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and facile skin markings are one solution to this problem.
This author conducted a multicenter prospective study on
the effectiveness of pre-operative breast CT imaging in
surgical planning for patients undergoing BCS [23]. The
surgeons marked the line of planned excision on the skin
based on information from palpation, MMG, and US before
CT, which was also recorded on the CT image. Contrast-
enhanced breast CT was performed in the supine surgical
position. The CT results were used to help determine the

extent of resection. The surgeons widened the extent
of resection in 42 (14.1%; 95% confidence interval
10.1 18.1%) out of a total of 297 patients based on the CT
findings. Breast CT correctly modified the extent of surgery
in 13.1% and overexcision in 1%. An example of a cor-
rectly modified case using CT is shown in Fig. 2. CT was
especially effective in cases of invasive lobular carcinoma
and apocrine carcinoma. The efforts taken to simulate the
patient’s positioning that was subsequently used in the

Fig. 2 An instance in which CT successfully affected surgical
management. a CT image showing an enhancing lesion (arrow)
lateral to the main tumor which suggested that it was located outside
the planned resection line. The angiocatheter can be seen on the skin
demarcating the pre CT planned resection line. b Maximum intensity
projection image of the right breast. The white line indicates the
surgical line that was originally planned. ¢ Second look
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ultrasonography revealed a second tumor with an 8 mm diameter
located 17 mm lateral to the main tumor. We modified the resection
line to widen the lateral side. d Surgical specimen (H&E). The arrows
indicate the main tumor which was an invasive ductal carcinoma.
e The triangles indicate the second tumor which was an invasive
ductal carcinoma located in the modified excised specimen
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operating room, and surgical marking, brought about this
excellent result.

Harada-Shoji et al. [24] reported excellent incidence of
negative margins after BCS using a dedicated skin marker.
Seven lines marked on the patient’s skin using an oil-based
paint enabled accurate resection with incidence of positive
margins of 2.2%. These markings were effective when they
were scanned with the patient in the supine position, which
is the position used during surgery. Second-look US with
the patient in the supine position in order to utilize the
information obtained when the patient was in the prone
position during MRI is widespread. Real time virtual
sonography in the supine position has been reported to be
useful for identifying enhancing breast lesions originally
detected by MRI [25].

Limitations

The disadvantage of CT is radiation exposure. Some studies
have compared the accuracy of MD-CT and MRI in eval-
vation of the intraductal spread of breast cancer. CT has
been shown to be inferior in sensitivity to MRI and superior
[26, 27] or equivalent [28] in specificity. The low-grade
intraductal component and lobular carcinoma in situ tended
not to be depicted as accurately using CT as the high-grade
intraductal component [11]. Mucinous carcinoma was
weakly enhanced by the contrast medium, and as a conse-
quence tumor extent was sometimes underestimated [26].

In conclusion, CT carried out with the patient in the
supine position, accompanied with adequate marking, is
effective for preoperative determination of the optimum
extent of breast cancer surgery.
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Analysis of Ki-67 Expression With Neoadjuvant
Anastrozole or Tamoxifen in Patients Receiving Goserelin for
Premenopausal Breast Cancer
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INTRODUCTION
In addition to ablative surgery, radiotherapy, and cytotoxic chemotherapy, an additional standard treatment option for
premenopausal women with estrogen receptor (ER)-positive breast cancer is the ER antagonist tamoxifen, either alone or
in combination with ovarian function suppression.’ Temporary and potentially reversible ovarian suppression can be
achieved by treatment with a luteinizing hormone-releasing hormone analog, such as goserelin. Goserelin in combination
with tamoxifen has demonstrated improved progression-free survival and disease-free survival compared with goserelin
alone in premenopausal women with hormone receptor-positive (ER-positive and/or progesterone receptor [PgR]-posi-
tive) breast cancer in the advanced” and adjuvant® settings.

