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T

obacco carcinogens induce DNA adducts that are repaired
by the nucleotide excision repair (NER) pathway.1 Inhaled combustion-derived particles, such as cigarette smoke,
cause a local pulmonary inflammatory response that is characterized by the influx of neutrophils into the airways. On
entering the lung, neutrophils are activated and release reactive oxygen species and an array of proteins, such as myeloperoxidase. A significant reduction of NER in human alveolar
epithelial cells was observed when they were cocultured with
activated neutrophils.2
NER, a highly versatile pathway for DNA damage
removal, is often dysfunctional in non-small cell lung cancer
(NSCLC) and could, therefore, be the Achilles heel for
customizing chemotherapy. NER removes numerous types of
DNA helix-distorting lesions, including cisplatin- and ultraviolet-induced photo products.1 Inherited defects in the NER
process cause serious repair disorders: xeroderma pigmentosum (XP), with extreme risk of ultraviolet-induced skin
cancer, and Cockayne syndrome. NER functions by a “cutand-paste” mechanism in which cisplatin damage recognition, local opening of the DNA helix around the lesion,
damage excision, and gap filling occur in successive steps1,3–5
(Figure 1). NER is composed of two subpathways: global
genome NER (GG-NER) and transcription-coupled NER
(TC-NER), which share the same core mechanism but differ
in the way lesions are recognized.6 NER-defective XP is
classified into seven complementation groups, XPA to XPG.
XPC and XPE are specifically defective in GG-NER, which
repairs the damage on the nontranscribed strand, whereas the
other XP groups involve deficiencies in both TC-NER and
GG-NER.7
The first step in GG-NER is damage recognition by the
heterodimer XPC/hHR23B, which binds with higher affinity
to helix-distorting DNA lesions than to nondamaged, doublestranded DNA1 (Figure 1A). Various NER factors, including
transcription factor IIH (TFIIH, a general transcription factor
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for RNA polymerase II), XPA, replication protein A (RPA),
and XPG work together to repair DNA damage (Figure 1B).
TFIIH can be divided into two subcomplexes: the core TFIIH
(composed of XPB, p62, p52, p44, p34, and p8) and a
cdk-activating kinase subcomplex (containing cdk7, cyclin H,
and MAT1).7 Both subcomplexes are bridged by XPD. In
NER, TFIIH unwinds the duplex DNA around the lesion to
allow the recruitment of the NER factors XPA, RPA, XPG,
and excision repair cross-complementing 1 (ERCC1)/XPF
(Figure 1B). TFIIH, with the two helicases XPB and XPD,
opens an approximately 30-base-long DNA segment around
the platinum damage. This open intermediate is stabilized by
RPA and XPA (Figure 1C). The DNA strand that contains the
damaged base(s) is excised by the two NER endonucleases
XPG and ERCC1/XPF (Figure 1D). XPG cleaves the damaged DNA strand 3= from the lesion, and ERCC1/XPF
cleaves the damaged strand 5= from the lesion (Figure 1D).
The resulting gap is filled by DNA polymerase ␦ or  in the
presence of replication factors8 (Figure 1E). Importantly, the
ERCC1/XPF structure-specific nuclease has an additional
role in the repair of cisplatin adducts besides its function in
NER: the recombination repair of interstrand cross-links.9
Moreover, colocalization of ERCC1 foci and RAD51 foci in
response to cisplatin treatment has recently been found and
may represent recruitment of ERCC1/XPF to sites of recombination repair.10 Nevertheless, in addition to NER, cisplatininduced cytotoxicity requires the interaction of components
from several different DNA damage-processing systems.11

