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ABSTRACT
Recognition of DNA damage is a critical step for DNA damage-mediated cellular response. XPC is an important DNA 

damage recognition protein involved in nucleotide excision repair (NER). We have studied the XPC protein in cisplatin 
DNA damaging treatment-mediated cellular response. Comparison of the microarray data from both normal and XPC-
defective human fibroblasts identified 861 XPC-responsive genes in the cisplatin treatment (with minimum fold change>1.5). 
The cell cycle and cell proliferation-related genes are the most affected genes by the XPC defect in the treatment. Many 
other cellular function genes, especially the DNA repair and signal transduction-related genes, were also affected by 
the XPC defect in the treatment. To validate the microarray data, the transcription levels of some microarray-identified 
genes were also determined by an RT-PCR based real time PCR assay. The real time PCR results are consistent with 
the microarray data for most of the tested genes, indicating the reliability of the microarray data. To further validate the 
microarray data, the cisplatin treatment-mediated caspase-3 activation was also determined. The Western blot hybrid-
ization results indicate that the XPC defect greatly attenuates the cisplatin treatment-mediated Caspase-3 activation. 
We elucidated the role of p53 protein in the XPC protein DNA damage recognition-mediated signaling process. The 
XPC defect reduces the cisplatin treatment-mediated p53 response. These results suggest that the XPC protein plays 
an important role in the cisplatin treatment-mediated cellular response. It may also suggest a possible mechanism of 
cancer cell drug resistance. 
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INTRODUCTION 
In living cells, genomic DNA is constantly being dam-

aged by both endogenous and environmental factors. 
The recognition of DNA damage plays an important role 
in eliminating the damage and maintaining genetic integrity 
[1-4]. The signal resulting from DNA damage recognition 
leads to either the damage removal (DNA repair) or cell 
death of the damaged cells (apoptosis) [5, 6]. However, 
if DNA damage cannot be recognized because of defects 
in the DNA damage recognition, a high risk of mutation 
will result. Mutations can lead to many disease conditions 
including genetic, cancerous, and age-related diseases. In 
addition, the inability to recognize DNA damage may also 
be associated with cancer cell drug resistance. 

XPC is an important DNA damage recognition protein 
involved in global genome DNA repair (GGR), a subfam-
ily of nucleotide excision repair (NER) [7, 8]. The XPC 

protein recognizes a variety of bulky DNA damages in-
cluding UV-caused cyclobutane pyrimidine dimers and 
cisplatin-generated interstrand crosslinks (ICL) [9-16]. 
The XPC protein binds tightly with an HR23B protein to 
form a stable XPC-HR23B complex [17-19]. The XPC 
protein also interacts with several other important protein 
components including the basal transcription factor TFIIH 
and the centrisomal protein CEN2 [18-22]. Recent studies 
identified the XPC-HR23B complex as the first protein 
component that recognizes and binds to the damaged sites 
[23-25]. Interestingly, XPC defects have been associated 
with many types of cancer [26-29]. Transgenic mice studies 
also revealed the predisposition of many types of cancer 
in the XPC gene knockout mice [30-32]. All these results 
strongly suggest that the XPC protein plays an important 
role in prevention of the DNA damage-mediated cancer 
occurrence. However, the precise role of the XPC protein 
in these processes remains unclear.

In this work, we have studied the involvement of the 
XPC protein in cisplatin DNA damaging treatment-medi-
ated cellular response. Both our microarray data and the 
caspase-3 activation results suggest that the XPC protein 

v.kerguelen
Text Box
 RETRACTED



304

XPC in the cisplatin DNA damaging treatment-mediated cellular response                                                       http://www.cell-research.com 
plays a crucial role in the cisplatin DNA damaging treat-
ment-mediated cellular response by causing cell cycle ar-
rest, which allows for DNA repair and apoptosis; and that 
the XPC defect causes damaged cells to escape from DNA 
repair and apoptosis, leading to an increase in mutation ac-
cumulation and a high risk in disease development.

MATERIALS AND METHODS
Cell lines

The human normal fibroblast (NF) cells (GM00043) and the xero-
derma pigmentosum group C (XPC) cells (GM16684 and GM02096) 
were obtained from the NIGMS Human Genetic Cell Repository 
(Corriel Institute, Camden, NJ). The GM16684 XPC cells carry a 
two base pair deletion in exon 5 (del AT 669-670), which results 
in a truncated XPC protein with the N-terminal ~200 amino acid 
residues. The GM02096 XPC cells carry a point mutation in the XPC 
gene that converts the proline at position 218 to histidine. Both the 
NF and XPC cells were maintained in MEM medium supplemented 
with 20% FBS, 2× essential amino acids, nonessential amino acids, 
and vitamins.

