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Abstract

Bulky cisplatin lesions are repaired primarily by nucleotide excision repair (NER), in which the 

structure specific endonuclease XPF–ERCC1 is a critical component. It is now known that the 

XPF–ERCC1 complex has repair functions beyond NER and plays a role in homologous 

recombination (HR). It has been suggested that expression of ERCC1 correlates with cisplatin 

drug resistance in non-small cell lung cancer (NSCLC). In our study, using NSCLC, ovarian, and 

breast cancer cells, we show that the XPF–ERCC1 complex is a valid target to increase cisplatin 

cytotoxicity and efficacy. We targeted XPF–ERCC1 complex by RNA interference and assessed 

the repair capacity of cisplatin intrastrand and interstrand crosslinks by ELISA and alkaline comet 

assay, respectively. We also assessed the repair of cisplatin-ICL-induced double-strand breaks 

(DSBs) by monitoring γ-H2AX focus formation. Interestingly, XPF protein levels were 

significantly reduced following ERCC1 downregulation, but the converse was not observed. The 

transcript levels were unaffected suggesting that XPF protein stability is likely affected. The repair 

of both types of cisplatin-DNA lesions was decreased with downregulation of XPF, ERCC1 or 

both XPF–ERCC1. The ICL-induced DSBs persist in the absence of XPF–ERCC1. The 

suppression of the XPF–ERCC1 complex significantly decreases the cellular viability which 

correlates well with the decrease in DNA repair capacity. A double knockdown of XPF–ERCC1 

displays the greatest level of cellular cytotoxicity when compared with XPF or ERCC1 alone. The 

difference in cytotoxicity observed is likely due to the level of total protein complex remaining. 

These data demonstrate that XPF–ERCC1 is a valid target to enhance cisplatin efficacy in cancer 

cells by affecting cisplatin-DNA repair pathways.
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1. Introduction

Cisplatin [cis-diammine-dichloroplatinum (II)] is one of the most widely used platinum 

containing chemotherapeutic agents. It is an alkylating agent that acts by forming cisplatin-

DNA adducts which include monoadducts, intrastrand DNA adducts and DNA interstrand 

crosslinks (ICLs). These adducts inhibit and block DNA replication, which leads to cell 

death [1,2]. Cisplatin is used clinically to treat a wide variety of tumors such as ovarian, 

testicular, head and neck, and NSCLC. Randomized clinical trials have confirmed that 

adjuvant chemotherapy with platinum-based (carboplatin or cisplatin) drug combinations for 

NSCLC significantly increases survival [3].

Despite its success with testicular cancer, its effectiveness in the treatment of other cancers 

is limited. This is due to the development of resistance over time. There are multiple 

mechanisms of cisplatin resistance but increased DNA repair is proposed to be one of the 

major reasons of resistance development [4]. Studies with a series of cisplatin-resistant cells 

in ovarian cancer cell lines show a clear relation between adduct removal and cisplatin 

cytotoxicity in a cisplatin-resistant model [5]. A major pathway involved in the repair of 

cisplatin-DNA adducts is the nucleotide excision repair (NER) pathway [6]. While the 

intrastrand DNA lesions and monoadducts are repaired by NER, the exact mechanism and 

events occurring during ICL repair are poorly understood [7].

The NER pathway has several steps: DNA damage recognition, dual incision/excision, 

repair synthesis and ligation. An important member of NER, the excision repair cross-

complementing group 1 protein (ERCC1), forms a heterodimer with XPF and together they 

perform a critical incision step in the NER reaction. The XPF–ERCC1 complex is 

responsible for the incision 5′ to the lesion to cleave the damaged strand during NER [8].

It has been suggested that ERCC1 levels influence and correlate with DNA repair capacity 

[9–11]. ERCC1 expression has been associated with cellular and clinical resistance to 

platinum-based chemotherapy. There is much speculation about the importance of ERCC1 

as prognostic indicator of cisplatin response in different cancer types [12]. Testicular cancer 

is generally responsive to cisplatin and has low levels of XPF–ERCC1, raising the 

possibility that XPF–ERCC1 levels influence the response to platinum therapy [13]. XPF–

ERCC1 also has specific roles in ICL repair, recombination and regulates telomere integrity 

[14–19]. It has been shown that XPF–ERCC1 facilitates the repair of DSBs induced by 

cisplatin-ICL processing, and it has been proposed that the key role of XPF–ERCC1 is 

unhooking the crosslink in ICL repair [14]. It has also been shown that the complex plays a 

role in completion of homologous recombination during ICL repair [20].

