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An ERCC4 regulatory variant predicts grade-3 or -4 toxicities
in patients with advanced non-small cell lung cancer treated by
platinum-based therapy
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Platinum-based chemotherapy (PBC) in combination with the 3rd generation drugs is the first-line treatment for patients with
advanced non-small cell lung cancer (NSCLC); however, the efficacy is severely hampered by grade 3–4 toxicities. Nucleotide
excision repair (NER) pathway is the main mechanism of removing platinum-induced DNA adducts that contribute to the toxicity and outcome of PBC. We analyzed data from 710 Chinese NSCLC patients treated with PBC and assessed the associations
of 25 potentially functional single nucleotide polymorphisms (SNPs) in nine NER core genes with overall, gastrointestinal and
hematologic toxicities. Through a two-phase study, we found that ERCC4 rs1799798 was significantly associated with overall
and gastrointestinal toxicities [all patients: GA/AA vs. GG, odds ratio (OR)adj51.61 and 2.35, 95% confidence interval
(CI)51.11–2.33 and 1.25–4.41, and Padj50.012 and 0.008, respectively]. Our prediction model for the overall toxicity incorporating rs1799798 demonstrated a significant increase in the area under the curve (AUC) value, compared to that for clinical
factors only (all patients: AUC 5 0.61 vs. 0.59, 95% CI 5 0.57–0.65 vs. 0.55–0.63, P 5 0.010). Furthermore, the ERCC4
rs1799798 A allele was associated with lower ERCC4 mRNA expression levels according to the expression quantitative trait
loci (eQTL) analysis. Our study provided some new clue in future development of biomarkers for assessing toxicity and outcomes of platinum drugs in lung cancer treatment.

Introduction
Lung cancer is the leading cause of cancer mortality worldwide, with an estimation of 1.8 million new cases and 1.59

million deaths in 2012,1 of which non-small cell lung cancer
(NSCLC) represents approximately 85% of the total incident
cases.2 Over the past decade, platinum-based chemotherapy
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(PBC) has continued to be the standard care for patients
with advanced-stage NSCLC,3 with a modest response rate of
30–50% 4,5 and a 5-year survival of <15%.6
The anti-neoplastic effect of PBC is through the formation
of inter- or intra-strand DNA adducts that result in distortion and lesion of the DNA,7 which further activate apoptotic
pathways that lead to cell death.8 The cytotoxic proﬁle of
PBC may cause unpredictable and occasionally severe adverse
effects that impair the therapy adherence and quality of life
of the patients. Clinical studies have shown marked differences in the incidence and severity of toxicities among
patients treated with PBC.9,10 Therefore, it is urgent to identify predictive and prognostic markers for patients who
undergo PBC. Besides the established clinical-related risk factors for the toxicity, such as elderly age, poor performance
status and histologic stage, single nucleotide polymorphisms
(SNPs) in DNA repair pathways may also contribute to the
observed variation in response to PBC.11,12
An individual’s DNA repair capacity plays a vital role in
maintaining genomic stability by three major mechanisms:
nucleotide excision repair (NER), base excision repair and
mismatch repair. NER is mainly responsible for the repair of
platinum-DNA adducts, including all three types of DNA
intrastrand crosslinks (1,2-d(ApG), 1,2-d(GpG), and 1,3d(GpNpG)).11 NER uses a cut-and-paste method in a sequential order involving the collaborative functions of 20–30 proteins.13 The binding of the XPC/HHR23B complex to the
entire repair protein apparatus signiﬁes the initial step of
damage recognition, followed by opening the DNA helix
around the lesion, being orchestrated by XPA14 and employing helicases of the transcription factor II H (TFIIH) complex
(including ERCC3 and ERCC2 helicases).15 Subsequently, the
dual incision of the lesion takes place with the facilitation of
the ERCC5 and ERCC1/ERCC4 complex. Finally, the gapﬁlling repair synthesis is collaboratively performed with replication protein A, replication factor C, proliferating cell
nuclear antigen and DNA polymerase d and E.16 Theoretically, suboptimal DNA repair capacity may either increase
individual’s positive response to chemotherapy by promoting
cancer cell death (i.e., the treatment effect) or lead to an
increased toxicity because of inefﬁcient removal of DNA
lesions in normal bystander cells exposed to the treatment,
which eventually results in a high rate of cell death in normal
tissue as well (i.e., the side-effects). Therefore, it is
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conceivable that genetic variation in NER pathway genes may
serve as a prognostic factor for PBC-induced toxicity in
NSCLC patients.
In the present study, we assessed predictive and prognostic
effects of the selected common genetic variants on PBCinduced toxicity by analyzing 25 potentially regulatory SNPs
(rSNPs) in nine core NER genes (ERCC1, ERCC2, ERCC3,
ERCC4, ERCC5, RAD23B, XPA, XPC and XPE) in 710 patients
with advanced NSCLC. All these 25 rSNPs are predicted by
bioinformatics tools to be potentially functional in regulating
gene expression (Supporting Information, Table S1).

