pharmaceutics

Article

ERCC1 and ERCC2 Polymorphisms Predict the Efficacy and
Toxicity of Platinum-Based Chemotherapy in Small Cell

Lung Cancer

Andrés Barba '?, Laura Lépez-Vilaré
, Juliana Salazar

Maria J. Arranz >

check for
updates

Citation: Barba, A.; Lopez-Vilaro, L.;
Ferre, M.; Majem, M.; Martinez-Recio,
S.; Bell, O.; Arranz, M.].; Salazar, J.;
Sullivan, I. ERCC1 and ERCC2
Polymorphisms Predict the Efficacy
and Toxicity of Platinum-Based
Chemotherapy in Small Cell Lung
Cancer. Pharmaceutics 2024, 16, 1121.
https://doi.org/10.3390/pharmaceutics
16091121

Academic Editors: Ravi P. Sahu and
Anita Thyagarajan

Received: 10 July 2024
Revised: 14 August 2024
Accepted: 22 August 2024
Published: 25 August 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

3
4,%

1

, Malena Ferre 3, Margarita Majem (7, Sergio Martinez-Recio !, Olga Bell 4,

and Ivana Sullivan I*

Department of Medical Oncology, Hospital de la Santa Creu i Sant Pau, 08041 Barcelona, Spain;
abarba@santpau.cat (A.B.); mmajem@santpau.cat (M.M.); smartinezre@santpau.cat (S.M.-R.)

Department of Medicine, Faculty of Medicine, Universitat Autonoma de Barcelona, 08035 Barcelona, Spain
Department of Pathology, Hospital de la Santa Creu i Sant Pau, 08041 Barcelona, Spain;
llopezv@santpau.cat (L.L.-V.); mferref@santpau.cat (M.EF.)

Translational Medical Oncology Laboratory, Institut de Recerca Sant Pau (IR Sant Pau),

08041 Barcelona, Spain; obell@santpau.cat

Research Laboratory Unit, Fundacié Docencia i Recerca Mutua Terrassa, 08221 Terrassa, Spain;
mjarranz@mutuaterrassa.es

*  Correspondence: jsalazar@santpau.cat (J.S.); isullivan@santpau.cat (I.S.)

Abstract: Standard first-line chemotherapy in small cell lung cancer (SCLC) is based on the platinum
plus etoposide combination. Despite a high objective response rate, responses are not durable and
chemotherapy-induced toxicity may compromise treatment. Genetic variants in genes involved in the
DNA-repair pathways and in etoposide metabolization could predict treatment efficacy and safety
and help personalize platinum-based chemotherapy. Germline polymorphisms in XRCC1, ERCCI,
ERCC2, ABCB1, ABCC3, UGT1A1 and GSTP1 genes were investigated in 145 patients with SCLC. The
tumor expression of ERCC1 was determined using immunohistochemistry, and the tumor expression
of ERCC1-XPF was determined via a proximity ligation assay. Survival analyses showed a statistically
significant association between the ERCC1I rs11615 variant and median progression-free survival
(PFS) in patients with limited-stage (LS) SCLC (multivariate: hazard ratio 3.25, [95% CI 1.38-7.70];
p = 0.007). Furthermore, we observed differences between the ERCC1-XPF complex and median PFS
in LS-SCLC, although statistical significance was not reached (univariate: positive expression 10.8
[95% CI 4.09-17.55] months versus negative expression 13.3 [95% CI 7.32-19.31] months; p = 0.06).
Safety analyses showed that the ERCC2 rs1799793 variant was significantly associated with the risk
of grade > 3 thrombocytopenia in the total cohort (multivariate: odds ratio 3.15, [95% CI 1.08-9.17];
p = 0.04). Our results provide evidence that ERCC1 and ERCC2 variants may predict the efficacy and
safety of platinum-based chemotherapy in SCLC patients. LS-SCLC patients may benefit most from
ERCC1 determination, but prospective studies are needed.

Keywords: ERCC1; ERCC2; platinum-based chemotherapy; small cell lung cancer; pharmacogenomics

1. Introduction

Small cell lung carcinoma (SCLC) is a poorly differentiated neuroendocrine tumor
that accounts for approximately 15% of all lung cancers. It is characterized by rapid tumor
growth and early development of metastasis [1]. The standard treatment for patients
with limited-stage (LS) is the combination of platinum compounds plus etoposide (PE)
chemotherapy and radiotherapy [2]. However, the disease progresses in half of the patients
within 15 months [2], and no other treatment has yet shown to be superior to chemora-
diotherapy. Patients with extensive-stage (ES) are treated with PE-based chemother-
apy [3-5], and although 60% of patients initially respond, only 34% maintain this response
at 6 months [4]. The combination of chemotherapy and immune checkpoint inhibitors (ICI)
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has become a new standard of treatment in ES-SCLC, but the benefit in overall survival
(OS) is modest [3,4]. Furthermore, 60% of SCLC patients have severe toxicity to chemother-
apy [3,4], and 3 to 19% of patients experience severe toxicity due to concurrent thoracic
radiotherapy [2]. Advanced age and poor performance status (PS) have been correlated
with higher toxicity and poorer survival [6,7]. Additionally, comorbidities and high pre-
treatment lactate dehydrogenase (LDH) levels have been correlated with an increased risk
of mortality [8-10]. However, these factors do not accurately predict the clinical outcome
in SCLC patients, and additional validated predictors of treatment efficacy and toxicity
are needed.

Platinum compounds such as cisplatin and carboplatin are DNA alkylating agents.
Their antineoplastic effects are decreased by the activation of cellular DNA repair mechanisms,
mainly nucleotide excision repair (NER) and base excision repair (BER) pathways [11,12].
Ionizing radiation effects have also been shown to be affected by these DNA-repair path-
ways [13,14]. During DNA repair processes, excision repair cross-complementation group 1
(ERCC1) and xeroderma pigmentosum complementation group F (XPF) proteins form a
heterodimer with endonuclease activity, which catalyzes the incision at the 5’-side of the
damaged DNA strand [15]. In vitro studies have found that cell lines that are defective
in terms of the ERCC1-XPF complex are more sensitive to cisplatin [16,17]. Low ERCC1
expression in tumor tissue has been correlated with better survival in non-small-cell lung
cancer (NSCLC) [18-20] and in SCLC patients treated with platinum-based chemother-
apy [21,22]. Furthermore, many studies have examined the influence of single-nucleotide
polymorphisms (SNPs) in the ERCC1 gene on clinical outcomes in platinum-containing
regimens in NSCLC [23,24], but to a lesser extent in SCLC [25,26]. The most studied SNPs
are ERCC1 rs11615 located at codon 118 at exon 4, and ERCC1 rs3212986 located in the
3’-untranslated region.

Etoposide is mainly metabolized through cytochrome P450 (CYP) 3A4 and 3A5,
glutathione S-transferases (GSTs) and uridine 5'-diphosphate glucuronosyltransferase
(UGT1A1). Genetic variants in the genes encoding these enzymes may contribute to the
treatment toxicity in SCLC [27,28].

ERCC1 expression and variants in genes involved in DNA repair pathways and
in etoposide pharmacokinetics may be predictors of efficacy and toxicity to PE-based
treatment [18,22,24,27], but data concerning SCLC are insufficient and inconsistent [29-31].
Moreover, to the best of our knowledge, research exploring the role of ERCC1-XPF complex
as a biomarker in SCLC is lacking. Our aim was to identify predictive biomarkers of clinical
outcome in a cohort of SCLC patients treated with platinum plus etoposide chemotherapy.
We analyzed polymorphisms in genes related to PE chemotherapy and radiotherapy in
germline DNA, and evaluated the expression of ERCC1 and ERCC1-XPF proteins in
tumor tissue.