Cisplatin treatment and RNA preparation
Both cell lines were grown in cell growth medium at 37oC (with 

5% CO2) to approximately 70% confluence. Cisplatin (Sigma 
Corp., St. Louis, MO) was freshly dissolved into dimethyl sulfoxide 
(DMSO) (20 mg/ml) and added to the cell culture medium to a final 
concentration of 10 µM. The cells were incubated at 37oC for 16 h and 
harvested from the flasks. Total RNA was isolated from the treated 
cells using a Qiagen RNeasy Purification Kit  (Qiagen, Valencia, 
CA). RNAs isolated from three individual treatments were mixed. 
As a control, total RNA was also isolated from the NF and XPC 
cells that were treated with DMSO alone using a similar method. 
The quality of the isolated RNA was determined by an Agilent 2100 
Bioanalyzer (Agilent Technologies, Wilmington, DE).

Microarray assay 
The RNAs isolated from both untreated and cisplatin-treated NF 

and XPC cells were individually labeled with a Cy5 fluorescence 
in a reverse transcription reaction (42oC for 1 h) to generate fluores-
cence-labeled cDNA probes. A Universal Human RNA Reference 
Sample (Stratagene, La Jolla, CA) was labeled with a Cy3 fluores-
cence in a similar reaction. The Cy3 and Cy5 labeled cDNA probes 
were mixed together and cleaned using a Qiaquick PCR Purification 
Kit (Qiagen). The fluorescence-labeled cDNA probes were added 
to the Agilent Human 1 cDNA Microarray slides, which contained 
12,814 unique human cDNA clones (Agilent Technologies), for a 
competitive hybridization (65oC for 17 h). Each RNA sample was 
hybridized with three microarray slides. The slides were scanned using 
an Agilent two-color laser detection scanner. The two-color image was 
feature-extracted using Agilent’s Feature Extraction software. The 
fluorescent intensities were normalized using Local Weighted 
Regression Scatter Plot Smoothing (LOWESS) intensity-dependent 
normalization.

The microarray data management and analysis
The image obtained from the two-color scanner was analyzed by 

Significance Analysis of Microarray Data (SAM) software (devel-

oped at Stanford University) to identify the genes with significant 
alterations in their transcriptions. Within each cell line, genes differ-
entially expressed in response to the treatment were identified using 
the replicate microarray data and a permutation-based statistical test 
with an estimated false discovery rate of 5% [33]. The following 
formula was used to determine the fold change (∆) in the same cell 
line between the treated and untreated cells:

In this formula, S1 and S2 represent the fluorescence signals of 
the untreated and cisplatin-treated RNA samples in the microarrays 
of the same cell line, R represents the fluorescence signal of the 
reference sample detected in these microarrays.  If the ∆ <1, then it 
is expressed as 1/∆ or a negative number.

The genes that were affected by the XPC protein DNA damage 
recognition signal were further determined by the net fold change 
(∆∆) of the same gene between the XPC and the NF cells using the 
following formula:

It is worth mentioning that

The genes identified as statistically significant with the SAM were 
further analyzed by the Expression Analysis Systematic Explorer 
(EASE) software to categorize into biological pathways and gene 
ontologies (GO consortium).

Real time RT-PCR
The reverse transcription (RT) reaction was carried out using 

2 µg of total RNA following the protocol for the Taqman Reverse 
Transcription Master Mix (Applied Biosystems, Foster City, CA). A 
primer optimization step is tested for each set of primers to determine 
the ideal primer concentrations. A primer matrix is performed using 
primer concentration of 50 nM, 300 nM and 900 nM. After optimal 
primer concentrations are determined, 10 ng of cDNA samples were 
used for the PCR reaction and analyzed using the ABI Prism 7000 
Sequence Detection System (Applied Biosystems). Sybr Green was 
used as a detector for monitoring the amplified double-stranded DNA 
fragments. Cycle threshold (Ct) values were obtained from the ABI 
Prism 7000 software and the fold change was determined. As a con-
trol, the mRNA level of the GAPDH gene was also determined in 
the real time PCR assay for each RNA sample and used to minimize 
the experimental variations.  