Materials and Methods
Study population

The present study included patients diagnosed with histologically advanced NSCLC from Fudan University Shanghai Cancer Center (FUSCC). The discovery group included 355
patients recruited between February 2009 and February 2012,
whereas the replication group consisted of 355 patients
recruited from March 2012 to November 2013. Further
details about the recruitment have been described elsewhere.17 In brief, the recruited patients were unrelated Han
Chinese with inoperable TNM stages III to IV tumors of
NSCLC without prior history of cancer other than in situ
carcinoma; received PBC as the ﬁrst-line treatment; the Eastern Cooperative Oncology Group performance (ECOG) status 0 to 2 with normal blood and uronoscopy laboratory test
results; no active infection, serious medical or psychological
conditions that might affect adverse events; and at least two
chemotherapy cycles except for those who developed severe
toxicity after one cycle. Clinical data, including age at treatment, sex, smoking status, ECOG performance, TNM stage,
histological type and grade, chemotherapy regimen options
and radiotherapy treatment, were collected from patients’
medical records. A written informed consent was obtained
from each participant, and their blood samples were collected
and stored in the FUSCC Tissue Bank in the hospital. This
research protocol was approved by the Institutional Review
Board of FUSCC, and all the methods were implemented in
accordance with relevant guidelines and regulations.
Toxicity data

Patients’ toxicity proﬁles were evaluated through examination
of their laboratory test results, when toxicity events occurred.
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What’s new?
The toxicity of platinum-based chemotherapy (PBC) causes unpredictable adverse effects among non-small cell lung cancer
(NSCLC) patients. DNA repair capacity, particularly the nucleotide excision repair (NER), has been associated with PBC efficacy
and toxicity. After assessing 25 potentially functional regulatory single nucleotide polymorphisms (SNPs) in nine core NER
genes in 710 Chinese NSCLC patients, the authors found a novel ERCC4 variant that was significantly associated with overall
and gastrointestinal toxicities induced by PBC. This study provides clues that may help to unravel the molecular mechanisms
underlying PBC-induced toxicity and develop biomarkers for predicting toxicity in patients with advanced NSCLC.
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The chemotherapy-related toxicities were assessed twice a
week until 1 week after the completion of chemotherapy,
including overall, gastrointestinal (GI) (including nausea,
vomiting and diarrhea) and hematologic toxicity (including
leukocytopenia, agranulocytosis, anemia and thrombocytopenia). The grade of toxicity was recorded according to the
National Cancer Institute Common Toxicity Criteria, version
3.0.18 However, due to the limited information in the medical
reports, details about the grade 3 or 4 classiﬁed GI toxicities
and the occurring time of the toxicity events were not
available.

All patients included in the present study were having inoperable late-stage tumors and thus had received ﬁrst-line platinum-based chemotherapy. The drugs paired with platinum
formed 10 combinations: cisplatin (75 mg/m2) or carboplatin
(area under the curve [AUC] 6 mg/mlmin), administered
with paclitaxel (175 mg/m2) on day one every 3 weeks, docetaxel (75 mg/m2) on day one every 3 weeks, gemcitabine
(1250 mg/m2) on day one and eight every 3 weeks, pemetrexed (500 mg/m2) on day one every 3 weeks or vinorelbine
(25 mg/m2) on day one and eight every 3 weeks, and cisplatin (100 mg/m2) or carboplatin (AUC 6 mg/mlmin)
administered on day one every 4 weeks, in combination with
etoposide (100 mg/m2) on days one to three every 4 weeks.
All chemotherapeutic drugs were administered intravenously.

Valencia, CA). The purity [optical density (OD)260/280 at 1.7–
2.0] and concentration (>20 ng/ll) met the sequencing
requirements. Genotyping of all rSNPs was conducted by
FastTarget, a next generation sequencing-based method using
Illumina Miseq2000 Platform (2 3 250 bp, Illumina, CA,
USA). Prior to sequencing, 5% of the samples were randomly
selected and subjected to 1% agarose gel electrophoresis for
quality control. Genomic regions containing investigating
rSNPs were ampliﬁed using the FastTargetTM technology
(Genesky Biotechnologies Inc, Shanghai, China). After multiple PCR reactions, DNA fragments were ligated with the
adaptor by using Q5 DNA polymerase Kit (New England
Biolabs, MA, USA), and further puriﬁed by Agencourt
AMPure XP (Beckman Coulter, CA, USA).
Next-generation sequencing of the ampliﬁcation products
was carried out by MiSeq 2000 Sequencer (Illumina, Inc., San
Diego, CA, USA), following the manufacturer’s standard protocols. Output sequence data were trimmed and then compared to fragment reference sequences (hg19) using the Blat
program. Burrows-Wheeler Aligner (BWA, V 0.7.5a) was
used to map the reads,19 followed by Sequence Alignment
Map (SAM)-to-BAM conversion. Sorting and removal of
duplicates were done using SAM tools (v0.1.19).20 Combined
rSNP calling was performed on the resulting BAM ﬁles using
Genome Analysis Toolkit (GATK, https://software.broadinstitute.org/gatk/best-practices/) and VarScan programs.21 Finally
SNP annotation was done by the Annovar program.22

SNP selection

The eQTL analysis

To speciﬁcally explore the association between rSNPs in the
NER core genes and toxicity outcome of NSCLC patients
subjected to PBC, all the rSNPs were queried from the NER
gene regions under the study by using SNP/GeneView in
dbSNP database (http://www.ncbi.nlm.nih.gov/snp/) with the
GRCh38 reference build of the human genome. A total of 25
rSNPs in eight (out of nine, and none found in DDB1/XPE)
NER core genes were chosen, with detailed characteristics of
all investigated genes and rSNPs shown in Supporting Information, Table S1. The selection was based on the following
criteria: minor allele frequency (MAF) 5% in Han Chinese,
in the regulatory region (5’ near gene, 5’UTR, intron, 3’near
gene or 3’UTR), in low linkage disequilibrium (LD) with
each other (r2<0.8), and having predicted functions [transcription factor binding site, splicing, miRNA binding site or
signiﬁcant expression quantitative trait loci (eQTL)] by
SNPinfo
(http://snpinfo.niehs.nih.gov/snpfunc.htm)
and
GTEx portal (http://www.gtexportal.org/home/). A full list of
the NER genes analyzed in our study, their region coordinates, their start and stop sites, and the characteristics of genotyped variants are also summarized in Supporting
Information, Table S1.

