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ABSTRACT
Purpose: Taxane-induced peripheral neuropathy (TIPN) is one of the most 

important survivorship issues for cancer patients. African Americans (AA) have 
previously been shown to have an increased risk for this toxicity. Germline predictive 
biomarkers were evaluated to help identify a priori which patients might be at 
extraordinarily high risk for this toxicity.

Experimental design: Whole exome sequencing was performed using germline 
DNA from 213 AA patients who received a standard dose and schedule of paclitaxel in 
the adjuvant, randomized phase III breast cancer trial, E5103. Cases were defined as 
those with either grade 3-4 (n=64) or grade 2-4 (n=151) TIPN and were compared 
to controls (n=62) that were not reported to have experienced TIPN. We retained for 
analysis rare variants with a minor allele frequency <3% and which were predicted 
to be deleterious by protein prediction programs. A gene-based, case-control analysis 
using SKAT was performed to identify genes that harbored an imbalance of deleterious 
variants associated with increased risk of TIPN. 

Results: Five genes had a p-value < 10-4 for grade 3-4 TIPN analysis and three 
genes had a p-value < 10-4 for the grade 2-4 TIPN analysis. For the grade 3-4 
TIPN analysis, SET binding factor 2 (SBF2) was significantly associated with TIPN 
(p-value=4.35 x10-6).  Five variants were predicted to be deleterious in SBF2. Inherited 
mutations in SBF2 have previously been associated with autosomal recessive, Type 
4B2 Charcot-Marie-Tooth (CMT) disease.

Conclusion: Rare variants in SBF2, a CMT gene, predict an increased risk of TIPN 
in AA patients receiving paclitaxel. 

INTRODUCTION 

The taxanes are commonly employed 
chemotherapeutic agents for a variety of malignancies.
[1] While improving disease-specific outcomes, they 
also can impart substantial morbidity. The most common 
and particularly troublesome toxicity is taxane-induced 

peripheral neuropathy (TIPN).[2] TIPN can be severe, 
limit function, cause pain, and may be irreversible. 
Currently, there are no agents that have been proven to 
prevent this toxicity and very few have demonstrated 
benefit in improving symptoms after the toxicity has 
occurred.[3] Several demographic variables have been 
shown to increase the risk of TIPN, including: older 
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age, obesity, and the dose and schedule of the taxane.[4] 
Previously, we found that patients who were genetically 
defined as African American (AA) had a markedly 
increased risk for both moderate (grade 2-4) and severe 
(grade 3-4) TIPN.[5] Despite these findings, much 
ambiguity remains as to which patients might be at the 
highest risk for TIPN. Importantly, TIPN is not correlated 
with superior outcomes in the curative setting.[6] Thus, 
understanding which AA patients might be at exceptional 
risk would be beneficial for proper counseling and 
therapeutic decision-making when considering the risk to 
benefit ratio for a specific clinical scenario. 

Prior correlative studies have been conducted 
to uncover inherited genetic markers which confer an 
increased risk for TIPN.[7-15] The majority of these 
studies have focused on patients of European ancestry 
(EA) due to the under-representation of AA patients in 
many clinical studies across the United States. In addition, 
most studies have focused on the role of common variants, 
typically those with a minor allele frequency (MAF) 
greater than 3%. Recent advances in genomic technology 
has allowed for evaluation of rare coding (exonic) variants 
at a reasonable speed and price. The rare-variant, common 
disease hypothesis posits that rare coding variants are 

more likely to impose a larger effect on risk than common 
(typically non-exonic) variants.[16, 17] Discovery of 
variants with large effect size is clinically more beneficial 
and has greater statistical power when interrogating data 
sets of modest sample size. In this study we used whole 
exome sequencing (WES) to test the hypothesis that rare 
coding variants impact the risk of TIPN for AA patients. 

RESULTS

Significant covariates for TIPN in African 
American patients in E5103 

We previously reported common demographic 
predictors of TIPN in E5103 and that AAs in the parent 
trial were markedly more likely to experience both 
grade 2-4 (HR=2.1; P-value= 5.6 x 10-16) and grade 3-4 
(HR=2.6; P-value= 1.1 x 10-11) TIPN when compared 
with other races.[5] In the subgroup of previously genome 
wide genotyped AA patients in E5103, 39.1% experienced 
grade 2-4 TIPN and 16.6% experienced grade 3-4 TIPN 
(Figure 1). In this analysis, we evaluated covariates for 

Figure 1: CONSORT diagram for E5103.
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the population of AAs that underwent WES. Significant 
covariates in the grade 3-4 TIPN analysis included study 
arm, PC4 and PC9. Significant covariates in the grade 2-4 
TIPN analysis included BSA, arm, PC2 and PC7. 