Western blot hybridization assay 
The p53 (Pab1801) and caspase-3 (H-277) antibodies were pur-

chased from Santa Cruz Biotechnologies (Santa Cruz, CA). Both 
the NF and XPC cells were treated with 20 µM cisplatin. At various 
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time points the cells were harvested and lysed in RIPA cell lysis buf-
fer (1×PBS, 1% NP-40 (v/v), 0.5% Deoxycholic acid (w/v), 0.1% 
SDS (w/v)). The cell lyses (30 µg total protein) was mixed in 20 µl 
of solution containing 1×SDS gel loading buffer (60 mM Tris, pH 
6.8, 1% SDS, 1% 2-mercaptoethanol (v/v), 10% glycerol (v/v), and 
0.1% bromophenol blue (w/v)) and boiled for 10 min. The cell lyses 
were analyzed by SDS-PAGE. The proteins were transferred to a 
PVDF membrane and hybridized with the desired primary antibod-
ies, followed by suitable secondary antibodies. The ECL reagent 
(Amersham, Arlington Heights, IL) was used to detect the desired 
proteins in the membrane. The same membrane was then stripped 
in a stripping solution (62.5 mM Tris, pH 6.8, 2% SDS (v/v), 0.7% 
2-mercaptoe-thanol (v/v)) and hybridized with the Tubulin antibody 
(T5168 from Sigma Corp.) to determine the level of Tubulin in each 
sample. The level of the desired proteins was calculated to the rela-
tive level of Tubulin in each sample to minimize the experimental 
variations.

RESULTS
Rationale

To study the involvement of the XPC protein in cisplatin 
DNA damaging treatment-mediated cellular response, it is 
important to determine the genes that are affected by the 
XPC protein DNA damage recognition signal in the treat-
ment. The GM16684 XPC cells carry a truncated XPC 
protein that retains only the N-terminal ~200 amino acid 
residues. Since both the DNA binding domain and the 
protein-protein interaction domains (both the XPC-HR23B 
and the XPC-TFIIH binding domains) of the XPC protein 
are located at the C-terminal region of the protein (around 
the 400-750 amino acid region) [34], the GM16684 XPC 
cell line lacks a functional XPC protein and is ideal for the 
study. In addition, the microarray assay also provides an 
opportunity for determining the transcription levels in thou-
sands of genes in a single experiment. We take advantage 
of both the microarray assay and the XPC-defective XPC 
cells to determine the genes that are affected by the XPC 
protein DNA damage recognition signal. To minimize the 
experimental variations, the cells were treated in several 
independent experiments and the RNA isolated from these 
experiments were mixed and used as a template for the 
microarray assay. To reduce the technical variations of the 
microarray assay, each RNA sample was hybridized with 
three arrays and only data that were reliable and with no 
flag-out outliers in at least two of the three arrays were 
used in our data analysis. To minimize the error resulting 
from the non-isogenisity of cell lines, the microarray assay 
was also performed on two separate XPC cells lines for 
comparison of the commonly affected genes. The primary 
microarray data analysis was focused on the GM16684 
XPC cells because of a unique XPC gene mutation carried 
in this cell line. Using these carefully designed experiments, 
satisfactory results were obtained from our microarray 
experiments. In the total of 18,564 spots contained in the 

microarray, valuable data was extracted from between 
94%-98% of the outliers in both the NF and XPC RNA 
samples. A linear correlation of 0.945 indicates a very 
high reproducibility of our microarray data in the cisplatin-
treated NF cells as shown in Fig. 1.   

Identification of the genes that are affected by the 
XPC defects in the cisplatin treatment

Since the results obtained from our microarray assay 
showed a high reproducibility of the data, we further 
determined the genes that are affected by the XPC defect 
in the cisplatin treatment. The data obtained from the mi-
croarray assay was analyzed first by SAM to identify the 
genes with a significant alteration in their transcriptions 
in both the NF and XPC cells with an estimated 5% false 
discovery rate. The genes that are regulated by the XPC 
protein were further determined by comparison of the al-
tered genes between the XPC and NF cells with a minimal 
1.5-fold net change (p<0.01). In the GM16684 XPC cells, 
a total of 1,155 genes passed the statistical analysis and 
showed significant alterations in their transcription levels. 
These genes were further analyzed by EASE software to 
determine their biological pathways and gene ontologies. 
Out of the total of 1,155 genes identified in the GM16684 
XPC cells, 861 genes were mapped onto known biologi-
cal pathways and gene ontologies with the EASE analysis 
(Tab. 1) [35]. In GM02096 XPC cells, a total of 731 genes 
were identified as XPC-responsive genes by the microarray 
data analysis. Comparison of the XPC-responsive genes in 

