Int J Biochem Mol Biol 2011;2(2):138-145
www.ijomb.org /ISSN:2152-4114/1JBMB1103002

Original Article

Differential DNA damage responses in p53 proficient and
deficient cells: cisplatin-induced nuclear import of XPA is
independent of ATR checkpoint in p53-deficient lung can-
cer cells

Zhengke Li, Phillip R. Musich, Yue Zou

Department of Biochemistry and Molecular Biology East Tennessee State University, J.H Quillen College of Medicine,
Johnson City, Tennessee 37614, USA.

Received March 18, 2011; accepted March 23, 2011; Epub March 24, 2011; Published April 30, 2011

Abstract: Nucleotide excision repair (NER) and ataxia telangiectasia mutated (ATM)/ATR (ATM- and RAD3-related)
DNA damage checkpoints are among the major pathways that affect the chemotherapeutic efficiency of the antican-
cer drug cisplatin. Xeroderma pigmentosum group A (XPA) protein plays a crucial role in NER including both global
genome repair (GG-NER) and transcription-coupled repair (TC-NER) subpathways, and has been a potential target for
improving cisplatin therapeutic effects. We report here that XPA translocates from the cytosol into the nucleus after
DNA damage induced by UV irradiation and cisplatin, a mimetic of UV damage, in human cells with or without p53
deficiency. However, the damage-induced response of XPA nuclear import was significantly slower in p53-deficient
cells than in p53-proficient cells. We also found that while XPA is imported into the nucleus upon cisplatin or UV dam-
age in an ATR-dependent manner in p53-proficient A549 lung cancer cells, the ATR checkpoint pathway has no effect
on the XPA nuclear import in p53-deficient H1299 lung cancer cells. Similarly, the XPA nuclear translocation is not
regulated by ATM checkpoint or by p38MAPK/MK2 either. Our findings suggest that NER is independent on the major
DNA damage checkpoint pathways in H1299 (p53+-) cells and that DNA damage responses are mechanistically differ-
ent between p53-proficient and p53-deficient cells. Our results also highlight the possibility of selectively targeting
XPA nuclear import as a way to sensitize cisplatin anticancer activity, but targeting ATR/ATM-dependent checkpoints
may not be helpful in killing p53-deficient cancer cells.
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Introduction

Chemotherapy is a critical clinical intervention
for cancer patients. Cisplatin is one of the three
most commonly used chemotherapeutic drugs
[1]. Cisplatin induces DNA intra- and inter-
strand diadducts and DNA-protein crosslinks
[2], which are the main cause of its cytotoxicity
and hence its anti-cancer therapeutic effects.
DNA repair of cisplatin-induced DNA damage is
a major factor in modulating the therapeutic
efficacy of cisplatin [2, 3]. In humans, bulky
DNA lesions produced by ultraviolet (UV) irradia-
tion or by UV-mimetic agents such as cisplatin
can only be removed by nucleotide excision re-

pair (NER) [4, 5]. Therefore, the status of NER is
an important factor in the success of chemo-
therapy using cisplatin [2, 6].

The DNA repair protein Xeroderma pigmento-
sum group A (XPA) is an indispensable factor for
NER including both subpathways: transcription-
coupled NER (TCR-NER) and global genome
NER (GGR-NER). XPA is believed to verify the
damage sites following initial recognition of a
lesion, stabilize repair intermediates, and be
involved in recruiting other NER factors [7-12].
To our knowledge, XPA has been reported to
only function in NER pathways, and consistently
has been reported to be the major factor that
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limits the repair of cisplatin-induced DNA dam-
age [13-15]. Regulating XPA at transcriptional or
post-transcriptional level would affect the NER
activity and repair of UV- or cisplatin-induced
DNA lesions [4, 13-16].