Thus, we rationalize that XPF–ERCC1 complex is an important molecular target in cancer 

chemotherapy to potentiate cisplatin cytotoxicity as decreased levels of XPF–ERCC1 can 

increase responses to cisplatin treatment. In our study, we used RNA interference to 

downregulate the XPF–ERCC1 complex in addition to individual suppression of XPF and 

ERCC1 proteins in cancer cell lines to compare their DNA repair capacity and test the effect 

on cisplatin sensitivity.
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2. Methods

2.1. Chemicals

Cisplatin [cis-diammine-dichloroplatinum (II)] was purchased from Sigma–Aldrich. For 

StaRT-PCR, primers that amplify ERCC1, XPF and β-actin (control) were obtained from 

Gene Express (Toledo, OH). ERCC1 forward primer 5′-CTGGAGCCCCGAGGAAGC-3′; 

reverse primer 5′-CACTGGGGGTTTCCTTGG-3′. XPF forward primer 5′-

AGTGCATCTCCATGTCCCGCTACTA-3′; reverse primer 5′-

CGATGTTCTTAACGTGGTGCATCAA-3′. β-actin forward primer 5′-

CCCAGATCATGTTTGAGACC-3′; reverse primer 5′-CCATCTCTTGC 

TCGAAGTCC-3′. TRIzol reagent was from Invitrogen. We used the Qiagen DNeasy blood 

and tissue kit for DNA isolation and Profoldin DNA binding plates for the ELISA. All other 

reagents and chemicals were from standard suppliers.

2.2. Antibodies

The antibodies were polyclonal ERCC1-fl-297 (sc-10798, Santa Cruz), monoclonal XPF 

(MS-1381-PIABX, Neomarker), monoclonal α-tubulin (T5168, Sigma), monoclonal anti-

phosopho γ-H2AX (clone JBW301, Millipore), and Alexa 488-conjugated goat anti-mouse 

(Molecular Probes). ICR4 antibody was kindly provided by Michael J. Tilby, University of 

New Castle, UK.

2.3. Cell culture

NSCLC cell lines, H1299 (provided by Dr. Randall Ruch, University of Toledo) and H1355 

(provided by Dr. James C. Willey, University of Toledo) and 2008, ovarian cancer cell line 

(provided by Stephen Howell, University of California, San Diego), were maintained in 

RPM1 1640 supplemented with 10% FBS in the presence of penicillin (100 IU/ml) and 

streptomycin (100µg/ml). MDA-MB-231, which is a triple negative breast cancer cell line 

(provided by Dr. Manohar Ratnam, University of Toledo) was maintained in DMEM high 

glucose with 10% FBS in the presence of glutamine and sodium pyruvate and antibiotics. 

Cells were grown at 37 °C in a 5% CO2 incubator.

2.4. siRNA sequence

siRNA smart pools designed to target human ERCC1 and XPF were purchased from 

Dharmacon RNA technologies, catalogue numbers L-006311-00 and L-019946-00-10, 

respectively. A non-targeting siRNA pool was used in control experiments (catalogue 

number D-001810-10-20).

2.5. Transfection with siRNAs

H1299, H1355, 2008, MDA-MB-231 cells were seeded in six-well plates (density 2.5 × 105 

cells/well) in antibiotic free media. Two transfections were done at 24 h interval in each cell 

line to knockdown ERCC1, XPF or XPF–ERCC1 together according to the manufacturer’s 

protocol. Addition of lipid reagent (Dharmafect, Dharmacon) without the siRNA is 

described as mock transfection.
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2.6. Western blot

At each indicated time points of 72, 96 and 120 h post-transfection one, the cells were 

centrifuged, washed with PBS, and lysed on ice for 30 min in lysis buffer (10mM Tris, pH 

8.0, 120mM NaCl, 0.5% NP-40, 1mM EDTA) with protease inhibitors (0.5M phenyl methyl 

sulfonyl fluoride (PMSF), 1mg/ml leupeptin, 1mg/ml pepstatin A). Equal amounts of protein 

were loaded and electrophoresed on 10% SDS–polyacrylamide gels. The proteins were 

transferred onto PVDF membrane (Immobilon transfer membrane, Millipore Corporation). 

After electroblotting, the membranes were blocked with Tris-buffered saline with Tween-20 

(1M Tris–HCl, pH 7.5, 150mM NaCl, and 0.5% Tween-20) containing 2% non-fat dry milk. 

Primary antibodies, recognizing ERCC1, XPF or α-tubulin were diluted in blocking buffer 

and incubated for 30 min. The membranes were then washed, incubated with the appropriate 

secondary antibodies in a blocking buffer for 30 min, and washed again. The blotted 

proteins were detected using chemiluminescence detection system. The level of protein 

knockdown was determined using an Alpha Innotech Fluoro Chem HD2.

2.7. RNA isolation, reverse transcription and transcript abundance

Cells were lysed with 1ml of TRIzol reagent and the total RNA was extracted following the 

manufacturer’s protocol. The total RNA extracted from each cell line was reverse 

transcribed with oligo dT primer and M-MLV-RT as described previously [21,22]. 