GTEx portal was used to assess the correlation between
toxicity-related genetic variants and NER gene mRNA
expression levels (http://www.gtexportal.org/home/). The latest version (Oct. 2015 release) includes genotype data from
approximately 450 donors and 9600 RNA-seq samples across
51 tissues and 2 cell lines, with sufﬁcient power to detect
eQTL in 44 tissues. The associations of genetic variant and
gene expression are investigated in various tissue types.

Chemotherapy regime
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SNPseq genotyping

Genomic DNA was extracted from the whole blood of all
study subjects by using DNA Blood Mini Kit (Qiagen,

Statistical analysis

We used the v2 test for comparisons between individuals
with severe toxicity (NCI-CTC grades 3–4) and those with
mild or no toxicity (NCI-CTC grades 0–2) as well as for
adverse events that were dichotomized by presence or
absence of (a) any grade 3–4 toxicity, and (b) any grade 3–4
GI or hematologic toxicities. The association between each
genetic variant and severe chemotherapy toxicity was assessed
by odds ratios (ORs) and their 95% conﬁdence intervals
(CIs) estimated by unconditional logistic regression models
with or without adjustment for age at treatment, sex, smoking status, TNM stage, BMI, histological type, histologic
grade, ECOG performance status, chemotherapy regimens
and palliative radiotherapy. For toxicity prediction model
construction, independent predictors including selected clinical variables and genetic variant were selected by the
backward-stepwise logistic regression process. The receiver
C 2017 UICC
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Overall toxicity
Patient characteristics

Events/No.

3

OR (95% CI)

Hematologic toxicity
p

2

Events/No.

OR (95% CI)

Gastrointestinal toxicity
2

p

Events/No.

OR (95% CI)

27/385

ref.

0.022

23/325

1.01 (0.57–1.80)

31/508

ref.

19/202

1.60 (0.88–2.90)

30/407

ref.

20/303

0.89 (0.49–1.60)

15/300

ref.

33/384

1.71 (0.93–3.13)

p2

Median age range
58

120/385

ref.

>58

125/325

1.38 (1.01–1.88)

Male

170/508

ref.

Female

75/202

1.17 (0.84–1.65)

100/385

ref.

110/325

1.46 (1.06–2.02)

150/508

ref.

0.354

60/202

1.01 (0.71–1.44)

131/407

ref.

0.128

79/303

0.74 (0.53–1.03)

88/300

ref.

115/384

1.04 (0.75–1.44)

0.042
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Table 1. Clinical characteristics and their associations with overall, gastrointestinal and hematologic toxicities in Chinese NSCLC patients

0.974

Sex

0.963

0.123

Performance status
0–1

150/407

ref.

2

95/303

0.78 (0.57–1.07)

22

97/300

ref.

>22

139/384

1.19 (0.86–1.63)

Missing

9/26

0.078

0.692

BMI

0.292

0.815

7/26

0.083

2/26

Smoking status
Nonsmokers

119/334

ref.

95/334

ref.

28/334

ref.

Former-smokers

13/41

0.84 (0.42–1.68)

0.620

13/41

1.17 (0.58–2.35)

0.663

0/41

N/A

0.974

Current-smokers

113/335

0.92 (0.67–1.27)

0.606

102/335

1.10 (0.79–1.54)

0.570

22/335

0.77 (0.43–1.37)

0.373

III

95/288

ref.

89/288

ref.

10/288

ref.

IV

150/422

1.12 (0.82–1.54)

0.481

121/422

0.90 (0.65–1.25)

0.523

40/422

2.91 (1.43–5.92)

TNM stage

0.003

Histological type
Squamous cell carcinoma

56/138

ref.

52/138

ref.

6/138

ref.

Adenocarcinoma

153/478

0.69 (0.47–1.02)

0.062

126/478

0.59 (0.40–0.88)

0.010

38/478

1.90 (0.79–4.59)

Other

27/65

1.04 (0.57–1.89)

0.897

25/65

1.03 (0.56–1.90)

0.915

3/65

1.07 (0.26–4.40)

0.931

NSCLC-NOS

9/29

0.66 (0.28–1.55)

0.340

7/29

0.53 (0.21–1.32)

0.170

3/29

2.54 (0.60–10.80)

0.207

Poorly differentiated

151/415

ref.

133/415

ref.

26/415

ref.

Well-moderately differentiated

94/295

0.82 (0.60–1.12)

0.212

77/295

0.75 (0.54–1.04)

0.087

24/295

1.33 (0.75–2.36)

1

0.154

Histologic grade

0.338

Chemotherapy regimen 1
97/237

ref.

94/237

ref.

7/237

ref.

Etoposide

2/7

0.58 (0.11–3.04)

0.517

2/7

0.61 (0.12–3.20)

0.558

1/7

5.48 (0.58–51.78)

0.138

Gemcitabine

54/132

1.00 (0.65–1.54)

0.997

40/132

0.66 (0.42–1.04)

0.074

17/132

4.86 (1.96–12.05)

<0.001
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Docetaxel/paclitaxel

0.280
0.69 (0.35–1.35)

38/491

12/219

ref.

1.14 (0.81–1.61)

0.452
0.922

69/219

141/491
ref.

0.98 (0.70–1.38)

9/137

170/491

75/219

No

Yes

66/137
Carboplatin-combinations

Radiotherapy

179/573
Cisplatin-combinations

Pemetrexed

Chemotherapy regimen 2

Other carcinomas include adenosquamous carcinoma, mixed cell, neuroendocrine carcinoma, and undifferentiated carcinoma.
p value was calculated by v2 test under unconditional logistic regression analysis.
3
Events refers to the number of toxicity incidents in each subgroup, whereas No. means the total number of patients in each subgroup; The results are in bold if p < 0.05. Abbreviations: OR-odds
ratio; BMI-body mass index; TNM-tumor, lymph nodes, metastasis; NSCLC-NOS-non-small cell lung cancer not otherwise specified; chemotherapy regimen 1- types of non-platinum drug; chemotherapy regimen 2- types of platinum drug.
2

1

0.810
0.91 (0.43–1.93)

41/573

2.20 (1.50–3.23)
60/137
2.05 (1.40–2.99)

ref.

