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Abstract

Background—Chemotherapy-induced peripheral neuropathy (CIPN) is a common toxicity
secondary to chemotherapy. Genetic factors may be important in predisposing patients to this
adverse effect.

Patients and Methods—We studied 950 primary lung cancer patients, who received platinum
or platinum-combination drug chemotherapy and who had DNA available for study. We analyzed
epidemiological risk factors in 279 CIPN patients and 456 non-CIPN patients and genetic risk
factors in 141 CIPN patients and 259 non-CIPN patients. The risk factors studied included
demographic, diagnostic, and treatment data, as well as 174 tag SNPs (single nucleotide
polymorphisms) across 43 candidate genes in the glutathione, cell cycle, DNA repair, cell
signaling, and apoptosis pathways.

Results—Patients who had diabetes mellitus were more likely to have CIPN (p=0.0002). Other
epidemiologic risk factors associated with CIPN included number of cycles (p=0.0004) and type
of concurrent chemotherapy (p<0.001) . SNPs most associated with CIPN were in glutathione
peroxidase 7 (GPX7) gene (p values 0.0015 and 0.0028, unadjusted and adjusted) and in ATP-
binding cassette sub-family C member 4 (ABCC4) gene (p values 0.037 and 0.006, unadjusted and
adjusted). We also found other suggestive associations in methyl-o-guanine-methyl-transferase
(MGMT) and glutathione-S-transferase (GST) isoforms.

Conclusions—Epidemiological and genetic risk factors associated with CIPN in this cohort,
included the type of chemotherapy drug, intensity of chemotherapy treatment, and genes known to
be associated with chemotherapy resistance. These findings suggest that differentiating between
cytotoxic and neurotoxic mechanisms of chemotherapy drugs is challenging but represents an
important step toward individualized therapy and improving quality of life for patients.
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Introduction

Combination chemotherapy with a platinum drug or a platinum drug combined with a taxane
is used for many types of cancer including ovarian, testicular, lung, breast, and colorectal [1,
2]. Chemotherapy-induced peripheral neuropathy (CIPN) is a common toxicity associated
with this treatment [3]. It is typically a sensory neuropathy that may necessitate dose
reduction and lead to impaired quality of life [3-5]. Treatment and preventive strategies have
had limited success [6-10]. CIPN is the major dose limiting toxicity for this common
chemotherapy regime. The mechanism underlying neurotoxicity is not understood.
Apoptosis of primary sensory dorsal root ganglion (DRG) neurons due to formation of
platinum adducts in nuclear and mitochondrial DNA is a central mechanism in rodent
models [11-19]. This results in mitochondrial dysfunction and disruption in cell cycle [14,
15, 19]. Thus the mechanisms of neurotoxicity and cancer cytotoxicity have many
similarities and separating the beneficial cytotoxic effect from the neurotoxic effect may be
difficult.

A different approach to preventing neurotoxicity may result from understanding why some
patients develop CIPN, while others do not. This can be approached from an
epidemiological and genetic perspective. A large study using Medicare insurance records
identified that the number of cycles of chemotherapy, patient age and cumulative drug dose,
were associated with the risk of developing CIPN [2, 20-22]. Genetic risk factors have been
associated with polymorphisms in glutathione-S-transferase (GST) gene family isoforms [2,
20-22], especially GSTP-1 [2, 20-22] signaling pathways, metal transporters, growth factors,
and DNA repair genes [2] [11, 23-27].

We now report both an epidemiological and multi-gene association study in a cohort of 950
primary lung cancer patients who received platinum and platinum-taxane chemotherapy.
Medical records were available for identifying demographic and epidemiologic data for all
of these patients. DNA samples were available for the genetic study. We used a candidate
pathway-based approach because it is a hypothesis driven approach to the use of single
nucleotide polymorphism data. This contrasts with genome-wide association studies
(GWAS) that may identify polymorphisms in genes not mechanistically known to be
associated with metabolism of the specific drug but also identify many more false-positive
associations. The genes and pathways chosen were based on their known involvement with
metabolism that focuses on glutathione, cell cycle, cell signaling, apoptosis, and DNA repair
pathways, all of which have been implicated in animal model studies of CIPN [2, 11, 23-27].
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Methods and Materials

Patient Cohort and Inclusion Criteria

Patients included in this study were chosen from a previously described, larger cohort of
primary lung cancer patients [28-32]. Patients had a diagnosis of primary lung cancer in the
electronic medical record system and were seen at Mayo Clinic between 1997 and 2006.
Patients who were treated with at least one dose of platinum chemotherapy were included. A
Mayo Clinic chest pathologist verified lung cancer diagnoses. All patients consented to
participate in the study and to have their medical record information reviewed by our study
team. 950 patients met the inclusion criteria for the study (Table 1).