2. Materials and Methods
2.1. Study Sample

We conducted a retrospective study in 145 patients with SCLC treated with PE-based
chemotherapy between September 2007 and May 2021 at Hospital de la Santa Creu i Sant
Pau (Barcelona, Spain). Blood samples were collected from all participants, and formalin-
fixed paraffin-embedded (FFPE) tumor tissue samples were available from 106 (73%) of
the 145. Table 1 summarizes the characteristics of the patients. This study was approved
by the ethics committee of the Institut de Recerca Sant Pau (IIBSP-CCP-2022-56) and was
performed in accordance with the Declaration of Helsinki. All patients gave informed
consent for inclusion in this study.
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Table 1. Patients’ baseline clinical characteristics and treatment details.

o Total Cohort L1m1t.ed-Stage Extens.lve-Stage
Characteristic (n = 145) n (%) Disease Disease
B ° (n =45) n (%) (n =100) n (%)

Baseline characteristics

Sex
Male 104 (71.7) 31 (68.9) 73 (73)
Female 41 (28.3) 14 (31.1) 27 (27)
Age, median (range)years 67.4 (38-89) 67 (54-89) 66 (38-86)
ECOG
0 9 (6.2) 4 (8.9) 5 (5)
1 79 (54.5) 31 (68.9) 48 (48)
2 37 (25.5) 6 (13.3) 31 (31)
3-4 15 (10.4) 1(2.2) 14 (14)
Missing 5(3.4) 3(6.7) 2(2)
Smoking
Current 89 (61.4) 22 (48.9) 67 (67)
Former 55 (37.9) 23 (51.1) 32(32)
Missing 1(0.7) 0 1(1)
Metastases
Brain 20 (14.2) 20 (20)
Liver 43 (29.7) 43 (43)

Treatment details

Chemotherapy regimen

Cisplatin 51 (35.2) 22 (48.9) 29 (29)

Carboplatin 94 (64.8) 23 (51.1) 71 (71)

Median cycles (range) 4 (1-6) 4 (1-5) 6 (1-6)

Immune checkpoint inhibitors 9 (6.2%) 0 9 (9.0%)

Radiotherapy

Thoracic radiotherapy 40 (27.6) 40 (88.9)
Concomitant 22 (15.2) 22 (48.9)
Sequential 18 (12.4) 18 (40)

Eastern Cooperative Oncology Group (ECOG).

2.2. Clinical Assessment

Progression-free survival (PFS) was defined as the time from initiation of PE chemother-
apy treatment to disease progression according to Response Evaluation Criteria in Solid
Tumors version 1.1 (RECIST 1.1) or death from any cause, whichever occurred first. OS was
defined as the time from initiation of PE chemotherapy treatment to death from any cause.
The objective response rate (ORR) was defined as the percentage of patients who achieved a
partial or complete response to PE chemotherapy according to RECIST criteria 1.1 [32]. The
PE-based chemotherapy-related toxicities analyzed were anemia, neutropenia and throm-
bocytopenia. Radiotherapy-related toxicities analyzed were esophagitis and pneumonitis.
These toxicities were graded according to the Common Terminology Criteria for Adverse
Events (CTCAE) Version 4.0. [33]. Hematological toxicities were dichotomized into grades
1-2 versus grades 3—4. Esophagitis and pneumonitis toxicities were dichotomized into their
presence or absence.

2.3. SNPs Selection and Genotyping

We selected SNPs in genes involved in the DNA repair pathways (NER and BER) and
etoposide pathway that have been previously associated with clinical outcomes in lung can-
cer patients treated with PE-based chemotherapy and/or radiotherapy [13,23,26-28,34-37]
(see Table 2).
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Table 2. Description of genetic markers previously associated with clinical outcomes in lung cancer
patients treated with platinum compounds plus etoposide.

Gene

References for

Symbol Reference SNP  Variant Description HGVS (Nucleotide) MATF Cohort Rationale
XRCC1 rs25487 Missense NM_006297.3:c.1196 A>G 0.37 [34]
ERCC rs3212986 3/-UTR NM_001369414.1:¢.*197= 0.23 [23,26,37]
rs11615 Synonymous NM_001369414.1:¢.354T>C 0.37 [23,26,37]
rs13181 Missense NM_000400.4:¢.2251A>C 0.34 [37]
ERCC2 rs50872 Intron NM_000400.4:¢.1238-1492T>C 0.26 [36]
rs1799793 Missense NM_000400.4:c.934G>A 0.33 [36]
ABCC3 rs4793665 2KB upstream NC_000017.11:g.50634726C>T 0.46 [36]
rs1045642 Synonymous NM_001348944.2:¢.3435T>C 0.47 [35,36]
ABCBI1 rs2032582 Missense NM_OOli%S:;;TZ;;2677T>G’. 0.41/0.05 [35,36]
rs1128503 Synonymous NM_001348944.2:¢.1236T>C 0.43 [35,36]
UGT1A1 rs3064744 Upstream NG_002601.2:2.175491_175505 0.36 [27,28]
GSTP1 rs1695 Missense NM_000852.4:¢.313A>G 0.34 [37]

SNP: single-nucleotide polymorphisms; HGVS: human genome variation society; MAF: minor allele frequency.

Genomic DNA from peripheral blood samples was obtained by automatic extraction
(Autopure, Qiagen, Hilden, Germany). DNA concentration and quality were assessed using
the NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA).
Genotyping was carried out by real-time PCR using TagMan® SNP genotyping assays on a
7900 HT Real Time PCR System (Applied Biosystems, Foster City, CA, USA). All methods
were performed following the manufacturers’ recommendations. The UGT1A1 rs3064744
(UGT1A1%*28) variant was assessed as previously reported by Marcuello et al. [38]. The
genotyping success rate was higher than 99% for samples and SNPs. The allele frequencies
of the SNPs were consistent with those reported in European populations [39]. All SNPs
were in the Hardy—Weinberg equilibrium.

2.4. Immunohistochemical Studies

ERCC1 protein expression was determined using immunohistochemistry (IHC) in
FFPE tissues. Immunohistochemical stain was performed fully automated with Dako
OMNIS Technology (Agilent Technologies, Santa Clara, CA, USA). We cut 4 pm thick FFPE
tissue sections. Deparaffinized and rehydrated sections were heated for 30 min at 97 °C to
perform antigen retrieval. These tissue sections were then stained with the ready-to-use
anti-human ERCC1 mouse monoclonal antibody (clone 4F9, Dako Ltd., Cheshire, UK)
followed by incubation with a secondary antibody and horseradish peroxidase coupled to
a dextran polymer backbone. The slides were then revealed with 3,3'-diaminobenzidine
tetrahydrochloride chromogen, counterstained with hematoxylin and coverslipped. The
positive external control was tonsil. Internal positive controls were respiratory epithelium
and/or lymphocytes present in a variable proportion in the sample cases. Two investigators
(LL and MF) independently examined the nuclear ERCC1 staining and reviewed the
discordant cases for mutual consensus. The ERCC1 expression pattern was classified as
positive when nuclear staining was present, independently of intensity or proportion, and
negative when nuclear staining was absent.

2.5. Proximity Ligation Assay (PLA)

We included samples with ERCC1-positive expression determined using IHC in the
evaluation of nuclear colocalization of ERCC1 and XPF (n = 72). Samples with ERCC1-
negative expression were considered negative for the ERCC1-XPF complex. We incubated
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4 um thick sections of FFPE tissues at 37 °C for 30 min and at 60 °C for 60 min with the
primary antibodies anti-human ERCC1 mouse monoclonal antibody ready-to-use (clone
4F9, Dako Ltd., Cheshire, UK) and anti-XPF diluted at 1:200 (Polyclonal, Novus Biologicals,
Centennial, CO, USA). The slices were then incubated with the anti-rabbit MINUS and anti-
mouse PLUS Duolink® PLA Probes (Sigma-Aldrich, St. Louis, MO, USA). The resulting
oligonucleotides were hybridized, ligated, amplified and detected using the Duolink®
Detection Reagents for Brightfield (Sigma-Aldrich, St. Louis, MO, USA) according to the
manufacturer’s instructions. Next, chromogenic PLA signals were visualized using optical
microscope at 400 x magnification. The presence of dark red colocalization signals (dots)
in cell nuclei was considered positive for the ERCC1-XPF complex. Prior to the analysis,
two investigators (LL and MF) observed the different expression patterns in 20 random
samples to reach a consensus on the sample analysis. Four expression pattern groups
were defined based on the number of signals within the cell nucleus (0, 1, 2, >3). The two
investigators independently examined each full tissue section and selected at least three
different representative areas to count the PLA signals. At least 50 tumor cells per area
were analyzed. PLA signals were counted by establishing the percentage of nuclei in each
of the formerly defined groups. Discordant cases were reviewed for mutual consensus. A
semi-quantitative histochemical score (H-score) was calculated by multiplying the number
of nuclear signals and the percentage of cells with nuclear signals. The H-score was
considered positive for values > 1 due to the low expression of the ERCC1-XPF complex
(85% of tumors with H-score < 25). Representative images were taken using scanned
images from an Olympus Slideview V5200 and processed using the Olympus V5200 ASW
3.3 software (Olympus, Tokyo, Japan).