Top associations for whole exome sequencing in 
E5103

In total, 583,362 variants were identified. After 
removing variants with missing rate > 20% and those 
which were monomorphic, 219,607 variants were used 
for annotation by ANNOVAR. 43,084 rare and predicted 
to be deleterious, variants were retained for gene-based 
analyses. 24 samples with missing rates > 30% were 
excluded in addition to 9 samples which did not have 
sufficient DNA for sequencing. A total of 180 samples 
(121 with grade 2-4 TIPN, 56 with grade 3-4 TIPN and 59 
controls) passed QC and were evaluable in further analysis 

(Figure 1). Gene-based analysis required at least 2 variants 
to be retained in a given gene for it to be included in the 
analysis. For the grade 3-4 analysis, 7,260 genes had more 
than 2 variants, thus setting the threshold for significance 
at p-value < 6.89 x10-6. For the Grade 2-4 analysis, 8,958 
genes had more than 2 variants, thus setting the threshold 
for significance at p-value < 5.58 x10-6. The results of 
the gene-based association analyses are shown in Table 
1 and Figure 2. Five genes had p-value < 10-4 for grade 
3-4 TIPN. Three genes had a p-value < 10-4 for grade 2-4 
TIPN. 

For grade 3-4 TIPN, the top association was 
with SET binding factor 2 (SBF2) and was statistically 
significant for an increased risk (p-value=4.35 x10-6). 
Five mutations were predicted to be deleterious in SBF2 
(Figure 3 and Table 2). These 5 mutations in SBF2 were 
subsequently confirmed using Taqman-based assays. 
When comparing the estimated frequency of TIPN using 
the relative likelihood of an event, those patients who 

Table 1: Top genes associated with TIPN in the AA population from E5103

Gene Grade 3-4 TIPN Grade 2-4 TIPN

P-value P-value
SBF2 4.84E-06 3.94E-05

OR51B6 5.08E-05 1.80E-05
SLCO2A1 7.37E-05 1.31E-03

ABCA2 9.29E-05 5.40E-04
MSH5 9.48E-05 1.21E-03
ZZEF1 2.33E-04 5.15E-03

POLR3E 2.86E-04 3.43E-04
GNL2 3.94E-04 4.99E-04
LRP3 4.83E-04 6.92E-05

WDR72 5.91E-04 2.80E-03
RGL3 6.19E-04 8.71E-04

SEPT12 6.77E-04 2.58E-03
CCER2 6.92E-04 2.00E-03
SH3RF2 7.17E-04 5.79E-04
POLR1A 7.67E-04 1.74E-03
C2orf44 8.20E-04 7.02E-03
PARP1 8.41E-04 2.87E-03

CNTROB 3.53E-03 3.64E-04
EXOC3L4 5.95E-03 4.68E-04
PLEKHM2 9.17E-03 5.59E-04

MTX3 5.24E-03 7.90E-04
NMRAL1 1.26E-02 7.98E-04

GLIS2 3.06E-02 8.08E-04
HAUS5 2.11E-03 9.02E-04
PYGM 4.54E-03 9.45E-04
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carried any of the five deleterious mutations in SBF2 
had a markedly increased risk of TIPN as compared with 
those who did not carry a variant and had grade 2-4 TIPN 
(OR=3.26) or grade 3-4 TIPN (OR=5.09); Figure 4. No 
genes were significantly associated with grade 2-4 TIPN. 

DISCUSSION

TIPN is a major complication for many cancer 

survivors. Unfortunately, there are few identified indicators 
that can predict whether an individual will develop TIPN. 
We previously demonstrated that a genetically defined 
group of AAs in E5103, receiving a commonly used dose 
and schedule for paclitaxel, had a markedly increased risk 
of grade 2-4 TIPN (HR=2.1; p=5.6×10-16) and grade 3-4 
TIPN (HR=2.6; p=1.1×10-11) when compared with other 
races.[5] In the current study, we have employed WES in 
a subset of the E5103 AA subsample and identified a gene, 