Transcript levels were quantified using the previously described StaRT-PCR protocol 

[21,22]. Briefly, amixture of internal standard competitive template (SYSTEM 1, Gene 

Express, Inc.) was included in a master mix with cDNA and PCR reagents (dNTPs, etc.). 

The use of internal standards allows comparing data from different experiments giving a 

highly reproducible, standardized, quantitative measurement of transcript levels. In these 

studies, β-actin (ACTB) was used as a loading control gene. The master mix was aliquoted 

into tubes containing each gene-specific primer (ACTB, ERCC1, and XPF). PCR was 

carried out in a Rapidcycler (Idaho Technology Inc.) with each reaction mixture subjected to 

35 cycles each of 5 s denaturation at 94 °C, 10 s of annealing at 58 °C and 15 s of elongation 

at 72 °C. PCR products were separated and quantified electrophoretically by the Agilent 

2100 Bioanalyzer (Agilent Technologies Inc.) using the DNA 1000 Assay kit. Following 

electrophoresis, a ratio of the endogenous PCR products (or native template, NT) to the 

internal standard (competitive template) was taken to calculate molecules of NT in the 

reaction. Each transcript abundance value was normalized to ACTB and values are reported 

as target gene mRNA/106 ACTB mRNA. All experiments were performed in triplicate.

2.8. Cisplatin intrastrand adduct measurement by ELISA

Repair of intrastrand adducts was assessed by ELISA as described with some modifications 

[23,24]. Cells were treated with cisplatin for 2 h in serum free medium. Cells were then 

washed with PBS and fresh medium was added. At various time points between 0 and 48 h 

after drug treatment, genomic DNA was isolated and sonicated for 30–60 s in a Cole Palmer 

ultrasonic processor. Equal amounts of DNA were coated on 96-well DNA binding ELISA 

plates in binding buffer (1M sodium chloride, 50mM sodium phosphate buffer, pH 7.4, 

0.02% sodium azide) and incubated at 4 °C overnight. The wells were blocked with 1% 

BSA in PBS for 1 h at room temperature. ICR4 antibody diluted 1:2000 in dilution buffer 
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(0.2% BSA, 90mM sodium chloride, 0.2% Tween-20 in PBS) was added to the wells and 

incubated at 37 °C for 1 h. Following three washes with washing buffer (0.1% Tween-20 in 

PBS), HRP conjugated goat anti-rat antibody diluted 1:2500 (1% BSA, 0.2% Tween-20 in 

PBS) was added to the wells and incubated at 37 °C for 30–60 min. After five washes with 

washing buffer, TMB (1 step ultra TMB-ELISA, Thermo Scientific) was added and kinetics 

of absorbance was measured at 650nm in a Spectramax M5 plate reader (Molecular 

Devices) for 15 min. The reaction was stopped by adding 1M sulfuric acid and absorbance 

was measured at 450 nm. All samples were assayed in triplicates. The mean background 

(antibody blank) was subtracted from all the readings and the % intrastrand adducts were 

calculated using OD 450nm where the 0 h time point was used as 100% intrastrand adducts 

in each cell line.

2.9. Cisplatin interstrand crosslink measurement by comet assay

Repair of interstrand crosslinks was assessed by alkaline comet assay with some 

modifications [25,26]. Cells were treated with cisplatin for 2 h in serum free medium. At the 

end of treatment, cells were washed with PBS and incubated in fresh medium for the 

required post-incubation time or assayed immediately (time 0 h). Cells were further treated 

with 100µM hydrogen peroxide for 15 min to induce DNA strand breaks. Cells were then 

trypsinized, pelleted and resuspended in 1% low melting point agarose. Cell samples 

(~10,000 cells) were embedded on a microscopic slide precoated with 1% normal melting 

point agarose. Another layer of 0.5% low melting point agarose was added and allowed to 

solidify. The slides were then incubated in lysis solution (2.5M NaCl, 10mM Tris, 100mM 

EDTA, pH 10, containing 1%, v/v Triton X-100) for 1 h at 4 °C in the dark. The slides were 

then transferred to an electrophoresis tank containing ice-cold alkaline solution (300mM 

NaOH, 1mM EDTA, pH > 13), incubated for 20 min to allow DNA unwinding to occur and 

electrophoresis was carried out for 30 min at 0.7 v/cm, 300 mA. Slides were removed and 

kept in neutralizing solution (0.4M Tris–HCl, pH 7.5) for 10 min. Slides were then stained 

with SYBR green (Trevigen) and comets were analyzed using a Nikon epifluorescence 

microscope at 200× magnification. Fifty cells were analyzed per slide using Komet Assay 

Software 5.5F (Kinetic Imaging, Liver-pool, UK). The degree of DNA interstrand 

crosslinking present in the cisplatin-treated sample was determined as described by 

comparing the tail moment of cisplatin +H2O2 treated samples with H2O2 treated samples 

and untreated control samples [24]. The level of interstrand crosslinking was calculated by 

the following formula: [1 − (TMpt − TMctl)/(TMH2O2 − TMctl)] × 100, where TMpt is the 

mean tail moment of the cisplatin +H2O2 treated sample, TMctl is the mean tail moment of 

the untreated control sample and TMH2O2 is the mean tail moment of H2O2 treated sample. 