Nonsteroidal aromatase inhibitors (Als), including anastrozole and letrozole, and the irreversible steroidal aromatase
inactivator exemestane have demonstrated improved efficacy compared with tamoxifen in the advanced*” and adjuvane®

Corresponding author: Shinzaburo Noguchi, MD, Department of Breast and Endocrine Surgery, Osaka University Graduate School of Medicine, 2-15 Yamadaoka
Suita City, Osaka 565-0871, Japan; Fax: (011) 81-6-6789-3779; noguchi@onsurg.med.osaka-u.acjp

"Department of Breast Oncology, Aichi Cancer Center Hospital, Aichi, Japan; *Department of Surgery, Breast oncology, National Hospital Organization, Osaka
National Hospital, Osaka, Japan; *Department of Breast Surgery, Sagara Hospital, Kagoshima, Japan; “Division of Breast Surgery, National Cancer Center Hospital,
Tokyo, Japan; *Department of Breast Surgical Oncology, St. Luke’s International Hospital, Tokyo, Japan; ®Department of Breast Oncology, Gunma Cancer Center,
Gunma, Japan; “Department of Breast and Endocrine Surgery, Kumamoto City Hospital, Kumamoto, Japan; ®Department of Breast and Endocrine Surgery, Kuma-
moto University Hospital, Kumamoto, Japan; Department of Surgery, Sakai Municipal Hospital, Osaka, Japan; '°Department of Breast Surgery, Saitama Cancer
Center, Saitama, Japan; ''Department of Pathology and Clinical Laboratories, National Cancer Center Hospital, Tokyo, Japan; '“Department of Research and Devel-
opment, AstraZeneca, Osaka, Japan; **Department of Breast and Endocrine Surgery, Osaka University Graduate School of Medicine, Osaka, Japan

Seigo Nakamura’s current address: Department of Breast Surgical Oncology, Showa University Hospital, Tokyo, Japan.
Presented as an oral presentation at the 47th Annual Meeting of the American Society of Clinical Oncology; June 3-7, 2011; Chicago, IL.

We thank Takayuki Kobayashi, Harumi Nakamura, Masafumi Kurosumi, and Futoshi Akiyama for their roles as members of the Central Pathological Review Com-
mittee. We also thank Simon Vass, PhD, from Complete Medical Communications, who provided medical writing support that was funded by AstraZeneca.

DOI: 10.1002/cncr.27818, Received: May 18, 2012; Revised: August 9, 2012; Accepted: August 13, 2012, Published online September 12, 2012 in Wiley Online
Library (wileyonlinelibrary.com)

704 Cancer  February 15, 2013

179



Ki-67 and Anastrozole or Tamoxifen/lwata et al

'? treatment settings. Therefore, Als in combination with
ovarian suppression have been evaluated for the treatment
of premenopausal women with ER-positive breast
cancer.'>"

Neoadjuvant treatment for breast cancer provides an
opportunity for downstaging of large tumors to allow
patients to undergo breast-conserving surgery rather than
mastectomy. Chemotherapy can offer an effective neoad-
juvant treatment; however, increasing evidence suggests
that ER-positive tumors are less sensitive to chemother-
apy."” It has been demonstrated that neoadjuvant endo-
crine therapy has efficacy in the treatment of ER-positive
disease among postmenopausal women, resulting in simi-
lar objective response rates and rates of breast-conserving
surgery for Als compared with more cytotoxic chemother-
apy.'® Therefore, the role of neoadjuvant endocrine ther-
apy in premenopausal women is also of interest.

With the increasing costs associated with large-scale
adjuvant trials, both the prognostic value of biologic markers
and the long-term predictive value of short-term trials are
increasingly important. The expression of nuclear antigen
Ki-67, a marker of cell proliferation, reportedly has been
correlated with treatment efficacy and is being investigated
for its value as a predictive marker of therapeutic response.'”
In a cross-trial comparison, an increased reduction in Ki-67
expression after neoadjuvant treatment with anastrozole
compared with tamoxifen was observed consistently; and
increased progression-free survival has been reported for
anastrozole versus tamoxifen in the adjuvant Arimidex, Ta-
moxifen, Alone or in Combination (ATAC) trial.*'®"