Table 2: Total counts of each rare variant in SBF2  

SNP
Grade 3-4 TIPN Grade 2-4 TIPN Controls
(N=56)* (N=121)* (N=59)*

rs149501654 2 2 0
rs117957652 1 2 0
rs141368249 2 3 0
rs146987383 0 1 0
rs7102464 7 10 3

 *Number of samples passed QC and were evaluable for final analysis

Figure 2: Manhattan plot (A) for Grade 3-4 TIPN from AA patients in ECOG-5103. X-axis indicates the chromosomal position of each 
gene analyzed; Y-axis denotes magnitude of the evidence for association, shown as –log10(p-value); Each dot represents an evaluable gene. 
(B) Grade 2-4 TIPN from AA patients in ECOG-5103. X-axis indicates the chromosomal position of each gene analyzed; Y-axis denotes 
magnitude of the evidence for association, shown as –log10(p-value); Each dot represents an evaluable gene. The dashed line indicates the 
genome-wide significance threshold. 
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SBF2, with a higher burden of rare deleterious variants 
among individuals developing grade 3-4 TIPN. 

SBF2 is on chromosome 11p15 and is a member of 
the myotubularin–related protein family. SBF2 encodes 
for a gene that, when mutated, is known to be associated 
with a subtype of Charcot-Marie-Tooth (CMT), a known 
hereditary form of polyneuropathy that develops in 
adolescence, early adulthood, or middle age. CMT is a 
progressive motor and sensory neuropathy and is the most 
common form of hereditary neuropathy. A case report 
previously described that a patient with ovarian cancer 
who had pre-existing peripheral neuropathy secondary 
to CMT immediately developed grade 3 sensory and 
motor neuropathy after a single dose of carboplatin and 
paclitaxel.[18] Mutations in SBF2 cause Type 4B CMT, 
the only type of CMT with an autosomal recessive pattern 
of inheritance and characterized by axonal degeneration 
and myelin outfolding.[19]

Genes contributing to CMT have been previously 
reported to be associated with TIPN.[7, 8] We previously 
performed a genome wide association study (GWAS) to 

identify common variants associated with TIPN among 
AA in E5103.[5] A potential association between FCAMR 
and a decreased risk of grade 2-4 TIPN was observed 
(Supplemental Figure 1). Baldwin et al, reported their 
results from a GWAS of CALGB40101 and the top 
associations were with SNPs in FDG4, EPHA5, and 
FZD3; although the first two did not meet genome wide 
significance.[7] The FGD4 variant from the CALGB40101 
EA discovery set was replicated in a small cohort of 
AA patients.[7] Both FGD4 and SBF2 are known to be 
associated with subtype 4 CMT.[20] Few prior studies 
have tested for the effect of rare variants across the exome 
or genome on TIPN. Beutler et al., performed massively 
parallel sequencing across 119 EA TIPN patients, focusing 
on 49 candidate genes felt to be important in the CMT 
pathway.[8] In that study, several SNPs in AREGF10 had 
a modest association with TIPN. In total, these studies 
provide substantial evidence that genes in the CMT 
pathway contribute to the risk of TIPN. 

There were no statistically significant associations 
identified in the grade 2-4 TIPN analysis. Other top genes 

Figure 3: Comprehensive representation of the 5 rare variants detected in the cases from AA patients with grade 3-4 
TIPN. The X-axis denotes the chromosomal location of each mutation and the Y-axis denotes the number of patients with TIPN that 
had a given mutation. Each pie-wedge shape & onentation represents the program prediction method and the color represents the type of 
mutation. The size of the pie represents the CADD score. 
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in both analyses (Table 1) included established drug 
transporters (SLCO2A1 and ABCA2; ranked #3 and #4, 
respectively), DNA mismatch repair genes (MSH5 and 
PARP1; ranked #5 and #17, respectively), and a gene 
encoding for a microtubule binding complex (HAUS5; 
ranked #24). 

