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Abstract

Purpose: Paclitaxel is a widely used anti-cancer therapeutic. Peripheral neuropathy is the dose-

limiting toxicity and negatively impacts quality of life. Rare germline gene markers were evaluated 

for predicting severe taxane induced peripheral neuropathy (TIPN) in the patients of European 

ancestry. In addition, the impact of Cytochrome P450 (CYP) 2C8, CYP3A4, and CYP3A5 
metabolizer status on likelihood of severe TIPN was also assessed.

Experimental design: Whole exome sequencing (WES) analyses were performed in 340 

patients of European ancestry who received a standard dose and schedule of paclitaxel in 

the adjuvant, randomized phase III breast cancer trial, E5103. Patients who experienced grade 

3-4 (n=168) TIPN were compared to controls (n=172) who did not experience TIPN. For the 

analyses, rare variants with a minor allele frequency ≤3% and predicted to be deleterious by 

protein prediction programs were retained. 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 severe TIPN. CYP star alleles for CYP2C8, CYP3A4, and CYP3A5 were called. 

An additive logistic regression model was performed to test the association of CYP2C8, CYP3A4, 
and CYP3A5 metabolizer status with severe TIPN.

Results: Cytochrome P450 oxidoreductase, POR, was significantly associated with severe TIPN 

(p-value=1.8 ×10−6). Six variants were predicted to be deleterious in POR. There were no 

associations between CYP2C8, CYP3A4 or CYP3A5 metabolizer status with severe TIPN.
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Conclusion: Rare variants in POR, predict an increased risk of severe TIPN in patients of 

European ancestry who receive paclitaxel.
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INTRODUCTION

Paclitaxel is a standard therapeutic used to improve outcomes for patients with early 

and metastatic breast cancer.1,2 However, taxane-induced peripheral neuropathy (TIPN) is 

a common, and occasionally dose-limiting neurotoxic side-effect that impacts long-term 

quality of life.3 TIPN can be severe and irreversible and has been designated as one of the 

most important cancer survivorship issues by the American Society of Clinical Oncology.4,5 

The mechanisms of TIPN are not fully understood and there are no highly effective agents to 

prevent or treat this toxicity.6,7

We and others have previously investigated the association of germline genetic variants with 

TIPN to uncover potential predictive genetic markers with variable findings.8-12 These prior 

studies largely focused on the impact of common genetic variants, most commonly with 

minor allele frequency (MAF) greater than 3%. Rare variants, however, are more likely to 

associate with phenotypes of larger effect size and/or severity; serving as the rationale for 

this approach.13

In addition, germline variability in genes encoding the drug metabolizing enzymes are 

known to impact disposition of substrate drugs. Unfortunately, variability in the CYP450 

system is complex and not readily interpretable from comprehensive approaches, such as 

GWAS. Paclitaxel is predominantly metabolized by CYP3A4, CYP3A5, and CYP2C814,15 

and genetic variability of CYP2C8 impacts the pharmacokinetics.16. Prior studies have 

revealed an association of CYP2C8, CYP3A4, CYP3A5 polymorphisms with the risk of 

TIPN,17-19serving as the rationale for this analysis.

METHODS

Severe TIPN cases and controls from ECOG-ACRIN E5103

E5103 was a phase III adjuvant breast cancer trial that randomized 4,994 patients with 

node-positive or high-risk node-negative breast cancer to intravenous doxorubicin and 

cyclophosphamide every 2 or 3 weeks (at the discretion of the treating physician) for four 

cycles followed by 12 weeks of weekly paclitaxel (80 mg/m2) alone (Arm A), or to the same 

chemotherapy with either concurrent bevacizumab (Arm B) or concurrent plus sequential 

bevacizumab (Arm C).20

Severe TIPN cases were defined as grade 3-4 TIPN (n=181) by the Common Toxicity 

Criteria Adverse Events (CTCAE) version 3.0. Cases included patients that received at least 

one dose of paclitaxel and experienced a neuropathy event during treatment or within 3 

months of the last dose of therapy. Controls 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 
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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) excluded, as previously described (Figure 1).

Genome-wide genotyping, whole-exome sequencing, and TaqMan™ assay

Germline DNA from whole blood and companion clinical data were available from 3,394 

patients, including 2,473 patients who were genetically determined to be of European 

ancestry (Figure 1). Genome-wide genotyping and WES were performed as previously 

described.8,21 Briefly, genome-wide SNP arrays (either Illumina HumanOmni1-Quad or 

Human OmniExpress) were performed. A principal component analysis (PCA) was 

performed using Eigenstrat and reference data from 11 HapMap phase III populations. 