The data was expressed as the percent of ICLs that remained at a particular time point where 

0 h was normalized to 100%.

2.10. Immunofluorescence

H1299, H1355, 2008 and MDA-MB-231 untransfected and siRNA transfected (double 

knockdown cells at 48 h post-initial transfection) cells were trypsinized and seeded onto 

glass coverslips at 25% confluency. The next day the cells were treated with cisplatin in 

serum free medium and 2 h later fresh complete medium was added and the cells were 

incubated for the indicated time points. For all experiments, control and knockdown cells 
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were treated with equitoxic dose of cisplatin, with doses yielding 50% survival for all cell 

lines. The cells were washed with Hank’s balanced salt solution, fixed and permeabilized 

with ice-cold methanol for 15 min and blocked with 10% goat serum in PBS. For detecting 

the phosphorylated form of γ-H2AX, cells were incubated for 1 h with the monoclonal anti-

γ-H2AX (1:500, Millipore) antibody followed by incubation with Alexa-488 goat anti-

mouse antibody (1:1000, Molecular Probes) diluted in 10% goat serum in PBS. Cells were 

washed and counterstained with DAPI for 5 min. Coverslips were mounted with DAKO 

mounting medium onto slides and the edges were sealed with nailpolish. Images were 

visualized using a Nikon Eclipse T2000-U microscope at 100× oil immersion objective. Foci 

were counted in 250 cells at each time point per condition in each cell line and results are 

expressed as % γ-H2AX foci per nuclei. The data was collected from two individual 

experiments.

2.11. Colony survival assay

H1299, H1355, 2008 and MDA-MB-231 cells following two transfections, were split and 

seeded at a density of 300–600 cells in 60mmplates and incubated overnight. The next day, 

the cells were treated with different concentrations of cisplatin for 2 h, and after treatment, 

fresh complete medium with antibiotics was added and the cells were then allowed to grow 

for 7–14 days. Fresh medium was added when needed. Colonies were fixed with 95% 

methanol and stained with 0.2% crystal violet. Colonies with ≥50 cells were counted using a 

light microscope. Cell survival was expressed as the ratio of the average number of colonies 

in drug treated cells versus control cells × 100. The experiment was done in triplicate for 

each drug concentration.

3. Results

3.1. siRNA mediated knockdown of ERCC1, XPF and XPF–ERCC1 in cancer cells

We have chosen different NSCLC, ovarian and breast cancer cells to downregulate XPF–

ERCC1. NSCLC cells, H1299 and H1355 cells were transiently transfected with smartpool 

siRNA’s either directed individually against XPF and ERCC1 or at XPF–ERCC1 

simultaneously (Fig. 1, Supplemental Fig. 1 and Table 1). Protein extracts from 72 to 120 h 

post-initial transfection were analyzed for ERCC1 and XPF expression with α-tubulin as a 

loading control in each cell line (Fig. 1, Supplemental Fig. 1 and Table 1). The results 

demonstrate that we achieve protein knockdown between 72 and 96 h. The knockdown for 

each protein is sustained past 120 h. Quantification of the protein levels indicate that we 

achieve >90% knockdown for ERCC1 and >80% knockdown for XPF. When both XPF and 

ERCC1 are knocked down simultaneously, we achieve the greatest level of protein 

knockdown for each. We also observed that when ERCC1 protein is knocked down, the 

XPF protein was also significantly reduced in both cell lines (Fig. 1A). However, ERCC1 

protein levels showed a modest decrease as compared to controls when XPF is knockdown 

(Fig. 1B).

Next, the changes in protein expression were correlated with the change in transcript level in 

all cell lines tested (Fig. 2, Supplemental Fig. 2 and Table 1). StaRT-PCR [21,22] was 

employed to assess the basal target gene expression as well as the XPF and ERCC1 
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knockdowns in H1299 and H1355 cells (Fig. 2 and Supplemental Fig. 2). The 2008 and 

MDA-MB-231 cell lines are summarized in Table 1 after double knockdown. The mRNA 

levels were measured 48 h post-first transfection. The cells were either mock transfected, 

transfected with non-targeting (NT)-, XPF-, ERCC1- or XPF–ERCC1 siRNA. Experimental 

results show that ERCC1 siRNA (Fig. 2A, Supplemental Fig. 2A and Table 1) decreased the 

mRNA levels by ≥95% on individual and double knockdown, respectively, compared to the 

non-targeting control siRNA. XPF siRNA (Fig. 2B, Supplemental Fig. 2B and Table 1) 

reduced mRNA levels by ~80–85% on individual knockdown and ≥90% on double 

knockdown, as compared to the controls. The gene expression is expressed as a ratio of 

target gene mRNA/106 ACTB mRNA. To further assess the result that we observed with 

protein levels, we monitored XPF and ERCC1 transcript levels when ERCC1 or XPF was 

knocked down, respectively in both cell lines. We show that ERCC1 siRNA does not change 

XPF transcript levels and XPF siRNA has no effect on ERCC1 transcript levels (Fig. 2 and 

Supplemental Fig. 2). This shows that the decreased XPF protein levels are not due to non-

specific effects caused by the siRNA transfection.