2.6. Statistics

Survival biomarkers were investigated in patients who received at least two cycles of
PE chemotherapy and did not receive treatment with ICI (n = 121). The progression date
was not available for four patients, and they were excluded from the PFS analyses (n = 117).
ORR to chemotherapy biomarkers were studied in patients who received PE chemother-
apy, excluding those who underwent ICI and concomitant chemo-radiotherapy (n = 99).
PE-based chemotherapy-related toxicity analyses were conducted in all patients (n = 145).
Radiotherapy-related toxicity analyses were conducted in patients who underwent thoracic
radiotherapy (n = 40). The sample size had an 80% statistical power with a two-sided 95%
CI to detect genetic effect sizes of moderate magnitude (OR < 3), considering 90% mortality
(Epi Info 7TM, https:/ /www.cdc.gov/epiinfo; accessed on 15 May 2022). Kaplan-Meier
estimates, log-rank tests and Cox regressions (with disease stage and eastern cooperative
oncology group (ECOG) PS as covariates when appropriate) were used to study the influ-
ence of SNPs and proteins on survival analyses. Statistical differences between categorical
variables were calculated using Chi-square or Fisher’s exact test based on sample size.
Logistic regression analyses were performed considering toxicity as the dependent variable
and polymorphisms and the appropriate clinical variables (disease stage, ECOG PS and
platinum dose reduction) as predictors. Co-dominant, dominant and recessive inheritance
models of genetic variants were used whenever appropriate. Statistical significance was set
at less than 0.05. Correction for multiple comparisons was performed using the Bonferroni
method (p < 0.0005). All statistical analyses were performed using IBM SPSS Statistics
(version 26.0).

3. Results
3.1. Clinical Results

The median follow-up was 10.9 (interquartile range 6.5-22.3) months. In total,
107 patients (88.4%) showed disease progression, and 113 (93.4%) died. The median OS
was 12.4 [95% CI 9.1-15.7] months, and the median PFS was 7.0 [95% CI 6.2-7.7] months.
OS differed significantly according to the SCLC stage and ECOG PS. Patients with LS-
SCLC had a median OS of 25.8 [95% CI 12.43-39.11] months compared to 9.7 [95% CI
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7.83-11.52] months in patients with ES-SCLC (p < 0.001). Patients with ECOG PS 0-1 had a
median OS of 15.5 [95% CI 12.45-18.63] months compared to 8.2 [95% CI 7.39-8.94] months
in patients with ECOG PS > 2 (p < 0.001). ES-SCLC patients with an ECOG PS of 0-1
(11.5 [95% CI 6.93-16.15] months) survived longer than patients with ECOG PS > 2
(8.2 [95% CI 7.64-8.69] months) (p = 0.001). There were also significant differences in
PFES according to the SCLC stage: 12.5 [95% CI 8.29-16.62] months in LS-SCLC compared to
6.1 [95% CI 5.33-6.80] months in ES-SCLC (p < 0.001).

3.2. Survival and Objective Response Rate Analyses
3.2.1. Analyses of Genetic Variants

Univariate analyses showed a statistically significant association between the ERCC1
rs11615 variant and PFS (p = 0.02 in a dominant model) (Figure 1A). In the LS-SCLC
subgroup, three SNPs showed statistically significant associations with PFS: ERCC1 rs11615
(p = 0.003 in a dominant model) (Figure 1B), ERCC2 rs50872 (p = 0.01 in a recessive model)
and UGT1A1 rs3064744 (p = 0.02 in a dominant model). In ES-SCLC patients, the ERCC1
rs3212986 variant showed a statistically significant association with PFS (p = 0.049). Table 3
summarizes the statistically significant results. The full results are shown in Supplementary
Table S1. Multivariate analyses showed the association between PFS and the ERCC1 rs11615
variant in LS-SCLC patients (hazard ratio [HR] 3.25, 95% CI 1.38-7.70; p = 0.007). However,
this association was not statistically significant after the Bonferroni test was applied.

A i, rs11615dom B " rs11615dom
\ JIAA MAA
JIAG-GG JIAG-GG
|~ AA-censored

08 |- AA-censored

|- AG-GG-censored —-AG-GG-censored

Log-rank P =0.003

Log-rank P =0.022 HR: 3.5; 95%CI: 1.38-7.70; P = 0.007

Progression-free survival
Progression-free survival

0 24 S 72 El 120 184 168 182 0 2 as 72 £ 120 144 168 192

Time (months) Time (months)

Figure 1. (A) Progression-free survival according to ERCC1I rs11615 variant in the total cohort of
small cell lung cancer (SCLC) patients. (B) Progression-free survival according to ERCC1 rs11615
variant in the subgroup of patients with limited-stage disease.

Table 3. Significant univariate associations between genetic variants and survival in the total cohort,
limited-stage SCLC and extensive-stage SCLC subgroups.

Overall Survival

mOS (95%CI),

Progression-Free Survival

mPFS (95%CI),

SNP HR (95% CI) p-Value n HR (95% CI) p-Value

Months Months
Total Cohort
ERCC1 rs11615
AA 49 6.6 (5.8-7.4) Reference (1) 0.06 50 11.3 (7.9-14.7) Reference (1) 0.26
AG 52 7.0 (4.0-10.0) 0.66 (0.44-1.0) 53 11.8 (6.8-16.8)  0.72 (0.48-1.09)
GG 16 7.7 (5.8-9.6) 0.57 (0.31-1.03) 18 12.7 (8.9-16.4) 0.75 (0.43-1.31)
AG-GG 2 68 7.4(5.6-9.1) 0.64 (0.43-0.94) 0.02 71 12.7 (8.6-16.7)  0.73 (0.50-1.07) 0.1
ABCC3 rs4793665
TT 35 6.4 (5.4-7.4) Reference (1) 0.18 35 10.1 (7.5-12.7) Reference (1) 0.046
TC 59 7.7 (5.7-9.8) 0.67 (0.43-1.03) 62 14.6 (104-18.7)  0.59 (0.38-0.90)
CC 23 7.3 (6.1-8.6) 0.80 (0.47-1.34) 24 12.7 (7.3-18.0) 0.77 (0.46-1.31)
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Table 3. Cont.
Progression-Free Survival Overall Survival
SNP no MPSOSRCD HR@s%c)  p-value n mOS O HR@s% €D p-Value
Limited-stage disease
ERCC1 rsl11615

AA 15 10.8 (8.0-13.6) Reference (1) 0.009 15 20.7 (14.3-27.1) Reference (1) 0.04

AG 17 18.2 (10.2-26.2) 0.3 (0.13-0.68) 18 33.8 (26.8-40.7) 0.38 (0.17-0.83)

GG 10 9.6 (0.0-28.5) 0.43 (0.17-1.1) 10 14.8 (0.0-45.4) 0.73 (0.32-1.7)
AG-GGP 27 18.2 (8.1-28.3) 0.34 (0.16-0.71) 0.003 28 33.8 (22.2-45.4) 0.48 (0.24-0.96) 0.03

ERCC2 rs50872

GG 23 13.3 (9.3-17.4) Reference (1) 0.03 24 31.8 (19.4-44.3) Reference (1) 0.16

GA 14 14.9 (5.5-24.3) 0.66 (0.3-1.45) 14 16.1 (0.0-44.6) 1.00 (0.47-2.13)

AA 5 7.8 (6.4-9.3) 2.9 (1.03-8.17) 5 15.3 (6.7-23.9) 2.55 (0.92-7.09)
GG-GA 37 14.8 (10.6-18.9) 0.30 (0.11-0.82) 0.01 38 28.7 (16.7-40.7) 0.39 (0.15-1.06) 0.06

ABCC3 rs4793665

T 9 11.2 (9.6-12.8) Reference (1) 0.24 9 23.0 (0.0-55.8) Reference (1) 0.04

TC 25 14.8 (10.8-18.7) 0.57 (0.26-1.29) 25 35.2 (32.8-37.5) 0.40 (0.17-0.92)

CC 8 9.6 (4.5-14.7) 1.05 (0.39-2.84) 9 19.0 (7.0-30.9) 0.96 (0.38-2.51)

UGT1A1*28
rs3064744

*1/*1 17 19.1 (15.1-23.1) Reference (1) 0.05 17 34.8 (29.1-40.6) Reference (1) 0.23

*1/%28 15 10.8 (6.6-15.1) 2.57 (1.17-5.64) 16 15.3 (7.2-23.3) 1.90 (0.89-4.07)

*28/*28 10 9.1 (5.7-12.5) 1.84 (0.75-4.54) 10 16.1 (0.0-45.4) 1.17 (0.48-2.86)
*1/*28-*28/%*28 @ 25 10.8 (8.0-13.6) 2.24 (1.1-4.57) 0.02 26 16.1 (8.8-23.4) 1.559 (0.78-3.10) 0.2
Extensive-stage disease

ERCC1 rs3212986
GG 46 6.0 (4.8-7.2) Reference (1) 0.049 49 10.6 (8.6-12.5) Reference (1) 0.1
GA 27 5.4 (3.8-6.9) 1.81 (1.08-3.00) 27 7.5 (5.8-9.2) 1.69 (1.04-2.73)
AA 2 7.7 (NA-NA) 0.67 (0.16-2.75) 2 12.4 (NA-NA) 1.06 (0.26-4.42)

@ Dominant model; ? Recessive model. Statistically significant p-values are marked in bold.

Univariate analyses for OS showed a statistically significant association with the
ABCC3 rs4793665 variant (p = 0.047). Stratification by disease stage showed the ABCC3
rs4793665 (p = 0.04) and the ERCC1 1511615 (p = 0.03 in a dominant model) variants were
significantly associated with OS in LS-SCLC (Table 3). Multivariate analyses showed no
statistically significant associations.