<0.001

150/573

<0.001
ref.

ref.

0.017
2.86 (1.21–6.75)
<0.001
64/300
0.53 (0.37–0.77)
81/300

0.001

0.41 (0.28–0.60)

24/300

ref.

0.997
1.00 (0.12–8.35)
0.253
10/34
0.69 (0.32–1.48)
11/34
Vinorelbine

0.342

0.63 (0.29–1.39)

1/34

p2
p

OR (95% CI)
Events/No.
Patient characteristics

Overall toxicity

p

2

Events/No.

Hematologic toxicity

2

OR (95% CI)

Events/No.

OR (95% CI)
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Table 1. Clinical characteristics and their associations with overall, gastrointestinal and hematologic toxicities in Chinese NSCLC patients (Continued)
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operating characteristic curve (ROC) analysis with the area
under the curve (AUC) value was used to compare sensitivity
and speciﬁcity of the toxicity prediction by the selected
parameters. All statistical analyses were performed using the
SAS software, version 9.4 (SAS Institute, Inc., Cary, NC).
Unless stated otherwise, all p values were two-sided with a
signiﬁcance level of p < 0.05.

Results
Characteristics of the study population

The analysis included 710 NSCLC patients treated with PBC
as the ﬁrst-line chemotherapy. The demographic, clinical
characteristics and main toxicity events are summarized in
Table 1. Of all the patients, 508 were males and 202 were
females, with a median age of 58 (a range of 23–83) years.
The numbers of never, former and current smokers were 334
(47%), 41 (5.8%) and 335 (47.2%), respectively. All patients
had an advanced TNM stage (III or IV) cancer, with 478
(67.3%) being adenocarcinoma and 138 (19.4%) being squamous cell carcinoma. Among different chemotherapy combinations, 237 (33.4%) patients received platinum-docetaxel/
paclitaxel, while 300 (42.3%) received platinum-pemetrexed
treatment. Of all the patients, 219 (30.8%) of the patients
received palliative radiotherapy.
Clinical characteristics of NSCLC patients and
chemotherapy-induced toxicities

To assess whether clinical variables have contributed to
chemotherapy-induced toxicities (i.e. overall, hematologic and
GI toxicities), we conducted univariate logistic regression
analysis of the clinical characteristics against those toxicity
outcomes (Table 1). We found that elderly people (>58
years) had a higher risk of overall and hematologic toxicities
(OR 5 1.38 and 1.46, 95% CI 5 1.01–1.88 and 1.06–2.02,
p 5 0.042 and 0.022, respectively), compared to patients <58.
The chemotherapy regimen containing carboplatin was associated with a signiﬁcantly higher risk of overall and hematologic toxicities (OR 5 2.05 and 2.20, 95% CI 5 1.40–2.99 and
1.50–3.23; both p < 0.001, respectively), compared to the
cisplatin-based chemotherapy. Compared to patients having a
TNM stage III disease, patients with a stage IV disease exhibited a higher risk of GI toxicity (OR 5 2.91, 95% CI 5 1.43–
5.92, and p 5 0.003). Platinum-pemetrexed was the predominant chemotherapy used to treat patients with adenocarcinoma. Despite its opposing toxic effects on GI and
hematologic systems, an overall protective effect of this treatment was observed (OR 5 0.53, 95% CI 5 0.37–0.77,
p 5 0.001), compared to the docetaxel/paclitaxel regimes.
Compared to patients with squamous cell carcinoma, adenocarcinoma patients tended to have a lower risk of hematologic toxicity (OR 5 0.59, 95% CI 5 0.40–0.88, p 5 0.010).
Patients with or without radiotherapy treatment has shown
no signiﬁcant difference in any type of toxicity outcome.
However, given the established toxic effect of radiotherapy in
cancer patients, it was still included as a covariate in further
C 2017 UICC
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Figure 1. The two-phase screening of single nucleotide polymorphisms (SNPs) associated with grade 3/4 toxicities of platinum-based
chemotherapy.

multivariate logistic regression analysis. To control for any
possible confounding factors on the main effects associated
with the rSNPs on the PBC toxicity, all the clinical variables,
including age at treatment, sex, ECOG status, BMI, smoking
status, TNM stage, histological type, histologic grade, chemotherapy regimens and palliative radiotherapy, were further
adjusted for in the subsequent multivariate logistic regression
analysis.
NER rSNPs and grade-3 or 24 toxicities

