect (Fig. 2; empirical
P = 0.007). The observed enrichment of 24 SNPs between
the LCL and patient studies is likely paclitaxel-specific, due
to the sensory peripheral neuropathy SNPs not being
enriched for either capecitabine- or carboplatin-induced
cytotoxicity SNPs, which were tested as negative controls
(Fig. 2). Positional information and effect sizes of all 24
overlap SNPs in the LCL and patient data can be found in
Supplementary Table S1. When the inclusion thresholds for
overlap SNPs were relaxed and when the LCL SNPs were
tested for enrichment of patient SNPs, the significant over-
lap was present at a range of P value thresholds from 0.001
to 0.1, showing the robustness of our findings (Supplemen-
tary Table S2).

Enrichment of eQTLs in LCL/patient overlap SNPs

We tested the top paclitaxel-induced LCL cytotoxicity
SNPs (P < 0.001) and the top paclitaxel-induced patient
sensory peripheral neuropathy SNPs (P < 0.05) for eQTL

Patients
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Figure 1. Comparison of individual
GWAS results. Left, paclitaxel-
induced cytotoxicity in LCLs.
Right, paclitaxel-induced sensory
petipheral neuropathy in patients.
White lines represent the overlap
thresholds used in the primary
enrichment analysis (P < 0.001 for
L.CLs and P < 0.05 for patients) and
white triangles represent the 24
overlap SNPs at these thresholds.
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Figure 2. Patient paclitaxel-induced sensory peripheral neuropathy SNPs
are enriched for SNPs associated with paclitaxel-induced cytotoxicity in
LCLs. Distribution of chemotherapeutic-induced cytotoxicity SNP (P <
0.001) count in 1,000 permutations of neuropathy phenotype-genotype
connections (P < 0.05). The dot is the observed SNP overlap at these
thresholds. Of the 3 drug studies tested (paclitaxel, capecitabine, and
carboplatin), only paclitaxel-induced cytotoxicity SNPs were significantly
enriched in the patient GWAS (empirical P = 0.007).

enrichment because these were the thresholds used in the
primary overlap analysis. We compared the observed num-
ber of eQTLs at these thresholds to the number of eQTLs in
10,000 randomly selected MAF-matched SNP sets (for
details, see Materials and Methods). Neither cytotoxicity-
associated SNPs nor neuropathy-associated SNPs alone
were enriched for eQTLs (Fig. 3). However, we found that

the 24 paclitaxel LCL/patient overlap SNPs at these thresh-
olds are enriched for eQTLs when compared with MAF-
matched SNP sets (empirical P = 0.0447), potentially
revealing an important role for this functional class in
paclitaxel toxicity.

Prioritization of LCL/patient overlap SNPs for
functional analysis

First, we determined that 11 of 24 overlap SNPs from the
enrichment analysis were located in or near (within 2 kb)
gene transcripts (Table 1). The relationship of these 11 SNPs
with paclitaxel-induced sensory peripheral neuropathy in
patients and LCL cytotoxicity is shown in Supplementary
Fig. S2. Next, we determined which of these 11 SNPs within
genes were also eQTLs (31). Of the 8 eQTLs, we determined
which had the most potential target genes at an arbitrary
threshold of P< 10™%. The SNP in RFX2 had 18 target genes,
more than any other of the 8 eQTLs. In addition, we tested
the expression of the target genes for association with
paclitaxel-induced cytotoxicity adjusted for growth rate (see
Materials and Methods). We found that expression of 3 of
the RFX2 target genes associated with paclitaxel-induced
cytotoxicity (Table 1 and Supplementary Table S3); there-
fore, we pursued evaluating RFX2 in a model of neuropathy.

Functional validation of RFX2 in a paclitaxel-induced
peripheral neuropathy model

We used neuroscreen (NS-1) cells, a subclone of the rat
pheochromocytoma cell line PC-12 that has previously
been used as a research model for chemotherapy-induced
neuropathy (35, 36), to test Rfx2, the rat ortholog of RFX2, for
functional involvement in paclitaxel response. Using siRNA,
we decreased expression of Rfx2 resulting in increased sen-
sitivity of NS-1 cells to paclitaxel, as measured by reduced
neurite outgrowth and increased cytotoxicity (Fig. 4). The
3 RFX2 SNP target genes whose expression associated
with paclitaxel-induced cytotoxicity in LCLs are CYP51A1,
BACHI1, and CBARA1 (Table 1; Fig. 5A-C; P < 0.05). We
measured the expression of these 3 potential Rfx2 target
genes upon knockdown of Rfx2 in NS-1 cells and found that
the expression of 1 of 3 genes, Cyp51 (rat ortholog of
CYP51A1), significantly decreased 24 hours posttransfection
(P < 0.05), which is the expected direction of effect based
on the LCL expression versus cytotoxicity data (Fig. 5D).