Strengths of this study include the use of cutting-
edge, expansive genomic sequencing in the context 

of a large trial in an under-represented population of 
patients who have increased vulnerability to a potentially 
irreversible therapy-induced toxicity. This correlative 
study evaluated patients that received a uniform dose 
and schedule of paclitaxel within the context of a large, 
randomized, phase III breast cancer clinical trial [21] 
with rigorous data collection. Another strength of 
our study was the focus on a genetically defined AA 

Figure 4: Estimated frequency of TIPN for the entire AA population (black bar), those who have no deleterious 
mutations in SBF2 (light gray bar), and those who carry any SBF2 deleterious mutations (dark gray bar). Each colored 
bar represents the estimated frequency of TIPN based on the relative likelihood of an event. The percentage value above each bar represents 
the estimated likelihood of a patient with that variant or genotype experiencing TIPN. The percentage value on the x-axis represents the 
fraction of the AA population with that specific genotype. Top graph represents grade 2-4 TIPN and bottom graph represents grade 3-4 
TIPN.
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population, a subgroup with a substantially increased 
risk for TIPN in E5103. Unfortunately many of the large 
clinical trials across the United States that have captured 
high-throughput genomic data have substantially under-
represented racial minorities [22, 23]. This correlative 
study represents one of the largest pharmacogenetic studies 
to date using WES with a focus on genetically determined 
patients of African descent. This dataset, then, allowed for 
the direct, rather than the typical inferential application 
of results, to the AA population. The implementation of 
massively parallel sequencing across the exome allowed 
for a comprehensive and unbiased evaluation of rare 
variants to discover the most important genes associated 
with TIPN. Thus, the discovery of a gene in a pathway 
known to have implications in a form of hereditary 
neuropathy has immediate translational implications. 

There are also several weaknesses of this study. 
First, the study was limited to the exome and therefore 
could not detect potentially important genetic variants in 
the non-coding region of the genome. In addition, since 
only genes having at least two retained variants were 
included in the analysis, approximately 65% of the genes 
in the genome were not statistically evaluated in this 
study. Another limitation of this study was the use of the 
CTCAE grading scale to define the cases of TIPN. There 
are data to support that use of patient reported outcomes 
and more detailed clinical examinations are superior and 
thus should be considered for future validation biomarker 
studies.[24] The sample size of this study is modest and is 
therefore only powered to detect association with genes 
having multiple variants with large effects on TIPN risk. 
To rigorously evaluate all genes in the genome for their 
association with TIPN risk would require a sample many 
orders of magnitude larger than ECOG-5103 so as to 
have a sufficient number of AA cases with TIPN and AA 
controls without evidence of neuropathy.

Understanding which patients might be at increased 
risk of severe and potentially irreversible toxicities is a 
critical step toward improved patient counseling and 
monitoring. When competing drug regimens exist, 
drugs with different toxicities may be selected on a more 
personalized basis. Specifically, while clinicians might 
be most concerned about the rare risk of anthracycline-
induced cardiac toxicity for a general population, the risk 
for a non-taxane based regimens might be more favorable 
for those at increased risk of severe TIPN.[25] Further, 
a marker for increased risk might help make a nuanced 
determination for selection of a taxane (i.e. docetaxel) 
with a slightly lower risk of TIPN even at the cost of 
increased risk for competing toxicities. There are also 
situations where the anticipated benefit from a taxane-
based regimen is marginal and a marker of increased risk 
of TIPN might deter the patient from therapy altogether. 
Further work to understand the clinical impact of this 
biomarker on clinician and patient decision-making and 
implementation are critical next steps. The discovery 

of predictive genetic biomarkers might also point us in 
the direction of the underlying biological mechanism 
for this toxicity and subsequently lead to the therapeutic 
development for agents designed to either prevent or treat 
this toxicity. Importantly, risk based biomarkers allow for 
improved personalization of therapy with the promise of 
helping patients. 

MATERIALS AND METHODS

ECOG-5103 Overview

ECOG-5103 was a phase III adjuvant breast cancer 
trial that randomized 4994 patients with node positive 
or high-risk node negative breast cancer to intravenous 
doxorubicin and cyclophosphamide every 2 or 3 weeks 
(at discretion of treating physician) for four cycles (AC) 
followed by 12 weeks of weekly paclitaxel (P; 80 mg/m2) 
alone (Arm A) or to the same chemotherapy with either 
concurrent bevacizumab (Arm B) or concurrent plus 
sequential bevacizumab (Arm C)[21] .