Analyses of ORR showed no significant correlations with the genetic variants inves-
tigated in any of the groups considered (total cohort, LS-SCLC and ES-SCLC subgroups)
(Supplementary Table S2).

3.2.2. Analyses of ERCC1 and ERCC1-XPF Complex Expression

In total, 11 of 106 FFPE tissues samples were not evaluable for ERCC1 protein ex-
pression due to insufficient representative tumor tissue. These samples were excluded
from the analyses. No differences were observed in the 95 remaining patients regard-
ing clinicopathological parameters in comparison with the 145 patients included in this
study. A total of 72 samples were positive for ERCC1 expression, and 23 were negative
(Figure 2A—C). Colocalization of ERCC1 and XPF proteins in the cell nuclei was positive in
65 samples (68.4%) (Figure 2D-F). ERCC1 expression in tissue samples did not correlate
with the ERCC1 rs11615 and 153212986 polymorphisms.

Differences were observed between PFS and the expression of the ERCC1-XPF complex
in the total cohort (n = 79), although these were not statistically significant. Patients with
positive expression of the ERCC1-XPF complex achieved a shorter median PFS than patients
with negative expression (6.5 [95% CI 5.68-7.30] months versus 10.2 [95% CI 4.19-16.20]
months, respectively; p = 0.05). In the analyses according to disease stage, marginal
differences were also observed between PFS and expression of the ERCC1-XPF complex in
LS-SCLC patients (n = 26) (10.8 [95% CI 4.09-17.55] months versus 13.3 [95% CI 7.32-19.31]
months; p = 0.06). No significant associations were observed between OS and ERCC1 or
ERCC1-XPF complex expression.
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Figure 2. (A) High intensity and diffuse ERCC1 nuclear protein expression (clone 4F9, Dako Ltd.,
Cheshire, UK) by immunohistochemistry (IHC) in a small cell lung cancer (SCLC) biopsy (100x).
(B) Moderate intensity and diffuse ERCC1 nuclear protein expression (clone 4F9, Dako Ltd., Cheshire,
UK) by IHC in a SCLC cell block (40x). (C) Low intensity and patched ERCC1 nuclear protein
expression (clone 4F9, Dako Ltd., Cheshire, UK) by IHC in a SCLC biopsy. ERCC1 nuclear positivity
in bronchial epithelium as internal positive control is marked with a black arrow (100x). (D,E) Two
positive cases with different levels of expression of the ERCC1-XPF complex. The presence of one or
two dark red signals locates the ERCC1-XPF complex (ERCC1: clone 4F9, Dako Ltd., Cheshire, UK
and XPF: Polyclonal, Novus Biologicals, Colorado, USA) in the SCLC nucleus via proximity ligation
assay (PLA) (1000x). (F) A negative case for the ERCC1-XPF complex using PLA (1000x).

3.3. Safety Analyses
Analyses of Genetic Variants

Univariate analyses for toxicity showed statistically significant associations between
ERCC2 rs50872 (p = 0.03 in a recessive model) and XRCC1 rs25487 (p = 0.04 in a recessive
model) and anemia. Moreover, ERCC2 rs1799793 (p = 0.03 in a dominant model) and
UGT1A1 rs3064744 (p = 0.03 in a recessive model) were significantly associated with
thrombocytopenia. Table 4 summarizes the statistically significant results. The full results
are shown in Supplementary Table S3. In the multivariate analyses, the association between
ERCC2rs1799793 and thrombocytopenia maintained statistical significance (odds ratio [OR]
3.15, 95% CI11.08-9.17; p = 0.04). However, this association was not statistically significant
after the Bonferroni test was applied.

Regarding radiotherapy-related toxicities in LS-SCLC, only five patients had pneu-
monitis, and the toxicity was not analyzed. No statistically significant associations were
found for esophagitis (Supplementary Table S4).
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Table 4. Significant univariate associations between genetic variants and PE-based chemotherapy-
related toxicity in the total cohort.

SNP Af;:f;f’dl’l n/ (%) p-Value
Anemia
ERCC2 rs50872
GG 11/74 14.9 0.04
GA 9/58 15.5
AA 4/8 50
GG-GA b 20/132 15.2 0.03 *
XRCC1 rs25487
CC 9/52 17.3 0.12
CT 15/71 21.1
TT 0/17 0
CC-CTP 24/123 19.5 0.04 *
Thrombocytopenia
ERCC2 rs1799793
CcC 6/61 9.8 0.04
CT 14/65 21.5
TT 5/14 35.7
CT-TT? 19/79 24.1 0.03
UGT1A1 rs3064744
*1 /%1 12/64 18.8 0.05
*1/*28 5/50 10.0
*08 /%28 8/24 33.3
*#1/%1-*1/*28 P 17/114 14.9 0.03

a Dominant model; ® Recessive model; * Fisher test. Statistically significant p-values are marked in bold.

4. Discussion

Chemoradiotherapy remains the treatment of choice for LS-SCLC, and the combination
of immunotherapy and PE-based chemotherapy in ES-SCLC has promoted only a modest
improvement in OS. Additionally, treatment-induced toxicity is high, often worsening
outcomes and decreasing quality of life. In this pharmacogenomic study, we investigated
predictive biomarkers of response and toxicity in SCLC treatment. We found that ERCC1
was significantly associated with PFS and ERCC2 with thrombocytopenia.

ERCC1 and ERCC2 are rate-limiting enzymes in the NER pathway. Both these en-
zymes can modulate the therapeutic effects of platinum-based chemotherapy [40]. The
predictive value of common genetic variants in their coding genes for efficacy and toxicity
has been widely evaluated in lung cancer [23], but research conducted in SCLC is limited
despite platinum-based regimens being the standard first-line treatment. Yu et al. [25]
identified an intron variant, ERCC1 rs2298881, associated with response and survival in
Asian SCLC patients treated with carboplatin plus etoposide. Nicos et al. [26] found that
patients harboring the AA genotype for ERCC1 rs11615 had a higher OS than heterozygous
Caucasian SCLC patients. Notably, based on ORR and survival, many studies in NSCLC
patients have shown significant associations between the ERCC1 rs11615 variant and the
efficacy of chemotherapy [37,41], but others have failed to find a correlation [23].

In the present study we found that LS-SCLC patients carrying the rs11615 G-allele had
a longer PFS than those with the wild-type genotype. This finding is consistent with the
hypothesis that alterations in the enzymes involved in the DNA repair pathways may lead
to better clinical outcomes in patients treated with platinum compounds. Nevertheless, the
underlying effect of the variant is poorly understood. The ERCC1 rs11615 (p.Asn118Asn)
polymorphism is a synonymous variant that has been associated with a reduced codon
usage and a consequent reduction in ERCC1 mRNA expression [42]. We did not, how-
ever, find any correlation between the variant and the expression of the ERCC1 protein or
ERCC1-XPF complex, although similar results have already been reported in NSCLC [43].
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These finding are in line with previous observations that ERCC1 mRNA and protein levels
were not correlated [44,45], thus suggesting the involvement of other factors in the regula-
tion of ERCC1 expression such as post-transcriptional or post-translational modifications.
Regardless, ERCC1 rs11615 may be a feasible biomarker of survival in LS-SCLC.

We also observed that LS-SCLC patients with negative tumoral expression of the
ERCC1-XPF complex presented a longer PFS, although the association was not statistically
significant probably due to the limited availability of FFPE tissues. Olaussen et al. [18]
reported that negative ERCC1 expression, determined by IHC using the 8F1 antibody, was
associated with better survival in operated NSCLC patients treated with adjuvant platinum-
based chemotherapy. However, subsequent studies failed to confirm this finding [46,47],
possibly due to a lack of specificity of the antibody [48]. Moreover, four ERCC1 isoforms,
namely 201, 202, 203, and 204, derived from alternative splicing have been described,
but only the ERCC1-202 isoform is involved in the repair of platinum-DNA adducts [46].
To deal with this technical challenge, we determined the colocalization in the cell nuclei
of ERCC1 and XPF proteins using the PLA technique and the 4F9 antibody. This may
be a more reliable method to assess the expression of the endonuclease ERCC1-XPF and
overcome the lack of a specific antibody against the ERCC1-202 isoform.