Discussion

We conducted a GWAS of paclitaxel-induced cytotoxicity
in LCLs and showed significant enrichment of the top
cytotoxicity-associated SNPs in a clinical GWAS of paclitax-
el-induced sensory peripheral neuropathy in patients with
breast cancer. This robust enrichment shows that suscepti-
bilities to increased cytotoxicity in LCLs and sensory periph-
eral neuropathy in patients with breast cancer likely have
some genetic mechanisms in common and supports the
role of LCLs as a preclinical model for paclitaxel toxicity
studies. Furthermore, the top SNPs that overlap between the
2 studies were enriched for eQTLs. This eQTL enrichment
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Figure 4. Functional validation of
RFX2in paclitaxel response using a
peripheral neuropathy cell model.
A, representative micrographs
comparing neurite lengths of NS-1
cells upon siRNA knockdown of
Rfx2 and treatment with paclitaxel
(x 10 phase-contrast). B, relative
gene expression 24 hours
posttransfection in the 2 neurite
length experiments. NTC,
nontargeting control. C, decreased
expression of Rfx2 causes
decreased neurite length of
differentiating NS-1 cells (P < 107%)
24 hours post-paclitaxel treatment
(48 hours posttransfection). Error
bars represent the SEM of the
longest relative neurite length of at
least 500 cells in each of 2
independent experiments. D,
relative gene expression 24 to 96
hours posttransfection in the 2
cytotoxicity experiments. E,
decreased expression of Rfx2
causes decreased survival
(increased cytotoxicity, P < 10™%) of
differentiating NS-1 cells measured
by CellTiter-Glo 72 hours post-
paclitaxel treatment (96 hours
posttransfection). Error bars
represent the SEM of survival in 2
independent experiments with 3
replicates each.
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Figure 5. Target genes of RFX2 eQTL rs7254081 in paclitaxel response.
Increased baseline expression of the rs7254081 target genes (A)
CYP51A1, (B) BACH1, and (C) CBARAT associate with increased cellular
survival (adjusted for growth rate) of LCLs treated with 12.5 nmol/L
paclitaxel (P < 0.05). D, Rfx2 siRNA in NS-1 cells decreases the
expression of Rfx2 and Cyp51, butnot Bach 7 and Chara?, compared with
the nontargeting control (NTC) 24 hours posttransfection. *, P < 0.05.
Error bars represent the SEM of relative gene expression in 2 independent
experiments with 3 replicates each.

indicates that SNPs associated with paclitaxel-induced tox-
icity phenotypes may be functioning through gene regula-
tory mechanisms. Interestingly, neither GWAS alone was
enriched for eQTLs. Thus, our integration method may be
reducing noise and revealing important functional SNPs.
An enrichment of eQTLs has previously been shown in
SNPs associated with 6 other chemotherapeutic drugs,

which indicates that susceptibility to these drugs may
depend on subtle gene expression differences across indi-
viduals (31).

The enrichment analyses were likely affected by the
different linkage disequilibrium patterns among the popu-
lations studied. The LCL GWAS was a meta-analysis of
African, African American, and European populations,
whereas the patient GWAS was conducted in Europeans.
In the meta-analysis, SNPs that are associated with cyto-
toxicity in all populations are prioritized over those asso-
ciated in only one of the populations. We may have missed
identifying European-specific overlap alleles. However,
because the population linkage disequilibrium patterns
differ and because African populations have shorter linkage
disequilibrium blocks, overlap SNPs are more likely to be
functional SNPs rather than SNPs that simply tag a func-
tional locus (37).

We functionally assessed the involvement of one overlap
eQTL, RFX2, in the NS-1 neuropathy cell model. Paclitaxel
has previously been shown to decrease neurite outgrowth in
the parent clone of the NS-1 cell line (36). Here, we showed
that decreased expression of Rfx2 sensitizes NS-1 cells to
paclitaxel by reducing neurite outgrowth and survival. This
result validates our approach by showing that patient neu-
ropathy and LCL cytotoxicity overlap analyses can reveal
genes mechanistically involved in paclitaxel response.
Although most previous work on RFX2 in mammalian cells
describes its role in spermatogenesis (38, 39), several stud-
ies point to a potential role for the protein in sensory
neurons. RFX2 and the related protein RFX1 have been
shown to directly bind and regulate the transcription of
ALMSI (40). Mutations in ALMSI cause the rare genetic
disorder Alstrom syndrome, which is characterized by neu-
rosensory degeneration, metabolic defects, and cardiomy-
opathy (40). In addition, the regulatory factor X