Clusters were identified using the first two eigenvectors computed using common SNPs 

from these two arrays. Samples that clustered with those of European ancestry were used 

in subsequent analyses. For whole-exome sequencing, DNA concentrations were determined 

by fluorometry (Qubit, Life Technologies, Eugene, USA). Exomes were enriched from 

50-100 ng of genomic DNA using the AmpliSeq™ Exome RDY kit. Library preparation 

included adaptor and barcode attachment, as well as magnetic bead-based cleanups. 

Libraries were quantified by qPCR before sequencing. Typically, sequencing runs generated 

50-90 million 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. Variants with 

missing rates > 20% were filtered out of the dataset. Samples with missing rates > 30% 

were excluded. ANNOVAR (http://annovar.openbioinformatics.org/) was used to annotate 

chromosome location, functional consequences and allele frequencies on public datasets of 

each variant. To focus on rare variants, those with MAF ≤ 3% in EA population in ESP 

6500 (http://evs.gs.washington.edu/EVS/), 1000G (http://www.1000genomes.org/) or ExAc 

(http://exac.broadinstitute.org/) were considered. 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, 2). POLYPHEN2, or 3). CADD (with a score ≥20), as previously 

described TaqMan™ assays were performed as previously described.22

CYP star allele calling

The ALDY v3.3 tool 23 was used to extract CYP star alleles for CYP2C8 and CYP3A4*2 
from the WES BAM files. Samples with no star-defining variants were considered *1’s 

for each of the CYP genes, CYP3A4 and CYP3A5*1. The two intronic star alleles, 

CYP3A5*3 and CYP3A4*22, were obtained from genome-wide genotyping and TaqMan™ 

assay, respectively.

CYP2C8, CYP3A4, and CYP3A5 metabolizer status

The metabolizer status of CYP2C8, CYP3A4, and CYP3A5 for each individual was 

predicted based on the functional classification of the alleles they carried (Table 1).24,25 

Patients who inherited two functional copies of the CYP2C8, CYP3A4, or CYP3A5 genes 

were classified as “normal metabolizers” for the respective enzyme. Patients who carried 
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either one or two copies of a reduced-function variant were classified as “intermediate 

metabolizers” or “poor metabolizers,” respectively.

Statistical analysis

For the rare variant approach, a gene-based case-control analysis (SKAT; http://

www.hsph.harvard.edu/skat/) was performed to identify genes associated with a risk of 

severe TIPN. We followed the manual of SKAT package (https://cran.r-project.org/web/

packages/SKAT/) by including a covariates matrix in the SKAT_Null_Model, with 

covariates selected from the stepwise logistic regression. Study arm, body surface area 

(BSA), and age were considered as covariates in this analysis. Samples were sequenced 

separately; therefore, a batch indicator was also included to adjust potential effect of 

different experiments. The stepwise logistic regression was used, and 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 (6.9 

× 10−6) for the SKAT analysis was determined by correcting for the number of genes tested 

using Bonferroni correction. 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. For assessment of metabolizer status (CYP2C8, CYP3A4, and CYP3A5) with TIPN, an 

additive logistic regression model was performed with age, BSA, treatment arm, and batch 

as covariates, as previously described

Study approval

This study involves secondary research of coded biological samples and clinical data 

for which patient consent was not required. It was determined exempt from Institutional 

Review Board (IRB) review as described in 45CFR 46.104 from the Indiana University IRB 

(application# 1311859668).

Data availability

Raw sequence data and unidentified TIPN clinical data can be accessed at dbGaP 

(accession number phs003201.v1. p1 https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/

study.cgi?study_id=phs003201.v1.p1).

RESULTS

Rates of severe TIPN and significant covariates

In the parent trial E5103, 8-9% patients (depending on treatment arm) experienced severe 

TIPN.20 For the subset of 3,169 patients who had analyzable genetic data, the risk of 

severe TIPN was 9.6 %.8 Within the previously genotyped patients of European ancestry 

(N=2,473), 7.3% experienced severe TIPN (Figure 1). In the current study, we evaluated 

covariates for this sub-population of patients of European ancestry that underwent WES. 