Data Abstraction

Trained study personnel abstracted the data. Demographic and comorbidity data were
abstracted from medical records, the social security death index, and annual follow-up
questionnaires. Diagnostic data, treatment data, and CIPN status were abstracted from Mayo
Clinic medical records and/or outside medical records. Demographic data included age,
gender, ethnicity, and performance score status. Treatment data included type of platinum
drug, type of other chemotherapy drugs, number of cycles, and response to treatment.
Diagnostic data included type, stage, and grade of lung cancer. All data were entered and
maintained in our secure SAS-DMS database (SAS Institute Inc., Cary, NC)

Identification of peripheral neuropathy

For this study CIPN was defined as distal symmetrical sensory symptoms or signs in a
stocking or glove and stocking distribution. Patients were determined to have CIPN if their
medical record mentioned paresthesia and/or peripheral neuropathy as a toxicity using the
U.S. National Cancer Institute Common Terminology Criteria for Adverse Events (CTCAE)
[33]. This defines CIPN as a disorder characterized by functional disturbances of sensory
neurons resulting in abnormal cutaneous sensations of tingling, numbness, pressure, cold,
and warmth that are experienced in the absence of a stimulus. CIPN must have been noted
by a medical professional (M.D., R.N., or P.A.) in direct care of the patient. Neuropathy
symptoms must not have been noted before starting chemotherapy nor have been first noted
later than six months after the last dose of chemotherapy. If neurological symptoms were not
typical for a primary sensory neuropathy the study neurologists re-reviewed the patient’s
medical record and determined eligibility. All CIPN negative patients had to have toxicity
data available throughout their chemotherapy and at least 6 months follow-up. Patients with
unknown CIPN status were defined as those who had neuropathic symptoms prior to
chemotherapy, those who had unusual symptoms and/or distribution of symptoms or had
neuropathy first noted more than six months after the last dose of platinum chemotherapy.
Other neurologic diseases included the presence of CNS metastases or any pre-existing
neurologic disorder such as stroke.

Patients with diabetes, with or without neuropathy were excluded from the genetic
association study but were included in the epidemiological analysis to determine whether
diabetes was a risk factor for development of neuropathy.
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Epidemiological Study and Statistical Analyses

Patients were stratified into four comorbidity groups: patients with central nervous system
(CNS) metastases, patients with diabetes mellitus (DM), patients with any other neurological
disease (e.g. stroke) and patients who had none of these comorbidities. The number and
percentage of patients with and without CIPN in each group were noted, and odds ratios,
95% confidence intervals, and p values were calculated for each of these groups after
comparison with the no comorbidities group (reference group).

Patients with CIPN and with no comorbidities (N=157) were then compared with patients
without CIPN and with no comorbidities (N=292) for common demographic, diagnostic, and
treatment risk factors. We performed a secondary analysis on the larger group of patients
(N=279 with CIPN and N=456 without CIPN) which included patients with comorbidities
but excluded those with unknown CIPN status (figure 1). These demographic, diagnostic,
and treatment data were analyzed as appropriate using Pearson's chi squared or Fisher's
exact tests for categorical variables, and unpaired t tests for quantitative variables. The
magnitudes of differences between study groups were summarized using odds ratios and
95% confidence intervals. All analyses were performed on JMP 9.0 and SAS 9.3 (SAS
Institute Inc., Cary, N.C., U.S.A)).

Genetic Pathway Based Association Study

For the genetic association study, only CIPN positive (N=141) and CIPN negative (N=259)
patients who had no major comorbidities (i.e. diabetes mellitus, any neurological disease,
CNS metastases) and who were of Caucasian/European ancestry were included to limit
confounding prognostic factors and population stratification (figure 1.).