The associations we found between ERCC1, at germline DNA level and at protein
expression level, and survival were in LS-SCLC, but not in ES-SCLC. This finding indicates
that ERCC1 may be a predictive biomarker of PFS in patients treated with platinum-based
chemotherapy plus radiotherapy, supporting findings by other authors [21,49]. ERCC1
may help to identify LS-SCLC patients who could achieve long-term clinical remissions
and consequently be potentially curable with standard treatment. ERCC1 may also help
to identify patients at high risk of failure of platinum-based treatment. These patients
could be selected for inclusion in prospective clinical trials evaluating treatment improve-
ments such as radiotherapy dose escalation [50], or a combination of immunotherapy
and chemotherapy. Additionally, they would benefit from maintenance treatments with
tarlatamab, lurbinectidin or sacituzumab govitecan that have already demonstrated effi-
cacy in ES-SCLC [3,4,51-54]. These considerations may be relevant as LS-SCLC patients
have limited treatment options, and adding drugs after the completion of platinum-based
chemotherapy has not shown to improve outcomes [55].

Another result of interest was the association between the ERCC2 rs1799793 T-allele
and a higher risk of developing grade 3—4 platinum-induced thrombocytopenia in the total
cohort. However, this variant was not associated with a dose reduction in chemotherapy
or with PFS. As expected, we observed that thrombocytopenia was more frequent in ES-
SCLC patients whose regimen of choice was carboplatin—etoposide. Most of these patients
required a reduction in the chemotherapy dose and presented poor survival. ERCC2
protein has ATP-dependent 5'-3' DNA helicase activity and is a subunit of the general
transcription and DNA repair factor IIH (TFIIH) core complex. The ERCC2 rs1799793
variant could identify patients who are at risk of developing thrombocytopenia and would
be candidates for preventive treatment with thrombopoietin receptor agonists. To date, this
variant has not been previously analyzed as a biomarker of thrombocytopenia in SCLC,
but results of the studies conducted in NSCLC were negative [56,57]. The ERCC2 rs1799793
(p-Asp312Asn) variant results in a change in an amino acid located in the Arch domain
(residues 248-438) of the protein. Mutations in this region have been shown to affect DNA
repair processes and protein—protein interactions established during transcription [58,59].
Furthermore, Seker et al. [60] observed an increased apoptotic response of lymphoblastoid
cell lines homozygous for the Asn312 codon (T-allele) exposed to UV or ionized radiation,
supporting ERCC2 rs1799793 as a putative functional variant.

Our candidate gene-based pharmacogenetic study has several limitations. First, the
sample size was relatively small and additionally divided into limited- and extensive-stage
SCLC. In addition, the percentage of optimal FFPE tissue available for this study was low
because these tissues were prioritized for histological diagnosis and possible clinical trials.
Second, most of the informative genetic variants involved in the DNA repair pathways
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and etoposide metabolism were analyzed in this study, but variants in other relevant genes
were not analyzed. The evaluation of additional DNA repair genes such as ERCC4 or genes
encoding for kinases and cyclins involved in the cell cycle, among others, would have
allowed us to better describe the interindividual variability in the response to platinum-
based chemotherapy and radiotherapy in these patients. Moreover, functional analyses of
ERCC1 rs11615 and ERCC2 rs1799793 variants remain necessary to better characterize their
effect on DNA repair pathways. Lastly, ERCC1 rs11615 and ERCC2 rs1799793 associations
with survival and toxicity, respectively, did not reach statistical significance according to
the Bonferroni correction criteria. Bonferroni correction, however, is a too conservative
procedure when correlating genetic markers. To overcome this limitation, we performed
complementary ERCC1 protein expression analyses that showed results in line with those
observed for the ERCC1 rs11615 genetic variant. However, the cut-off score for ERCC1-XPF
positivity in the PLA technique has yet to be validated.

5. Conclusions

Our study adds further evidence to the predictive value of germline variants in
genes of the NER pathway in relation to survival and toxicity following platinum-based
chemotherapy. ERCC1 is a promising biomarker to personalize platinum-based chemother-
apy in LS-SCLC. However, confirmatory findings from larger prospective samples and
additional functional analyses of the genomic variants are needed.
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genetic variants and survival in the total cohort, limited-stage and extensive-stage subgroups; Table S2:
Univariate associations between genetic variants and objective response rate (ORR) in the total cohort,
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variants and chemotherapy-related toxicities in the total cohort; Table S4: Univariate associations
between genetic variants and radiotherapy-related esophagitis in limited-stage.

Author Contributions: Conceptualization, A.B., ].S. and I.S.; Methodology, A.B., L.L.-V.,, M.E, O.B,,
J.S. and I.S.; Formal analysis, A.B., M.J.A. and ].S.; Resources, A.B., L.L.-V.,, M.F, M.M., SM.-R,,
J.S. and LS,; Data curation, A.B., L.L.-V,, M.E, M.M,, SM.-R. and ].S.; Writing—original draft, A.B.
and ].S.; Writing—review & editing, A.B., L.L.-V,, M.F, M\M., SM.-R,, O.B.,, M.J.A,, ].S. and I.S,;
Investigation, L.L.-V.,, M.F. and O.B.; Funding acquisition, A.B., L.L.-V., ].S. and LS.; Supervision,
J.S. and 1.S.; Project administration, ].S. and I.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Societat Catalano-Balear d’Oncologia (Spain). Funding
number: SCBO 2019.

Institutional Review Board Statement: This study was conducted following the guidelines of the
Declaration of Helsinki and approved by the Ethics Committee of the Institut de Recerca Sant Pau
(IBSP-CCP-2022-56; 20 July 2022).

Informed Consent Statement: Informed consent was obtained from all subjects involved in this study.

Data Availability Statement: The data presented in this study are not publicly available due to
ethical committee regulations but are available on request from the corresponding authors.

Acknowledgments: We thank Carolyn Newey for language editing.

Conflicts of Interest: The authors declare no conflicts of interest.

1.  Govindan, R; Page, N.; Morgensztern, D.; Read, W.; Tierney, R.; Vlahiotis, A.; Spitznagel, E.L.; Piccirillo, ]. Changing Epidemiology
of Small-Cell Lung Cancer in the United States over the Last 30 Years: Analysis of the Surveillance, Epidemiologic, and End
Results Database. J. Clin. Oncol. 2006, 24, 4539-4544. [CrossRef] [PubMed]

2. Faivre-Finn, C.; Snee, M.; Ashcroft, L.; Appel, W.; Barlesi, F.; Bhatnagar, A.; Bezjak, A.; Cardenal, F; Fournel, P; Harden, S.;
et al. Concurrent Once-Daily versus Twice-Daily Chemoradiotherapy in Patients with Limited-Stage Small-Cell Lung Cancer
(CONVERT): An Open-Label, Phase 3, Randomised, Superiority Trial. Lancet Oncol. 2017, 18, 1116-1125. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/pharmaceutics16091121/s1
https://www.mdpi.com/article/10.3390/pharmaceutics16091121/s1
https://doi.org/10.1200/JCO.2005.04.4859
https://www.ncbi.nlm.nih.gov/pubmed/17008692
https://doi.org/10.1016/S1470-2045(17)30318-2
https://www.ncbi.nlm.nih.gov/pubmed/28642008

Pharmaceutics 2024, 16, 1121 12 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Horn, L.; Mansfield, A.S.; Szczesna, A.; Havel, L.; Krzakowski, M.; Hochmair, M.].; Huemer, E,; Losonczy, G.; Johnson, M.L.;
Nishio, M.; et al. First-Line Atezolizumab plus Chemotherapy in Extensive-Stage Small-Cell Lung Cancer. N. Engl. ]. Med. 2018,
379, 2220-2229. [CrossRef] [PubMed]

Paz-Ares, L.; Dvorkin, M.; Chen, Y.; Reinmuth, N.; Hotta, K.; Trukhin, D.; Statsenko, G.; Hochmair, M.J.; Ozgﬁroglu, M, Ji, JH.;
et al. Durvalumab plus Platinum-Etoposide versus Platinum-Etoposide in First-Line Treatment of Extensive-Stage Small-Cell
Lung Cancer (CASPIAN): A Randomised, Controlled, Open-Label, Phase 3 Trial. Lancet 2019, 394, 1929-1939. [CrossRef]
Paz-Ares, L.; Chen, Y.; Reinmuth, N.; Hotta, K.; Trukhin, D.; Statsenko, G.; Hochmair, M.].; Ozgl’jroglu, M.; Ji, J.H.; Garassino,
M.C; et al. Durvalumab, with or without Tremelimumab, plus Platinum-Etoposide in First-Line Treatment of Extensive-Stage
Small-Cell Lung Cancer: 3-Year Overall Survival Update from CASPIAN. ESMO Open 2022, 7, 100408. [CrossRef]

Franco, E; Carcereny, E.; Guirado, M.; Ortega, A.L.; Lopez-Castro, R.; Rodriguez-Abreu, D.; Garcia-Campelo, R.; Del Barco, E.;
Juan, O.; Aparisi, E; et al. Epidemiology, Treatment, and Survival in Small Cell Lung Cancer in Spain: Data from the Thoracic
Tumor Registry. PLoS ONE 2021, 16, 0251761. [CrossRef]