3.2. Repair kinetics of cisplatin intrastrand crosslinks

Considering that XPF–ERCC1 is required for NER and the cisplatin intrastrand adducts are 

repaired via NER [27], we assessed the repair efficiency of intrastrand adducts in cell lines 

following XPF, ERCC1 and XPF–ERCC1 downregulation. Fig. 3 shows the repair kinetics 

of cisplatin intrastrand adducts in H1299 and H1355 cell lines. We utilized an ELISA 

method to assess the repair of cisplatin 1,2 dGpG intrastrand adducts over time. This assay 

utilizes a monoclonal antibody specific for the major cisplatin dGpG intrastrand adduct 

[23,24]. The repair kinetics of cisplatin intrastrand adducts was calculated as the percent of 

adducts remaining over time, relative to the percent of adducts present at the 0 h treatment 

(100%). In untransfected cells, the intrastrand adducts were repaired gradually from 24 to 48 

h, with ~75% of adducts were removed at 48 h in both cell lines. In XPF or ERCC1 

individual siRNA transfected cells, the removal rate of these adduct was decreased. The 

double knockdown of XPF–ERCC1 results in the highest level of complex downregulation 

(summarized in Table 1) and concomitantly, results in the lowest level of cisplatin 

intrastrand adduct repair. This data illustrates the importance of the XPF–ERCC1 complex 

in the repair and removal of the major cisplatin-DNA adduct and is consistent with previous 

results, where NER mutants are defective in the repair of intrastrand adducts compared to 

wild type cells [24].

3.3. Repair of cisplatin interstrand crosslinks (ICLs)

After demonstrating the role of XPF and ERCC1 on the repair of cisplatin intrastrand 

adducts, we then investigated the effect of silencing these two proteins on cisplatin-ICL 

DNA repair by alkaline comet assay. Comet assay has been used to evaluate DNA 

interstrand crosslink induction and repair in vivo at the single cell level [28]. The repair 

kinetics of cisplatin-ICLs in each cell line was evaluated after 0, 24, 48 and 72 h post-

treatment with cisplatin and was expressed as the percentage of crosslinks remaining at the 

time points assessed. Fig. 4 shows the percentage of cisplatin-ICLs with increasing time in 

untransfected and siRNA transfected H1299 (Fig. 4A) and H1355 (Fig. 4B) NSCLC cells. 

Fig. 4C and D shows the percent of ICLs with increasing time in 2008 and MDA-MB-231, 
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respectively in untransfected and double knockdown cells. Cisplatin treatment induced a 

similar extent of ICL formation at 0 h in untransfected and transfected cells for both cell 

lines. Cisplatin- ICLs were removed efficiently in untransfected cells with ~25% of the ICLs 

remaining at 72 h, whereas in transfected cells, significantly greater levels of ICLs still 

remained. Increased formation of cisplatin-ICLs in transfected cells at 24, 48 and 72 h 

indicates a possible conversion of monoadducts or intrastrand adducts to interstrand 

crosslinks. Of significance, no cisplatin-ICL repair is observed out to 72 h in the siXPF, 

siERCC1 or siXPF–ERCC1 (siX + siE) transfected cells. These data support previous 

reports of ICL repair in mammalian cells and show a requirement for XPF–ERCC1 in 

cisplatin-ICL repair [24,29].We speculate that there is a direct relation between the time 

required to repair a cisplatin-DNA lesion and the cytotoxic effect of the drug.

3.4. Kinetics of γ-H2AX focus formation and repair of DSBs post-cisplatin-DNA damage

To further investigate and corroborate the results of the comet assay, we investigated the 

repair of ICL-induced DSBs in untransfected and XPF–ERCC1 double knockdown cells. 

The histone variant H2AX is phosphorylated at serine 139 upon exposure to ionizing 

radiation and forms distinct nuclear foci at sites of DSBs [30]. γ-H2AX foci also form upon 

exposure to cisplatin, although detection of DSBs in certain instances has been shown to be 

limited [31]. The nuclease processing at the sites flanking the ICLs leads to the generation of 

the DSBs [14]. Cisplatin-treated cells were categorized as having 0–5, 6–10 and >10 foci/

nuclei (Fig. 5). Elevated levels of spontaneous endogenous γ-H2AX foci has been 

previously observed in cancer cells [32], and it is believed that these cryptic foci are a 

consequence of chromatin instability [33].