Fig. 1  The reproducibility of the microarray data. Two microar-
rays were performed with the same RNA sample (cisplatin-treated 
GM00043 RNA), providing a comparison of technical replicates. 
The RNA sample was labeled with Cy5, and a common reference 
sample was labeled with Cy3. The labeled samples were co-hybridized 
on both arrays.  The axes represent the log2 (Cy5/Cy3) for each 
replicate array. Each spot represents one gene on the Agilent Human 
1 cDNA array. 
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 Gene Category List List              Population        Population    EASE 
 Hits              Total           Hits Total              score
Mitotic cell cycle   64 861   206 6383 6.96e-011
Cell proliferation 142 861   632 6383 9.25e-011
Cell cycle 102 861   412 6383 2.90e-010
Regulation of cell cycle   64 861   227 6383 5.55e-009
Mitosis   29 861     82 6383 1.33e-006
Cell growth/maintenance 340 861 2071 6383 2.14e-006
M phase mitotic cell cycle   29 861     84 6383 2.30e-006
Nuclear division   31 861   102 6383 1.75e-005
M phase   32 861   107 6383 1.78e-005
Cellular process 532 861 3534 6383 2.82e-005
G2/M transition of    13 861     27 6383 8.24e-005
      mitotic cell cycle
DNA replication and    30 861   107 6383 1.25e-004           
      chromosome cycle
Response external stimulus 133 861   741 6383 2.24e-004
Regulation cell proliferation   38 861   158 6383 4.5e-004
Defense response   93 861   496 6383 5.71e-004
Cell cycle checkpoint   10 861     20 6383 5.85e-004
Response to stress   77 861   398 6383 7.35e-004
G1 phase mitotic cell cycle     7 861       9 6383 3.44e-004
S phase mitotic cell cycle   24 861     86 6383 7.48e-004
DNA metabolism   58 861   284 6383 1.01e-003
Regulation of CDK activity   10 861     22 6383 1.35e-003
DNA replication   23 861     85 6383 1.54e-003
Phosphate metabolism   83 861   450 6383 1.95e-003
Hemostasis   18 861     62 6383 2.65e-003
G1/S transition    13 861     38 6383 3.11e-003
DNA repair   27 861   112 6383 3.26e-003
Regulation of mitosis     8 861     17 6383 4.47e-003
Dephosphorylation   21 861     88 6383 1.17e-002
Protein modification 102 861   608 6383 1.15e-002
Signal transduction 215 861 1409 6383 1.91e-002
Phosphorylation   59 861   350 6383 5.07e-002
Cell cycle arrest     8 861     27 6383 6.15e-002
Apoptotic program     7 861     22 6383 6.54e-002
Mismatch repair     5 861     12 6383 6.65e-002
Response to DNA damage     8 861     31 6383 1.14e-001 
Caspase activation     3 861       7 6383 2.41e-001

Tab 1.  Characterization of some of the genes affected by the XPC defect in the cisplatin treatmenta

 a (characterization of whole list of the common genes are provided as online supplementation)
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both the GM16684 and GM02096 XPC cells indicated that 
485 of these genes were common in both XPC cell lines 
(data not shown). The EASE analysis result also indicated 
that these common XPC-responsive genes were mapped to 
similar biological pathways and gene ontologies as those 
genes identified in the GM16684 or GM02096 XPC cell 
line alone (data not shown). 

Determining the level of gene transcription by an 
RT-PCR based real time PCR assay

The results obtained from the microarray data analysis 
revealed the altered transcriptions of many genes by the 
XPC defect in the cisplatin treatment. To validate the 
microarray data, we further determined the transcription 
levels in some of the microarray-identified XPC-responsive 
genes in both the NF and GM16684 XPC cells using an 
RT-PCR based real time PCR assay (Tab. 2). The genes that 
were tested by the real time PCR assay were cell cycle and 
DNA repair-related genes, including cycE1, cdc45, cycA2, 
cycD2, cdk1, cdk2, cip1, IAP1, mlh1, msh2, PCNA, PLK, 
PPM1D, and xpc. In the 14 genes tested by the real time 
PCR assay, 12 genes showed similar transcription altera-
tion patterns between the real time PCR and the microarray 
assays, suggesting a very high reliability of the microarray 

data obtained in this study. 

The role of the XPC protein in the cisplatin DNA 
damaging treatment-mediated cell cycle arrest

The results obtained from the EASE analysis revealed 
that the genes related to cell cycle and cell proliferation 
functions were affected to a greater extent by the XPC 
defects in the cisplatin treatment than genes related to 
other cellular functions, suggesting a very important role 
of the XPC protein in the cisplatin DNA damaging treat-
ment-mediated cell cycle arrest and apoptosis. To further 
determine the effect of the XPC defects in the cisplatin 
treatment-mediated cell cycle regulation, we analyzed the 
gene expression profiles of the cell cycle-related genes 
in both NF and GM16684 XPC cells (Fig. 2 and Tab. 3). 
The levels of transcription for many cell cycle-related 
genes were significantly affected by the XPC defects in 
the treatment. In NF cells, for example, many cell cycle-re-
lated genes, including cycA2, cycB1, cycD2, cycE1, cdk1, 
cdk2, cdk6, cdc7, cdc25A, cdc25B, cdc45, cdc61, and PLK 
(Serine/Threomine-protein kinase), were down-regulated 
with the cisplatin treatment. The degrees of down-regu-
lation of these genes, however, were attenuated in the 
cisplatin-treated GM16684 XPC cells (Tab. 3). Several 

