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Abstract
Genetic polymorphisms in ERCC1 are thought to contribute to altered sensitivity to platinum-
based chemotherapy. Although ERCC1 N118N (500 C>T, rs11615) is the most studied
polymorphism, the impact of this polymorphism on platinum-based chemotherapy remains
unclear. This is the first study in which the functional impact of ERCC1 N118N on gene
expression and platinum sensitivity was explored. The aim of this study is to investigate if the
reduced codon usage frequency of AAT, which contains the variant allele of the silent mutation,
has functional impact on ERCC1 in a well-controlled biological system. Specifically, the ERCC1
cDNA clone with either the C or T allele was introduced into an ERCC1 deficient cell line, UV20,
and assayed for the effect of the two alleles on ERCC1 transcription, translation and platinum
sensitivity. Both ERCC1 mRNA and protein expression levels increased upon cisplatin treatment,
peaking at 4 hours post-treatment, however there were no differences between the two alleles
(p>0.05). Cells complemented with ERCC1 showed significantly higher survival proportion than
the parental cell line following platinum exposure (P<0.0001), although no differences were
observed between the cells transfected with the wild type or the polymorphic allele. These data
suggest that N118N itself is not related to the phenotypic differences in ERCC1 expression or
function, but rather this polymorphism may be linked to other causative variants or haplotypes.
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INTRODUCTION
Platinum-based chemotherapies play an important role in the treatment of several solid
malignancies but the application of these treatment methods has been limited by clinical
resistance. DNA excision repair plays a significant part in platinum-based chemotherapy by
removing DNA lesions caused by platinum-containing drugs. The nucleotide excision repair
(NER) pathway is the mammalian DNA repair mechanism that removes UV-induced DNA
lesions, as well as bulky DNA adducts induced by DNA damaging chemotherapeutic agents.
The excision repair cross-complementing protein 1 (ERCC1) is the rate-limiting protein in
the NER pathway; it forms a heterodimeric protein complex with Xeroderma pigmentosum
group F-complementing protein (XPF) to carry out the 5’ incision in the presence of a DNA
lesion. Reduction of ERCC1 function may predispose people to cancer due to the
inefficiency of DNA damage removal. However, improved response to DNA-damaging
chemotherapy in those individuals is anticipated.

The protein expression level of ERCC1 has been correlated to the outcome of platinum-
based chemotherapies but the genetic contribution to the variation in ERCC1 expression has
yet to be clarified. To date, more than 190 single nucleotide polymorphisms (SNPs) have
been reported for ERCC1 (http://preview.ncbi.nlm.nih.gov/snp/?term=ercc1). Of these, a
silent polymorphism in exon 4 (500 C>T in mRNA, N118N, rs11615) has been extensively
studied and associated with an altered outcome in platinum-based chemotherapy in multiple
malignancies, as summarized in Table 1. However, the results vary in different types of
malignancies. For example, in non-small lung cancer, several studies [1–4] suggest that the
C allele signifies a better response to platinum-based chemotherapy, while other studies
[5,6] report no association. Alternatively, in metastatic colorectal cancer, both the C and T
alleles were found to be associated with either an improved or impaired outcome.

Silent mutations do not alter amino acid sequence, and therefore are not expected to change
the function of the protein. However, it has been proposed that silent mutations may have
functional consequences by changing translation kinetics and protein folding [7]. For
example, a study showed that a naturally occurring rare silent mutation in the MDR1 gene
affected the timing of co-translational folding and insertion of P-gp into the membrane,
thereby altering the structural and functional properties of the gene product [8]. In addition,
synonymous codons may have different codon usage, and therefore result in altered levels of
gene expression [9].

Due to the lack of knowledge of the functional consequences of the ERCC1 N118N
polymorphism, it is difficult to interpret the findings from genetic association studies.
Therefore, to clarify the role that this silent mutation in ERCC1 plays in terms of gene
expression and protein function, we introduced a ERCC1 cDNA clone with either the C or T
at the specific position into an ERCC1 deficient cell line UV20. We then assayed for ERCC1
mRNA and protein expression levels upon cisplatin treatment, and cellular sensitivity to
platinum-containing drugs.