Patients were genotyped by the Mayo Clinic Genotyping Core facility using an lllumina
GoldenGate SNP array on peripheral blood DNA. A total of 174 SNPs were analyzed after
passing quality control. The 174 SNPs were within 43 genes in 5 major pathways:
glutathione, DNA repair, cell cycle, apoptosis, and cell signaling/metabolic. See
Supplementary Table A for the SNPs genotyped and analyzed. Both univariate and
multivariate analyses were performed within Plink 1.07 (Harvard University, Cambridge,
MA, U.S.A.) and SAS 9.3 (SAS Institute Inc., Cary, NC, U.S.A.) [34]. In univariate
analyses, additive models were utilized for the primary assessment of each SNP using
Fisher's exact tests. Odds ratio (OR) and 95% confidence interval (Cl) were also calculated
via allelic tests. To correct for multiple comparisons, Q values were calculated with the false
discovery rate (FDR) set at 20%. In multivariate analyses, logistic regression models were
utilized with a weighted propensity score method to control for confounding effects of
known clinical outcome predictors. The patient-specific variables used to construct the
propensity scores include age at platinum chemotherapy, gender, and smoking status; cell
type, grade, and stage of lung cancer; dose and type of platinum drug and surgical resection.
Additional covariates adjusted in the models include having radiation therapy or not, total
number of cycles of platinum chemotherapy, and whether receiving a taxane or not. As a
step of verification, candidate genes with significant SNPs were further analyzed by
haplotype.
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Results

Epidemiological Study

Of the 950 patients included in this cohort, a total of 279 patients had CIPN, 456 patients did
not have CIPN, and 215 patients had unknown CIPN status (figure 1). Table 2 shows the p
values and odds ratios of CIPN in each group compared to the reference group with no
comorbidities. Patients who had diabetes mellitus were more than twice as likely to have
CIPN [p=0.0002, OR=2.41 (1.51-3.86)]. Neither the CNS metastases nor neurological
disease groups were significantly associated with the likelihood of developing CIPN.
Similar results were found in the secondary analysis when the patients with comorbidities
were compared (data not shown).

Primary and secondary analyses of the demographic information demonstrated no
significant differences in age at cancer diagnosis, age at chemotherapy or gender associated
with the development of CIPN in the no comorbidities group or in the whole cohort
(Supplement table E). There were also no significant differences in the risk of developing
CIPN in either the primary (with no co-morbidities) or secondary (with co-morbidities)
analyses related to tumor type, stage, grade or response to chemotherapy (Supplement table
F).

Treatment risk factors associated with CIPN included whether or not the patient received a
taxane drug with platinum [p<0.001, OR=2.71 (1.58-4.64)]. Thus patients treated with a
platinum drug and a taxane were more than twice as likely to develop CIPN as those treated
with only a platinum drug. The number of cycles of chemotherapy was also associated with
increased risk for CIPN. In the primary analysis, patients with CIPN had received on
average 5.7 (SD 2.8) cycles compared to 5.0 (SD 3.1) cycles for those without CIPN. When
the patients with comorbidities were added in (secondary analysis) this effect became
greater. Patients with CIPN received 5.6 (SD 2.8) cycles compared to 4.7 (SD 2.9) cycles for
those without CIPN (p=.0004). Patients receiving concurrent radiation therapy were less
likely to develop CIPN [p<0.001, OR=0.33 (0.20-0.53)]. These risk factors were apparent
both in the stratified as well as the whole cohort. No other treatment factors were found to
be associated with CIPN in this cohort.

Genetic Association Study: SNP Analyses

Sixteen CIPN and 33 no CIPN patients were excluded from the genetic analyses due to
technically inadequate SNP data or non-Caucasian/European ancestry (n=13). A total of 141
patients with CIPN and 259 without CIPN were analyzed for the genetic association study
(figure 1). Several SNPs showed associations with the development of CIPN during
platinum or platinum-taxane chemotherapy.. The most significant SNPs from this study (i.e.
SNPs with either adjusted or unadjusted p values <0.10) are summarized in Table 3, and a
summary of all SNPs analyzed are shown in Supplementary Tables B and C. The most
significant SNP, rs3753753, was within the GPX7 gene [univariate p value of 0.0015 and
multivariate p value of 0.0028, adjusted OR=1.70 (1.20-2.40)]. This SNP was study-wide
significant (g=0.155) during univariate analysis. SNP, rs1729786, within the ABCC4 gene
also showed association with CIPN status [p values: 0.038 unadjusted and 0.006 adjusted,
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adjusted OR: 0.630 (0.45-0.87)]. Other genes that showed modest association with CIPN
included GSTA4 (glutathione-S-transferase alpha 4), ABCC2 (ATP-Binding Cassette Sub-
Family C member 2), MGMT, XPC (Xeroderma pigmentosum, complementation group C),
MSH3 (MutS Homolog 3), RAD51, and RRMI (Ribonucleosidediphosphate reductase large
subunit).. For haplotype analyses, a total of 39 haplotypes were analyzed. The most
associated haplotype with CIPN was in GPX7, providing further evidence of association of
GPX7 with CIPN (Supplementary Table D).