The STAGE study (Study of Tamoxifen or Arimi-
dex Combined With Goserelin Acetate to Compare Effi-
cacy and Safety) was the first randomized trial to compare
anastrozole plus goserelin versus tamoxifen plus goserelin
in the neoadjuvant setting (24 weeks of therapy) in pre-
menopausal women with ER-positive and human epider-
mal growth factor receptor 2 (HER2)-negative, operable
breast cancer. The patients who received anastrozole plus
goserelin in that trial had a superior best overall tumor
response compared with the patients who received tamox-
ifen plus goserelin, as measured on magnetic resonance
imaging (MRI) or computed tomography (CT) studies
(anastrozole plus goserelin, 64.3%; tamoxifen plus gosere-
lin, 37.4%; estimated difference, 26.9%; 95% confidence
interval [CI], 13.5-40.4; P < .001). The treatment effect
was consistently in favor of anastrozole, regardless of the
measurement methods (caliper and ultrasound). The his-
topathologic response rate also was better in the anastro-
zole group (anastrozole plus goserelin, 41.8%; tamoxifen
plus goserelin, 27.3%; estimated difference, 14.6%; 95%
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Cl, 1.4-27.7; P = .032). Both treatment regimens were
well tolerated, consistent with the known safety profiles of
anastrozole, tamoxifen, and goserelin.zo The geometric
mean Ki-67 index at baseline was 21.9% in the anastro-
zole group and 21.6% in the tamoxifen group. At week
24, the Ki-67 index was reduced in both treatment groups
(t0 2.9% in the anastrozole group and to 8% in the tamox-
ifen group). The reduction from baseline to week 24 was sig-
nificandy greater with anastrozole than with tamoxifen. The
estimated ratio of reduction between groups was 0.35 (95%
Cl, 0.24-0.51; P < .001).”° Here, we teport an exploratory
analysis of the STAGE study that investigated potential cor-
relations between the Ki-67 index and the best overall tumor
response, ER status, PgR status, or histopathologic response.

MATERIALS AND METHODS

Study Design and Patients

In this phase 3, double-blind, randomized, parallel-group,
multicenter trial, the participating patients were premeno-
pausal women >20 years with ER-positive and HER2-
negative breast cancer who had operable and measurable
lesions (tumors measuring 2-5 cm, negative lymph node
status [NO], and no metastases [MO]). Inclusion and
exclusion criteria have been described previously.*®

Patients were randomized 1:1 to receive either oral
anastrozole 1 mg daily with a tamoxifen placebo or oral ta-
moxifen 20 mg daily with an anastrozole placebo. Both
treatment groups received goserelin 3.6 mg as a subcuta-
neous injection every 28 days. Treatment continued for
24 weeks before surgery or until patients met any criterion
for discontinuation.

The primary study endpoint was the best overall tu-
mor response during the 24-week neoadjuvant treatment pe-
riod. Secondary endpoints included histopathologic
response, changes in estrone (E;) and estradiol (E;) serum
and breast tumor tissue concentrations, changes in Ki-67
expression, and tolerability. For this exploratory analysis, we
assessed correlations between Ki-67 expression and tumor
response, ER status, PgR status, or histopathologic response.

The protocol was approved by an institutional
review board ac all study sites, and all enrolled patiencs
provided written informed consent. The study (National
Clinical Trials identifier NCT00605267) was conducted
in accordance with the Declaration of Helsinki and good
clinical practice, the applicable local regulatory require-
ments, and the AstraZeneca policy on Bioethics.

Assessments
Tumor measurements were performed using caliper meas-
urements, ultrasound, or MRI or CT studies. The
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Figure 1. This is a CONSORT (Consolidated Standards of
Reporting Trials) diagram of the current study.

primary analysis indicated that the best overall tumor
response for anastrozole versus tamoxifen was consistent,
regardless of the measurement method used.*® We present
tumor response data from the MRI or CT measurements
at day 0 and at 24 weeks. The objective tumor response
was assessed according to modified Response Evaluation
Criteria in Solid Tumors (RECIST).*!