Janssen-Heijnen, M.L.G.; Maas, H.A.A.M.; van de Schans, S.A.M.; Coebergh, ] WW.; Groen, H.].M. Chemotherapy in Elderly
Small-Cell Lung Cancer Patients: Yes We Can, but Should We Do It? Ann. Oncol. 2011, 22, 821-826. [CrossRef]

Seigneurin, A.; Delafosse, P.; Trétarre, B.; Woronoff, A.S.; Velten, M.; Grosclaude, P.; Guizard, A.V.; Lap6tre-Ledoux, B.; Bara, S.;
Molinié, F.; et al. Are Comorbidities Associated with Long-Term Survival of Lung Cancer? A Population-Based Cohort Study
from French Cancer Registries. BMC Cancer 2018, 18, 1091. [CrossRef]

Deng, T.; Zhang, J.; Meng, Y.; Zhou, Y.; Li, W. Higher Pretreatment Lactate Dehydrogenase Concentration Predicts Worse Overall
Survival in Patients with Lung Cancer. Medicine 2018, 97, e12524. [CrossRef]

Aarts, MLJ.; Aerts, ].G.; Van Den Borne, B.E.; Biesma, B.; Lemmens, V.E.PP; Kloover, ].S. Comorbidity in Patients with Small-Cell
Lung Cancer: Trends and Prognostic Impact. Clin. Lung Cancer 2015, 16, 282-291. [CrossRef]

Sawant, A.; Floyd, A.M.; Dangeti, M.; Lei, W.; Sobol, R.W.; Patrick, S.M. Differential Role of Base Excision Repair Proteins in
Mediating Cisplatin Cytotoxicity. DNA Repair 2017, 51, 46-59. [CrossRef] [PubMed]

Slyskova, J.; Sabatella, M.; Ribeiro-Silva, C.; Stok, C.; Theil, A.F; Vermeulen, W.; Lans, H. Base and Nucleotide Excision Repair
Facilitate Resolution of Platinum Drugs-Induced Transcription Blockage. Nucleic Acids Res. 2018, 46, 9537-9549. [CrossRef]
[PubMed]

Guo, C.-X.; Wang, J.; Huang, L.-H.; Li, ].-G.; Chen, X. Impact of Single-Nucleotide Polymorphisms on Radiation Pneumonitis in
Cancer Patients. Mol. Clin. Oncol. 2016, 4, 3-10. [CrossRef] [PubMed]

Bukowska, B.; Karwowski, B.T. The Clustered DNA Lesions—Types, Pathways of Repair and Relevance to Human Health. Curr.
Med. Chem. 2018, 25, 2722-2735. [CrossRef]

Duan, M.; Ulibarri, J.; Liu, K.J.; Mao, P. Role of Nucleotide Excision Repair in Cisplatin Resistance. Int. J. Mol. Sci. 2020, 21, 9248.
[CrossRef]

De Silva, I.U.; McHugh, PJ.; Clingen, P.H.; Hartley, ].A. Defects in Interstrand Cross-Link Uncoupling Do Not Account for the
Extreme Sensitivity of ERCC1 and XPF Cells to Cisplatin. Nucleic Acids Res. 2002, 30, 3848-3856. [CrossRef] [PubMed]

Arora, S.; Kothandapani, A.; Tillison, K.; Kalman-Maltese, V.; Patrick, S.M. Downregulation of XPF-ERCC1 Enhances Cisplatin
Efficacy in Cancer Cells. DNA Repair 2010, 9, 745-753. [CrossRef]

Olaussen, K.A.; Dunant, A.; Fouret, P.; Brambilla, E.; André, F.; Haddad, V.; Taranchon, E.; Filipits, M.; Pirker, R.; Popper, H.H.;
et al. DNA Repair by ERCC1 in Non-Small-Cell Lung Cancer and Cisplatin-Based Adjuvant Chemotherapy. N. Engl. |. Med.
2006, 355, 983-991. [CrossRef] [PubMed]

Hubner, R.A; Riley, R.D.; Billingham, L.J.; Popat, S. Excision Repair Cross-Complementation Group 1 (ERCC1) Status and Lung
Cancer Outcomes: A Meta-Analysis of Published Studies and Recommendations. PLoS ONE 2011, 6, e25164. [CrossRef]
Huang, Z.L.; Cao, X.; Luo, R.Z.; Chen, Y.F; Zhu, L.C.; Wen, Z. Analysis of ERCC1, BRCA1, RRM1 and TUBB3 as Predictors of
Prognosis in Patients with Non-Small Cell Lung Cancer Who Received Cisplatin-Based Adjuvant Chemotherapy: A Prospective
Study. Oncol. Lett. 2016, 11, 299-305. [CrossRef]

Lee, HW.; Choi, YW.; Han, ].H.; Kim, ].H.; Jung, ].H.; Jeong, S.H.; Kang, S.Y.; Choi, ]. H.; Oh, Y.T,; Park, KJ.; et al. Expression of
Excision Repair Cross-Complementation Group 1 Protein Predicts Poor Outcome in Advanced Non-Small Cell Lung Cancer
Patients Treated with Platinum-Based Doublet Chemotherapy. Lung Cancer 2009, 65, 377-382. [CrossRef]

Yang, Y.; Luo, X;; Yang, N.; Feng, R.; Xian, L. The Prognostic Value of Excision Repair Cross-Complementation Group 1 (ERCC1)
in Patients with Small Cell Lung Cancer (SCLC) Receiving Platinum-Based Chemotherapy: Evidence from Meta-Analysis. PLoS
ONE 2014, 9, e111651. [CrossRef] [PubMed]

Hamilton, G.; Rath, B. Pharmacogenetics of Platinum-Based Chemotherapy in Non-Small Cell Lung Cancer: Predictive Validity
of Polymorphisms of ERCC1. Expert Opin. Drug Metab. Toxicol. 2018, 14, 17-24. [CrossRef] [PubMed]

Xue, P; Zhang, G.; Zhang, H.; Cui, S.; Zhang, L.; Yu, T.; Xiao, M.; Li, L.; Lu, X. A MiR-15a Related Polymorphism Affects NSCLC
Prognosis via Altering ERCC1 Repair to Platinum-Based Chemotherapy. J. Cell. Mol. Med. 2022, 26, 5439-5451. [CrossRef]
[PubMed]

Yu, D.; Zhang, X.; Liu, J.; Yuan, P; Tan, W.; Guo, Y.; Sun, T.; Zhao, D.; Yang, M.; Liu, J.; et al. Characterization of Functional
Excision Repair Cross-Complementation Group 1 Variants and Their Association with Lung Cancer Risk and Prognosis. Clin.
Cancer Res. 2008, 14, 2878-2886. [CrossRef]


https://doi.org/10.1056/NEJMoa1809064
https://www.ncbi.nlm.nih.gov/pubmed/30280641
https://doi.org/10.1016/S0140-6736(19)32222-6
https://doi.org/10.1016/j.esmoop.2022.100408
https://doi.org/10.1371/journal.pone.0251761
https://doi.org/10.1093/annonc/mdq448
https://doi.org/10.1186/s12885-018-5000-7
https://doi.org/10.1097/MD.0000000000012524
https://doi.org/10.1016/j.cllc.2014.12.003
https://doi.org/10.1016/j.dnarep.2017.01.002
https://www.ncbi.nlm.nih.gov/pubmed/28110804
https://doi.org/10.1093/nar/gky764
https://www.ncbi.nlm.nih.gov/pubmed/30137419
https://doi.org/10.3892/mco.2015.666
https://www.ncbi.nlm.nih.gov/pubmed/26870349
https://doi.org/10.2174/0929867325666180226110502
https://doi.org/10.3390/ijms21239248
https://doi.org/10.1093/nar/gkf479
https://www.ncbi.nlm.nih.gov/pubmed/12202770
https://doi.org/10.1016/j.dnarep.2010.03.010
https://doi.org/10.1056/NEJMoa060570
https://www.ncbi.nlm.nih.gov/pubmed/16957145
https://doi.org/10.1371/journal.pone.0025164
https://doi.org/10.3892/ol.2015.3894
https://doi.org/10.1016/j.lungcan.2008.12.005
https://doi.org/10.1371/journal.pone.0111651
https://www.ncbi.nlm.nih.gov/pubmed/25375151
https://doi.org/10.1080/17425255.2018.1416095
https://www.ncbi.nlm.nih.gov/pubmed/29226731
https://doi.org/10.1111/jcmm.17566
https://www.ncbi.nlm.nih.gov/pubmed/36181289
https://doi.org/10.1158/1078-0432.CCR-07-1612

Pharmaceutics 2024, 16, 1121 13 of 14

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Nicos, M.; Rolska-Kopiriska, A.; Krawczyk, P; Grenda, A.; Bozyk, A.; Szczyrek, M.; Milanowski, J. Effect of TOP2A and ERCC1
Gene Polymorphisms on the Efficacy and Toxicity of Cisplatin and Etoposidebased Chemotherapy in Small Cell Lung Cancer
Patients. Arch. Med. Sci. 2021, 17, 474-480. [CrossRef]