Older age (OR=2.2 for decade years; p=9.0 × 10−8), increased BSA (OR= 12.7; p=2.2 × 

10−4), and study arm (for arm B vs arm A, OR=0.11; p=7.2×10−6; for arm C vs arm A, OR= 

0.23; p= 2.7×10−3) were found to be significant risk factors for severe TIPN and appropriate 

corrections were made (Supplemental table 1).
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Top associations for whole-exome sequencing in E5103

A total of 340 samples (168 with severe TIPN and 172 controls) passed sequencing quality 

control and were evaluable for further analysis (Figure 1). In total, 414,951 variants were 

identified. After removing variants with a missing rate > 20% and those which were 

monomorphic, 258,957 variants were used for annotation by ANNOVAR. 31,699 rare 

variants predicted to be deleterious were considered for gene-based analyses. Gene-based 

analysis also required at least two variants to be retained in a given gene for that gene to be 

included. 7,278 genes were represented by two or more variants, thus setting the threshold 

for significance at p-value < 6.9 x10−6. The results of the gene-based association analyses 

are shown in Table 2 and Figure 2. Nine genes had a p-value < 10−3 and the top association 

was with cytochrome P450 oxidoreductase (POR); (p-value=1.8 × 10−6). Six mutations were 

predicted to be deleterious in POR (Figure 3 and Table 3).

Association with CYP2C8, CYP3A4, and CYP3A5 metabolizer status

Star alleles were successfully identified from 327, 332, and 340 samples for CYP2C8, 
CYP3A4, and CYP3A5, respectively (Table 1). Seven diplotypes for CYP2C8, four for 

CYP3A4, and three for CYP3A5 were identified separately. Of note, the CYP2C8*3 allele is 

mapped to both rs11572080 and rs10509681, which are in complete linkage disequilibrium. 

The genotype frequency and the major/minor allele frequencies of CYP2C8, CYP3A4, and 

CYP3A5 in this study sample set of European ancestry are shown in Supplemental Table 2. 

There was no association between CYP2C8, CYP3A4, or CYP3A5 metabolizer status and 

severe TIPN.

DISCUSSION

TIPN is a commonly experienced toxicity for cancer patients receiving paclitaxel.26,27 

TIPN can impact dose intensity which can subsequently compromise treatment efficacy 

and profoundly affect quality life. Currently, effective therapies for TIPN are not available. 

Previously, we and others have used GWAS to investigate common genetic variants for 

predicting TIPN.8 Herein, we applied WES to evaluate the effect of rare, deleterious coding 

variants across the genome and the impact of CYP2C8 and CYP3A4/5 metabolizer status on 

risk of severe TIPN.

Prior work has largely focused on the impact of common germline variants and variants 

in genes that impact metabolism of paclitaxel. Paclitaxel is metabolized by CYP2C8 and 

CYP3A4 enzymes.14 Prior studies have been conflicting, with some reporting an association 

between CYP2C8, CYP3A4, and CYP3A5 metabolizer status and TIPN, 19,28,29 while 

others finding no association.30,31

Using a gene-based approach for our rare variant analysis, we identified a significant 

association between those with deleterious mutations in POR and severe TIPN. POR, 

located on chromosome 7q11.2, encodes for cytochrome P450 oxidoreductase. This enzyme 

is required to transfer electrons from NADPH to other cytochrome p450 family members, 

which is essential for the catalytic activation.32 While we didn’t find genetically altered 
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CYP2C8, CYP3A5 or CYP3A4 to be associated with TIPN, their activity may have been 

impacted by a suboptimal functioning POR instead.33

Previously, we reported a significant association of SET binding factor 2 (SBF2) with severe 

TIPN in patients of African descent using a similar approach. We further demonstrated that 

decreasing SBF2 expression exacerbated the effect of paclitaxel on the sensory neurons in an 

ex vivo model, providing mechanistic support for this finding.34 In the current study focused 

on patients of European descent, however, SBF2 was excluded from the analysis as only 

one variant was detected.21 These results demonstrate that genetic associations can differ 

based on the population evaluated. In addition, it highlights the need for work to unravel the 

mechanistic underpinning for POR.

A major strength of this study is that it was conducted in a large, randomized, phase 

III breast cancer clinical trial with rigorous data collection and the delivery of a uniform 

dose and schedule of paclitaxel. Whole-exome analyses performed in this study allowed 

for a comprehensive and unbiased evaluation of rare coding variants to discover the most 

impactful genes associated with severe TIPN. Some limitations include the inability to 

detect potentially important variants in the non-coding region of the genome and the drop-

out of genes represented by less than two variants. Despite the analysis from a large clinical 

trial, the correlative association study was unplanned and relatively underpowered. We also 

acknowledge that validation and/or mechanistic studies are necessary before these identified 

variants and genes can be developed for TIPN predictive biomarkers and target therapy.