The status of Ki-67, ER, and PgR was determined
using histopathologic core-needle biopsy specimens that
were collected at baseline and at surgery. Tissue sections
were fixed in formalin and stored at room temperature
before immunohistochemical staining. Ki-67 expression
was determined by staining sections with an anti-MIB-1
antibody at a central laboratory (SRL Inc., Tokyo, Japan)
for assessment by a central review board. For all slides,
photomicrographs were taken from 3 to 5 hotspots at
% 20 magnification using light microscopy. Two patholo-
gists independently assessed the photomicrographs, and
the Ki-67 index was calculated as the ratio of Ki-67-posi-
tive cancer cells from a total of 1000 cancer cells. ER-posi-
tive status and PgR-positive status at baseline were defined
as >10% staining of cancer cell nuclei determined by a pa-
thologist at each individual study site (nuclei were assessed
using mouse monoclonal antibody clones 6F11 and 16,
respectively). Staining for ER and PgR also was assessed in
parallel using Allred scores by the Central Pathologist
Review Committee.”” An Allred score (the proportion
score plus the intensity score) of >3 defined ER or PgR
positivity, a score from >3 t <7 indicated medium
expression, and a score of 27 indicated rich expression.

Histopathologic effects were assessed by comparing
histopathologic samples that were obtained at baseline
and at surgery. For the assessment of histopathologic
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response, the following categories were used: grade 0 indi-
cated no response; grade la, marked change in <1 of 3
cancer cells; grade 1b, marked changes in >1 of 3 but <2
of 3 cancer cells; grade 2, marked changes in >2 of 3 can-
cer cells; and grade 3, necrosis or disappearance of all can-
cer cells and replacement of all cancer cells by granuloma-
like and/or fibrous tissue. The histopathologic response
was defined as the proportion of patients whose tumors
were classified as grade 1b, 2, or 3.7

Post hoc subser analyses were used to determine corre-
lations between the baseline Ki-67 index (>20% vs <20%)
and the best overall tumor response. The percentage change
in the Ki-67 index for responders (patients whose best over-
all tumor response was a complete or partial response) versus
nonresponders (patients whose best overall tumor response
was stable or progressive disease) also was compared. Corre-
lations berween the baseline Ki-67 index and the histopa-
thologic response at week 24 also were evaluated, and we
used post hoc analyses to investigate correlations between
changes in the Ki-67 index from baseline to week 24 and
ER or PgR status at baseline. Positive ER and PgR status
(Allred score >3) also was assessed at baseline and at week
24. Preoperative Endocrine Prognostic Index (PEPI) scores,
which were calculated post hoc as the sum of risk points
weighted by the size of the hazard ratio for tumor size, path-
ologic lymph node status, ER status, and Ki-67 expression
for both recurrence-free and breast cancer-specific survival,
were determined for each patient at surgery according to the
methods described by Ellis and colleagues.*”

Statistical Analysis
The sample size calculation and the main statistical analy-
ses have been described previously.?® All randomized
patients were included in the intent-to-treat analysis set.
In a post hoc exploratory analysis, chi-square tests
were performed to compare the best overall tumor
response at week 24 between baseline Ki-67 index catego-
ries (>20% vs <20%) within each treatment group and
between treatment groups within each baseline Ki-67
index category. A chi-square test also was used to compare
the histopathologic response at 24 weeks between the
baseline Ki-67 index categories within each treatment
group. All tests were made at the nominal 2-sided signifi-
cance level of .05.

RESULTS
Patients

In total, 197 patients were randomized to receive either
anastrozole plus goserelin (n = 98) or tamoxifen plus
goserelin {(n = 99) (Fig. 1). Patient demographics and
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TABLE 1. Patient Demographics and Baseline
Tumor Characteristics

No. of Patients (%)

Anastrozole Tamoxifen

Characteristic Plus Goserelin Plus Goserelin
No. of patients 98 99
Age: Median [range] 44 [28-54] 44 [30-53]
Body mass index: 22.2:43.5 22.1:4+3.3

Mean=£SD, kg/m?
Histology type

Infiltrating ductal carcinoma 87 {88.8) 91 (91.9)

Infiltrating lobular carcinoma 3@.1) 33

Other® 8 (8.2) 5 (5.1)
Tumor grade

1 42 (42.9) 48 (48.5)