The DNA damage checkpoints survey the struc-
tural integrity of the genome and coordinate
multiple cellular pathways to ensure efficient
removal of DNA damage. The ATM- and ATR-
dependent checkpoint pathways are two central
components of the DNA damage response ma-
chineries in human cells. These pathways are
comprised of a series of DNA damage sensors,
signal mediators and transducers, and down-
stream effecter molecules [5, 17, 18]. Among
the downstream effectors of the ATR checkpoint
are the three major checkpoint proteins Chk1,
p53 and p38 mitogen-activated protein kinase
(MAPK)/MAPK-activated protein  kinase-2
(MK2). These proteins can be directly activated
by ATR following UV irradiation [19-21] although
p38/MK2 also can be activated independent of
ATR [20].

It is believed that the checkpoint pathways play
an important role in regulating the NER proc-
esses [17, 22, 23]. However, the underlying
mechanisms remain elusive. Our previous stud-
ies indicated that the ATR checkpoint is re-
quired for regulation of DNA damage-induced
XPA nuclear import and phosphorylation (24,
25). When the XPA nuclear translocation proc-
ess is inhibited by disrupting the ATR-XPA inter-
action, DNA repair efficiency is significantly re-
duced [24]. Our recent data (unpublished obser-
vation) also suggests that UV-induced XPA nu-
clear import is regulated by ATR through a p53
signaling pathway. Given that UV irradiation-
and cisplatin-generating DNA lesions can only
be repaired by NER in humans, and p53-
deficient cancer cells rely on the ATR/p38/MK2
pathway for survival of DNA damages rather
than the ATR/p53 signaling pathway [20, 25], it
is of great interest to determine whether the
DNA damage-induced XPA nuclear import oc-
curs in p53 deficient cancer cells and whether
the import is regulated by different checkpoint
pathways in p53-proficient and deficient cancer
cells.

Materials and methods
Cell culture, drugs, and antibodies

Cells were maintained in DMEM supplemented
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with 10% FBS and 1% penicillin-streptomycin.
All cell lines were grown at 37°C in 5% CO2. UV-
C irradiation was performed using a 254 nm
lamp at a flounce of 0.83 J/m2/sec. For time
course analysis cells were incubated in culture
conditions for the indicated amounts of time.
Cisplatin (Sigma Chemical Co.) was dissolved in
0.9% NaCl to make a 3 mM stock solution just
before use. A final concentration of 30 uM was
obtained by making a 1/100 dilution of the
stock solution into culture medium. UCN-0O1 and
SB203580 were purchased from Sigma Chemi-
cal Co. and Calbiochem Chemical Co., respec-
tively. Both UCN-01 and SB203580 were dis-
solved in DMSO to make stock solutions of 1
mM and 10 mM which were diluted into cell
culture medium to 250 nM and 10 uM, respec-
tively. For Western blotting, primary rabbit poly-
clonal antibody against XPA, mouse monoclonal
antibody against PARP, rabbit polyclonal anti-
body against p53, mouse monoclonal antibody
against Chkl, and goat anti-MK2 polyclonal
antibodies were purchased from Santa Cruz
Biotechnology Co. A FITC-conjugated primary
mouse anti-actin antibody was obtained from
Sigma Chemical Co.

RNAI

siRNA duplexes were synthesized by
GenePharma Co. using the following sequences:
MK2 siRNA: sense strand UGACCAUCAC-
CGAGUUUAUdTAT and antisense strand
AUAAACUCGGUGAUGGUCAdTAT; Chk1 siRNA:
sense strand ACAGUAUUUCGGUAUAAUATT and
antisense strand UAUUAUACCGAAAUACUGUTG;
ATR siRNA: sense strand CCUCCGUGAU-
GUUGCUUGATT, and antisense strand UCAAG-
CAACAUCACGGAGGTT; ATM siRNA: sense strand
CAUACUACUCAAAGACAUUTT, and antisense
strand AAUGUCUUUGAGUAGUAUGTT.