Anai, S.; Iwama, E.; Yoneshima, Y.; Otsubo, K.; Tanaka, K.; Nakanishi, Y.; Okamoto, I. Association of Nephrotoxicity during
Platinum-Etoposide Doublet Therapy with UGT1A1 Polymorphisms in Small Cell Lung Cancer Patients. Lung Cancer 2018, 126,
156-161. [CrossRef]

Negoro, Y.; Yano, R.; Yoshimura, M.; Suehiro, Y.; Yamashita, S.; Kodawara, T.; Watanabe, K.; Tsukamoto, H.; Nakamura, T.;
Kadowaki, M.; et al. Influence of UGT1A1 Polymorphism on Etoposide plus Platinum-Induced Neutropenia in Japanese Patients
with Small-Cell Lung Cancer. Int. ]. Clin. Oncol. 2019, 24, 256-261. [CrossRef]

Kim, Y.H.; Ishii, G.; Goto, K; Ota, S.; Kubota, K.; Murata, Y.; Mishima, M.; Saijo, N.; Nishiwaki, Y.; Ochiai, A. Expression of Breast
Cancer Resistance Protein Is Associated with a Poor Clinical Outcome in Patients with Small-Cell Lung Cancer. Lung Cancer 2009,
65, 105-111. [CrossRef]

Skov, B.G.; Holm, B.; Erreboe, A.; Skov, T.; Mellemgaard, A. ERCC1 and Ki67 in Small Cell Lung Carcinoma and Other
Neuroendocrine Tumors of the Lung: Distribution and Impact on Survival. J. Thorac. Oncol. 2010, 5, 453-459. [CrossRef]

Lee, GW,; Go, S.I; Cho, YJ; Jeong, Y.Y,; Kim, H.C.; Duk Lee, J.; Hwang, Y.S.; Ko, G.H.; Lee, ]. H.; Kim, D.C,; et al. Hypoxia-
Inducible Factor-1x and Excision Repair Cross-Complementing 1 in Patients with Small Cell Lung Cancer Who Received
Front-Line Platinum-Based Chemotherapy: A Retrospective Study. J. Thorac. Oncol. 2012, 7, 528-534. [CrossRef]

Eisenhauer, E.A.; Therasse, P.; Bogaerts, J.; Schwartz, L.H.; Sargent, D.; Ford, R.; Dancey, ]J.; Arbuck, S.; Gwyther, S.; Mooney,
M.; et al. New Response Evaluation Criteria in Solid Tumours: Revised RECIST Guideline (Version 1.1). Eur. J. Cancer 2009, 45,
228-247. [CrossRef]

National Cancer Institute. Common Terminology Criteria for Adverse Events (CTCAE); Version 4.0. 2009. Available online:
https:/ /www.meddra.org/mapping (accessed on 15 June 2022).

He, K.; Zhang, S.; Pang, J.; Yin, ].C.; Mu, D.; Wang, J.; Ge, H.; Ma, ].; Yang, Z.; Zheng, X.; et al. Genomic Profiling Reveals Novel
Predictive Biomarkers for Chemo-Radiotherapy Efficacy and Thoracic Toxicity in Non-Small-Cell Lung Cancer. Front. Oncol.
2022, 12,928605. [CrossRef] [PubMed]

Omori, M.; Noro, R.; Seike, M.; Matsuda, K.; Hirao, M.; Fukuizumi, A.; Takano, N.; Miyanaga, A.; Gemma, A. Inhibitors of ABCB1
and ABCG2 Overcame Resistance to Topoisomerase Inhibitors in Small Cell Lung Cancer. Thorac. Cancer 2022, 13, 2142-2151.
[CrossRef]

Pérez-Ramirez, C.; Cafiadas-Garre, M.; Alnatsha, A.; Villar, E.; Delgado, J.R.; Faus-Dader, M.].; Calleja-Hernandez, M.A.
Pharmacogenetic Predictors of Toxicity to Platinum Based Chemotherapy in Non-Small Cell Lung Cancer Patients. Pharmacol.
Res. 2016, 111, 877-884. [CrossRef] [PubMed]

Tan, L.M.; Qiu, C.F; Zhu, T,; Jin, Y.X,; Li, X,; Yin, ].Y.; Zhang, W.; Zhou, H.H.; Liu, Z.Q. Genetic Polymorphisms and Platinum-
Based Chemotherapy Treatment Outcomes in Patients with Non-Small Cell Lung Cancer: A Genetic Epidemiology Study Based
Meta-Analysis. Sci. Rep. 2017, 7, 5593. [CrossRef]

Marcuello, E.; Péez, D.; Paré, L,; Salazar, J.; Sebio, A.; Del Rio, E.; Baiget, M. A Genotype-Directed Phase I-IV Dose-Finding Study
of Irinotecan in Combination with Fluorouracil/Leucovorin as First-Line Treatment in Advanced Colorectal Cancer. Br. J. Cancer
2011, 105, 53-57. [CrossRef]

Auton, A.; Abecasis, G.R.; Altshuler, D.M.; Durbin, R.M.; Bentley, D.R.; Chakravarti, A.; Clark, A.G.; Donnelly, P.; Eichler, E.E.;
Flicek, P; et al. A Global Reference for Human Genetic Variation. Nature 2015, 526, 68-74. [PubMed]

Furuta, T;; Ueda, T.; Aune, G.; Sarasin, A.; Kraemer, K.H.; Pommier, Y. Transcription-Coupled Nucleotide Excision Repair as a
Determinant of Cisplatin Sensitivity of Human Cells. Cancer Res. 2002, 62, 4899-4902.

Yu, S.N,; Liu, G.F; Li, X.F; Fu, B.H.; Dong, L.X.; Zhang, S.H. Evaluation of Prediction of Polymorphisms of DNA Repair Genes on
the Efficacy of Platinum-Based Chemotherapy in Patients With Non-Small Cell Lung Cancer: A Network Meta-Analysis. J. Cell.
Biochem. 2017, 118, 4782-4791. [CrossRef]

Yu, ].J.; Lee, K.B.; Mu, C.; Li, Q.; Abernathy, T.V.; Bostick-Bruton, F.; Reed, E. Comparison of Two Human Ovarian Carcinoma Cell
Lines (A2780/CP70 and MCAS) That Are Equally Resistant to Platinum, but Differ at Codon 118 of the ERCC1 Gene. Int. ]. Oncol.
2000, 16, 555-560. [CrossRef]

Takenaka, T.; Yano, T.; Kiyohara, C.; Miura, N.; Kouso, H.; Ohba, T.; Kometani, T.; Shoji, F.; Yoshino, I.; Maehara, Y. Effects of
Excision Repair Cross-Complementation Group 1 (ERCC1) Single Nucleotide Polymorphisms on the Prognosis of Non-Small Cell
Lung Cancer Patients. Lung Cancer 2010, 67, 101-107. [CrossRef]

Britten, R.A,; Liu, D.; Tessier, A.; Hutchison, M.].; Murray, D. ERCC1 Expression as a Molecular Marker of Cisplatin Resistance in
Human Cervical Tumor Cells. Int. |. Cancer 2000, 89, 453-457. [CrossRef] [PubMed]

Zheng, Z.; Chen, T,; Li, X; Haura, E.; Sharma, A.; Bepler, G. DNA Synthesis and Repair Genes RRM1 and ERCC1 in Lung Cancer.
N. Engl. ]. Med. 2007, 356, 800-808. [CrossRef]

Friboulet, L.; Olaussen, K.A.; Pignon, J.-P.; Shepherd, FA.; Tsao, M.-S.; Graziano, S.; Kratzke, R.; Douillard, J.-Y.; Seymour,
L.; Pirker, R; et al. ERCC1 Isoform Expression and DNA Repair in Non-Small-Cell Lung Cancer. N. Engl. . Med. 2013, 368,
1101-1110. [CrossRef] [PubMed]


https://doi.org/10.5114/aoms.2020.92572
https://doi.org/10.1016/j.lungcan.2018.11.002
https://doi.org/10.1007/s10147-018-1358-4
https://doi.org/10.1016/j.lungcan.2008.10.008
https://doi.org/10.1097/JTO.0b013e3181ca063b
https://doi.org/10.1097/JTO.0b013e3182417830
https://doi.org/10.1016/j.ejca.2008.10.026
https://www.meddra.org/mapping
https://doi.org/10.3389/fonc.2022.928605
https://www.ncbi.nlm.nih.gov/pubmed/35912186
https://doi.org/10.1111/1759-7714.14527
https://doi.org/10.1016/j.phrs.2016.08.002
https://www.ncbi.nlm.nih.gov/pubmed/27498158
https://doi.org/10.1038/s41598-017-05642-0
https://doi.org/10.1038/bjc.2011.206
https://www.ncbi.nlm.nih.gov/pubmed/26432245
https://doi.org/10.1002/jcb.26147
https://doi.org/10.3892/ijo.16.3.555
https://doi.org/10.1016/j.lungcan.2009.03.007
https://doi.org/10.1002/1097-0215(20000920)89:5%3C453::AID-IJC9%3E3.0.CO;2-E
https://www.ncbi.nlm.nih.gov/pubmed/11008208
https://doi.org/10.1056/NEJMoa065411
https://doi.org/10.1056/NEJMoa1214271
https://www.ncbi.nlm.nih.gov/pubmed/23514287