2 36 (36.7) 26 (26.3)

3 4 (4.1) 14 (14.1)

Not assessable 1(1) 0 (0)

Not done 15 (15.3) 11 (11.1)
Hormone receptor status

ER positive 98 (100) 99 {100)

PgR positive 93 (94.9) 87 (87.9)

HER?2 negative 98 (100) 99 (100)

Abbreviations: ER, estrogen receptor; HER2, human epidermal growth fac-
tor receptor 2; PgR, progesterone receptor; SD, standard deviation.
2 Other included adenocarcinoma (n = 3).

baseline characteristics generally were well balanced
between the treatment groups (Table 1). Paired samples
for calculating changes in the Ki-67 index from baseline
to week 24 were available for 89 patients in the anastro-
zole plus goserelin group and for 86 patients in the tamox-
ifen plus goserelin group.

Correlation of the Baseline Ki-67 Index and Best
Overall Tumor Response

With a mean baseline Ki-67 index of 21.9% and 21.6%
in the anastrozole and tamoxifen treatmenc groups,
respectively, we used post hoc subset analyses to compare
patients according to their baseline Ki-67 index (>20 vs
<20%). For anastrozole versus tamoxifen, best overall tu-
mor response from baseline to week 24 was better with
anastrozole plus goserelin versus tamoxifen plus goserelin
both in patients who had a baseline Ki-67 index >20%
(73.2% vs 44.8%; P = .002) and in patients who had a
baseline Ki-67 index <20% (52.5% vs 29%; P = .035)
(Fig. 2A).

Within the treatment groups, the best overall tumor
response from baseline to 24 weeks, as measured by MRI
or CT, was significantly better with anastrozole plus
goserelin for patients who had a baseline Ki-67 index
>20% than for those who had a baseline Ki-67 index
<20% (73.2% vs 52.5%; P = .036). Among patients in
the tamoxifen plus goserelin group, the best overall tumor
response was 44.8% for patients who had a baseline Ki-67
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index >20% and 29% for those who had a baseline Ki-67
index <20% (P=.118) (Fig. 2A).

Correlation of the Baseline Ki-67 index and
Histopathologic Response

There was no significant difference in the histopathologic
response between patients who had a baseline Ki-67 index
>20% versus patients who had a baseline Ki-67 index
<20% in either treatment group (Fig. 2B).

Correlation of Change in the Ki-67 Index and
Responders/Nonresponders

A waterfall plot of changes in the Ki-67 index for individ-
ual patients, illustrated according to responders or nonres-
ponders, is provided in Figure 3. There was no apparent
relation between a change in Ki-67 expression from base-
line to week 24 for responders and nonresponders in
either treatment group.

Correlation of the Baseline Ki-67 Index and
Estrogen Receptor or Progesterone Receptor
Status

In both treatment groups, positive ER status, as deter-
mined by the Allred score, was observed in 100% of
patients at baseline and at week 24, and >90% of patients
in both treatment groups were ER rich (baseline Allred
score, >7). Therefore, it was not possible to determine
any potential relation between the baseline ER Allred
score and the percentage change in Ki-67 expression from
baseline to week 24 in either treatment group.

In the anastrozole plus goserelin group, 98.9% of
patients were positive for PgR expression at baseline, and
34.4% were positive for PgR expression at week 24. The
percentage of patients with positive PgR status was not
altered from baseline (91.9%) to week 24 (89.5%) in the
tamoxifen plus goserelin group (Fig. 4A). In both treac-
ment groups, the mean decrease in the Ki-67 index was
greater in patients who had a baseline PgR Allred score
>7 (anastrozole group, —88.8%; tamoxifen group,
—67.6%), compared with patients who had a baseline
PgR Allred score <7 (anastrozole group, —74.1%; tamox-
ifen group, —32.8%) (Fig. 4B).

Preoperative Endocrine Prognostic Index Score
In the anastrozole treatment group, 33.3% of patients had
a PEPI score of 0 compared with 11.4% in the tamoxifen
group. Fewer patients (21.4%) had a PEPI score >4 in
the anastrozole group compared with patients in the
tamoxifen group (36.7%; P = .002) (Table 2).