Previous genome wide genotyping

Germline DNA from whole blood and companion 
clinical data were available from 3394 patients. This 
included 386 patients who were genetically determined 
to be of African descent (Figure 1). Genome wide SNP 
arrays (either Illumina HumanOmni1-Quad or Human 
OmniExpress) were performed in two distinct study 
subsets as described previously.[5, 26] A principal 
component analysis (PCA) was performed using 
Eigenstrat and reference data from 11 HapMap phase 
III populations to identify clusters using the first two 
eigenvectors computed using common SNPs from these 
two arrays. Both arrays were previously used to genotype 
a set of common samples; discrepancies between these two 
arrays were negligible[27]. Therefore, we have combined 
the two data sets to perform PCA. Samples clustering with 
those of African descent were used in these analyses.[5, 
26]

Case and control definitions 

Cases: Two definitions of TIPN were employed. 
A more stringent criteria limited cases to only those 
experiencing grade 3-4 TIPN (n=64) (Figure 1) as 
assessed by the Common Toxicity Criteria Adverse Events 
(CTCAE) version 3.0. A less stringent TIPN definition 
included as cases those experiencing grade 2-4 TIPN 
(n=151) (Figure 1). Under both definitions, cases included 
patients receiving at least one dose of paclitaxel and the 
neuropathy event occurred during treatment or within 3 
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months of the last dose of therapy.
Controls: Controls (n=62) (Figure 1) included 

patients who met all the following: 1). Received all 
planned doses of paclitaxel; 2). Had follow-up for at least 
3 months after the last dose of drug; 3). Did not meet any 
of the case definitions as outlined above; and 4). Had 
either paclitaxel or bevacizumab held or modified for any 
reason (i.e. disease progression or other toxicity).

Whole exome sequencing in E5103

Germline DNA samples were quantified by 
fluorometric methods (Qubit, LifeTechnologies, Eugene, 
USA). Library preparation was performed according to 
the manufacturer’s guidelines. Exomes were enriched 
from genomic DNA (50-100 ng) via Ion AmpliSeq™ 
Exome RDY kits. Libraries were subjected to magnetic 
bead-based clean up and quantified by qPCR prior to 
sequencing. Adapters and barcodes were incorporated 
during library construction, which allowed for two 
samples to be pooled per Ion PI™ chip. Templates were 
prepared on Ion Chef™ Systems then sequenced on 
Ion Proton™ Sequencers (LifeTechnologies) for 520 
flows. Typically sequencing runs generated 50-90M 
reads, yielding on average over 100X coverage of the 
exome with >90% uniformity. Exomes were aligned to 
the human genome version GRCh37.3. Variants (SNPs, 
indels, MNPs) were identified by the Torrent VariantCaller 
4.2 software. Libraries on average contained over 50,000 
variants. Variants with missing rates > 20% were filtered 
out of the dataset. Samples with missing rates > 30% were 
excluded. 

ANNOVAR (http://annovar.openbioinformatics.
org/en/latest/#reference) was used to annotate location, 
function and MAF of each variant. To focus on rare 
variants, only those meeting at least one of the following 
criteria were retained: 1). MAF ≤ 3% in ESP 6500 (http://
evs.gs.washington.edu/EVS/) AA population (primary); 
2). MAF ≤ 3% in both 1000G (http://www.1000genomes.
org/) EA and AA populations (secondary); 3). MAF ≤ 
3% in both ExAc (http://exac.broadinstitute.org/) African 
or Non-Finnish European populations (tertiary); or 4) 
novel variants that were reported by any of the reference 
datasets. Only SNPs defined by RefGene as one of 
the following were retained: frameshift substitution, 
nonsynonymous, stop gains, stop loss, or unknown. 
Retained SNPs were predicted to be deleterious by at least 
one of the following: 1). SIFT,[28] 2). POLYPHEN2, [29] 
or 3). CADD (with a score ≥10).[30] The genotypes of the 
identified deleterious SNPs were confirmed in this dataset 
with TaqMan SNP assays.

Statistical analysis

A gene-based case-control analysis (SKAT; http://
www.hsph.harvard.edu/skat/) was performed to identify 
genes associated with an increased risk of TIPN. Study 
arm, body surface area (BSA), and age were considered 
as covariates in this analysis. Although these samples 
were genetically defined as AA based on the common 
variants on the SNP arrays, we included the first 10 
principal components (PC1 to PC10) as covariates in the 
analysis to adjust for subtle population sub-structures 
often observed in AA samples.[31] Samples with grade 
2 TIPN were sequenced separately; therefore, a batch 
indicator was also included to adjust potential effect of 
different experiments. The p-value threshold was < 0.05 
for inclusion of covariates in the regression model. Only 
genes having at least two retained variants were included 
in the gene-based analysis. The significance threshold for 
the SKAT analysis was determined by correcting for the 
number of genes tested in each of the TIPN models. Given 
the rarity of the individual variants as well as the focus on 
a gene-based analysis, we do not report individual odds 
ratios for each variant on TIPN risk.