Tab. 2 Determination of the gene transcription alteration in both the NF and XPC cells by the real time PCR assay

*The Ct (Cycle threshold) value was obtained from the ABI Prism 7000 software. 
**The ∆Ct value was calculated as Ct (treated)-Ct (untreated).  
***The Fold change was calculated either as 2∆Ct  (if ∆Ct >0) or 1/2∆Ct (if ∆Ct<0).

                                 NF cells (GM00043)                  XPC cells (GM16684)
 Gene     
                       Ct* (untreated)   Ct (treated)     ∆Ct**     Fold change***       Ct (untreated)       Ct (treated)      ∆Ct       Fold change
cdc4        26.65       28.46 -1.81         -3.51                 32.11   29.92          2.19     4.56
cdk1 22.29 23.76 -1.47 -2.77 25.17 25.59 -0.42 -1.34
cdk2 23.42 23.38 0.04 1.03 26.13 24.87 1.26 2.39
cycA2 22.04 22.78 -0.74 -1.67 25.42 25.21 0.21 1.15
cycD2 32.62 32.52 0.1 1.07 25.31 26.01 -0.7 -1.62
cyc E1 27.22 26.69 0.53 1.44 29.17 27.85 1.32 2.50
cip1 (p21) 21.57 18.31 3.26 9.58 20.00 18.80 1.20 2.30
IAP1 31.58 31.69 -0.11 -1.08 30.57 30.03 0.54 1.45
mlh1 28.74 29.67 -0.93 -1.91 28.69 27.87 0.82 1.77
msh2 24.79 25.51 -0.72 -1.65 26.69 26.13 0.56 1.47
PCNA 23.23 23.23 0 1 25.40 24.52 0.88 1.84
PLK 25.47 26.55 -1.08 -2.11 28.63 28.72 -0.09 -1.06
PPM1D 25.65 24.11 1.54 2.91 25.50 25.28 0.22 1.16
xpc 27.86 26.16 1.70 3.25 27.96 28.54 -0.58 -1.49
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cell cycle regulating genes, including cip1 (p21), mdm2, 
and GADD45 (growth arrest and DNA-damaged-inducible 
protein GADD45 α), were up-regulated in the treated NF 
cells; in contrast, the degree of up-regulation of these genes 
was attenuated in the treated GM16684 XPC cells (Tab. 3). 
These results suggest that the XPC protein plays a very 
important role in the cisplatin DNA damaging treatment-
mediated cell cycle regulation and that the XPC defect results 
in the cell’s inability to regulate many cell cycle-related 
genes in the treatment. 

The role of the XPC protein in the cisplatin DNA 
damaging treatment-mediated apoptosis

The results obtained from our microarray data analysis 
also revealed that the XPC defects resulted in altered 
transcriptions for many important apoptosis-related genes, 
suggesting an important role of the XPC protein in the 

cisplatin DNA damaging treatment-mediated apoptosis 
process. Therefore, the genes involved in the apoptotic 
cell death process were determined using the microarray 
data (Fig. 3 and Tab. 3). Indeed, the transcription levels for 
several important apoptosis-related genes were significantly 
affected by the XPC defect in the cisplatin treatment. In the 
NF cells, the cisplatin treatment led to increased transcrip-
tions in caspase-3, caspase-4, caspase-5, and GADD-45A. 
In the GM16684 XPC cells, however, the degrees of the 
up-regulation of these genes were significantly reduced 
with the treatment (Tab. 3). The trans-cription levels of 
two apoptosis-related genes, brca2 and E2F1, were sig-
nificantly decreased in the cisplatin-treated NF cells. In the 
GM16684 XPC cells, however, the transcription levels of 
both genes were only slightly reduced after the treatment 
(Tab. 3). Interestingly, the transcription levels of the anti-
apoptosis-related gene IAP1 was decreased in the NF cells 
but increased in the GM16684 XPC cells with the treat-

Fig 2. The effect of the XPC defect on transcription of cell cycle-related genes in the cisplatin treatment. The net fold 
change of genes (∆∆) between the XPC and NF cells with the cisplatin treatment was used to determine the pattern of 
gene transcription regulation (∆∆>1.5). If the ∆∆ >0, the gene is counted as up regulated (colored green in the map). If the 
∆∆ <0, the gene is counted as down regulated (colored red in the map). If the ∆∆ <1.5 or if no data is available from the 
microarray analysis, the gene is uncolored in the map.
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ment (Tab. 3). In addition, the transcription level of the IPL 
gene was also significantly affected by the XPC defect in 
the treatment (Tab. 3). These results suggest that the XPC 
protein DNA damage recognition signal is involved in the 
cisplatin DNA damaging treatment-mediated apoptotic 
cell death process. 