MATERIALS AND METHODS
Cell culture

The ERCC1 deficient cell line UV20 was obtained from the American Type Culture
Collection (Manassas, VA). UV20 is a UV sensitive mutant of CHO [10,11]. The cells were
maintained in a humidified incubator at 37°C equilibrated with 5% CO2 and 95% air in
Alpha minimum essential medium containing 10% fetal bovine serum and 1% Penicillin-
Streptomycin. To determine the minimum concentration of Geneticin®, 5 ×104 cells were
plated in 6-well dishes, and a range of Geneticin concentrations were tested. 750 ug/ml of
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Geneticin was used to select the stably transfected cell line. The plasmids containing the
reference or variant allele of ERCC1 N118N, as well as the vector control, were transfected
into UV-20 cells using the Lipofectamine™ LTX Reagent according to the manufacurer’s
instructions (Invitrogen, Carlsbad, CA). The stably transfected cell lines were designated as
UV20ERCC1_C and UV20ERCC1_T, respectively.

Plasmid construct
The ERCC1 Ultimate™ ORF clone (IOH5754) was purchased from Invitrogen and was
introduced into the destination vector pcDNA™/V5-DEST by LR recombination reaction.
The recombination reaction was performed using the Gateway® LR Clonase™ II Enzyme
Mix according to the manufacture’s instructions (Invitrogen, Carlsbad, CA). The mutant was
generated with the QuikChange® Lightning Site-Directed Mutagenesis Kit (Stratagene, La
Jolla, CA) using the ERCC1 ORF clone in pcDNA™/V5-DEST as the template and the
following primers: Primer1: 5'-ACT GAA GTT CGT GCG CAA TGT GCC CTG GG-3' and
Primer2: 5'-CCC AGG GCA CAT TGC GCA CGA ACT TCA GT-3'. The introduced allele
is in italics. The proper construction of both the original ORF clone and the synthesized
mutant strand were verified by direct sequencing using the Big Dye Terminator Cycle
Sequencing Ready Reaction kit V3.1 (Applied Biosystems, Foster City, CA) and an ABI
Prism 3130 Genetic Analyzer using the manufacturers instructions.

Real-time RT PCR
Expression of ERCC1 mRNA was measured by quantitative reverse transcription-PCR (RT-
PCR) using the Stratagene Mx3005P™ Real-Time PCR System (La Jolla, CA). Briefly, cell
lysates were collected at the appointed times following treatment of cisplatin (3.75×10−2

mg/ml) using the AllPrep RNA/Protein Kit (Qiagen, Valencia, CA). The total RNA was
reverse-transcribed using the RT2 First Strand Kits (SABiosciences, Frederick, MD). Each
sample was analyzed in duplicate and the results are an average of four analyses. Analysis of
mRNA expression was conducted using the RT2 qPCR Primer Assay (PPH01539A,
SABiosciences, Frederick, MD) for ERCC1 and normalized to the expression of CHO
ACTB [12].

Western blotting
Expression of ERCC1 protein was assessed by Western blot analysis. Briefly, cells were
washed in cold PBS and lysed in 100 µl of RIPA buffer (25 mM Tris-HCl pH 7.6, 150 mM
NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) containing 10 µl/ml of Halt™
Protease Inhibitor Cocktail (Pierce, Rockford, IL) at 4°C. Samples were then sonicated on
ice and collected by centrifuging at 14,000 × g for 15 minutes. Protein concentration was
determined using the BCA Protein Assay Kit (Pierce, Rockford, IL) and 20 µg of protein
was subjected to electrophoresis on a NuPage® 4–12% Bis-Tris Gel (Invitrogen, Carlsbad,
CA). Proteins were transferred electrophoretically to a PVDF membrane using the iBlot®
Dry Blotting System (Invitrogen, Carlsbad, CA). The membrane was blocked in Odyssey
blocking buffer (LI-COR, Lincoln, NE) followed by an overnight incubation with a 1: 200
dilution of ERCC1 primary antibody (FL-297, Santa Cruz Biotechnology, Santa Cruz, CA).
For detection with the Odyssey imaging system, a 1:5,000 dilution of the infrared
fluorophore conjugated antibody, IRDye™ 800-conjugated goat anti-rabbit IgG was used.
Proteins were visualized using the Odyssey Infrared Imaging System and Odyssey software
(LI-COR, Lincoln, NE). Quantification of western blots was performed using ImageJ
(http://rsbweb.nih.gov/ij/) according to the developer’s instructions.
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Cell cytotoxicity assays
The night before treatment, cells were plated in 96-well dishes at a density of 5000 cells/
well. A range of cisplatin (2.56×10−6 to 0.2 µg/µl), carboplatin and oxaliplatin
concentrations (3.2×10−4 to 1 µg/µl) was tested in triplicate. To mimic the clinical infusion
time, cells were exposed to these concentrations of toxicants for 1 hour and then incubated
with fresh medium without toxicants for another 72 hours. Cell viability was tested using
CCK-8 (Dojindo, Rockville, MD) and CellTiter-Blue® (Promega Corporation, Madison,
WI) assays according to the technical manuals.