Table 1. Paclitaxel-induced LCL cytotoxicity (P < 0.001) and paclitaxel-induced patient sensory peripheral
neuropathy (P < 0.05) overlap SNPs located in genes
Patient sensory Target genes
LCL peripheral Number associated with
cytotoxicity neuropathy of target LCL paclitaxel-induced
SNP P value P value Gene eQTL genes cytotoxicity® (P < 0.05)
rs7254081 5.9E-04 4.8E-02 RFX2 yes 18 CYP51A1, BACH1, CBARAT
rs7642318 2.2E-04 3.9E-02 TMEM44 yes 6
rs10933663 4.0E-04 2.1E-02 TMEMA44 yes 4
rs8002545 9.2E-04 3.1E-02 DIS3 yes 3
rs4782010 5.5E-04 3.5E-02 XYLT1 yes 2
rs11111539 7.9E-04 6.7E-03 C120rf42 yes 1
rs7306825 7.2E-04 9.3E-03 C12o0rf42 yes 1
rs8069856 1.1E-04 4.5E-02 RICH2 yes 1
rs4868011 8.2E-04 4.2E-02 KCNIP1
rs10778237 9.3E-04 1.3E-02 C120rf42
rs323285 5.1E-04 3.7E-02 KIAA1328
2Adjusted for growth rate.
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transcription factors present in Caenorhabditis elegans and
Drosophila, which are called DAF-19 and RFX, respectively,
regulate ciliated sensory neuron differentiation (41, 42).

Upon knockdown of Rfx2 in NS-1 cells, the potential
target gene Cyp51 also decreased expression, which was the
expected direction of effect based on the preliminary gene
expression analysis in LCLs. However, CYP51A1 does not
contain an X-box RFX-binding domain (43) in the promot-
er region (2 kb upstream of the transcription start site),
which means it is unlikely a direct target of RFX2 and may
instead be further downstream in the pathway. Alternative-
ly, REX2 could be regulating an enhancer of CYP51A1 thatis
further outside the generegion. CYP51A1 isa member of the
cytochrome P450 superfamily of enzymes, which catalyze
many reactions involved in the metabolism of drugs and
endogenous compounds. Specifically, CYP51A1 is known
to participate in the synthesis of cholesterol (44). CYP51A1
has not been previously implicated in paclitaxel metabo-
lism (45).

In the CALGB GWAS, one of the top SNPs that associated
with patient paclitaxel-induced sensory peripheral neuropa-
thy (1510771973, P = 2.6 x 10™°) is located in FGD4 (3).
Mutations in FGD4 can cause the congenital peripheral
neuropathy Charcot-Marie-Tooth disease type 4H, and thus
the gene is a plausible candidate for involvement in variation
in peripheral neuropathy induced by paclitaxel. This SNP
association was replicated in a second cohort of self-reported
White patients with breast cancer (n=154; P=0.013) and in
a cohort of self-reported African American patients with
breast cancer (n = 117; P = 6.7 x 107%; ref. 3). However,
this SNP was not associated with paclitaxel-induced cytotox-
icity in LCLs (P = 0.65). FGD4 is not expressed in LCLs (21),
and thus the SNP is not expected to function in this model
system. While our integrative approach can reveal variants
and genes acting in paclitaxel response in both patients and
LCLs, it does not identify genes potentially acting in patients
that are not expressed in LCLs.

Effectively, LCLs have been used as an additional cohort
to study the pharmacogenomics of various chemotherapeu-
tics (16-19) because limited resources and in vivo confoun-
ders make obtaining large, homogeneous patient cohorts
difficult. Here, we saw greater SNP overlap than expected by
chance between SNPs associated with paclitaxel-induced
cytotoxicity in LCLs and SNPs associated with paclitaxel-
induced sensory peripheral neuropathy in patients at mul-
tiple P value thresholds, which confirms a role for the LCL
model in the analysis of at least a subset of genes involved in
patient neurotoxicity. This significant enrichment among a
relatively large number of top SNPs is consistent with an
underlying polygenic architecture for paclitaxel-induced
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Abstract

We conducted a genome-wide association (GWA) meta-analysis of 4,604 endometriosis cases and
9,393 controls of Japanese! and European? ancestry. We show that rs12700667 on chromosome
7p15.2, previously found in Europeans, replicates in Japanese (P= 3.6 x 1073), and confirm
association of 1s7521902 on 1p36.12 near WNT74. In addition, we establish association of
rs13394619 in GREBI on 2p25.1 and identify a novel locus on 12q22 near VEZT (rs10859871).
Excluding European cases with minimal or unknown severity, we identified additional novel loci
on 2pl4 (rs4141819), 6p22.3 (1s7739264) and 9p21.3 (1s1537377). All seven SNP effects were
replicated in an independent cohort and produced P< 5 x 1078 in a combined analysis. Finally, we
found a significant overlap in polygenic risk for endometriosis between the European and
Japanese GWA cohorts (P= 8.8 x 10711), indicating that many weakly associated SNPs represent
true endometriosis risk loci and risk prediction and future targeted disease therapy may be
transferred across these populations.

Endometriosis (MIM131200) is a common gynecological disease associated with severe
pelvic pain, affecting 6-10% of women in their reproductive years>* and 20-50% of women
with infertility>. Endometriosis risk is influenced by genetic factors and has an estimated
heritability of around 51%3.