The role of the XPC protein in the cisplatin DNA 
damaging treatment-mediated DNA repair

 As a result of the important function of the XPC protein 
DNA damage recognition in the initiation of the DNA repair 
process, we further determined the DNA repair genes that 
were affected by the XPC defect in the cisplatin treatment 
(Fig. 4 and Tab. 4). Interestingly, many important DNA 
repair genes relating to different DNA repair pathways were 
significantly affected by the XPC defect in the cisplatin 
treatment. In the double-strand break (DSB) DNA repair 
pathway, three genes, fen1, brca2, and pol δ3, were down-

The genes labeled with * are the commonly affected genes in both 
XPC cell lines with the cisplatin treatment.

Tab. 3  The cell cycle and apoptosis-related genes that were affected 
             by the XPC defect in the cisplatin treatment

                 
  Gene                     Fold change with cisplatin treatment
                                ∆NF       ∆XPC      ∆∆ (∆XPC-∆NF)
  1. DNA repair
  gadd45A*  1.90  1.16  -1.63
  gtf2H2  1.51 -1.11  -1.68

  adprt* -1.65  1.00   1.66
  fancg* -1.79  1.05   1.88
  lig1* -2.34 -1.05   2.23
  MGMT -1.36 -2.27  -1.67
  pcna -1.46  1.35   1.97
  pol d1* -2.38 -1.03   2.30
  rad51* -2.71  1.22   3.31
  rpa3* -1.61  1.07   1.72

 2. Double-strand break repair
  fen1 -1.79  1.18   2.11
  brca2 -1.59 -1.06   1.51
  pold3 -1.66 -1.05   1.59

 3. Mismatch Repair
  mlh1* -1.52 -1.03   1.50
  msh2 -1.89 -1.22   1.55
  msh6 -1.83  1.05   1.90

 4. Nucleotide excision repair
  xpc  1.57 -1.58  -2.49
  hchl-1/krg2 -2.58 -1.01   2.56

 5. DNA modification
  NP          1.81          5.82          3.22

  Tab. 4  The DNA repair-related genes that were affected by the  
              XPC defect in the cisplatin treatment. 

The genes labeled with * are the commonly affected genes in both 
XPC cell lines with the cisplatin treatment.

  Gene                            Fold change with cisplatin treatment
                                      ∆NF         ∆XPC     ∆∆ (∆XPC−∆NF)        
               
  1. Genes involved in cell cycle regulation
  cip1*   5.81   2.10 -2.77
  GADD45A*   1.90   1.16 -1.63
  mdm2   1.67  -1.01 -1.69
  mcm7*   5.38               2.01                -2.67
  bub1 -2.00  -1.06  1.89
  cdc25A -2.00  -1.10  1.81
  cdc25B -1.83  -1.09  1.68
  cycA2 -1.95   1.02  2.00
  cycB1 -1.60   1.01  1.61 
  cycD2 -1.96  -1.19  1.64
  cycE1 -1.54   1.18  1.82
  cdc61 -1.60   1.11  1.78
  cdc45 -2.72   1.16  3.16
  cdk1* -2.81  -1.37  2.05
  cdk2 -1.51   1.04  1.57
  cdk6 -1.70  -1.07  1.59
  e2f1 -1.94  -1.06  1.84
  mcm2 -3.09  -1.04  2.97
  mcm5 -2.57  -1.19  2.14
  PCNA -1.46   1.35  1.97
  PLK -1.86  -1.20  1.59

  2. Genes involved in apoptosis
  brca2 -1.59  -1.06  1.51
  cxcr1 -2.17   1.18  2.56
  E2F1 -1.95  -1.06  1.83
  IAP1 -1.18   1.95  2.30  
  IPL  1.35   2.57  2.13
  MAPT -2.04   1.11  2.27
  casp3*   -1.96
  casp4*   -1.86
  casp5  2.16   1.24 -1.75
  GADD45A*  1.91   1.16 -1.62
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regulated in the treated NF cells. In the treated XPC cells, 
however, the degree of down-regulation was attenuated 
(Fig. 4 and Tab. 4). In the mismatch repair (MMR) pathway, 
the transcription response of three important genes, mlh1, 
msh2, and msh6, were also affected by the XPC defects in 
the treatment. In the NER pathway, the transcriptions of the 
xpc and HCHL-1/KRG2 genes were affected with the XPC 
defects in the treatment; all other important NER genes, 
including xpa, xpg, and xpf, were unaffected by the XPC 
defect with the treatment. In addition, the transcriptions of 
several other DNA repair-related genes, including rpa3, 
rad51, fancg, adprt, lig1, and pold1, were also altered by 
the XPC defect in the treatment. These results suggest a 
very broad role of the XPC protein in many different DNA 
repair processes with the cisplatin treatment. Interestingly, 
none of the base excision repair (BER) genes were affected 
by the XPC defect in the treatment. 