The siRNA transfection reagent was purchased
from Polyplus Transfection and the transfec-
tions were carried out by following manufac-
turer’s instructions. Briefly, cells were grown to
30-40% confluency and washed with PBS and
antibiotic-free medium. siRNA duplexes were
added to a small volume of FBS and antibiotic-
free medium and incubated with transfection
reagent for 10 min. This mixture then was
added to cells in FBS- and antibiotic-free me-
dium at a final siRNA concentration between 5-
10 nM. After 5-7 hour incubation, FBS and anti-
biotic were added into the transfection medium
and incubation continued. Experiments access-
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ing the levels of protein expression or the ef-
fects of UV irradiation were initiated 48 or 72
hrs after transfection. For time course experi-
ments after UV irradiation, siRNA-containing
medium was temporarily removed during the UV
irradiation.

Subcellular fractionation and Western blotting

Subcellular fractionation was performed using
the Proteo JETTM cytoplasmic and nuclear pro-
tein extraction kit (Fermentas) by following the
procedures suggested by the manufacturer.
Briefly, 10 volumes of cell lysis buffer with pro-
tease inhibitors were added to 1 volume of
packed cells. After a brief vortexing and incuba-
tion on ice for 10 min, cytoplasm was separated
from nuclei by centrifugation at 500 x g for 7
min at 4 °C. Isolated nuclei were washed once
or twice with 500 pL of the nuclei washing
buffer and then collected by centrifugation. The
collected nuclear pellets were re-suspended in
ice-cold nuclear storage buffer, and 1/10 vol-
ume of the nuclear lysis reagent was added.
The nuclei were lysed with inversions for 15 min
at 4°C. Nuclear lysates were collected by cen-
trifugation at 20,000 x g for 12 min at 4 °C. The
lysates then were mixed with 2x SDS loading
buffer, boiled for 10 minutes and loaded into
SDS-PAGE for Western blot analysis. In all of the
fractionation experiments, protein levels of (-
actin and PARP were assessed as cytoplasmic
and nuclear protein loading controls, respec-
tively.

Results

XPA translocates into the nucleus from the cyto-
sol upon cisplatin- and UV-DNA damage

Consistent with previous observations [24, 26],
the current data demonstrate that UV irradiation
induced nuclear import of XPA in the normal
foreskin primary cell line BJ, the human lung
adenocarcinoma cell line A549, and a p53-
deficient non-small cell lung carcinoma cell line
H1299 (Figure 1A). XPA is an indispensable
factor of NER. To determine whether the nuclear
import of XPA is part of the cellular response to
cisplatin-induced DNA damage, BJ, A549 (wild-
type p53) and H1299 (p5377) cells were incu-
bated with cisplatin for the indicated time peri-
ods (Figure 1B). The nuclear import of XPA
started no later than 4 hrs after cisplatin addi-
tion in BJ and A549 cells. The nuclear transloca-
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tion of XPA in H1299 cells, however, occurred
later than in BJ and A549 cells as significant
nuclear import of XPA was observed only after 8
hrs of incubation with cisplatin. With 20 hrs of
exposure to cisplatin cytoplasmic XPA protein
started to recover to pre-exposure levels in
A549 cells, even though the DNA-damage in-
duced nuclear accumulation of XPA continued
to the 24 hour time point. Different from A549
cells, the increase of cytoplasmic XPA protein in
H1299 cells was delayed to the 24 hour time
point with cisplatin, although a similar increase
of the nuclear XPA was observed. In agreement
with the previous reports [27, 28], cisplatin in-
duced over-expression and nuclear accumula-
tion of p53 in A549 and BJ cells (Figure 1B).