Two large endometriosis GWA studies!? have reported genome-wide significant
associations. The first, in a Japanese sample of 1,423 cases and 1,318 controls obtained from
the BioBank Japan (BBJ), with 484 cases and 3,974 controls for replication, implicated a
SNP (rs10965235) in the CDKNZBAS gene on chromosome 9p21.3 (overall odds ratio (OR)
=1.44, 95% CI 1.30-1.59; P=5.57 x 10712)!. The second, by the International Endogene
Consortium (IEC) in a sample of European ancestry from Australia (2,270 cases and 1,870
controls) and the UK (924 cases and 5,190 controls), with 2,392 cases and 2,271 controls
from the US for replication, identified an intergenic SNP (rs12700667) on 7p15.2 (overall
OR = 1.20, 95% CI 1.13-1.27; P= 1.4 x 107%)%. These two studies did not report replication
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of each other’s top locus, partly because rs10965235 is monomorphic in Caucasian
populations. The European study did find association with 1s7521902 (OR = 1.16, 95% CI
1.08-1.25, P=19.0 x 1075) near the WNT4 gene on 1p36.12, that was reported to be
suggestively associated in the Japanese (OR = 1.20, 95% CI 1.11-1.29, P=2.2 x 1079).

Encouraged by the WNT4 association and with accumulating evidence for many complex
traits that the number of discovered variants is strongly correlated with experimental sample
size®, we sought to increase the ratio of controls to cases in the Australian GWA cohort and
to perform a formal meta-analysis of the Australian (QIMR), UK (OX) and Japanese (BBJ)
GWA data.

To increase the power of the Australian GWA dataset we matched the existing QIMR cases
and controls? on ancestry to individuals from the Hunter Community Study (HCS). After
stringent quality control (QC), the combined QIMRHCS GWA cohort consisted of 2,262
endometriosis cases and 2,924 controls, increasing the number of controls by 1,054 and the
Australian effective sample size by 24%. We also performed more stringent QC
incorporating the OX dataset, resulting in a revised OX GWA cohort of 919 endometriosis
cases and 5,151 controls. All cases in the QIMRHCS and OX studies have surgically
confirmed endometriosis and disease stage from surgical records using the rAFS
classification system®, subjects are grouped into stage A (stage I or II disease or some
ovarian disease with a few adhesions; n= 1,680, 52.8%) or stage B (stage Il or IV disease;
n=1,357,42.7%), or unknown (n= 144, 4.5%). Details of the final GWA and independent
replication case-control cohorts are summarized in Table 1 and a schematic of our study
design is provided in Fig. 1.

Meta-analysis of all endometriosis 4,604 cases and 9,393 controls for the 407,632 SNPs
overlapping in the QIMRHCS, OX and BBJ GWA data, showed that the A allele of
1512700667 at the European 7p15.2 locus (OR = 1.22, 95% CI 1.13-1.31, P="7.2 x 1078)
also replicates in the Japanese GWA data (OR = 1.22, 95% CI 1.07-1.39, P=3.6 x 1073),
producing an overall OR of 1.22 (95% CI 1.14-1.30) and P= 9.3 x 10719 in the GWA meta-
analysis; we also confirmed association with allele A of rs7521902 at the 1p36.12 WNT4
locus (OR = 1.18, 95% CI 1.11-1.25, P=4.6 x 107%) (Table 2).

The GWA meta-analysis identified a novel locus on 12q22 near the VEZT gene (allele C of
rs10859871 OR = 1.18, 95% CI 1.12-1.25, P= 5.5 x 1077). We also established association
with allele G of rs13394619 in the GREBI gene on 2p25.1 (OR = 1.12, 95% CI 1.06-1.18,
P=2.1x 1075), previously reported (OR = 1.35, 95% CI 1.17-1.56, P=3.8 x 10 ina
small independent Japanese GWA study of 696 cases and 825 controls by Adachi et al
(2010)°. The G allele of rs13394619 approached conventional genome-wide significance (P
<5 x 1078) in combined analysis of the QIMRHCS, OX, BBJ, Adachi500K and Adachi6.0
GWA data (OR = 1.15, 95% CI 1.09-1.20, P= 6.1 x 1078) (Table 2). In addition to the three
genome-wide significant SNPs on chromosomes 1, 7 and 12 (rs7521902, rs12700667,
rs10859871), the Manhattan plot of the all endometriosis GWA meta-analysis results
(Supplementary Fig. 1) showed 34 SNPs reached genome-wide suggestive association (P<
1073).

Given the substantially greater genetic loading of moderate to severe (Stage B)
endometriosis (tAFS stage Il or IV disease) compared to minimal (Stage A) endometriosis
(tAFS stage I or II disease)?, a secondary analysis was performed for the SNPs reaching
genome-wide suggestive association, where the association results from QIMRHCS and OX
Stage B cases versus controls, were meta-analyzed with the BBJ association results (stage
information not available).
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After excluding endometriosis cases with minimal (rAFS stage I-IT) or unknown severity in
the QIMRHCS and OX cohorts, GWA meta-analysis implicated novel loci on 2p14 (allele C
of rs4141819 OR = 1.22, 95% CI 1.14-1.32, P= 6.5 x 107%), 6p22.3 (allele T of rs7739264
OR =1.21, 95% CI 1.13-1.30, P= 5.8 x 107%) and 9p21.3 (allele C of rs1537377 OR =
1.22,95% CI 1.14-1.30, P=1.0 x 107%) (Table 2, Supplementary Fig. 2, Supplementary
Table 1-2 and Supplementary Note).