CONFLICT OF INTEREST

KDM has received research funds from Genentech. 
JAS has received personal fees from Genentech. BPS, 
DL, FS, GJ, MR, LL, LG, AO, GX, TF and GWS have 
declared no conflicts of interest. 

FINANCIAL SUPPORT

This study was conducted by the ECOG-ACRIN 
Cancer Research Group (Robert L. Comis, MD and 
Mitchell D. Schnall, MD, PhD, Group Co-Chairs) 
and supported in part by Public Health Service Grants 
CA180820, CA180794, CA21115, CA23318, CA66636, 
CA180795, CA49883, CA189859, CA14958, CA180816, 
Susan G. Komen for the Cure (BP Schneider). Its content 
is solely the responsibility of the authors and does not 
necessarily represent the official views of the National 
Cancer Institute.

Editorial note 

This paper has been accepted based in part on peer-
review conducted by another journal and the authors’ 
response and revisions as well as expedited peer-review 
in Oncotarget.

REFERENCES

1. Ghersi D, Wilcken N, Simes RJ. A systematic review of 



Oncotarget82252www.impactjournals.com/oncotarget

taxane-containing regimens for metastatic breast cancer. Br 
J Cancer. 2005; 93: 293-301. doi: 10.1038/sj.bjc.6602680.

2. Schneider BP, Hershman DL, Loprinzi C. Symptoms: 
Chemotherapy-Induced Peripheral Neuropathy. Adv Exp 
Med Biol. 2015; 862: 77-87. doi: 10.1007/978-3-319-
16366-6_6.

3. Hershman DL, Lacchetti C, Dworkin RH, Lavoie Smith 
EM, Bleeker J, Cavaletti G, Chauhan C, Gavin P, Lavino 
A, Lustberg MB, Paice J, Schneider B, Smith ML, et al. 
Prevention and management of chemotherapy-induced 
peripheral neuropathy in survivors of adult cancers: 
American Society of Clinical Oncology clinical practice 
guideline. J Clin Oncol. 2014; 32: 1941-67. doi: 10.1200/
JCO.2013.54.0914.

4. Park SB, Goldstein D, Krishnan AV, Lin CS, Friedlander 
ML, Cassidy J, Koltzenburg M, Kiernan MC. 
Chemotherapy-induced peripheral neurotoxicity: a critical 
analysis. CA Cancer J Clin. 2013; 63: 419-37. doi: 10.3322/
caac.21204.

5. Schneider BP, Li L, Radovich M, Shen F, Miller KD, 
Flockhart DA, Jiang G, Vance G, Gardner L, Vatta M, Bai 
S, Lai D, Koller D, et al. Genome-Wide Association Studies 
for Taxane-Induced Peripheral Neuropathy in ECOG-5103 
and ECOG-1199. Clin Cancer Res. 2015; 21: 5082-91. doi: 
10.1158/1078-0432.CCR-15-0586.

6. Schneider BP, Zhao F, Wang M, Stearns V, Martino S, 
Jones V, Perez EA, Saphner T, Wolff AC, Sledge GW, 
Jr., Wood WC, Davidson NE, Sparano JA. Neuropathy is 
not associated with clinical outcomes in patients receiving 
adjuvant taxane-containing therapy for operable breast 
cancer. J Clin Oncol. 2012; 30: 3051-7. doi: 10.1200/
JCO.2011.39.8446.

7. Baldwin RM, Owzar K, Zembutsu H, Chhibber A, Kubo 
M, Jiang C, Watson D, Eclov RJ, Mefford J, McLeod HL, 
Friedman PN, Hudis CA, Winer EP, et al. A genome-wide 
association study identifies novel loci for paclitaxel-induced 
sensory peripheral neuropathy in CALGB 40101. Clin 
Cancer Res. 2012; 18: 5099-109. doi: 10.1158/1078-0432.
CCR-12-1590.

8. Beutler AS, Kulkarni AA, Kanwar R, Klein CJ, Therneau 
TM, Qin R, Banck MS, Boora GK, Ruddy KJ, Wu Y, 
Smalley RL, Cunningham JM, Le-Lindqwister NA, et al. 
Sequencing of Charcot-Marie-Tooth disease genes in a 
toxic polyneuropathy. Ann Neurol. 2014; 76: 727-37. doi: 
10.1002/ana.24265.