Discussion

Peripheral neuropathy is the most common dose-limiting toxicity for many chemotherapy
agents. It occurs in 30-40% of patients treated with platinum and taxane drugs [3]. Using
data from IMS Health (Danbury, Connecticut) it has been calculated that between 390,470
and 465,441 patients develop CIPN each year with an annual cost of $2.39 — 2.73 billion
dollars. Multiple treatment approaches to protect against CIPN have failed [10]. An
alternative approach is to examine risk factors for an individual patient to develop
neuropathy and then incorporate that into their treatment planning. In this study we used
epidemiological and genetic factors to explore the feasibility of this approach

Patients who had diabetes mellitus were more likely to develop CIPN. It is important to note
that these patients did not have symptomatic neuropathy before treatment began. This
association has been previously suggested but not demonstrated. The association could be
due to existing asymptomatic diabetic neuropathy since up to 50% of diabetic patients may
have asymptomatic neuropathy [35]. From the practical perspective, oncologists and patients
with diabetes should be informed that they are more likely to develop symptomatic CIPN.

We confirmed the previously reported association between the number of chemotherapy
cycles [2] and risk of developing neuropathy. This apparent dose-response relationship
suggests that CIPN is not due to a single patient related factor but rather to an aggregation of
host factors that are common in the population. The observation that patients taking two
neurotoxic drugs, a platinum and a taxane drug, are at 2.7 times greater risk of developing
CIPN than patients on one drug further supports the proposal that all patients are at risk,
although it is not understood why the 40% who develop neuropathy are susceptible. The
observation that exposure to radiation appeared to be protective against CIPN is probably
artifactual, due to a confounding effect that patients receiving radiation are more likely to
get treated with etoposide (a rarely neurotoxic agent) instead of the highly neurotoxic
taxanes.

We also report several SNPs and genes associated with the development of CIPN. SNPs
with the strongest association with CIPN in this study were in GPX7 and ABCC4; MGMT
and GST family were less strongly associated. These genes have previously shown to be
associated with platinum resistance in cancer cells [21, 23, 30, 32, 36-41]. Therefore, genetic
factors playing a role in a cancer's response to platinum are also likely to influence the
development of CIPN. Although we did not find associations with previously reported
SNP's that have been associated with neuropathy, [42, 43] the ones identified here are in
closely related pathways. The GPX gene family is known to have an impact on
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mitochondrial function and reactive oxygen species production and scavenging [41] an
important potential mechanism for development of CIPN. Further, MGMT is a gene that
repairs guanine adducts in DNA after exposure to alkylating agents such as cisplatin [37].
Therefore, the repair capacity of DNA adducts is likely at least a contributing factor in the
development of CIPN.

Limitations of this study include sample size and limited number of genes and SNPs studied
(174 tagSNPs), presence of unknown confounders and biases, and the limited
generalizability due to the lack of non-Caucasian ethnic populations. In the future, studies
assessing other genetic risk factors for neuropathy (e.g. the more than 60 genes identified as
being associated with inherited neuropathies) may provide additional data for
individualizing treatment.

In conclusion, several epidemiological risk factors associated with the development of CIPN
were identified. The most important was diabetes mellitus. The identification of specific
polymorphisms associated with increased risk of developing CIPN should further encourage
genomic studies accompanied by careful phenotyping of patients. This approach has the
potential for developing individualized treatment regimens based on genomic testing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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950 primary lung cancer patients

sl e

279 CIPN 215 Unknown status 456 no CIPN
(excluded from all analyses)
157 CIPN 122 CIPN 292 no CIPN 164 no CIPN
(no co-morbidity) (with co-morbidity) (no co-morbidity) (with co-morbidity)
16 excluded because of 33 excluded because of
inadequate SNP’s (10) or inadequate SNP’s (26) or
Non-caucasian (6) Non-caucasian (7)
| 141 with CIPN used for SNP study | | 259 no CIPN used for SNP study |

Figure 1.
Flowchart of patient cohort, nested case control study. 157 patients with CIPN and no co-

morbidities * and 292 patients without CIPN and no co-morbidities* were used in the
primary analysis in the epidemiological study. The total group of 279 CIPN and 456 no
CIPN # were used in a secondary, confirmatory analysis. For the genetic study only the
patients who either definitely had (n=141) or did not have (n=259) CIPN and who had
usable SNP data were used.
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Table 1