Annotated plots showing evidence for association in the combined QIMRHCS, OX and BBJ
GWA data of genotyped SNPs across the seven implicated loci from the analysis of all cases
and of stage B cases only are provided in Supplementary Figs. 3-9. Imputation up to the
1000 Genomes reference panel produced more significant P values and helped resolve the
associated region at the 1p36.12 (rs56318008, By = 1.3 x 10719), 2p25.1 (1577294520,
Pyagen = 8.6 x 107%), 2p14 (152861694, Pyaeen = 7.9 x 1079, 6p22.3 (156901079, Py =1.9
% 1078), 9p21.3 (17041895, Pytagen = 5.1 x 10719) and 12q22 (rs11107968, Py =3.9 x
1079) loci (Fig. 2 and Supplementary Figs. 10-16). Of particular note, the most significant
imputed SNPs on 1p36.12, 1356318008 and rs3820282 (P = 1.6 x 10719), are located 22 bp
5" and within the WNTH gene, respectively.

Interestingly, the most associated genotyped SNP at 9p21.3 (rs1537377) is 55 kb
centromeric to the genome-wide significant SNP reported in the original BBY GWA!
(rs10965235) located in the CDKNZBAS gene, and 49 kb 37 to the transcription end site of
CDKNZBAS. SNP 1510965235 is monomorphic in Caucasian populations and we
investigated the independence of rs10965235 and rs1537377 in the BB] GWA data. Firstly,
in the BBJ GWA data, alleles of rs10965235 and rs1537377 are very weakly correlated,
with linkage disequilibrium (LD) metrics of 72 =0.028 and D’ = 0.461. Secondly, the allelic
association P values for rs10965235 and rs1537377 are P=1.6 x 107 and P=1.8 x 1072,
respectively. After conditioning on rs10965235, weak residual association remains at
151537377 (P=9.0 x 1072). Consequently, the data suggest there may be two independent
genetic risk factors near the CDKNZBAS locus on 9p21.3. CDKNZ2BAS is a long non-
coding RNA adjacent to and transcribed from the opposite strand to CDKNZB (p15),
CDKNZ2A (p16) and ARF (pl4). Loss of heterozygosity of CDKNZA and hypermethylation
of the CDKN2A promoter have been reported in endometriosis!®!1,

To further validate the seven SNPs implicated by the meta-analysis, we carried out a
replication study using a cohort of 1,044 cases and 4,017 controls obtained from the
BioBank Japan independent of the BBJ GWA cohort. As shown in the forest plots of risk
allele effects estimated using all cases versus controls (Fig. 3), the effects (ORs) were in the
same direction for all seven implicated SNPs across the GWA and replication cohorts. With
the exception of 1s12700667, which was previously replicated (P= 1.2 x 1073) in 2,392
cases and 2,271 controls from the US2, and rs4141819 (with a marginal P=5.1x 1072), all
SNPs were replicated at the nominal 2 < 0.05 threshold (Table 2). All seven SNPs surpass
the conventional genome-wide significant threshold of P< 5 x 1078 after combined analysis
of the GWA and replication cases and controls (Table 2). A conservative adjustment of the
154141819 total Pvalues (P = 8.5 x 1078; Pitagep = 4.1 % 1078) for performing two
independent GWA studies (all and stage B endometriosis cases versus controls) would
produce P> 5 % 1078 (Pyji.adjusted = 1.7 % 1077; PyageB-adjusted = 82 X 1078). However, the
accurately imputed (Rsq > 0.95) SNP 152861694 (FytageB = 7.9 X 107), in strong LD with
154141819 (2=0.981, D" = 1.0; and 2 =0.867, D’ = 1.0, in the 379 European and 286
Asian 1000 Genomes reference samples, respectively), would remain genome-wide
significant (PtageB-adjusted = 1.6 X 1078).

The Q-Q plots for the QIMRHCS, OX and BBJ GWA data (Supplementary Fig. 17a-c)
reflect our stringent quality control, while the GWA meta-analysis Q-Q plot (Supplementary
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Fig. 17d), reveals a significant preponderance of small Pvalues <1073, suggesting many of
these nominally significant SNPs likely represent true signals!2. To further examine the
shared genetic risk across our European and Japanese populations we performed polygenic
prediction analysis!3 to evaluate whether the aggregate effects of many variants of small
effect in the BBJ GWA cohort, could predict affection status in the European GWA cohorts.
The BBJ-derived risk scores significantly predicted affection status in the QIMRHCS (R? =
0.0064; P=6.9 x 1077), OX (R? = 0.0057; P=9.6 x 107%) and combined QIMRHCS+0OX
all endometriosis case-control sets (B2 = 0.0054; P= 8.8 x 10711). For the individual and
combined QIMRHCS and OX case-control sets, the variance explained peaked in the SNP
sets with BB GWA P< 0.1, using all GWA meta-analysis SNPs (Fig. 4a) and after
excluding all SNPs within +2500 kb of the seven implicated SNPs listed in Table 1 (Fig.
4b). Analogously, performing the prediction in reverse, the QIMRHCS+OX-derived risk
scores significantly predicted affection status in the BBJ case-control set (B2 = 0.0106; P=
3.3 x 107%) (Supplementary Fig. 18 and Supplementary Note).