DISCUSSION
In this exploratory analysis, we investigated changes in Ki-
67 expression among patients from the STAGE study, a
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Figure 2. These charts illustrate the baseline Ki-67 index (>20% vs <20%) according to (A) the best overall tumor response and
(B) the histopathologic response at 24 weeks. Magnetic resonance imaging or computed tomography was used to measure
responses. The best tumor response was defined a complete or partial response during the 24-week treatment period.

phase 3 randomized trial that compared tumor response
for anastrozole plus goserelin versus response tamoxifen
plus goserelin during 24 weeks of neoadjuvant treatment
in premenopausal women with ER-positive breast cancer.
The primary analysis indicated that the reduction in the
Ki-67 index for patients who received goserelin was
greater with anastrozole coadministration compared with
tamoxifen, suggesting a greater inhibitory effect on tumor
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cell proliferation with this treatment combination.?®

Given the reported clinical prognostic value of Ki-67
expression after short-term neoadjuvant endocrine ther-
apy for breast cancer,'” this is in concordance with our
finding that anastrozole combined with goserelin demon-
strates a superior best overall tumor response compared
with tamoxifen plus goserelin. Although Ki-67 is per-
ceived as a reliable predictive endpoint, the outcomes of
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Figure 3. This is a waterfall plot of reductions in nuclear antigen Ki-67 levels in (A) the anastrozole plus goserelin treatment group
and (B) the tamoxifen plus goserelin treatment group. Magnetic resonance imaging or computed tomography was used to mea-
sure responses. Responders were defined as those patients who had a complete or partial response during the 24-week treat-

ment period.

the parallel adjuvant trial by the Austrian Breast and
Colorectal Cancer Study Group (ABCSG) did not reflect
outcomes related to the Ki-67 changes we observed:
Resules from the ABCSG-12 study indicated that there
was no difference in disease-free survival between patients
who received anastrozole versus tamoxifen (hazard ratio,
1.08; 95% CI, 0.81-1.44; P = .591).26 The reason for
this difference is not clear, although there were differences
in the baseline characteristics of patients in each study: the
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STAGE study assessed a more hormone-dependent phe-
notype of tumor (ER-positive/HER2-negative in the
STAGE study vs ER-positive/HER2-negative and ER-
positive/HER2-positive in the ABCSG-12 trial), and the
proportion of women with a body mass index >25 kg/m”
was lower in the STAGE study (17% vs 33%). The
ABCSG-12 group did not assess Ki-67 levels. It is also
interesting to note that, as recently pointed out by Gon-
calves et al,”” in our study, serum estradiol suppression
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recurrence) compared with the tamoxifen treatment
group. The PEPI model has been validated previously and
has indicated significant differences in recurrence-free sur-
vival in the adjuvant setting between 3 PEPI risk groups
(PEPI risk scores of 0, 1-3, and >4), with a PEPI score of
0 indicating a very low risk of relapse.”” Data from the ad-
juvant treatment setting will provide added knowledge for
the individualization of future adjuvant treatments after
neoadjuvant therapy for breast cancer.

Currently, very litde is known about the prognostic
effect of Ki-67 in premenopausal women. However, in 1
recent study, the prognostic significance of Ki-67 was
investigated in women with ER-positive breast cancer
who had received short-term presurgical tamoxifen, and
Decensi and colleagues reported that the Ki-67 response
was a good predictor of recurrence-free survival and over-
all survival >

To our knowledge, this is the first randomized study
to investigate the potential of Ki-67 as a clinical biomarker
for Al efficacy in premenopausal women with ER-positive
breast cancer. It has been demonstrated that a reduction in
Ki-67 expression as a result of neoadjuvant Al treatment can
be a potentially useful marker of improved surgical out-
comes in postmenopausal women with ER-positive breast
cancer, and such a reduction has been identified as predic-
tive of favorable outcomes in the adjuvant treatment pe-
riod.** A reduction in Ki-67 expression during neoadjuvant
treatment reportedly was greater with anastrozole versus ta-
moxifen in postmenopausal women who had ER-positive
breast cancer,'® and a parallel result also was observed in the
corresponding adjuvant trial, in which recurrence-free sur-
vival also was greater for those who received anastrozole.®
Yet another similar result was observed for letrozole, in
which a greater Ki-67 reduction was observed compared
with tamoxifen in the neoadjuvant setting,®® Greater clinical
effectiveness also was observed for letrozole in the neoadju-
vant setting, both in terms of the objective response rate and
the rate of breast-conserving surgery.”®