We performed a two-stage screening to evaluate the association of rSNPs in the eight NER core genes with grade-3 or
24 toxicities. In the discovery group, we performed multivariate logistic regression analysis to assess the associations of
these rSNPs with toxicities. We found that three SNPs were
associated with overall toxicity, four SNPs were associated
with hematologic toxicity, and four SNPs associated with GI
toxicity (p < 0.1 by the trend test or genotype test, Figure 1,
Supporting Information, Table S2–4). The positive associations in the discovery group were further validated in the
replication group using the same signiﬁcance threshold criteria. Out of all the SNPs that passed the signiﬁcance threshold
in the discovery phase, only ERCC4 rs1799798 SNP remained
to be signiﬁcantly associated with overall and GI toxicity.
Patients with ERCC5 rs751402 AG and AG/AA genotypes
exhibited a signiﬁcantly higher risk of hematologic toxicity in
the discovery group, when compared to the GG genotype,
but not in the validation set (Fig. 1, Table 2, Supporting
Information, Table S2–4). When we combined the two datasets and increased the statistical threshold in multivariate
logistic regression analysis of all 710 patients with adjustment
for clinical variables, both SNPs (ERCC4 rs1799798 and
ERCC5 rs751402) exhibited signiﬁcant associations (Fig. 1,
Table 2, Supporting Information, Table S2–4). ERCC4
rs1799798 GA and GA/AA genotypes were associated with
C 2017 UICC
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an increased risk of overall toxicities in all patients (GA and
GA/AA vs. GG, ORadj5 1.65 and 1.61, 95% CI5 1.13–2.43
and 1.11–2.33, Padj5 0.010 and 0.012, respectively), suggesting a dominant effect of the A allele, which was also evident
in the effect on severe GI toxicity (GA and GA/AA vs. GG,
ORadj52.45 and 2.35, 95% CI5 1.29–4.68 and 1.25–4.41,
Padj5 0.006 and 0.008, respectively). It appears that based on
the sample size of the present study, only ERCC4 rs1799798
was consistently associated with GI and overall toxicity in all
the datasets.
NER variant-based prediction model for PBC-induced
toxicity in NSCLC patients

The cumulative effects of toxicity-associated rSNPs and
respective clinical risk factors were further examined by comparing the area under the curve (AUC) of the two. To assess
the discriminative accuracy of the prediction models, we calculated AUC of the ROC curves. All the variables were
selected using a backward-stepwise logistic regression process
for inclusion in the prediction model. The selected variables
were carboplatin-based therapy, pemetrexed and ERCC4
rs1799798 GA/AA for overall toxicity; and TNM, BMI, gemcitabine, pemetrexed and ERCC4 rs1799798 GA/AA for GI
toxicity (Supporting Information, Table S5). In the prediction
model of overall toxicity, the addition of ERCC4 rs1799798
GA/AA signiﬁcantly increased the AUC to 0.61 (95% CI5
0.57–0.65) in all patients, compared to the model that only
included the clinical variables (AUC5 0.59; 95% CI5 0.55–
0.63; PChiSq5 0.010) (Fig. 2a, Supporting Information, Table
S6). However, the ROC prediction model incorporating the
risk genotype for overall toxicity was not signiﬁcantly different from that incorporating only clinical factor in the discovery set. For GI toxicity prediction, the AUC for the model
with the addition of ERCC4 rs1799798 GA/AA increased
slightly, compared to that of the model with clinical variables
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Table 2. Association of NER SNPs with grade 3/4 overall, gastrointestinal and hematologic toxicity (leukocytopenia and thrombocytopenia) in NSCLC patients treated with platinum-based
chemotherapy in discovery, replication and combined datasets
Discovery group (n 5 355)
Grade 3/4 Toxicity
Overall toxicity

Events/No.

Replication group (n 5 355)
p1

Events/No.

Adjusted
OR (95% CI)

2

ERCC4 rs1799798
97/274

1.00 (ref.)

GA

36/76

1.91 (1.11–3.30)

AA

1/5

0.42 (0.04–3.92)

Dominant

37/81

Recessive

133/350

1.00 (ref.)

0.020

29/73

1.69 (0.94–3.01)

0.445

4/9

2.26 (0.51–9.92)

1.75 (1.03–2.98)

0.040

33/82

0.36 (0.04–3.37)

0.371

107/346

toxicity

GG

20/274

1.00 (ref.)

GA

12/76

2.96 (1.26–6.92)

AA

0/5

—

Dominant

12/81

Recessive

32/350

65/149

1.65 (1.13–2.43)

0.010

0.280

5/14

1.19 (0.38–3.71)

0.759

1.74 (1.00–3.03)

0.050

70/163

1.61 (1.11–2.33)

0.012

2.03 (0.46–8.91)

0.348

240/696

1.07 (0.35–3.32)

0.906

2

0.013

6/73

2.52 (0.82–7.78)

0.989

1/9

3.2 (0.33–31.32)

2.82 (1.21–6.58)

0.017

7/82

—

0.989

17/346

31/547

1.00 (ref.)

0.107

18/149

2.45 (1.29–4.68)

0.006

0.318

1/14

1.31 (0.15–11.03)

0.807

2.61 (0.89–7.61)

0.080

19/163

2.35 (1.25–4.41)

0.008

2.46 (0.26–23.24)

0.431

49/696

1.02 (0.12–8.47)

0.988

2

GG

39/149

1.00 (ref.)

AG

60/156

1.90 (1.12–3.20)

AA

14/50

1.23 (0.58–2.62)

Dominant

74/206

Recessive

99/305

0.0192

0.082
1.00 (ref.)

toxicity

0.0252

0.078

11/273

ERCC5/XPG rs751402

P1

1.00 (ref.)

0.030

Hematologic

Adjusted
OR (95% CI)

175/547

2

ERCC4 rs1799798

Events/No.

0.048
78/273

Gastrointestinal

p1
2

0.107

GG

Combined (n 5 710)

2

0.184

0.1322

0.463
39/149

1.00 (ref.)

73/286

1.00 (ref.)