A gene-based GWA analysis using VEGAS!4, which accounts for gene size and LD
between SNPs, revealed 1,184 genes with a combined P < 0.05 and the top three ranked
genes associated with endometriosis to be WNT4on 1p36.12 (P=5.0 x 1079), VEZT on
12922 (P=5.7 x 1077) and GREBI on 2p25.1 (P=2.5 x 10~°) (Supplementary Table 3). In
addition to having genome-wide significant SNPs near these three genes, the WNT4 and
VEZT genes easily surpass our conservative gene-based significant association threshold of
P<2.85x 107 (calculated as P=0.05/ 17,538 independent genes). WNT4 encodes for
wingless-type MMTYV integration site family, member 4 and is important for the
development of the female reproductive tract!® and steroidogenesis!. VEZT encodes
vezatin, an adherens junction transmembrane protein that is down regulated in gastric
cancer!”. GREBI encodes growth regulation by estrogen in breast cancer 1, an early
response gene in the estrogen regulation pathway involved in hormone dependent breast
cancer cell growth!3. For the four remaining implicated regions on 2p14, 6p22.3, 7p15.2 and
9p21.3, no genes were significant (P< 1.3 x 1073) after adjusting VEGAS results for testing
37 genes across all seven regions, see Table 2, Supplementary Figs. 3-9 and Supplementary
Table 4.

In conclusion, given their high gene-based ranking, proximity to genome-wide significant
SNPs, known pathophysiology and reported gene expression (Supplementary Note and
Supplementary Fig. 19), the WNT4, VEZT and GREBI genes are strong targets for further
studies aimed at understanding the molecular pathogenesis of endometriosis. Our results
also suggest that a considerable number of SNPs nominally implicated (e.g. < 0.1) in the
European and Japanese GWA cohorts represent true endometriosis risk loci. Moreover, the
significant overlap in common polygenic risk for endometriosis indicates genetic risk
prediction and future targeted disease therapy may be transferred across these populations.

ONLINE METHODS
GWA samples and phenotyping

Initially, 2,351 surgically-confirmed endometriosis cases were drawn from women recruited
by The Queensland Institute of Medical Research (QIMR) study!® and a further 1,030 cases
were obtained from women recruited by the Oxford Endometriosis Gene (OXEGENE)
study. Australian controls consisted of 1,870 individuals recruited by QIMR? and 1,244
individuals recruited by the Hunter Community Study (HCS)”. UK controls encompassed
6,000 individuals provided by the Wellcome Trust Case Control Consortium 2 (WTCCC2).
Approval for the studies was obtained from the QIMR Human Ethics Research Committee,
the University of Newcastle and Hunter New England Population Health Human Research
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Ethics Committees, and the Oxford regional multi-centre and local research ethics
committees. Informed consent was obtained from all participants prior to testing?.

All Japanese GWA case and control samples were obtained from the BioBank Japan (BBJ)
at the Institute of Medical Science, the University of Tokyo. A total of 1,423 cases were
diagnosed with endometriosis by the following one or more examinations: multiple clinical
symptoms, physical examinations, and laparoscopy or imaging tests. We utilized 1,318
female control samples consisting of healthy volunteers from Osaka-Midosuji Rotary Club,
Osaka, Japan and women in the Biobank Japan who were registered to have no history of
endometriosis. All participants provided written informed consent to this study. This study
was approved by the ethical committees at the Institute of Medical Science, the University
of Tokyo and Center for Genomic Medicine, RIKEN Yokohama Institute.

GWA genotyping and quality control (QC)

QIMR and OX cases, and QIMR controls were genotyped at deCODE Genetics on Illumina
670-Quad (cases) and 610-Quad (controls) BeadChips (Illumina Inc), respectively. HCS
controls were genotyped at the University of Newcastle on 610-Quad BeadChips (Illumina
Inc). The WTCCC2 controls were genotyped at the Wellcome Trust Sanger Institute using
[lumina HumanHap1M BeadChips. Genotypes for QIMR cases and controls were called
with the Illumina BeadStudio software. Standard quality control procedures were applied as
outlined previously2’. Briefly, individuals with call rates <0.95 then SNPs with a mean
BeadStudio GenCall score < 0.7, call rates < 0.95, Hardy-Weinberg equilibrium P< 1070,
and minor allele frequency (MAF) < 0.01 were excluded. Cryptic relatedness between
individuals was identified through a full identity-by-state matrix. Ancestry outliers were
identified using data from 11 populations of the HapMap 3 and five Northern European
populations genotyped by the GenomeEUtwin consortium, using EIGENSOFT21:22_ To
increase the power of the Australian GWA dataset we ancestrally matched the existing
QIMR cases and controls? to individuals from the Hunter Community Study (HCS)?
genotyped on [llumina 610 chips. After stringent quality control, the resulting QIMRHCS
GWA cohort consists of 2,262 endometriosis cases and 2,924 controls, increasing the
Australian effective sample size by 24%.2