The XPC defect and attenuated caspase-3 activation 
with the cisplatin treatment

The results obtained from the microarray data strongly 
suggest that the XPC protein plays an important role in 
the cisplatin DNA damaging treatment-mediated cell cycle 
regulation, resulting in apoptotic cell death. To validate the 
microarray data, we determined the cisplatin treatment-
mediated caspase-3 activation (Fig. 5). Caspase-3 is a key 
caspase that directly cleaves other proteins and causes 
apoptotic cell death. Therefore, activation of the caspase-3 
is an important indicator of apoptosis. The cisplatin treat-
ment led to an increase in the active caspase-3 when the 
NF cells were treated with 20 µM cisplatin for 24 and 48 
h. In contrast, no significant change was seen for the active 
caspase-3 in the cisplatin-treated XPC cells for as long as 48 
h. These results suggest that the XPC protein plays an im-
portant role in the cisplatin treatment-mediated apop-totic 

Fig. 3  The effect of the XPC defect on transcription of apoptosis-related genes in the cisplatin treatment. The net fold change 
of genes (∆∆ between the XPC and NF cells with the cisplatin treatment were used to determine the pattern of gene transcrip-
tion regulation (∆∆>1.5). When ∆∆ >0, the gene is counted as up regulated (colored green in the map). When ∆∆ <0, the gene 
is counted as down regulated (colored red in the map). If ∆∆ <1.5 or if no data is available from the microarray analysis, the 
gene is uncolored in the map.
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cell death and that the XPC defects resulted in a reduction 
in the cisplatin treatment-mediated apoptosis.  

The involvement of p53 protein in the cisplatin DNA 
damaging treatment-mediated signaling process

Although the results obtained from our microarray data 
and western blot results suggest an important role of the 
XPC protein in the cisplatin DNA damaging treatment-
mediated cell cycle regulation, the signaling pathways 
involved in this process are unknown. To elucidate the 
involvement of p53-related signal transduction pathway in 
this process, we have determined the cisplatin treatment-
mediated p53 response (Fig. 6). The level of p53 protein 
was significantly increased when NF cells were treated 
with cisplatin for 16 h or longer (Fig. 6 lanes 6 and 7 vs 

lane 1). In contrast, when XPC cells were treated with 
cisplatin under the same condition, the degree of increase 
of the p53 protein was greatly attenuated (Fig. 6 lanes 
13 and 14 vs lanes 6 and 7). This result suggests that the 
p53-related signaling pathway is indeed involved in the 
XPC protein DNA damage recognition-mediated signal 
transduction process.

DISCUSSION
In this study, we have determined the role of the XPC 

protein in cisplatin DNA damaging treatment-mediated 
cellular response. Comparison of the microarray data ob-
tained in both the NF and XPC cells identified 861 genes 
with altered transcription responses with the XPC defect 
in the cisplatin treatment (minimal fold change>1.5). The 

Fig. 4   The effect of the XPC defect on transcription of DNA repair genes with the cisplatin treatment. The net fold change 
of genes (∆∆ between the XPC and NF cells with the cisplatin treatment were used to determine the pattern of gene tran-
scription regulation (∆∆>1.5). When ∆∆>0, the gene is counted as up regulated (colored green in the map). When ∆∆ <0, 
the gene is counted as down regulated (colored red in the map). If ∆∆<1.5 or if no data is available from the microarray 
analysis, the gene is uncolored in the map.
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RT-PCR based real time PCR results further confirmed the 
consistency of the results, indicating a high reliability of 
the microarray data obtained in this study. These results 
suggest that the XPC protein plays an important role in 
the cisplatin DNA damaging treatment-mediated cellular 
response. Therefore, the results obtained from this study 
provide an important understanding for the mechanism of 
cisplatin treatment-mediated cellular response and the role 
of the XPC protein in this process.  