In comparison to untransfected cells, XPF–ERCC1 knockdown cells showed a higher 

frequency of γ-H2AX foci formation as well as more nuclei with >10 foci. This suggests 

that in the absence of the XPF–ERCC1 complex the cells retain a state of DNA damage 

which remains unrepaired. Fig. 5 shows kinetics of γ-H2AX focus formation in H1299 (Fig. 

5A and B) and H1355 (Fig. 5C and D) untransfected and double knockdown cells. Under 

both conditions, cells with more than 10 foci peak at 12 h post-cisplatin treatment (data not 

shown). Untransfected cells consistently repaired DSBs in all the cell lines and the cells with 

a maximum number of foci started declining between 12 and 24 h (Fig. 5A and C and 

Supplemental Fig. 3). In contrast, DSBs were sustained even at 72 h in XPF–ERCC1 

knockdown cells with persistence of >10 foci (Fig. 5B and D and Supplemental Fig. 3). This 

data demonstrates that the damage appears to be more pronounced in cancer cells that lack 

XPF–ERCC1. Foci in MDA-MB-231 cells were divided into 0, 1–10 and >10 foci/nuclei 

and the results for both the 2008 and MDA-MB-231 cells are in Supplementary Fig. 3. 

Overall, we show that in the absence of XPF–ERCC1, there is an accumulation of ICL-

induced DSBs which remain persistent as the crosslinks are not “unhooked”/uncoupled. 

These results parallel results observed on Mitomycin C damage in Ercc1−/− null cells [14].

3.5. Downregulation of the XPF–ERCC1 complex sensitizes NSCLC cells to cisplatin

To assess the effect of XPF–ERCC1 downregulation on cell viability in response to 

cisplatin, clonogenic assays were performed in transfected and control cells. The results of 

the colony survival assays are shown in Fig. 6 and summarized in Table 1. XPF and ERCC1 
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individual knockdowns increased cisplatin cytotoxicity by 1.5–2-fold and 3–4-fold, 

respectively in H1299 (Fig. 6A) and H1355 (Fig. 6B) NSCLC cell lines. XPF–ERCC1 

simultaneous downregulation results in 6-fold and 4-fold changes in IC50 values for H1299 

and H1355 (Fig. 6A and B), respectively when compared to mock (data not shown) and non-

targeting siRNA treated cells. 2008 cells showed ~2-fold change while MDA-MB-231 cells 

showed ~3.5-fold change in IC50 values following double knockdown (Table 1). The fold 

changes observed in IC50 values are likely a result of the level of protein downregulation 

(summarized in Table 1), where XPF–ERCC1 downregulation results in the best protein/

transcript knockdown. This data supports our hypothesis that XPF–ERCC1 is a valid target 

for enhancing cisplatin efficacy for cancer chemotherapy.

4. Discussion

Cisplatin cytotoxicity is believed to be attributed to the formation of platinum-DNA adducts 

which are primarily repaired by NER [5,7]. As NER is a major player in the mechanism of 

cisplatininduced DNA repair, targeting key NER components represents a molecular 

approach to enhance cisplatin efficacy for cancer treatment. Clinical investigations suggest 

that ERCC1 expression is a useful marker or predictor of response to cisplatin chemotherapy 

[34]. This has led to our evaluation of the XPF–ERCC1 complex, which could eventually 

mediate platinum resistance. Low levels of ERCC1 correlates with better clinical outcome 

and provides a strong rationale for our knockdown studies [35,36]. In our study, we targeted 

the XPF–ERCC1 complex through RNA interference to assess effects on DNA repair and 

cisplatin cytotoxicity in different cancer types. The set of timecourse experiments (Fig. 1) 

delineate time points to treat cells with cisplatin and also define optimal conditions to 

perform later experiments to assess DNA repair and cisplatin cytotoxicity in vivo.We also 

looked at the transcript levels which complement the protein expression studies. The XPF 

mRNA levels are relatively similar in all cell lines tested. However, the transcript levels for 

ERCC1 differ, wherein the cell line most sensitive to cisplatin had decreased abundance as 

compared to others in the panel (data not shown). Studies with more cell lines would be 

required to fully address this phenomenon.

Interestingly, when we knock down ERCC1, a significant reduction in XPF protein 

expression is observed. However, we observed no changes in XPF mRNA levels. Previous 

literature shows that in eukaryotic cells, formation of the heterodimeric complex is required 

for the stability of both components [37–41]. A recent study showed that XPF forms HhH 

homodimers in vitro which are more stable than the heterodimer with ERCC1. However, the 

same results are not observed in vivo with a low amount or no XPF present in the absence of 

ERCC1 [42]. In our study, we observed minimal loss of ERCC1 protein following XPF 

knockdown. The degradation or elimination of the binding partner must require an 

extremely low level or complete absence of the other. Studies with XPF cases and the first 

case of human ERCC1 deficiency show reduced but not complete absence of XPF–ERCC1, 

which showed only a mild impairment of NER in opposition to what we might expect [41]. 