0.017

60/156

1.25 (0.73–2.14)

0.590

14/50

1.26 (0.50–3.20)

0.418

114/340

1.52 (1.06–2.17)

0.024

0.623

23/83

1.23 (0.70–2.18)

0.477

1.71 (1.04–2.81)

0.034

74/206

0.88 (0.44–1.77)

0.720

99/305

1.24 (0.74–2.10)

0.419

137/423

1.45 (1.02–2.05)

0.036

1.10 (0.46–2.63)

0.828

187/626

0.97 (0.57–1.64)

0.904

p value of v2 test, adjusted by age at diagnose, sex, smoking status, BMI, TNM status, ECOG performance status, chemotherapy regimens, histological type, histologic grade and palliative
radiotherapy.
2
Ptrend: p values for trend tests. In the discovery and replication groups, the results are in bold if p < 0.1; in the combined group, the results are in bold if p < 0.05.
Abbreviations: CI, confidence interval; OR, odds ratio.
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1

Gene/SNPs

Adjusted
OR (95% CI)

Figure 2. Receiver operating characteristics (ROC) curves and area under the curve (AUC) plots with or without risk SNPs for the prediction
of overall, gastrointestinal and hematologic toxicities. (a) ROC and AUC plots for overall toxicity prediction based on risk genotypes (ERCC4
rs1799798 GA/AA) and clinical risk factors (platinum-pemetrexed and carboplatin combinations) or clinical risk factors alone; (b) ROC and
AUC plots for gastrointestinal toxicity prediction based on risk genotypes (ERCC4 rs1799798 GA/AA) and clinical risk factors (BMI, TNM
stage, platinum-gemcitabine and platinum-pemetrexed) or clinical risk factors alone.

only (AUC5 0.72 vs. 0.70; 95% CI5 0.64–0.80 vs. 0.62–0.78;
PChiSq5 0.208) (Fig. 2b). The AUC values of ROC curves for
the overall and GI toxicity in all datasets are listed in Supporting Information, Table S6. Given the modest AUC values
in general and the limited sample size, these ﬁndings indicated that ERCC4 rs1799798 might independently contribute
to the partial prediction power of overall toxicity in PBCtreated NSCLC patients.
Stratified analysis for associations between the risk
genotypes and PBC toxicity

Stratiﬁed analysis was also performed to assess potential
effects of different demographic or clinical variables on the
toxicity outcomes associated with risk genotypes of ERCC4.
Overall, the ERCC4 rs1799798 GA/AA carriers exhibited an
increased risk of overall toxicity in subgroups of elderly
patients (>58 years), non-smokers, poorly differentiated
tumors, adenocarcinoma, recipients of gemcitabine, pemetrexed, and cisplatin-based chemotherapies, compared to the
GG carriers (Table 3). The carriers of the risk A allele had an
increased risk of GI toxicity in subgroups of older, nonsmokers, ECOG status 2, well-moderately differentiated, adenocarcinoma, no radiotherapy, and recipients of pemetrexed
(Table 3).
NER rSNPs and grade-3 or 24 hematologic toxicity

The associations of NER rSNPs with leukocytopenia, agranulocytosis, anemia and thrombocytopenia were further evaluated by univariate and multivariate logistic regression
analyses. Under a dominant model, carriers of the ERCC1
rs3212924 G, rs3212986 A alleles and RAD23 rs7041137 T
C 2017 UICC
Int. J. Cancer: 142, 1218–1229 (2018) V

allele exhibited a signiﬁcantly increased risk of leukocytopenia (ERCC1: ORadj51.77 and 1.63, 95% CI 5 1.13–2.76 and
1.03–2.57, Padj50.013 and 0.036, respectively; RAD23:
ORadj52.08, 95% CI 5 1.34–3.24, Padj50.001), while carriers
of the ERCC3 rs13385611 C allele exhibited a similar association under a recessive model (ORadj55.64, 95% CI 5 1.68–
18.96, Padj50.005) (Table 4). With a relatively small number
of incidents, a borderline protective effect of thrombocytopenia was found in patients carrying ERCC5 rs873601 GA and
GA/GG genotypes (ORadj50.35 and 0.39, 95% CI 5 0.13–
0.91 and 0.17–0.91, Padj50.031 and 0.029, respectively), compared to those carrying the AA genotype. No signiﬁcant association was found between these genetic variants and anemia
or agranulocytosis.
Correlations between ERCC4 risk genotypes and mRNA
expression levels

To examine the genotypic effect of toxicity-associated risk
rSNPs on the gene expression, the eQTL analysis of the
ERCC4 risk SNP rs1799798 was further performed by using
publically available database. In the GTEx samples of transformed ﬁbroblast cells, we found that the ERCC4 rs1799798
A allele was signiﬁcantly associated with a lower mRNA level
of ERCC4 (p 5 0.81 3 1028, effect size 5 20.35, Fig. 3a). In
addition, signiﬁcant difference in gene expression levels regulated by this SNP was also found in tissues of esophagus
(gastroesophageal junction), thyroid, colon and brain
(p 5 0.0013, effect size 5 20.40, Fig. 3b). Taken together, the
observed association between ERCC4 rs1799798 and overall
and GI toxicity may be explained by the difference in gene
expression levels regulated by these two alleles. Therefore, it
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Table 3. Stratified multivariate analysis of clinical variables for associations between NER risk SNPs and overall and gastrointestinal toxicities
in NSCLC patients
ERCC4
rs1799798
(Event/N)
Variables

ERCC4
rs1799798
(Event/N)

Overall toxicity
1

GG

GA/AA

Gastrointestinal toxicity
Adjusted OR (95% CI)

p1

GG

GA/AA

Adjusted OR (95% CI)

p

58

87/290

33/95

1.12 (0.66–1.89)

0.672

18/290

9/95

1.54 (0.63–3.77)

0.343

>58

88/257

37/68

2.49 (1.40–4.44)

0.002

13/257

10/68

4.42 (1.60–12.23)

0.004

Male

126/398

44/110

1.42 (0.90–2.25)

0.134

20/398

11/110

1.84 (0.79–4.26)

0.157

Female

49/149

26/53

1.78 (0.88–3.58)

0.107

11/149

8/53

2.61 (0.87–7.85)

0.088

Median age range, yr

Sex

Cancer Epidemiology

Smoking status
Non-smokers

80/250

39/84

1.99 (1.16–3.41)

0.012

17/250

11/84

2.83 (1.15–7.01)

0.024

Current smokers

85/261

28/74

1.26 (0.70–2.26)