Statistical analysis
Data are presented as the mean ± SD. To assess statistical significance of differences,
Student's t test or one-way ANOVA was conducted. P values <0.05 were considered
statistically significant. All statistical analyses were conducted using GraphPad Software
(GraphPad Software, Inc., La Jolla, CA).

RESULTS
ERCC1 expression in UV20 cell lines

In order to compare the effects of the genetic polymorphism of ERCC1 N118N (500 C>T)
on ERCC1 expression and platinum sensitivity in the same genetic background, the ERCC1
deficient cell line UV20, a derivative from CHO cell line, was employed. The UV20 cell
lines stably expressing ERCC1 with C or T allele, denoted by UV20ERCC1_C and
UV20ERCC1_T, were established. As shown in Figure 1, the parental UV20 cell line and the
empty vector pcDNA™/V5-DEST transfected cells did not show detectable ERCC1 protein
expression, while cells transfected with ERCC1 cDNA containing either genotype of 500
C>T showed comparable ERCC1 protein expression levels.

Real-time quantitative PCR analysis reveals no differences in transcriptional levels in the
UV20ERCC1_C and UV20ERCC1_T cell lines

To study how exogenous stress induces ERCC1 transcription in the transfected UV20 cell
lines, we assayed for changes in ERCC1 expression levels upon cisplatin treatment in UV20
cells transfected with the C or T allele. The transcription levels of ERCC1 in UV20ERCC1_C

and UV20ERCC1_T cell lines were similar prior to cisplatin treatment, as normalized to beta-
actin expression in each cell line (Figure 2). Upon cisplatin treatment, the expressional
levels of ERCC1 transcripts increased in both cell lines immediately. This increase peaked at
4 hours following cisplatin treatment. However, there were no differences in ERCC1
transcription levels between the UV20ERCC1_C and UV20ERCC1_T cell lines (p=0.1737). At
8 hours after cisplatin treatment, the ERCC1 transcription level started to decrease. The two
cell lines showed comparable levels of ERCC1 transcripts (p=0.6376).

ERCC1 protein expression levels in UV-20 cells with different ERCC1 N118N (500 C>T)
genotypes remained the same

To investigate how the 500 C>T allele affects ERCC1 translation upon cisplatin treatment,
we used Western blot analysis to examine ERCC1 protein levels in the UV20ERCC1_C and
UV20ERCC1_T cell lines. Figure 3 shows that in both cell lines, ERCC1 protein expression
levels increased upon cisplatin treatment, and peaked at 4 hours post-treatment, reaching a
2.28 fold increase in the UV20ERCC1_C cell line and a 1.71 fold increase in the
UV20ERCC1_T cell line (p=0.5061). This increase in protein production dropped after 24
hours. However, there was no significant difference in ERCC1 expression upon the cisplatin
challenge, although the UV20ERCC1_C cell line did show slightly more ERCC1 expression
compared to that of the UV20ERCC1_T cell line.
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Cellular sensitivity to platinum compounds did not exhibit difference in the UV20ERCC1_C