Quality control procedures for the OX genotype data resulted in the removal of SNPs with a
genotype call rate < 0.99 and/or heterozygosity < 0.31 or > 0.33. Genome-wide IBS was
estimated for each pair of individuals and one individual from each duplicate or related pair
(IBS > 0.82) was removed. Genotype data were combined with CEU, CHB&JPT and YRI
genotype data from HapMap 3 and individuals of non Northern European ancestry were
identified using EIGENSOFT and subsequently removed. SNPs with a genotype call rate <
0.95 were removed, and this threshold was increased to 0.99 for SNPs with MAF < 0.05. In
addition, SNPs showing a significant a) deviation from HWE (P< 1 x 1079); b) difference in
call rate between 58BC and NBS control groups (P< 1 x 1074); ¢) difference in allele/
genotype frequency between control groups (P< 1 x 107%); d) difference in call rate
between cases and controls (P< 1 x 107%) and e) a MAF < 0.01 were removed.?

The BBJ cases and controls were genotyped using the Illumina HumanHap550v3
Genotyping BeadChip. Quality control included sample call rate > 0.98, identity-by-state to
exclude close relatedness samples and principal component analysis to exclude non-Asian
samples. We also performed SNP quality control (call rate of > 0.99 in both cases and
controls and Hardy-Weinberg equilibrium test 2> 1.0 x 107 in controls); 460,945 SNPs on
all chromosomes passed the quality control filters and were further analyzed.!

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

29



Nyholt et al. Page 7

GWA meta-analysis

For SNPs passing QC, tests of allelic association (--assoc) were performed using PLINK?3
in the separate QIMRHCS, OX and BBJ GWA datasets. The primary meta-analysis of all
endometriosis cases versus controls in the QIMRHCS, OX and BB] GWA data was
performed using a fixed-effect (inverse variance-weighted) model, where the effect size
estimates, or B-coefficients, are weighted by their estimated standard errors, utilizing the
GWAMA software?*.

The threshold of 7.2 x 1078 for GWA studies of dense SNPs and resequence data?
proposed by Dudbridge and Gusnanto?® was utilized to indicate genome-wide significant
association, while SNPs with P< 107> were considered to show a suggestive association [as
used in the online ‘Catalog of Published Genome-Wide Association Studies’].

Also, given the substantially greater genetic loading of moderate to severe (stage B)
endometriosis (rAFS stage I1I or IV disease) compared to minimal (stage A) endometriosis
(rAFS stage I or II disease)?, a secondary analysis was performed for suggestive SNPs (P<
1075); where the association results from QIMRHCS and OX stage B cases versus controls,
were meta-analyzed with the BBJ association results. As previously demonstrated?, the
exclusion of minimal endometriosis cases has the potential to enrich true genetic risk effects,
even taking into account the reduced sample size.

Consistency of allelic effects across studies was examined utilizing the Cochiran’s Qtest?’.
Between-study (effect) heterogeneity was indicated by Q statistic Pvalues < 0.128. Meta-
analysis of SNPs associated with fixed-effect 2< 107> and showing evidence of effect
heterogeneity were also analyzed using the recently developed Han and Eskin’s random
effects model (RE2) implemented in the Metasoft software?. In contrast to the conventional
DerSimonian-Laird random effects (RE) model3, the RE2 model increases power under
heterogeneity?®.

sydrrosnuey Joginy siopung HNJ odoms g

Genotype imputation analysis

In order to assess the impact of variants not present on the Illumina BeadChips and better
define the associated regions, we imputed genotypes within £2500 kb of the most significant
genotyped SNP using the full reference panel from the 1000 Genomes project Interim Phase
I Haplotypes (2010-11 data freeze, 2011-06 haplotypes). Imputation was performed
separately for the QIMRHCS, OX and BBJ GWA datasets with only the overlapping
genotyped SNPs within £2500kb of the most significant genotyped SNP, using the MaCH
and minimac programs>!-32 and following the two-step approach outlined in the online
‘Minimac: 1000 Genomes Imputation Cookbook’. Analysis of imputed genotype dosage
scores was performed using mach2dat?132 and PLINK. The quality of imputation was
assessed by means of the Rsq statistic. Results for poorly imputed SNPs, defined as having
an Rsq < 0.3, were subsequently removed. The results from association analysis of imputed
data in the QIMRHCS, OX and BBJ datasets were then combined via meta-analysis of the
B-coefficients weighted by their estimated standard errors using GWAMA.