CLINICAL STUDIES TESTING PLATINUM
OUTCOME ACCORDING TO ERCC1, RRM1,
AND BRCA1
In recent years, ERCC1 and other components of DNA
damage-processing systems have been examined in the clinical setting (Figure 2). High tumor tissue levels of ERCC1
mRNA in ovarian and gastric cancer patients have been associated with cisplatin resistance.12,13 When intratumoral ERCC1
mRNA derived from paraffin-embedded tumor specimens was
measured by real-time reverse transcriptase polymerase chain
reaction in metastatic colon cancer patients treated with oxaliplatin and 5-fluorouracil, high levels of ERCC1 significantly
correlated with poor response and shorter survival.14
Several studies in stage IV gemcitabine/cisplatintreated NSCLC show that patients with low ERCC1 or
ribonucleotide reductase subunit M1 (RRM1) mRNA levels
have a median survival of 15 months. Nevertheless, the
predictive value of low ERCC1 mRNA levels found in our
original study15 was not borne out by our second study with
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FIGURE 1. Functional nucleotide excision repair (NER)
pathway and the repair of platinum damage. (A) Recognition of platinum adducts (shown as golden rings) by the
heterodimer XPC/hHR23B. (B) TFIIH contains two helicases,
which open an approximately 30-base-long DNA segment
around the damage. (C) This open intermediate is stabilized
by RPA and XPA. (D) The DNA strand that contains the
damaged base(s) is excised by XPG and excision repair
cross-complementing 1 (ERCC1)/XPF. XPG cleaves the damaged DNA strand 3= from the lesion, and ERCC1/XPF cleaves
the damaged strand 5= from the lesion. (E) The resulting gap
is filled by DNA polymerase ␦ or  in the presence of replication factors.

Italian patients, in which low ERCC1 levels showed a nonsignificant trend toward better survival (unpublished data).
Conversely, in these same Italian patients, low RRM1
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mRNA levels were significantly associated with improved
survival (15.5 versus 6.8 months; p ⫽ 0.002).16 No differences were found according to RRM1 status in patients
treated with paclitaxel/carboplatin or vinorelbine/cisplatin
as part of the original phase III randomized trial.17
Whereas no differences between the three different cisplatin doublets were found in the original trial, RRM1 identified patients with better survival in the gemcitabine/
cisplatin-treated arm, which can be attributed to the effect
of RRM1 on gemcitabine metabolism and on the NER
pathway. Low RRM1 levels were associated with a significantly better survival18 in NSCLC patients treated with
gemcitabine/cisplatin as part of a large phase III randomized trial.19 Nevertheless, the predictive value of RRM1
was not evident in the group of patients who received
gemcitabine/cisplatin/vinorelbine triplets, raising the hypothesis that antimicrotubule drugs act on the NER pathway in a different way, as explained below. In another
study20 of patients treated with neoadjuvant gemcitabine/
cisplatin and then surgery, the lowest RRM1 mRNA levels
(bottom quartile) predicted significantly better survival in
comparison with those with higher levels of RRM1, whereas
no differences were observed according to ERCC1 or XPD
mRNA levels.
The predictive role of ERCC1 in cisplatin response was
tested in a customized chemotherapy trial based on tumor
ERCC1 mRNA levels. Patients in the control arm received
docetaxel plus cisplatin. Patients in the customized arm
received treatment based on ERCC1 mRNA levels: those
with low levels received docetaxel plus cisplatin, and those
with high levels received non– cisplatin-based treatment (docetaxel plus gemcitabine). Objective response was observed
in 53 patients (39.3%) in the control arm and 107 patients
(50.7%) in the customized arm (p ⫽ 0.019).21 This study
shows that assessment of ERCC1 mRNA expression in patient tumor tissue is feasible in the clinical setting and
predicts response to docetaxel plus cisplatin. Nevertheless,
the response benefit did not translate into improved survival,
which can be partly explained by the fact that antimicrotubule
drugs may not be the best partner for cisplatin in the presence
of low ERCC1 levels. The combination of ERCC1 and
RRM1 gene expression levels in frozen tumor specimens has
also been used to select chemotherapy22: patients with low
levels of both genes received carboplatin plus gemcitabine;
those with high levels of both genes received docetaxel plus
vinorelbine; those with high ERCC1 but low RRM1 received
gemcitabine plus docetaxel; and those with low ERCC1 and
high RRM1 received docetaxel plus carboplatin. This study
confirmed the feasibility of this approach and paved the way
for additional studies.
GG-NER might not correctly detect cisplatin DNA
adducts, because it has been shown to possess a low affinity
for these adducts.23,24 On the other hand, defects in TC-NER
(Figure 1) render cells markedly hypersensitive to cisplatin.8
Unlike ERCC1, breast cancer susceptibility gene 1 (BRCA1)
is involved in TC-NER,25,26 and BRCA1-deficient cells are
hypersensitive to cisplatin.27 BRCA1 expression confers differential chemosensitivity in cell lines,28 and low levels of
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FIGURE 2. Clinical studies of excision repair cross-complementing 1 (ERCC1) and other components of DNA damage-processing systems.