Inclusion and Exclusion Criteria for Nested Case Control Study

Inclusion Criteria

Exclusion Criteria

primary lung cancer

1. Diagnosis of primary lung cancer 1. Toxicity data not available throughout and after all platinum

2. Seen at Mayo Clinic for primary lung cancer between 1997 and 2006 chemotherapy

3. Primary lung cancer pathology confirmed by Mayo Clinic pathologist | 2.CIPN developed greater than 6 months after last dose of platinum
4. Received at least one dose of platinum (Cisplatin, Carboplatin) for chemotherapy

5.Genotyped for SNPs on peripheral whole blood
6.Consented for use of medical records and study participation stocking and glove distribution, etc) and excluded by the

3.Unclear or uncommon CIPN Symptoms noted (i.e. not primarily
sensory neuropathy, significant motor deficit, not primarily

neurologists on our study team

J Neurol ci. Author manuscript; available in PMC 2016 February 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Johnson et al. Page 13

Table 2

Number (percent) of patients in each comorbidity category with regards to CIPN status.

Category CIPN N=279 No CIPN N=456 Unknown CIPN N=215 P value [Odds Ratio (95% Confidence Interval)]
No Comorbidities 157 (56.3) 292 (64.0) 142 (66.1) Reference Group

Diabetes Only 48 (17.2) 37 (8.1) 17 (7.9) 0.0002 [2.41 (1.51-3.86)]

CNS Mets Only 29 (10.4) 47 (10.3) 19 (8.8) 0.59 [1.15 (0.69-1.90)]

Neuro Disease Only 36 (12.9) 46 (10.1) 25 (11.6) 0.12 [1.46 (0.90-2.35)]

Multiple Categories 9 (3.2) 34 (7.5) 12 (5.6) Not done

Patients who had diabetes mellitus were more likely to have CIPN than not have CIPN (p<0.002). DM=diabetes mellitus as comorbidity.
Neuro=any neurological disease as comorbidity. CNS=had central nervous system metastases. Total patients in the whole cohort=950.
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Most significant SNPs in association study by univariate and multivariate analyses (p<0.10).

Page 14

SNP Gene Pathway P Value Additive  OR Unadjusted (95% CI) P Value Adjusted OR Adjusted (95% CI)
rs3753753 GPX7 Glutathione 0.0015* 1.59 (1.15-2.19) 0.0028 1.70 (1.20-2.40)
1s1729786 ABCC4  Glutathione 0.0377 0.68 (0.50-0.92) 0.0058 0.63 (0.45-0.87)
rs11016884 MGMT  DNA repair  0.0556 0.67 (0.49-0.93) 0.0104 0.64 (0.46-0.90)
rs2733537 XPC Glutathione  0.0534 1.43 (1.06-1.93) 0.0701 1.34 (0.98-1.85)
rs10764901 MGMT  DNA repair  0.0697 1.45 (1.05-2.00) 0.0582 1.39 (0.99-1.94)
rs3092981  RAD51  DNA repair  0.0726 8.67 (0.88-85.12) 0.0445 0.59 (0.35-0.99)
152268166 RRM1 DNA repair  0.0333 0.44 (0.20-0.98) 0.0539 0.44 (0.19-1.01)
1s26279 MSH3 DNA repair  0.1457 1.39 (1.01-1.92) 0.0467 1.39 (1.01-1.93)
rs3756980  GSTA4  Glutathione  0.0568 0.68 (0.45-1.01) 0.1069 0.69 (0.44-1.08)
1s12243174  MSH2 DNA repair  0.1696 1.37 (0.98-1.92) 0.0726 1.37 (0.97-1.93)
rs4715352 GSTA5  Glutathione  0.0937 1.37(0.98-1.93) 0.0846 1.38 (0.96-1.99)
rs1047635  GPX7  Glutathione 0.1869 1.31 (0.98-1.75) 0.0629 1.35 (0.98-1.84)
1s6492763 ABCC4  Glutathione  0.1599 1.30 (0.96-1.75) 0.0406 1.42 (1.02-1.98)
rs17189561 ABCC4  Glutathione 0.2852 0.70 (0.46-1.07) 0.0505 0.65 (0.42-1.00)
rs3136326  MSH6  DNA repair  0.2695 1.43 (0.93-2.18) 0.0933 1.46 (0.94-2.28)

*
=study-wide significant (q=0.1556) after false discovery rate set at <20%.
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