Pharmaceutics 2024, 16, 1121 14 of 14

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Lee, S.M.; Falzon, M.; Blackhall, E; Spicer, J.; Nicolson, M.; Chaudhuri, A.; Middleton, G.; Ahmed, S.; Hicks, J.; Crosse, B.;
et al. Randomized Prospective Biomarker Trial of ERCC1 for Comparing Platinum and Nonplatinum Therapy in Advanced
Non-Small-Cell Lung Cancer: ERCC1 Trial (ET). J. Clin. Oncol. 2017, 35, 402-411. [CrossRef] [PubMed]

Bhagwat, N.R; Roginskaya, V.Y.; Acquafondata, M.B.; Dhir, R.; Wood, R.D.; Niedernhofer, L.J. Immunodetection of DNA Repair
Endonuclease ERCC1-XPF in Human Tissue. Cancer Res. 2009, 69, 6831-6838. [CrossRef]

Ceppi, P.; Longo, M.; Volante, M.; Novello, S.; Cappia, S.; Bacillo, E.; Selvaggi, G.; Saviozzi, S.; Calogero, R.; Papotti, M.; et al.
Excision Repair Cross Complementing-1 and Topoisomerase Il Gene Expression in Small-Cell Lung Cancer Patients Treated
with Platinum and Etoposide: A Retrospective Study. J. Thorac. Oncol. 2008, 3, 583-589. [CrossRef] [PubMed]

Gronberg, B.H.; Killingberg, K.T.; Flotten, @.; Brustugun, O.T.; Hornslien, K.; Madebo, T.; Langer, S.W.; Schytte, T.; Nyman, J.;
Risum, S.; et al. High-Dose versus Standard-Dose Twice-Daily Thoracic Radiotherapy for Patients with Limited Stage Small-Cell
Lung Cancer: An Open-Label, Randomised, Phase 2 Trial. Lancet Oncol. 2021, 22, 321-331. [CrossRef]

Trigo, J.; Subbiah, V.; Besse, B.; Moreno, V.; Lopez, R.; Sala, M.A.; Peters, S.; Ponce, S.; Fernandez, C.; Alfaro, V,; et al. Lurbinectedin
as Second-Line Treatment for Patients with Small-Cell Lung Cancer: A Single-Arm, Open-Label, Phase 2 Basket Trial. Lancet
Oncol. 2020, 21, 645-654. [CrossRef]

Blanco, A.C.; Mendivil, A.EN.; Doger de Spéville, B.; Colomé, E.A; De Miguel Luken, M.J.; Alvarez, R M.; Garcia, VM.; ramon, J.;
Valles, M.A; Corral de la Fuente, E.; et al. 1989MO Lurbinectedin (LUR) in Combination with Pembrolizumab (PBL) in Relapsed
Small Cell Lung Cancer (SCLC): The Phase I/II LUPER Study. Ann. Oncol. 2023, 34, S1060-51061. [CrossRef]

Dowlati, A.; Cervantes, A.; Babu, S.; Hamilton, E.P.; Wong, S.F.; Tazbirkova, A.; Sullivan, L.G.; Van Marcke de Lummen, C,;
Italiano, A.; Patel, J.; et al. 1990MO Sacituzumab Govitecan (SG) as Second-Line (2L) Treatment for Extensive Stage Small Cell
Lung Cancer (ES-SCLC): Preliminary Results from the Phase II TROPiCS-03 Basket Trial. Ann. Oncol. 2023, 34, S1061-S1062.
[CrossRef]

Ahn, M.-J.; Cho, B.C,; Felip, E.; Korantzis, I.; Ohashi, K.; Majem, M.; Juan-Vidal, O.; Handzhiev, S.; Izumi, H.; Lee, J.-S.; et al.
Tarlatamab for Patients with Previously Treated Small-Cell Lung Cancer. N. Engl. |. Med. 2023, 389, 2063-2075. [CrossRef]
[PubMed]

Peters, S.; Pujol, ].L.; Dafni, U.; Démine, M.; Popat, S.; Reck, M.; Andrade, J.; Becker, A.; Moro-Sibilot, D.; Curioni-Fontecedro,
A.; et al. Consolidation Nivolumab and Ipilimumab versus Observation in Limited-Disease Small-Cell Lung Cancer after
Chemo-Radiotherapy—Results from the Randomised Phase II ETOP/IFCT 4-12 STIMULI Trial. Ann. Oncol. 2022, 33, 67-79.
[CrossRef]

Tibaldi, C.; Giovannetti, E.; Vasile, E.; Mey, V.; Laan, A.C.; Nannizzi, S.; Di Marsico, R.; Antonuzzo, A.; Orlandini, C.; Ricciardi,
S.; et al. Correlation of CDA, ERCC1, and XPD Polymorphisms with Response and Survival in Gemcitabine/Cisplatin-Treated
Advanced Non-Small Cell Lung Cancer Patients. Clin. Cancer Res. 2008, 14, 1797-1803. [CrossRef] [PubMed]

Wu, W.; Zhang, W.; Qiao, R.; Chen, D.; Wang, H.; Wang, Y.; Zhang, S.; Gao, G.; Gu, A.; Shen, J.; et al. Association of XPD
Polymorphisms with Severe Toxicity in Non-Small Cell Lung Cancer Patients in a Chinese Population. Clin. Cancer Res. 2009, 15,
3889-3895. [CrossRef]

Abdulrahman, W.; Iltis, I.; Radu, L.; Braun, C.; Maglott-Roth, A.; Giraudon, C.; Egly, ].M.; Poterszman, A. ARCH Domain of XPD,
an Anchoring Platform for CAK That Conditions TFITH DNA Repair and Transcription Activities. Proc. Natl. Acad. Sci. USA 2013,
110, E633-E642. [CrossRef]

Rump, A.; Benet-Pages, A.; Schubert, S.; Kuhlmann, J.D.; Janavi¢ius, R.; Machackova, E.; Foretova, L.; Kleibl, Z.; Lhota, F;
Zemankova, P.; et al. Identification and Functional Testing of ERCC2 Mutations in a Multi-National Cohort of Patients with
Familial Breast- and Ovarian Cancer. PLoS Genet. 2016, 12, €1006248. [CrossRef]

Seker, H.; Bowman, E.D.; Rusin, M.; Harris, C.C.; Butkiewicz, D.; Hedayati, M.; Grossman, L. Functional Significance of XPD
Polymorphic Variants: Attenuated Apoptosis in Human Lymphoblastoid Cells with the XPD 312 Asp/Asp Genotype. Cancer Res.
2001, 61, 7430-7434. [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1200/JCO.2016.68.1841
https://www.ncbi.nlm.nih.gov/pubmed/27893326
https://doi.org/10.1158/0008-5472.CAN-09-1237
https://doi.org/10.1097/JTO.0b013e3181734f24
https://www.ncbi.nlm.nih.gov/pubmed/18520795
https://doi.org/10.1016/S1470-2045(20)30742-7
https://doi.org/10.1016/S1470-2045(20)30068-1
https://doi.org/10.1016/j.annonc.2023.09.1220
https://doi.org/10.1016/j.annonc.2023.09.1221
https://doi.org/10.1056/NEJMoa2307980
https://www.ncbi.nlm.nih.gov/pubmed/37861218
https://doi.org/10.1016/j.annonc.2021.09.011
https://doi.org/10.1158/1078-0432.CCR-07-1364
https://www.ncbi.nlm.nih.gov/pubmed/18347182
https://doi.org/10.1158/1078-0432.CCR-08-2715
https://doi.org/10.1073/pnas.1213981110
https://doi.org/10.1371/journal.pgen.1006248
https://www.ncbi.nlm.nih.gov/pubmed/11606376

	Introduction 
	Materials and Methods 
	Study Sample 
	Clinical Assessment 
	SNPs Selection and Genotyping 
	Immunohistochemical Studies 
	Proximity Ligation Assay (PLA) 
	Statistics 

	Results 
	Clinical Results 
	Survival and Objective Response Rate Analyses 
	Analyses of Genetic Variants 
	Analyses of ERCC1 and ERCC1-XPF Complex Expression 

	Safety Analyses 

	Discussion 
	Conclusions 
	References