9. Hertz DL, Motsinger-Reif AA, Drobish A, Winham SJ, 
McLeod HL, Carey LA, Dees EC. CYP2C8*3 predicts 
benefit/risk profile in breast cancer patients receiving 
neoadjuvant paclitaxel. Breast Cancer Res Treat. 2012; 134: 
401-10. doi: 10.1007/s10549-012-2054-0.

10. Leandro-Garcia LJ, Inglada-Perez L, Pita G, Hjerpe E, 
Leskela S, Jara C, Mielgo X, Gonzalez-Neira A, Robledo 
M, Avall-Lundqvist E, Green H, Rodriguez-Antona C. 
Genome-wide association study identifies ephrin type 
A receptors implicated in paclitaxel induced peripheral 

sensory neuropathy. J Med Genet. 2013; 50: 599-605. doi: 
10.1136/jmedgenet-2012-101466.

11. Leandro-Garcia LJ, Leskela S, Jara C, Green H, Avall-
Lundqvist E, Wheeler HE, Dolan ME, Inglada-Perez 
L, Maliszewska A, de Cubas AA, Comino-Mendez I, 
Mancikova V, Cascon A, et al. Regulatory polymorphisms 
in beta-tubulin IIa are associated with paclitaxel-induced 
peripheral neuropathy. Clin Cancer Res. 2012; 18: 4441-8. 
doi: 10.1158/1078-0432.CCR-12-1221.

12. Sucheston LE, Zhao H, Yao S, Zirpoli G, Liu S, Barlow 
WE, Moore HC, Thomas Budd G, Hershman DL, Davis 
W, Ciupak GL, Stewart JA, Isaacs C, et al. Genetic 
predictors of taxane-induced neurotoxicity in a SWOG 
phase III intergroup adjuvant breast cancer treatment trial 
(S0221). Breast Cancer Res Treat. 2011; 130: 993-1002. 
doi: 10.1007/s10549-011-1671-3.

13. Abraham JE, Guo Q, Dorling L, Tyrer J, Ingle S, Hardy R, 
Vallier AL, Hiller L, Burns R, Jones L, Bowden SJ, Dunn 
JA, Poole CJ, et al. Replication of genetic polymorphisms 
reported to be associated with taxane-related sensory 
neuropathy in patients with early breast cancer treated 
with Paclitaxel. Clin Cancer Res. 2014; 20: 2466-75. doi: 
10.1158/1078-0432.CCR-13-3232.

14. Apellaniz-Ruiz M, Lee MY, Sanchez-Barroso L, Gutierrez-
Gutierrez G, Calvo I, Garcia-Estevez L, Sereno M, Garcia-
Donas J, Castelo B, Guerra E, Leandro-Garcia LJ, Cascon 
A, Johansson I, et al. Whole-exome sequencing reveals 
defective CYP3A4 variants predictive of paclitaxel dose-
limiting neuropathy. Clin Cancer Res. 2015; 21: 322-8. doi: 
10.1158/1078-0432.CCR-14-1758.

15. Boso V, Herrero MJ, Santaballa A, Palomar L, Megias 
JE, de la Cueva H, Rojas L, Marques MR, Poveda JL, 
Montalar J, Alino SF. SNPs and taxane toxicity in breast 
cancer patients. Pharmacogenomics. 2014; 15: 1845-58. 
doi: 10.2217/pgs.14.127.

16. Nelson MR, Wegmann D, Ehm MG, Kessner D, St Jean P, 
Verzilli C, Shen J, Tang Z, Bacanu SA, Fraser D, Warren 
L, Aponte J, Zawistowski M, et al. An abundance of rare 
functional variants in 202 drug target genes sequenced in 
14,002 people. Science. 2012; 337: 100-4. doi: 10.1126/
science.1217876.

17. Tennessen JA, Bigham AW, O’Connor TD, Fu W, Kenny 
EE, Gravel S, McGee S, Do R, Liu X, Jun G, Kang 
HM, Jordan D, Leal SM, et al. Evolution and functional 
impact of rare coding variation from deep sequencing of 
human exomes. Science. 2012; 337: 64-9. doi: 10.1126/
science.1219240.

18. Martino MA, Miller E, Grendys EC, Jr. The administration 
of chemotherapy in a patient with Charcot-Marie-Tooth 
and ovarian cancer. Gynecol Oncol. 2005; 97: 710-2. doi: 
10.1016/j.ygyno.2005.01.017.