In conclusion, tumor response was greater with anas-
trozole compared with tamoxifen, regardless of the baseline
Ki-67 index, in premenopausal women who received goser-
elin as neoadjuvant therapy for ER-positive, carly stage
breast cancer. The current results indicate that endocrine
therapy may offer a more tolerable treatment option than
cytotoxic chemotherapy as neoadjuvant treatment for these
patients, and further studies of the anastrozole plus gosere-
lin treatment combination in this setting are warranted.
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Integration of Cell Line and Clinical Trial Genome-Wide
Analyses Supports a Polygenic Architecture of Paclitaxel-
Induced Sensory Peripheral Neuropathy

Heather E. Wheeler!, Eric R. Gamazon?, Claudia Wing', Uchenna O. Njiaju!, Chidiamara Njoku';

Robert Michael Baldwin®, Kouros Owzar*, Chen Jiang®, Dorothy Watson®, Ivo Shterev*, Michiaki Kubo®,
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Abstract

Purpose: We sought to show the relevance of a lymphoblastoid cell line (LCL) model in the discovery of
clinically relevant genetic variants affecting chemotherapeutic response by comparing LCL genome wide
association study (GWAS) results to clinical GWAS results.

Experimental Design: A GWAS of paclitaxel induced cytotoxicity was conducted in 247 LCLs from the
HapMap Project and compared with a GWAS of sensory peripheral neuropathy in patients with breast cancer
(n  855) treated with paclitaxel in the Cancer and Leukemia Group B (CALGB) 40101 trial. Significant
enrichment was assessed by permutation resampling analysis. ‘

Results: We observed an enrichment of LCL cytotoxicity associated single nucleotide polymorphisms
(SNP) in the sensory peripheral neuropathy associated SNPs from the clinical trial with concordant allelic
directions of effect (empirical P 0.007). Of the 24 SNPs that overlap between the clinical trial (P < 0.05)
and the preclinical cytotoxicity study (P < 0.001), 19 of them are expression quantitative trait loci (eQTL),
which is a significant enrichment of this functional class (empirical P 0.0447). One of these eQTLs is
located in RFX2, which encodes a member of the DNA binding regulatory factor X family. Decreased
expression of this gene by siRNA resulted in increased sensitivity of Neuroscreen 1{NS 1; rat pheochro
mocytoma) cells to paclitaxel as measured by reduced neurite outgrowth and increased cytotoxicity,
functionally validating the involvement of RFX2 in nerve cell response to paclitaxel.

Conclusions: The enrichment results and functional example imply that cellular models of chemo
therapeutic toxicity may capture components of the underlying polygenic architecture of related traits in
patients. Clin Cancer Res; 19(2); 491 9. ©2012 AACR.

mechanism of this toxicity is poorly understood. In one
recent large study of more than 1,500 patients with breast
cancer, severe (grade 3) sensory peripheral neuropathy
occurred in 4% of patients treated with 4 cycles and 10%
of patients treated with 6 cycles of single agent paclitaxel
(1). Currently, genetic prediction of which patients with
cancer may experience severe side effects induced by pac

introduction

Paclitaxel is a tubulin targeting agent, widely used in the
treatment of malignant disease, including ovarian, breast,
lung, and head and neck cancers. Its long term use is often
limited by sensory peripheral neuropathy, although the
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litaxel treatment is not possible (2), but several preliminary
genetic associations havebeen made (3 8). If patients likely
to experience such toxicities could be identified before
beginning a paclitaxel regimen, patient care might be
improved by implementing a reduced dose or an alternative
treatment.