0.436

14/261

8/74

1.83 (0.65–5.13)

0.251

III

65/222

30/66

1.70 (0.92–3.15)

0.093

5/222

5/66

2.67 (0.66–10.75)

0.168

IV

110/325

40/97

1.47 (0.89–2.43)

0.131

26/325

14/97

2.17 (1.00–4.70)

0.051

0–1

108/314

42/93

1.57 (0.96–2.59)

0.076

20/314

10/93

1.94 (0.81–4.64)

0.138

2

67/233

28/70

1.63 (0.89–3.01)

0.115

11/233

9/70

2.87 (1.01–8.17)

0.049

Platinum-docetaxel/paclitaxel

70/180

27/57

1.05 (0.54–2.05)

0.879

4/180

3/57

2.20 (0.42–11.68)

0.354

Platinum-gemcitabine

37/103

17/29

2.80 (1.09–7.21)

0.033

11/103

6/29

2.54 (0.57–11.39)

0.224

Platinum-pemetrexed

56/231

25/69

1.86 (1.02–3.39)

0.042

14/231

10/69

2.85 (1.14–7.12)

0.025

Cisplatin-combinations

127/444

52/129

1.76 (1.16–2.67)

0.008

27/444

14/129

1.99 (0.97–4.08)

0.059

Carboplatin-combinations

48/103

18/34

0.90 (0.37–2.19)

0.812

4/103

5/34

7.41 (0.92–60.10)

0.061

TNM

ECOG performance status

Chemotherapy regimen 1

Chemotherapy regimen 2

Histologic grade
Poorly differentiated

106/318

45/97

1.77 (1.09–2.90)

0.022

17/318

9/97

1.91 (0.76–4.80)

0.169

Well-moderately differentiated

69/229

25/66

1.31 (0.69–2.48)

0.414

14/229

10/66

2.80 (1.11–7.07)

0.030

Squamous cell carcinoma

44/112

12/26

1.28 (0.49–3.32)

0.613

4/112

2/26

1.64 (0.12–21.85)

0.707

Adenocarcinoma

103/365

50/113

2.05 (1.30–3.23)

0.002

22/365

16/113

3.00 (1.46–6.20)

0.003

Others2

21/49

6/16

0.56 (0.12–2.51)

0.447

2/49

1/16

NA

NA

No

123/378

47/113

1.43 (0.91–2.27)

0.125

23/378

15/113

2.62 (1.23–5.59)

0.013

Yes

52/169

23/50

1.63 (0.79–3.37)

0.189

8/169

4/50

1.69 (0.38–7.43)

0.490

No

113/356

42/97

1.61 (0.99–2.61)

0.057

16/356

10/97

2.27 (0.90–5.71)

0.081

Yes

62/191

28/66

1.74 (0.92–3.30)

0.087

15/191

9/66

2.26 (0.86–5.94)

0.100

Histological type

Palliative radiotherapy

TKI treatment

1
Adjusted by age at diagnose, sex, smoking status, BMI, TNM status, ECOG performance status, chemotherapy regimens, histological type, histologic
grade, palliative radiotherapy (the stratified factor in each stratum excluded).
2
Others include adenosquamous, mixed cell, neuroendocrine, and undifferentiated carcinoma. The results are in bold if p < 0.05. Abbreviations:
SNP-single nucleotide polymorphism; OR-odds ratio; chemotherapy regimen 1- types of non-platinum drug; chemotherapy regimen 2- types of platinum drug.

can be speculated that the reduction in ERCC4 expression
levels could be associated with a higher toxicity and thus an
unfavorable clinical outcome.

Discussion
PBC in conjunction with other cytotoxic agents has been
used as the ﬁrst-line therapy for advanced NSCLC,
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Table 4. Association of NER rSNPs with hematologic toxicity (leukocytopenia and thrombocytopenia) in NSCLC patients
Gene/SNPs

Genotype

Events/No.

Unadjusted OR (95%CI)

p

Adjusted OR1 (95% CI)

0.017

1.91 (1.23–2.98)

p1

Leukocytopenia (Events 5 104)

ERCC1/rs3212986

ERCC3/rs13385611

RAD23/rs7041137

AA

40/342

1.00 (ref.)

AG

56/305

1.71 (1.10–2.65)

1.00 (ref.)

GG

8/61

1.15 (0.510 2.59)

0.741

1.09 (0.47–2.56)

0.839

Dominant

64/366

1.60 (1.05– 2.45)

0.031

1.77 (1.13–2.76)

0.013

Recessive

96/647

0.87 (0.40–1.88)

0.717

0.78 (0.35–1.75)

0.549

CC

36/306

1.00 (ref.)

CA

61/328

1.72 (1.10–2.68)

0.017

1.87 (1.17–2.99)

0.009

AA

7/75

0.78 (0.33–1.82)

0.558

0.78 (0.32–1.89)

0.583

Dominant

68/403

1.52 (0.99–2.35)

0.058

1.63 (1.03–2.57)

0.036

Recessive

97/634

0.57 (0.25–1.28)

0.172

0.55 (0.24–1.28)

0.165

TT

83/553

1.00 (ref.)

CT

15/143

0.67 (0.37–1.19)

0.173

0.69 (0.37–1.27)

0.229

CC

6/12

5.69 (1.79–18.06)

0.003

5.32 (1.58–17.95)

0.007

Dominant

21/155

0.89 (0.53–1.49)

0.65

0.92 (0.54–1.58)

0.763

0.002

5.64 (1.68–18.96)

0.005

0.004

1.00 (ref.)

1.00 (ref.)

Recessive

98/696

6.10 (1.93–19.30)

CC

50/434

1.00 (ref.)