and UV20ERCC1_T cell lines
Lastly, cell viability assays were performed to determine if the cells transfected with
different alleles of ERCC1 N118N would respond to platinum drugs differently. Both the
UV20ERCC1_C and UV20ERCC1_T cells showed significantly increased viability upon
cisplatin treatment compared to the parental cell line and vector transfected control cell line,
as confirmed by CCK-8 and CellTiter-Blue assays independently (Figure 4, upper panel).
The survival proportion of the UV20ERCC1_C and UV20ERCC1_T cells were not affected by
cisplatin at a concentration of 3.2×10−4 mg/ml. However, only 32% of the parental cell line
and 47% of cells transfected with the empty vector survived after treated by 3.2×10−4 mg/ml
of cisplatin (P<0.0001). When the cisplatin concentration was increased to 0.0016 mg/ml,
13% and 27% cells survived for the parental and control cell lines while 87% of
UV20ERCC1_C cells and 88% of UV20ERCC1_T cells survived, respectively (P<0.0001).
Nonetheless, the UV20ERCC1_C and UV20ERCC1_T cell lines did not show differences in
terms of cisplatin sensitivity at various cisplatin concentrations. Similar results were
obtained for carboplatin and oxaliplatin (Figure 4, lower panel).

The results of this study confirm the pivotal role that ERCC1 plays in platinum sensitivity.
However, the synonymous mutation ERCC1 N118N (500 C>T, rs11615) alone does not
cause differential expression of the corresponding gene, nor does it change the cellular
sensitivity to platinum drugs.

DISCUSSION
Personalized medicine is the use of both a patient’s genotypic and phenotypic data to choose
a treatment or therapy that will best help the patient by maximizing benefit and minimizing
harm [13]. Therefore, it is important to understand how inter-individual variations in the
DNA sequence of specific genes affect drug responses. By introducing the cDNA clone of
ERCC1 containing either the C or T allele of N118N into an ERCC1 deficient cell line
UV20, we were able to examine the functional consequences of these genetic
polymorphisms on ERCC1 expression and function. We found that this polymorphism did
not contribute to altered ERCC1 expression upon cisplatin treatment or cellular sensitivity to
platinum-containing drugs in vitro.

The ERCC1 N118N silent mutation was first described by genotyping a series of human cell
lines and ovarian cancer tumor tissue specimens, and it was suggested that the conversion of
the common codon AAC to an infrequently used codon AAT could affect protein translation
rate and response to cisplatin [14]. A subsequent study suggested that this polymorphism
could affect the DNA repair capacity in human ovarian cancer cell lines through a reduction
in peak ERCC1 mRNA production and a consequent reduction in the translation of ERCC1
mRNA into protein. However, this conclusion was drawn from two independent studies
using different cell lines, CP70 [15] and MCAS [16], which are equally resistant to cisplatin
but differ at the synonymous mutation. The two studies used different assays to investigate
ERCC1 transcripts, and the heterogeneous background of the two cell lines may also
compromise the conclusion. However, a growing body of literature does show that ERCC1
expression levels correlate with responses to platinum containing reagents [17–21] while the
results of genetic association studies are not always agreeable with one another (Table 1).
The codon usage frequency for the SNP at position 500 with AAC changed to AAT (both
encode Asn) changes moderately from 21.30 (The human codon usage and codon preference
table, http://genome.crg.es/courses/genefinding/T4/main/) to 16.43 per thousand. This codon
usage preference is conserved among species.
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To test whether the synonymous codon of AAC and AAT in exon 4 of ERCC1 affects gene
expression and function in response to platinum drugs, we established UV20 cell lines
constitutively expressing ERCC1 with a C or T allele at the 500 position in the mRNA. Our
results showed that the two cell lines had close basal ERCC1 transcription levels and
performed similarly in ERCC1 transcription upon cisplatin induction. The UV20ERCC1_C

cells showed slightly faster production of ERCC1 protein than the UV20ERCC1_T cells,
corresponding with the moderate codon usage bias toward the AAC codon. However, it did
not reach statistical significance. Nonetheless, the UV20ERCC1_C and UV20ERCC1_T cell
lines exhibited the same level of sensitivity to platinum-containing drugs, including
cisplatin, carboplatin and oxaliplatin.