Neither Chk1 nor MK2 is required for damage-
induced XPA nuclear import

Our recent study demonstrated that UV-induced
XPA nuclear import is dependent on the ATR/
p53 signaling pathway in the p53-proficient can-
cer cells. However, the data in Figure 1 showed
no defects of XPA nuclear import in p53-
deficient cancer cells H1299. Since both MK2
and Chk1 kinases can transmit damage signals
from ATR independent of p53 to arrest cell cycle
progression, it is of interest to determine
whether Chk1 and/or MK2 are required for the
UV-induced nuclear import of XPA in H1299
cells. As shown in Figure 2A, no difference in
XPA nuclear translocation was observed be-
tween the control siRNA and the Chk1 silencing
cells, indicating that Chk1-mediated signaling is
not required for the nuclear import of XPA. Simi-
lar result was also obtained for cells with MK2
knockdown by siRNA (Figure 2B). These results
were further confirmed using two selective
kinase inhibitors, UCN-01 and SB203580. UCN-
01 inhibits both Chk1l and MK2 activity while
SB203580 mainly targets the p38/MK2 path-
ways. These inhibitors were incubated with
H1299 cells to stop the signal transductions
mediated by Chk1l and/or MK2. Consistent with
the siRNA knockdown results, inhibition of the
two kinases did not change the UV-induced XPA
nuclear import (Figure 2C).

ATR and/or ATM are not required for damage-
induced XPA nuclear import

The observation that Chkl and MK2 were not

required for damage-induced XPA nuclear im-
port in H1299 (p537) cells implies that ATR
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may not be involved in regulation of nucleotide
excision repair in p53 deficient H1299 cells. To
test the hypothesis, ATR and ATM were depleted
in H1299 cells. As shown in Figure 3, ATR and
ATM were depleted by siRNA transfections indi-
vidually (Figure 3A), or simultaneously (Figure
3B). However, the UV-induced cytosol-to-nucleus
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Figure 1. UV irradiation- and
cisplatin-induced DNA dam-
age promotes nuclear import
of XPA. A. The normal fore-
skin cells BJ, human lung
adenocarcinoma cells A549,
and p53-deficient non-small
cell lung carcinoma cells
H1299 were subjected to 20
J/m2 UV-C irradiation fol-
lowed by a 2-hr recovery.
Fractionation and Western
blotting were performed to
assess the subcellular local-
ization of XPA. B. The chemo-
therapeutic agent cisplatin
induced cytoplasmic-to-
nuclear translocation of XPA.
BJ, A549 and H1299 were
incubated with DMSO (mock
treatment) or 30 uM cisplatin
for the indicated time points.
Fractionation and Western
blotting were performed to
assess the expression and
intracellular localization of
XPA. PARP and B-actin were
probed as nuclear and cyto-
plasmic protein loading con-
trols, respectively.

translocation of XPA was not affected, as indi-
cated by the equal reduction of XPA in cytosol
and increasing XPA in the nucleus between the
control siRNA- and ATR/ATM siRNA-transfected
cells. The result indicates that neither ATR nor
ATM was required for the damage-induced XPA

nuclear import.

Int J Biochem Mol Biol 2011:2(2):138-145



DNA damage responses in p53 deficient cancer cells

A H1299 Cytosol

H1299 Nucleus
si-control  si-Chk1  si-control  si-Chk1
uv - + - + - + -
XPA e T - . -
ChKT | e s w

ACtin e e— — —

PARP ---
B H1299 Cytosol H1299 Nucleus
si-control  si-MK2  si-control
uv - + - + - +

XPA S s o9 = .

MK2

Actin . ——

PARP . Ol e GED G

C

H1299 Cytosol

H1299 Nucleus

Figure 2. DNA damage-induced XPA
nuclear import is not affected by
checkpoint proteins Chkl and MK2
in the p53-deficient cancer cells. A.
H1299 cells were transfected with
control siRNA or Chk1 siRNA. After
48 hrs, transfected cells were mock
or 20 J/m2 UV-C treated and further
incubated for 2 hr for recovery. The
subcellular location of XPA was then
assessed by fractionation and West-
ern blotting. B. Control siRNA- or
MK2 siRNA-transfected H1299 cells
were mock-treated or irradiated with
20 J/m2 UV-C followed by a 2 hr
recovery. Fractionation and Western
blotting were employed to analyze
the subcellular localization of XPA
and the expression of MK2. C.
H1299 cells were pretreated with
DMSO, 250 nM UCN-01 or 10 uM
SB203580 for 1 hr. Cells then were
mock-treated or irradiated with 20
J/m2 UV-C followed by a 2 hr recov-
ery in the presence of the inhibitors.
The fractionated samples were ana-
lyzed by Western blotting.