Because accruing large patient cohorts receiving the same
drug regimen for discovery genome wide and replication
studies in oncology is challenging, several groups of inves
tigators have used lymphoblastoid cell lines (LCL) as a
discovery tool and for follow up functional studies (9
13). LCLs are easy to experimentally manipulate and the
genetic background and expression environment is known.
The LCIL model also permits functional validation studies of
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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 eQQTL host gene (RFX2) in paclitaxel toxicity, usinga
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 BEuropean ancestry from Utah (HAPMAPPTO1,
CEU, n  77), a Yoruba population in Ibadan, Nigeria
(HAPMAPPTO03, YRL, n  87), and an African American
population from the Southwest of the United States (HAP
MAPPTO07, ASW, . 83) were treated with 12.5 nmol/L
paclitaxel and cytotoxicity was determined using an Ala
marBlue (Tuvitrogen) 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 control lambda (Agc) values
(27} were calculated for the GWAS of each population.
Studies with Age values greater than 1 were corrected for
residual inflation of the test statistic by dividing the
observed test statistic at each SNP by the Age (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 B; 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 asmall 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
M trial comparing the efficacy of standard therapy cyclo
phosphamide and doxorubicin with single agent paclitaxel

Clin Cancer Res; 19(2) January 15, 2013
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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 IHlumina 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 Europeans 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
(1.CLs) 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 SNP 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 [llumina 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 < 107*) 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 < 107*). 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 Dbetween 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%
. glutamine). Cells were seeded at a density of 1 x 107 cells/
mL on collagen 1 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 I 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 $101639680) 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 Biosysterns) 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
Rfs2 target genes Cyp51 (Rn01526553 ml1), Bachl
(Rn01477344 m1), and Cbaral (Rn01644475 m1) was
also measured by gRT 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 siRfa2 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 (x10) 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.

Resulls

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
(a0 < 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

Chrt — 7 ‘ : g o

Chr22

Chr1

Figure 1. Compatison of individual
GWAS results. Left, paclitaxel
induced cytotoxicity in LCLs.
Right, paclitaxel induced sensory
peripheral neuropathy in patients.
White lines represent the overlap
thresholds used in the primary
enrichment analysis (P < 0.001 for
LCLs and P < 0.05 for patients) and
white triangles represent the 24
overlap SNPs at these thresholds.

Chr22

-log, (P value)
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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 eQTlLs 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< 107, The SNP in REX2 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 $3); 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,
BACH1, 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 mechanisnis 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 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 Afx2 and Cyp57, but not Bach1 and Cbara1, 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

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 involvernent 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. REX2 and the related protein RFX1 have been
shown to directly bind and regulate the transcription of
ALMS1 (40). Mutations in ALMS1 cause the rare genetic
disorder Alstrdm syndrome, which is characterized by neu
rosensory degeneration, metabolic defects, and cardiomy

SNPs associated with 6 other chemotherapeutic drugs, opathy (40). In addition, the regulatory factor X

Table 1. Paclitaxel-induced LCL cytotoxicity (P < 0.001) and paclitaxel-induced patient sensory peripheral
nauropathy (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, BACHT, CBARA1
rs7642318 2.2E 04 3.9E 02 TMEMA44 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
rs11111538 7.9E 04 6.7E 03 C12orf42 yes 1
rs7306825 7.2E 04 9.3E 03 C120rf42 yes 1
rs8069858 1.1E 04 4.5E 02 RICHZ2 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.

www.aacrjournals.org Clin Cancer Res; 19(2) January 15, 2013

195

497



498

Wheeler et al.

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, RFX2 could be regulating an enhancer of CYP51A1 thatis
further outside the generegion. CYP51A1 is amember 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 SNDPs that associated
with patient paclitaxel induced sensory peripheral neuropa
thy (rs10771973, P 2.6 x 107%) 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 breastcancer(n  154; P 0.013)andin
a cohort of self reported African American patients with
breast cancer (n 117, P 6.7 x 1073; ref. 3). However,
this SNP was not associated with paclitaxel induced cytotox
icityin 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 vive 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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