19. Mathis S, Goizet C, Tazir M, Magdelaine C, Lia A-S, Magy 
L, Vallat J-M. Charcot–Marie–Tooth diseases: an update 
and some new proposals for the classification. Journal 
of Medical Genetics. 2015; 52: 681-90. doi: 10.1136/



Oncotarget82253www.impactjournals.com/oncotarget

jmedgenet-2015-103272.
20. Bird TD. (1993). Charcot-Marie-Tooth Neuropathy Type 

4. In: Pagon RA, Adam MP, Ardinger HH, Wallace SE, 
Amemiya A, Bean LJH, Bird TD, Fong CT, Mefford HC, 
Smith RJH and Stephens K, eds. GeneReviews(R). (Seattle 
(WA).

21. Miller K, O’Neill AM, Dang CT, Northfelt DW, Gradishar 
WJ, Goldstein LJ, Mayer IA, Brufsky A, Bloom SH, 
Sparano JA, Tevaarwerk A, Fox KR, Hendricks C, 
et al. Bevacizumab (Bv) in the adjuvant treatment of 
HER2-negative breast cancer: Final results from Eastern 
Cooperative Oncology Group E5103. Journal of Clinical 
Oncology, 2014 ASCO Annual Meeting Abstracts. 2014; 
32. doi: 

22. Shavers-Hornaday VL, Lynch CF, Burmeister LF, 
Torner JC. Why are African Americans under-
represented in medical research studies? Impediments 
to participation. Ethn Health. 1997; 2: 31-45. doi: 
10.1080/13557858.1997.9961813.

23. Svensson CK. Representation of American blacks in clinical 
trials of new drugs. JAMA. 1989; 261: 263-5. doi: 

24. Hershman DL, Weimer LH, Wang A, Kranwinkel G, 
Brafman L, Fuentes D, Awad D, Crew KD. Association 
between patient reported outcomes and quantitative sensory 
tests for measuring long-term neurotoxicity in breast cancer 
survivors treated with adjuvant paclitaxel chemotherapy. 
Breast Cancer Res Treat. 2011; 125: 767-74. doi: 10.1007/
s10549-010-1278-0.

25. Smith ML, Railey E, White CB, B.P. S. Discerning clinical 
relevance of biomarkers in early stage breast cancer. San 
Antonio Breast Cancer Symposium. 2013: Abstr P6-08-5. 
doi: 

26. Schneider BP, Li L, Shen F, Miller KD, Radovich M, 
O’Neill A, Gray RJ, Lane D, Flockhart DA, Jiang G, 
Wang Z, Lai D, Koller D, et al. Genetic variant predicts 
bevacizumab-induced hypertension in ECOG-5103 and 
ECOG-2100. Br J Cancer. 2014; 111: 1241-8. doi: 10.1038/
bjc.2014.430.

27. Wang JC, Foroud T, Hinrichs AL, Le NX, Bertelsen S, 
Budde JP, Harari O, Koller DL, Wetherill L, Agrawal A, 
Almasy L, Brooks AI, Bucholz K, et al. A genome-wide 
association study of alcohol-dependence symptom counts 
in extended pedigrees identifies C15orf53. Mol Psychiatry. 
2013; 18: 1218-24. doi: 10.1038/mp.2012.143.

28. Ng PC, Henikoff S. Predicting deleterious amino acid 
substitutions. Genome Res. 2001; 11: 863-74. doi: 10.1101/
gr.176601.

29. Adzhubei IA, Schmidt S, Peshkin L, Ramensky VE, 
Gerasimova A, Bork P, Kondrashov AS, Sunyaev SR. 
A method and server for predicting damaging missense 
mutations. Nat Methods. 2010; 7: 248-9. doi: 10.1038/
nmeth0410-248.

30. Kircher M, Witten DM, Jain P, O’Roak BJ, Cooper GM, 
Shendure J. A general framework for estimating the relative 
pathogenicity of human genetic variants. Nat Genet. 2014; 
46: 310-5. doi: 10.1038/ng.2892.

31. Biswas S, Scheinfeldt LB, Akey JM. Genome-wide insights 
into the patterns and determinants of fine-scale population 
structure in humans. Am J Hum Genet. 2009; 84: 641-50. 
doi: 10.1016/j.ajhg.2009.04.015.