The amino acid asparagine at this position is conserved among species, however, the wild
type allele at the third position of this codon is not conserved, according to analysis
performed using the UCSC Genome Browser (http://genome.ucsc.edu). Some species use
AAC, such as rhesus, dog and opossum, etc., while others use AAT, such as human, mouse,
elephant and zebrafish, etc. In addition, this SNP ERCC1 N118N (rs11615) is not under
selective pressure in European, African or Chinese decent as indicated by low positive
Tajima’s D values [22,23]. These results confirm that this SNP has little to no phenotypic
effects although there is a clear preference for asparagine at the 118th amino acid.
Furthermore, the linkage disequilibrium (LD) plot shows that this SNP is linked in a
haplotype block of 18 kb within ERCC1 and the adjacent genomic region in European (TSI
and CEU) population. But this is not true for African (YRI) or Asian (CHB and JPT)
populations [24]. Although another NER gene, ERCC2 (also called XPD), is located in the
same chromosome, the haplotype block does not extend to ERCC2 in any of the three
populations, suggesting linkage disequilibrium with causative SNPs within ERCC1 might
account for previous clinical associations with ERCC1 N118N. Mutations in ERCC1 that
cause protein sequence change are not common and the only reported case is an infant
possessing two point mutations that had severe developmental abnormality and did not
thrive [25]. Therefore, instead of focusing on the ERCC1 N118N polymorphism, future
genetic association studies should be expanded to include other polymorphisms linked to
ERCC1 N118N, such as those in the regulatory regions of this gene.

In addition, the limitations and advantages of cell-based model should be taken into account.
The cell line used in the study, UV20, is a UV sensitive derivative of a CHO cell line.
Hamster cells are more sensitive to DNA damaging agents than human cell lines in general.
The results, such as the IC50 of platinum compounds in the cells, should not be used to
reflect the in vivo situations. Another limitation is that most cell lines do not express
cytochrome P450 thus the contribution of metabolism and pharmacokinetics is not taken
into account [26]. But the advantages are that the gene of interest is expressed in a
homogenous genetic background and the cells are maintained under identical conditions.
This allows the investigators to determine the genetic influence of human mutations in drug
sensitivity.
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Figure 1.
ERCC1 over-expression in the UV20 cell line. The parental UV20 cell line and the empty
vector pcDNA™/V5-DEST transfected cells (UV20VECTOR) did not show detectable
ERCC1 protein expression, while cells transfected with ERCC1 cDNA containing either
genotype of 500 C>T, designated as UV20ERCC1_C and UV20ERCC1_T, showed comparable
ERCC1 protein expression levels.
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Figure 2.
The transcription levels of ERCC1 in UV20ERCC1_C and UV20ERCC1_T cell lines remained
the same upon cisplatin treatment. There is no difference in ERCC1 transcripts in the cells
transfected with either C or T allele before treatment (p=0.495). ERCC1 transcription
increased in both cell lines 30 minutes after cisplatin treatment. This increase in
transcription peaked at 4 hours following cisplatin induction. However, there was no
significant difference in ERCC1 gene expression levels between the two transfected cell
lines, UV20ERCC1_C and UV20ERCC1_T (p=0.1737). Results are obtained from 4
independent experiments with duplicates in each experiment.
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Figure 3.
ERCC1 expression levels in UV20ERCC1_C and UV20ERCC1_T cell lines following cisplatin
treatment did not show difference. Upper panel: Western blots for ERCC1. Lower panel:
Quantification of ERCC1 expression change following cisplatin treatment. Data are mean ±
SD obtained from three independent experiments. The expression levels of ERCC1 in the
control cells pre-treatment were arbitrarily assigned 1. The change in ERCC1 level is
expressed as the fold change compared to untreated cells. Data were normalized for equal
loading.
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Figure 4.
Cell viability did not change in the UV20ERCC1_C and UV20ERCC1_T cell lines. The parental
cell line UV20, empty vector transfected control cell line, and ERCC1 cDNA with either
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allele of 500 C>T transfected cell line UV20ERCC1_C and UV20ERCC1_T were treated with
cisplatin (0, 2.56×10−6, 6.40×10−5, 3.2×10−4, 1.6×10−3, 8×10−2, 4×10−2, 0.2 µg/µl),
carboplatin (0, 3.2×10−4, 1.6×10−3, 8×10−2, 4×10−2, 0.2 and 1.00 µg/µl) and oxaliplatin (0,
3.2×10−4, 1.6×10−3, 8×10−2, 4×10−2, 0.2 and 1.00 µg/µl). The cell cytotoxicity was tested
by CCK-8 and CellTiter-Blue assayes. Only the results from CCK-8 assay for carboplatin
and oxaliplatin are shown. Data are mean ± SD obtained from three independent
experiments with triplicates in each experiment.
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