CT

46/243

1.80 (1.16–2.78)

0.008

2.07 (1.31–3.27)

0.002

TT

8/32

2.57 (1.09–6.02)

0.030

2.23 (0.91–5.47)

0.079

Dominant

54/275

1.88 (1.24–2.85)

0.003

2.08 (1.34–3.24)

0.001

Recessive

96/677

2.02 (0.88–4.62)

0.097

1.69 (0.71–4.02)

0.239

11/177

1.00 (ref.)

GA

9/352

0.40 (0.16–0.97)

0.044

0.35 (0.13–0.91)

0.031

GG

6/181

0.52 (0.19–1.43)

0.204

0.46 (0.16–1.35)

0.159

Dominant

15/533

0.44 (0.20–0.97)

0.042

0.39 (0.17–0.91)

0.029

Recessive

20/529

0.87 (0.35–2.21)

0.774

0.84 (0.32–2.22)

0.731

1.00 (ref.)

Thrombocytopenia (Events526)
ERCC5/rs873601

AA

1.00 (ref.)

1

Adjusted by age at diagnose, sex, smoking status, BMI, TNM status, ECOG performance status, chemotherapy regimens, histological type, histologic
grade and palliative radiotherapy. The results are in bold if p < 0.05.
Abbreviations: SNP-single nucleotide polymorphism; OR-odds ratio.

Figure 3. eQTL analysis of ERCC4 rs1799798 from GTEx database. (a) mRNA expression levels of ERCC4 by rs1799798 geneotypes in transformed fibroblast cells from 300 individuals (P 5 0.8131028, effect size 5 20.35); (b) mRNA expression levels of ERCC4 by rs1799798 genotypes in brain caudate basal ganglia tissues from 146 individuals (P 5 0.0013, effect size 5 20.40).
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accompanied by variation in severe side effects among the
patients, which hamper treatment outcome.23–25 The variation in these toxicities is likely due to variation in the NER
pathway that is responsible for the removal of PBC-induced
DNA damage, leading to variation in response to toxic platinum agents. DNA repair capacity, particularly of the NER
pathway, has been associated with the PBC efﬁcacy and toxicity, and numerous studies have indicated that genetic variations, such as SNPs in the NER pathway genes, may
modulate repair functions and cellular apoptosis, prompting
individual variation in toxicity outcomes of PBC.26,27
Published studies on NER pathway variants and PBC toxicity in NSCLC patients have mainly focused on missense
variants, with very few investigating a group of core genes in
the pathway or considering LD between the variants or noncoding variants.24,28,29 In the present study, we employed a
hypothesis-based approach with a main focus on independent
regulatory variants with predicted biological functions. Based
on a two-phase screening design, we observed that under a
dominant genetic model the ERCC4 rs1799798 SNP had a
signiﬁcant effect on both overall and GI toxicity outcomes in
advanced Chinese NSCLC patients treated with PBC, it is
possible that the rs1799798 A allele associated with a higher
risk of overall toxicity was driven by its association with GI
toxicity (Table 2). The association with this risk SNP seems
to be robust in discovery, replication and the combined datasets, but the prediction model for overall toxicity incorporating this risk SNP exhibited a moderate increase in the AUC
value in all patients dataset, compared to the clinical
variable-based model (Supporting Information, Table S6).
This SNP has previously been found to be associated with
the overall survival of these patients (Supporting Information,
Fig. S2). It is possible that the increased risk of death
observed in those patients carrying the risk allele was exacerbated by the consequence of the higher toxicity. ERCC4 participates in the removal of DNA inter-strand cross-links and
double-stranded breaks, and therefore SNPs in ERCC4 may
impact the repair capacity and thus affect chemotherapy outcome. The rSNP rs1799798 resides in an intron of the
ERCC4 gene without a linkage to any other SNPs within a 1
Mb window (Supporting Information, Fig. S1). Bioinformatics analysis predicted a functional role of this SNP to be in
the ELF-1 binding site.30
The present study also suggested that ERCC4 variant
might affect overall, GI and hematologic toxicities based on

different demographic or clinical characteristics. For instance,
overall and GI toxicities of patients carrying ERCC4
rs1799798 GA/AA genotypes were more evident in subgroups
of older, non-smokers, adenocarcinoma and recipients of
gemcitabine, pemetrexed chemotherapies. Such effect of
ERCC4 rs1799798 was more apparent in subgroups of gemcitabine, cisplatin-based chemotherapy and low histologic grade
for overall toxicity but subgroups of high histologic grade
and no radiotherapy for GI toxicities. The association of
ERCC4 rs1799798 in the non-radiotherapy subgroup indicates that this SNP might contribute to the observed GI toxicity independent of radiotherapy (Table 3). We also
identiﬁed additional NER variants to be associated with various types of hematologic toxicity (Table 4). Due to the relatively small sample size in some subgroups or toxicity
incidence, these results need to be further validated in larger
study populations.
Finally, there are some inherent limitations in the present
study. First, the recruitment of patients treated in the same
hospital may lead to selection bias and may not be generalizable to other patient populations; therefore interpretation of
our results needs to be dealt with caution, and additional
replication studies in different patient populations are
desired. Second, with the aim of studying rSNPs, we did not
incorporate the coding region SNPs with known effects. This
might weaken the power of our ROC prediction models.
Third, multiple testing correction was not conducted in the
present study, because this was an exploratory study with
limited study power. Last, because it is a retrospective study
with a relatively small sample size, further prospective studies
with large populations are warranted to validate our ﬁndings.
In conclusion, the present study provided some evidence
that rSNP in the NER core genes may modulate PBCinduced toxicity. This explorative study may serve as the
basis for further replicative and functional studies to unravel
the molecular mechanisms underlying PBC-induced toxicity,
which may lead to development of useful biomarkers for predicting platinum-based chemotherapy toxicity in patients
with advanced NSCLC.
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