It is possible that low levels of XPF–ERCC1 are still sufficient to perform critical NER 

functions. A previous study showed that ERCC1 mRNA is transcribed normally in XP2YO 

(XPF) cells [43], so the effect involves XPF protein stability due to the lack of complex 

formation in the absence of ERCC1. XPF-deficient and ERCC1 knockout mice have 
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identical phenotypes which supports their function as a complex rather than separate 

functions in repair [44–46].

To address the effects on DNA repair, we studied the repair of the cisplatin 1,2-dGpG 

intrastrand adduct and ICLs. The intrastrand adducts represent the most abundant lesions 

and are repaired by the NER pathway [7]. In all cell lines, double knockdown of XPF–

ERCC1 showed maximum reduction in repair of cisplatin-DNA intrastrand adducts (Fig. 3 

and data not shown). ICL repair encompasses multiple mechanisms with important roles 

from the XPF–ERCC1 complex. ICLs are believed to play a significant role in the 

cytotoxicity and antitumor activity of anticancer drugs [47,48]. A recent study showed that 

there is an increase in the repair of cisplatin-DNA ICLs in ovarian cancer patients post-

cisplatin treatment and this is an important factor that leads to acquired clinical resistance 

[49]. This strengthens the importance of increased DNA repair which is detrimental to drug 

cytotoxicity in the context of cancer chemotherapy. Our data reveals that ICL repair is 

significantly inhibited in a double knockdown of XPF–ERCC1. The data shows that there is 

no repair of cisplatin-ICLs. This has a major impact on platinum therapy as it increases the 

potential for the cisplatin lesion to persist longer on DNA and hence, can have a better 

cytotoxic effect. We also studied the kinetics of γ-H2AX foci formation in response to ICL-

induced DSB formation. In the absence of XPF–ERCC1, the DSBs persist and remain 

unrepaired. DSB formation is detrimental to cell survival, and if they remain unrepaired, it 

can lead to cell death. Collectively, our data shows that XPF–ERCC1 mediates the repair of 

cisplatin-DNA adducts, and its absence significantly inhibits cisplatin-DNA repair.

The cellular capacity of the cells to repair cisplatin-DNA adducts is an important way for 

tumor cells to survive and resist the effects of chemotherapy. Hence, cells that are defective 

in uncoupling ICLs and cisplatin intrastrand adducts should show extreme sensitivity upon 

exposure to cisplatin. Also, ERCC1 and XPF–defective cells show UV sensitivity and high 

sensitivity to DNA crosslinking agents and are the most sensitive to crosslinking agents in 

comparison to other NER mutants [50,51]. Results from the clonogenic assay demonstrate a 

correlation between the decrease in DNA repair capacity and the enhancement of cellular 

cytotoxicity to cisplatin (Fig. 6 and Table 1). An XPF–ERCC1 double knockdown shows a 

particularly pronounced increase in cellular cytotoxicity in both H1299 and H1355. When 

we target XPF–ERCC1 simultaneously in H1299, we see a 6-fold change in cisplatin IC50 

values while we observe a 4-fold change in H1355. It is important to note here that these 

two cell lines also differ in their p53 status. H1299 is p53 deficient while H1355 is a 

heterozygous mutant of p53. Following DNA damage, p53 is normally activated to induce 

cell cycle arrest and facilitate DNA repair [52]. The differences in p53 expression could 

affect cell survival and DNA repair efficiency following XPF–ERCC1 knockdown. Studies 

in mice have shown that a ~2-fold change in IC50 value is significant in regard to affecting 

tumor growth in response to cisplatin treatment [53]. The results suggest that targeting XPF–

ERCC1 could bring about changes in chemotherapeutic regimens where decreased drug 

concentrations could have a greater cytotoxic effect. Overall our data contributes to the 

evidence that XPF–ERCC1 is vital to mediate the response against cisplatin-induced DNA 

damage. These results are consistent with previous work on ERCC1 disruption in cancer cell 

lines including ovarian, colon, and prostate [5,54,55].
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In conclusion, we are the first to show that disrupting the XPF–ERCC1 complex instead of 

ERCC1 alone through a targeted mechanism results in significant enhancement in cisplatin 

cytotoxicity in cancer cell lines. XPF–ERCC1 is a broader therapeutic target than its 

counterparts in the NER pathway due to its repair roles in both intrastrand and ICL lesions. 