sponse pathways and a close
coordination between these two
pathways is believed to be cru-
cial for maintaining the genome
integrity and stability. Our recent
studies indicated that the ATR-
dependent checkpoint pathway
is required for regulation of the
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Discussion

DNA damage checkpoints and DNA repair are
two major types of cellular DNA damage re-
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DNA damage-induced XPA trans-
- - location from cytoplasm to nu-
- - cleus (24, 25). Interestingly, the
results from this study indicate
that although this ATR depend-
ence occurs in p53-proficient
normal and cancer cells treated
with cisplatin or UV, it does not
apply in p53-deficient lung can-
cer cells such as H1299 cells.
This was further confirmed by
the independence of XPA nu-
clear import on Chk1 and p38/
MK2, two major downstream
substrates of ATR checkpoint
signaling. It should be noted
that XPA is a crucial factor of
NER and that XPA-deficient cells exhibit the
highest UV sensitivity among other NER factors
[29]. In addition, XPA nuclear import appears
essential for the activity of NER [24, 30]. Thus,
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our findings suggest that NER is independent of
ATR-dependent checkpoint in the p53-deficient
cancer cells. XPA nuclear import, or likely NER,
also was found to be independent of the ATM
checkpoint in the p53-deficient cancer cells.
These observations imply that all major known
DNA damage checkpoints have no effect on
NER in p53-deficient cancer cells. In spite of
this, the fact that XPA nuclear import is a DNA
damage-induced event indicates that it is a
regulated event in cells. We propose that an

143

alternative checkpoint pathway may be respon-
sible for the regulation. Taken together, our re-
sults suggest that the cellular DNA damage re-
sponses to cisplatin treatments are different in
p53 proficient and deficient cells.

One of the major challenges in treating cancer
patients with cisplatin is the drug’s side-effects:
it introduces DNA damage to cancer cells while
also causing damage to normal cells [1]. One
solution for this problem is to identify mechanis-
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tic differences of DNA damage responses be-
tween normal and cancer cells. The current
study attempts to define the unique mechanism
of DNA damage responses in p53-deficient lung
cancer cells as p53 is the most commonly mu-
tated gene in human cancers, particularly the
lung cancer. Thus, three cell lines including the
human normal primary cell line BJ, the p53-
proficient lung cancer cell line A549, and the
p53-deficient lung cancer cell line H1299 were
treated with cisplatin or UV-C irradiation. A pro-
nounced cytoplasm-to-nucleus translocation of
XPA was observed in each of these cell lines
(Figure 1), which is consistent with our previous
observations on other types of cells treated with
UV. However, unlike in p53-proficient cells the
damage-induced XPA import is not dependent
on ATR or other major known checkpoints in the
p53-deficient H1299 lung cancer cells (Figure 2
and Figure 3). These observations reveal a
mechanistic difference of DNA damage re-
sponses between pb53-proficient and p53-
deficient lung cancer cells. This difference high-
lights a possibility of increasing drug sensitivity
in p53-deficient cancer cells without sensitiza-
tion of normal cells. This could possibly be
achieved by targeting XPA nuclear import di-
rectly; however, repair of damaged DNA in the
patient’s normal cells would also be affected. A
better, more specific target would be to disrupt
the alternative regulatory pathway for XPA nu-
clear import used in p53-deficient cancer cells
and, thus, inhibit their DNA repair. This would
allow the NER of cisplatin-damaged DNA to pro-
ceed in the patient’s normal cells. Obviously,
this requires further investigation to identify the
novel regulation mechanism responsible for the
damage-induced XPA import in the p53-
deficient cancer cells.
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