BRCA1 correlated with increased survival in stage III
NSCLC patients treated with neoadjuvant cisplatin/gemcitabine and then surgery.29
REFERENCES
1. de Laat WL, Jaspers NG, Hoeijmakers JH. Molecular mechanism of
nucleotide excision repair. Genes Dev 1999;13:768–785.
2. Gungor N, Godschalk RW, Pachen DM, et al. Activated neutrophils
inhibit nucleotide excision repair in human pulmonary epithelial cells:
role of myeloperoxidase. FASEB J 2007;21:2359–2367.
3. Rosell R, Crino L, Danenberg K, et al. Targeted therapy in combination
with gemcitabine in non-small cell lung cancer. Semin Oncol 2003;30:
19–25.
4. Rosell R, Taron M, Barnadas A, et al. Nucleotide excision repair
pathways involved in cisplatin resistance in non-small-cell lung cancer.
Cancer Control 2003;10:297–305.
5. Rosell R, Taron M, Ariza A, et al. Molecular predictors of response to
chemotherapy in lung cancer. Semin Oncol 2004;31:20–27.
6. Wijnhoven SW, Hoogervorst EM, de Waard H, et al. Tissue specific
mutagenic and carcinogenic responses in NER defective mouse models.
Mutat Res 2007;614:77–94.
7. Ito S, Kuraoka I, Chymkowitch P, et al. XPG stabilizes TFIIH, allowing
transactivation of nuclear receptors: implications for Cockayne syndrome in XP-G/CS patients. Mol Cell 2007;26:231–243.
8. Furuta T, Ueda T, Aune G, et al. Transcription-coupled nucleotide
excision repair as a determinant of cisplatin sensitivity of human cells.
Cancer Res 2002;62:4899–4902.
9. Niedernhofer LJ, Odijk H, Budzowska M, et al. The structure-specific
endonuclease Ercc1-Xpf is required to resolve DNA interstrand
cross-link-induced double-strand breaks. Mol Cell Biol 2004;24:
5776–5787.
10. Cummings M, Higginbottom K, McGurk CJ, et al. XPA versus ERCC1
as chemosensitising agents to cisplatin and mitomycin C in prostate
cancer cells: role of ERCC1 in homologous recombination repair.
Biochem Pharmacol 2006;72:166–175.
11. Beljanski V, Marzilli LG, Doetsch PW. DNA damage-processing pathways involved in the eukaryotic cellular response to anticancer DNA
cross-linking drugs. Mol Pharmacol 2004;65:1496–1506.
12. Dabholkar M, Vionnet J, Bostick-Bruton F, et al. Messenger RNA
levels of XPAC and ERCC1 in ovarian cancer tissue correlate with
response to platinum-based chemotherapy. J Clin Invest 1994;94:
703–708.