The transcription responses of many cell cycle and 
cell proliferation-related genes were greatly affected by 
the XPC defect in the cisplatin treatment, suggesting an 
important role of the XPC protein in the cisplatin treatment-
mediated cell cycle arrest and apoptosis. This provides 
some important insights into the mechanism of bulky DNA 
damage mediated cell cycle arrest and apoptosis. Although 
many DNA damaging reagents, including many commonly 
used anticancer drugs, can generate bulky DNA damage 
and cause cell death, the mechanism of this process is not 
fully understood. More importantly, the proteins that can 
recognize the bulky DNA damage and initiate the signaling 
process have not been identified in human cells. XPC, an 
important DNA damage recognition protein for nucleotide 
excision repair (NER), is an ideal protein candidate to initi-
ate this signaling process. The XPC protein recognizes a 
variety of bulky DNA damages [9-16, 36, 37]. The XPC-
HR23B complex is also the first protein component that 
binds to the damaged sites [23-25]. In addition, the XPC 
protein is known to interact with several important protein 
components including the basal transcription factor TFIIH 
and the centrisomal protein CEN2 [18-22]. It is likely 
that some of these interactions initiate the DNA damage-
mediated signaling process, resulting in cell cycle arrest 

and apoptotic cell death. For example, it is known that the 
XPC-TFIIH complex formation exists in the cells and the 
TFIIH interacts with the p53 protein [38-40]. It is possible 
that the DNA damage recognition of the XPC protein may 
influence the XPC-TFIIH complex formation and affect 
the interaction of the TFIIH with p53 protein, resulting in 
activation of the p53-related signal transduction pathway 
and subsequent DNA repair and apoptosis. Further studies 
are needed to determine the molecular mechanism on how 
the XPC protein DNA damage recognition signal leads to 
cell cycle arrest and apoptosis. 

We have studied the role of the XPC protein in the 
cisplatin DNA damage-mediated DNA repair process. 
Although the XPC protein was identified as a DNA dam-
age recognition protein for the NER pathway [7, 8], the 
results obtained from our microarray data analysis suggest 
a much broader role of the XPC protein in the DNA repair 
process. In the MMR pathway, for example, the transcrip-
tion responses of three important MMR genes (mlh1, msh2, 
and msh6) were greatly affected by the XPC defect in the 
cisplatin treatment, suggesting an important role of the XPC 
protein DNA damage recognition signal in the regulation 
of the MMR pathway. In the double-strand break (DSB) 
DNA repair pathway, the transcription responses of fen-1, 
brca2, and polδ3 were also affected by the XPC defect in 
the treatment, suggesting a possible role of the XPC pro-
tein DNA damage recognition signal in the regulation of 
the DSB pathway. In addition, many other important DNA 
repair genes were also affected by the XPC defects in the 
cisplatin treatment. All these results suggest that the XPC 
protein DNA damage recognition signal may be involved 
in the regulation of many different DNA repair pathways. 
Interestingly, none of the BER genes were affected by the 

Fig. 6  Detection of the p53 protein in both the NF and XPC cells 
with the cisplatin treatment. Both the NF (GM00043) and XPC 
(GM16684) cells were treated with cisplatin (20 µM) for various 
lengths of times. The cell lyses were analyzed by Western blot hy-
bridization assay for the levels of p53 protein. (A) The level of p53 
protein during the cisplatin treatment. (B) The level of β-actin during 
the cisplatin treatment. Both the p53 and β-actin were detected from 
the same membrane. 

Fig. 5  Cisplatin treatment-mediated caspase-3 activation in both 
NF and XPC cells. Both the NF and XPC cells were treated with 
cisplatin at 20 µM for various lengths of time (h). The cells were 
lysed and analyzed by western blot hybridization assay for the level 
of active caspase-3 (19 kD and 17 kD). Cell lyses of the untreated 
cells (c) were used to determine the background level of caspase-3 
in each cell line.   
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XPC defect in the treatment, suggesting an unimportant 
role of the XPC protein DNA damage recognition signal 
in regulation of the BER pathway. 

The XPC defects have been associated with many types 
of cancer [26-29]. The results obtained from our recent 
mutagenesis study demonstrated that the XPC defect led to 
an increase in mutation accumulation [14]. The results ob-
tained from this study further suggest that the XPC protein 
is involved in DNA damage-mediated cell cycle arrest and 
apoptosis. Collectively, these results strongly suggest that 
the XPC protein plays a critical role in preventing cancer 
occurrence by recognizing DNA damage and initiating the 
DNA damage-mediated signaling process, resulting in the 
removal of DNA damage in the genome or elimination 
of the damaged cells by the apoptotic process. Therefore, 
these results provide important under-standings for cancer 
occurrence, prevention, diagnosis, treatment, and anticancer 
drug design and development.
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