These studies support the idea that XPF–ERCC1 is a valid therapeutic target for enhancing 

cisplatin effectiveness not only in lung cancer, but other cancer types. Identification of small 

molecule inhibitors of the XPF–ERCC1 endonuclease complex could potentiate the 

effectiveness of cisplatin and yield better patient outcome and increase survival rates in lung 

cancer and other cancers which are quickly becoming resistant to conventional treatment 

regimens.
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Figure 1. 
Timecourse showing siRNA mediated downregulation of ERCC1 and XPF protein in H1299 

cells. Cells were transiently transfected twice at 24 h intervals, each time with smartpool 

siRNAs (100 nM) directed against ERCC1 (A), XPF (B) and both proteins (C, double 

knockdown). Control cells were left untransfected (UT), or mock (M) – and non-targeting 

(NT) siRNA (100 nM) – transfected. Proteins were extracted at the indicated time points of 

72, 96 and 120 h post-transfection, and probed with XPF, ERCC1 and α-tubulin as a loading 

control. The percent of knockdown was quantified using the Alpha Innotech HD2 and is 
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represented for all cell lines tested in Table 1. Blots from (A) and (B) were also probed for 

XPF or ERCC1 on individual knockdown of ERCC1 or XPF, respectively.
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Figure 2. 
Transcript levels on siRNA mediated downregulation. (A) represents ERCC1 transcript 

levels. H1299 cells were mock (M) treated or non-targeting (NT)-, XPF-, ERCC1-, and 

XPF–ERCC1 (denoted as siX + siE) siRNA transfected, twice at 24 h intervals each and 

harvested at 48 h post-transfection. Total RNA was extracted from cells and analyzed using 

StaRT-PCR, as described in Section 2. Each PCR was run in triplicate. The transcript levels 

are represented as ERCC1 mRNA/106 ACTB mRNA. The values are represented as mean

±SEM from triplicate PCRs. (B) represents XPF transcript levels. H1299 cells were mock 
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(M) treated or non-targeting (NT)-, XPF-, ERCC1-, and XPF–ERCC1 (denoted as siX + 

siE) siRNA transfected, twice at 24 h intervals each and harvested at 48 h post-transfection. 

Total RNA was extracted from cells and analyzed using StaRT-PCR, as described. Each 

PCR was run in triplicate. The transcript levels are represented as XPF mRNA/106 ACTB 

mRNA. The values are represented as mean±SEM from triplicate PCRs.
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Figure 3. 
Repair of cisplatin intrastrand adducts in H1299 (A) and H1355 (B) NSCLC cell lines. 

Untransfected (UT), siXPF, siERCC1 and both siXPF–siERCC1 (denoted as siX + siE) 

transfected cells were treated with cisplatin for 2 h and genomic DNA was isolated at 

different time intervals (0, 24, and 48 h). ELISAs were performed as described using 

cisplatin intrastrand adduct antibody and the percentage of intrastrand adducts remaining 

was calculated for H1299 (A) and H1355 (B) at the denoted times. The results are 

represented as mean±SEM of three independent experiments.
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Figure 4. 
Repair of cisplatin interstrand crosslinks in H1299 (A) and H1355 (B) 2008 (C) and MDA-

MB-231 (D) cell lines. Untransfected (UT, open squares), siXPF (filled circles), siERCC1 

(open circles) and siXPF–siERCC1 siRNA (filled triangles, denoted as siX + siE) 

transfected cells were treated with cisplatin for 2 h and the comet assay was performed as 

described at different time intervals (0, 24, 48 and 72 h). The percentage of interstrand 

crosslinks remaining was calculated using olive tail moment. Results are represented as 

mean ± SEM of three independent experiments.
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Figure 5. 
Repair kinetics of γ-H2AX foci post-cisplatin treatment. H1299 (A and B) and H1355 (C 

and D) cell lines and quantitation of γ-H2AX focus formation at various time points post-

cisplatin treatment in untransfected (A and C) and XPF + ERCC1 (B and D) double 

knockdown cells, respectively. The cells were seeded onto glass coverslips at 25% 

confluency. The next day they were treated with cisplatin for 2 h and then fresh complete 

medium was added. The cells were fixed and immunostained for γ-H2AX at the indicated 

time points post-cisplatin treatment. For each data point, foci were counted in 250 cells per 

condition in each cell line. The foci have been categorized as having 0–5, 6–10, or >10 foci 

per nucleus. The results are expressed as % γ-H2AX foci per nuclei. The data was collected 

from two individual experiments.
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Figure 6. 
Colony survival in H1299 (A) and H1355 (B) cell lines. Non-targeting (NT, filled squares), 

siXPF (filled circles), siERCC1 (open circles) and siXPF–siERCC1 (filled triangles, denoted 

as siX + siE) siRNA transfected cells were treated with increasing doses of cisplatin for 2 h, 

and cell viability was determined by a clonogenic assay. The mock treated cells were left off 

of the graph for clarity reasons, but resulted in cytotoxicity nearly identical to non-targeting 

siRNA (data not shown). Calculated cisplatin IC50s for transfected cells are summarized in 
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Table 1. Table 1 also summarizes the IC50s for control and knockdown cells for all other 

cell lines tested. Values are represented as mean±SEM from three independent experiments.
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