13. Metzger R, Leichman CG, Danenberg KD, et al. ERCC1 mRNA levels
complement thymidylate synthase mRNA levels in predicting response
and survival for gastric cancer patients receiving combination cisplatin
and fluorouracil chemotherapy. J Clin Oncol 1998;16:309–316.
14. Shirota Y, Stoehlmacher J, Brabender J, et al. ERCC1 and thymidylate
synthase mRNA levels predict survival for colorectal cancer patients
receiving combination oxaliplatin and fluorouracil chemotherapy. J Clin
Oncol 2001;19:4298–4304.
15. Lord RV, Brabender J, Gandara D, et al. Low ERCC1 expression correlates
with prolonged survival after cisplatin plus gemcitabine chemotherapy in
non-small cell lung cancer. Clin Cancer Res 2002;8:2286–2291.
16. Rosell R, Scagliotti G, Danenberg KD, et al. Transcripts in pretreatment
biopsies from a three-arm randomized trial in metastatic non-small-cell
lung cancer. Oncogene 2003;22:3548–3553.
17. Scagliotti GV, De Marinis F, Rinaldi M, et al. Phase III randomized trial
comparing three platinum-based doublets in advanced non-small-cell
lung cancer. J Clin Oncol 2002;20:4285–4291.
18. Rosell R, Danenberg KD, Alberola V, et al. Ribonucleotide reductase
messenger RNA expression and survival in gemcitabine/cisplatin-treated
advanced non-small cell lung cancer patients. Clin Cancer Res 2004;10:
1318–1325.
19. Alberola V, Camps C, Provencio M, et al. Cisplatin plus gemcitabine
versus a cisplatin-based triplet versus nonplatinum sequential doublets in
advanced non-small-cell lung cancer: a Spanish Lung Cancer Group
phase III randomized trial. J Clin Oncol 2003;21:3207–3213.
20. Rosell R, Felip E, Taron M, et al. Gene expression as a predictive marker
of outcome in stage IIB-IIIA-IIIB non-small cell lung cancer after
induction gemcitabine-based chemotherapy followed by resectional surgery. Clin Cancer Res 2004;10:4215s–4219s.
21. Cobo M, Isla D, Massuti B, et al. Customizing cisplatin based on quantitative excision repair cross-complementing 1 mRNA expression: a phase III
trial in non-small-cell lung cancer. J Clin Oncol 2007;25:2747–2754.
22. Simon G, Sharma A, Li X, et al. Feasibility and efficacy of molecular
analysis-directed individualized therapy in advanced non-small-cell lung
cancer. J Clin Oncol 2007;25:2741–2746.
23. Laine JP, Egly JM. Initiation of DNA repair mediated by a stalled RNA
polymerase IIO. EMBO J 2006;25:387–397.
24. Tremeau-Bravard A, Riedl T, Egly JM, et al. Fate of RNA polymerase
II stalled at a cisplatin lesion. J Biol Chem 2004;279:7751–7759.
25. Le Page F, Randrianarison V, Marot D, et al. BRCA1 and BRCA2 are
necessary for the transcription-coupled repair of the oxidative 8-oxoguanine lesion in human cells. Cancer Res 2000;60:5548–5552.
26. Abbott DW, Thompson ME, Robinson-Benion C, et al. BRCA1 expres-

Copyright © 2007 by the International Association for the Study of Lung Cancer

1065

Rosell et al.

Journal of Thoracic Oncology • Volume 2, Number 12, December 2007

sion restores radiation resistance in BRCA1-defective cancer cells
through enhancement of transcription-coupled DNA repair. J Biol Chem
1999;274:18808–18812.
27. Husain A, He G, Venkatraman ES, et al. BRCA1 up-regulation is
associated with repair-mediated resistance to cis-diamminedichloroplatinum(II). Cancer Res 1998;58:1120–1123.

1066

28. Quinn JE, Kennedy RD, Mullan PB, et al. BRCA1 functions as a
differential modulator of chemotherapy-induced apoptosis. Cancer Res
2003;63:6221–6228.
29. Taron M, Rosell R, Felip E, et al. BRCA1 mRNA expression levels as
an indicator of chemoresistance in lung cancer. Hum Mol Genet 2004;
13:2443–2449.

Copyright © 2007 by the International Association for the Study of Lung Cancer