Replication samples and genotyping

Independent of the BBJ GWA case-control cohort, a total of 1,044 cases and 4,017 controls
were obtained from the BioBank Japan and utilized for replication. We note that 653 of
these 1,044 cases were also utilized in a small GWA study (Adachi et al. 2010) of 696 cases
and 825 controls®. To utilize all available association data for rs13394619 maximally, given
there is incomplete overlap between the Adachi and our replication cases and zero overlap
between the controls, we worked with the published results for rs13394619 in Adachi et al

-~ siduosnuely Joyny siopung HNJ 2doImng gy
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(2010) and the results from comparing our non-overlapping 391 replication cases to our
4,017 replication controls.

The seven SNPs (157521902, 1s13394619, rs4141819, 157739264, 1512700667, rs1537377
and rs10859871) reaching genome-wide significance in the GWA meta-analysis were
genotyped in the independent Japanese replication cohort using the multiplex PCR-based
Invader assay (Third Wave Technologies), as previously described!.

Replication and total association analyses

Tests of allelic association were performed using PLINK in the independent Japanese
replication cohort. Because only the associations in the same direction would be considered
as replicated, one-sided P values were obtained by halving the standard (two-sided) PLINK
Pvalues. To determine the total evidence for association, the one-sided replication P values
were meta-analyzed with the QIMRHCS, OX, BBJ [and Adachi® 500K (290 cases and 262
controls) and 6.0 (406 cases and 563 controls) for rs13394619] GWA P values using
METAL?3. The Pvalues observed in each case-control cohort were converted into a signed
Z-score. Z-scores for each allele were combined across samples in a weighted sum, with
weights proportional to the square-root of the sample size for each cohort>*. Given that our
cohorts have unequal numbers of cases and controls, we utilized the effective sample size,
where Nagr=4/ (1 / Nygges + 1 / Neonirols)->. We also performed meta-analysis of the B-
coefficients weighted by their estimated standard errors using GWAMA to estimate the
overall odds ratio and 95% CI for the genome-wide significant SNPs.

Polygenic prediction

The aim of the prediction analysis was to evaluate the aggregate effects of many variants of
small effect. We summarized variation across nominally associated loci into quantitative
scores and related the scores to disease state in independent samples. Although variants of
small effect (e.g., genotype relative risk of 1.05) are unlikely to achieve even nominal
significance, increasing proportions of “true” effects will be detected at increasingly liberal
Pvalue thresholds, e.g. P<0.1 (i.e., ~10% of all SNPs), P< 0.2, etc. Using such thresholds,
we defined large sets of “allele specific scores™ in the “discovery” sample of the Japanese
BioBank (BBJ) endometriosis case-control set (1,423 cases, 1,318 controls) to generate risk
scores for individuals in the “target” sample of the QIMRHCS (2,262 cases, 2,924 controls),
OX (919 cases, 5,151 controls) and combined European (QIMRHCS+0X) endometriosis
case-control sets (3,181 cases, 8,075 controls). The term risk score is used instead of risk, as
it is impossible to differentiate the minority of true risk alleles from the non-associated
variants. In the discovery sample, we selected sets of allele specific scores for SNPs with the
following levels of significance; 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. For each individual in the target sample, we
calculated the number of score alleles that they possessed, each weighted by the log odds
ratio from the discovery sample. To assess whether the aggregate scores reflect
endometriosis risk, we tested for a higher mean score in cases compared to controls. Logistic
regression was used to assess the relationship between target sample disease status and
aggregate risk score. Nagelkerke’s pseudo R? was used to assess the variance explained.
Prediction was performed using all 407,632 SNPs overlapping the QIMRHCS, OX and BBJ
GWA datasets, and after excluding the 6,163 SNPs within £2500 kb of the seven implicated
SNPs listed in Table 1. We also performed the predictions in reverse, using QIMRHCS
+0X-derived risk scores to predict affection status in the BBJ case-control set.

Gene-based association analysis

Gene-based approaches can be more powerful than traditional individual-SNP-based
approaches in the presence of allelic heterogeneity. Therefore, utilizing the QIMRHCS, OX
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and BBJ GWA data, we performed a genome-wide gene-based association study using
VEGAS!4. Briefly, for the 407,632 overlapping SNPs, the 2 values from the European
GWA study (i.e., FE meta-analysis of QIMRHCS and OX GWA data) and the Pvalues from
the Japanese (BBJ) GWA study were analyzed separately using VEGAS. The VEGAS test
incorporates evidence for association from all SNPs across a gene and accounts for gene size
(number of SNPs) and LD between SNPs by using simulations from the multivariate normal
distribution. The resulting European and Japanese gene-based P values were meta-analyzed
using Stouffer’s Z-score combined p-value method3*. A total of 17,538 genes (including 50
kb 5" and 3” of their transcription start and end site, respectively!4) contained association
results for >1 SNP, so a Bonferroni adjusted significance threshold of P<2.85 x 1070
(0.05/ 17,538) was utilized to indicate genome-wide gene-based significant association.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Study design.
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