The discordance and variable findings across dataset in discovering TIPN genetic predictors 

require careful consideration. Reasons for the lack of cross-validation are likely multi-

factorial. One clear reason is the relatively small sample size for each of these studies. 

Others include the lack of unified drug exposure and schedule, differences in phenotype 

definitions, and variable search space for candidate variants, among others. While all 

prior and current findings may represent false positive associations, given the strength 

of statistical significance, and in some cases strong biological plausibility, this seems 

unlikely. Rather, a more likely explanation is that TIPN is a biologically complex pathology 

impacted by number host-specific factors (e.g. obesity, diabetes, age) and regulated by a 

number of genes making reproducibility in underpowered datasets difficult. This is even 

more complicated when considering metabolizer status as it can also be influenced by 

concurrent medications 35,36 which are often not accounted for. As outlined above, we 

previously demonstrated African ancestry to be associated with increased risk of TIPN and 

the predictors were unique to patients of African descent despite the same dataset. The 

discordance here may be a function of different frequencies of key variants, differences in 

host-gene interactions, or nuanced differences in the mechanism of causation. The impact 

of germline variation on TIPN in Black breast cancer patients is currently being studied in 

the NCI-Cooperative group trial, EAZ171 which hopes to provide prospective validation for 

these germline predictors.

The discovery of predictive genetic markers for severe TIPN has major potential clinical 

consequences, including the immediate application of optimal patient counseling and 

monitoring. Perhaps equally important, genetic associations may lend insight to the 
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underlying biological mechanism for this toxicity and lead to targets for development of 

therapies designed to either prevent or treat TIPN.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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STATEMENT OF CLINICAL RELEVANCE

The taxanes are commonly employed chemotherapeutic agents for a variety of 

malignancies. The most common and clinically relevant toxicity is peripheral neuropathy 

(TIPN). However, there are no clinically available biomarkers for predicting TIPN. We 

have previously reported common germline variants associated with TIPN in the adjuvant 

breast cancer trial, ECOG-ACRIN E5103. Herein, we used whole exome sequencing 

(WES) to comprehensively evaluate the impact of rare, deleterious coding variants across 

the genome. Cytochrome P450 oxidoreductase (POR) was significantly associated with 

an increased risk of TIPN. This work provides the immediate translational potential of 

improving personalized counseling and monitoring for onset of TIPN and ultimately may 

lend insight to underlying biological mechanisms.
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Figure 1. 
Consort diagram
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Figure 2. 
Manhattan plot for grade 3/4 TIPN from patients of European ancestry in E5103. 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 solid red line indicates the exome-wide significance threshold.
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Figure 3. 
Comprehensive representation of the six rare variants detected in the cases from patients of 

European Ancestry 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 & direction 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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Table 1.

Diplotype and metabolizer status for CYP2C8, CYP3A4, and CYP3A5

Diplotype N Frequency (%) Predicted metabolizer status

CYP2C8 *1/*1 227 68.4 Normal

*1/*2 1 0.3 Intermediate

*1/*3 63 19.0 Intermediate

*1/*4 28 8.4 Intermediate

*3/*3 6 1.8 Poor

*3/*4 4 1.2 Poor

*4/*4 3 0.9 Poor

Total 332 100

CYP3A4 *1/*1 297 90.8 Normal

*1/*2 1 0.3 Intermediate

*1/*22 28 8.7 Intermediate

*22/*22 1 0.3 Poor

Total 327 100

CYP3A5 *1/*1 2 0.6 Normal

*1/*3 48 14.1 Intermediate

*3/*3 290 85.3 Poor

Total 340 100
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Table 2.

Top genes associated with the risk of grade 3/4 TIPN

Gene P-value

POR 1.82E-06

TTI1 0.000237

FMO4 0.000431

TBC1D21 0.000577

HCFC1 0.000599

NOS3 0.000742

CEACAM5 0.000751

FREM1 0.000851

EPHA10 0.000947
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Table 3.

Counts of POR rare deleterious variants and variant carriers in treatment arm

Variant
Grade 3/4TIPN 

Treatment arm
Cases Controls

rs17853284 0 2 C

rs121912974 1 0 B

rs11540674 1 0 C

rs562241770 1 0 B

rs782551496 1 0 B

rs782473648 0 1 A
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