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Major Contribution of the Multidrug Transporter
P-Glycoprotein to Reduced Susceptibility of
Poly(ADP-Ribose) Polymerase-1 Knock-Out
Cells to Doxorubicin Action
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Abstract Inactivation of poly(ADP-ribose) polymerase-1 (PARP-1) has been shown to potentiate the cytotoxicity of
distinct DNA targeting agents including topoisomerase I inhibitors. On the other hand, the PARP-1 deficient cells
exhibited resistance to conventional inhibitors of topoisomerase II such as etoposide or doxorubicin (DOX). Recently, we
observed the extreme sensitivity of PARP-1 knock-out (KO) cells to C-1305, a new biologically active triazoloacridone
compound. C-1305 permanently arrested the cells in G2-phase of the cell-cycle. These observations prompted us to
investigate more thoroughly the susceptibility of PARP-1 KO cells to DOX and to examine the effect of DOX on the
progression of cell-cycle. We determined the uptake of DOX and P-glycoprotein (P-gp) expression in mouse cells and
compared it with that in human myeloma 8226/Dox40 cells overexpressing P-gp. Exposure of mouse cells to DOX
revealed a reduced drug uptake in cells lacking PARP-1. However, combined treatment with verapamil, a potent MDR
modulator increased theDOXaccumulation.Detailed immunoblotting experiments revealed an approximately threefold
higher P-gp level in PARP-1 KO cells as compared with normal counterparts. Interestingly, DOX induced in normal
fibroblasts very rapidlyG2 arrestwhereas in PARP-1KOcells it blockedprimarily the transition between S andG2 resulting
in the increase of cells remaining in S-phase. This coincided with the lack of the site-specific phosphorylation of CDK2.
Simultaneous inhibition of P-gp in cells lacking PARP-1 resulted in an accumulation of cells inG2. Exposure ofmouse cells
to high DOX dose activated significantly caspase-3/7 in PARP-1 KO cells. J. Cell. Biochem. 95: 1012–1028, 2005.
� 2005 Wiley-Liss, Inc.
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Poly(ADP-ribose) polymerase-1 (PARP-1),
known for a long time as the only one enzyme
capable of catalyzing covalent attachment of
multiple ADP-ribose molecules to a variety of
acceptor proteins, became recently a member of
a growing multigene family (for review, see
[D’Amours et al., 1999; Ame et al., 2004]). Des-
pite the similarity of catalytic activity between
the members of the gene family, only PARP-1
possesses zinc finger motifs responsible for
recognition of damaged DNA and binding to
DNA strand breaks. PARP-1, which is highly
expressed in the nucleus, responds very rapidly
to DNA damage and facilitates DNA repair.
Once activated, PARP-1 cleaves nicotinamide
adenine dinucleotide (NADþ) and transfers up
to 200 ADP-ribose residues to target proteins
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thereby consuming the cellular NADþ reserve.
It seems that massive PARP-1 activation con-
tributes to a major part to depletion of cellular
NADþ and ATP, ultimately leading to energy
failure and cell death. The finding that PARP-1
suppression by chemical inhibitors or by inacti-
vation of the PARP-1 gene could prevent cell
death evoked the great interest on the poly-
(ADP-ribosyl)ation reactions. The most impor-
tant observation was that inhibition of PARP-1
activity could protect against diabetes, ische-
mia, inflammation, and septic shock [Szabo and
Dawson, 1998].

On the other hand, suppression of PARP-1
activity has been shown to potentiate the
cytotoxicity of distinct DNA targeting agents
including topoisomerase I inhibitors [Delaney
et al., 2000; Calabrese et al., 2004]. In contrast
to the hypersensitivity to drugs targeting
topoisomerase I, the PARP-1 activity depleted
cells exhibited resistance to conventional inhi-
bitors of topoisomerase II such as etoposide or
doxorubicin (DOX) [Chatterjee et al., 1995;
Wurzer et al., 2000]. The resistance of PARP-1
depleted cells to etoposide was attributable to
induction of grp78 protein [Chatterjee et al.,
1995]. On the other hand, the reduced suscept-
ibility of PARP-1 knock-out (KO) cells to DOX
coincided with an increase in the expression of
multidrug resistance (MDR) transporter pro-
tein P-glycoprotein (P-gp) [Wurzer et al., 2000].
Recently, we observed the extreme sensitivity of
PARP-1 KO cells to C-1305, a new topoisome-
rase II inhibitor [Wesierska-Gadek et al., 2004].
C-1305 is a novel, biologically active triazoloa-
cridone compound that selectively inhibits
topoisomerase II b [Lemke et al., 2004]. C-
1305 strongly inhibited the proliferation of
PARP-1�/� mouse fibroblasts and permanently
arrested the cells in G2-phase of the cell-cycle
[Wesierska-Gadek et al., 2004]. These findings
prompted us to investigate more thoroughly the
susceptibility of PARP-1 KO cells to DOX and to
examine its effect on the progression of cell-
cycle. We determined the uptake of DOX and
P-gp expression in mouse cells and compared it
with that in human myeloma 8226/Dox40 cells
known to overexpress P-gp protein. Mouse
cells lacking PARP-1 accumulated only low
amounts of DOX that coincided with about
threefold higher expression of P-gp as compared
with normal counterparts. The combined treat-
ment with verapamil, a MDR modulator, highly
increased intracellular accumulation of DOX.

Exposure of normal mouse cells to DOX resulted
in a rapid accumulation of G2-arrested cells.
However, treatment of cells lacking PARP-1
with DOX resulted in a block of the transition
between S and G2 associated with an increase of
the cell number remaining in S-phase. The
combined treatment of mutant cells with ver-
apamil resulted in an increase of the frequency
of G2 population. The increased accumulation of
DOX treated PARP-1 KO cells in S-phase
coincided with the lack of site-specific phosphor-
ylation of CDK2 that is a prerequisite for its
activation. Interestingly, exposure of mouse
cells to high DOX concentration markedly acti-
vated caspases-3/7 in PARP-1�/� cells. Addition
of the MDR reversor enhanced significantly the
activation of caspases.

Our results confirm previous observations
that inactivation of PARP-1 reduced the basal
level of wt p53 protein and cellular p53 response
to DOX what coincided with an increase of P-gp
expression [Wurzer et al., 2000].

MATERIALS AND METHODS

Cells

Mice lacking PARP-1 were generated by
homologous recombination [Wang et al., 1995].
Immortalized MEFs were obtained from PARP-
1þ/þ (A-19) and from PARP-1�/� (A-11 and A-12)
mice. Cells were grown in DMEM supplemented
with 10% (v/v) FCS at 378C in an atmosphere of
8% CO2. Human 8226 myeloma cells obtained
from the American Type Culture Collection
(Rockville, MD) were selected for resistance to
DOX by gradually increasing DOX exposure
over a 2-year period [Dalton et al., 1986]. The
8226/DOX40 cells were gradually exposed to a
maximum concentration of 4� 10�7 M DOX,
representing a 40-fold increase in the initial
drug exposure concentration [Dalton et al.,
1986]. Cells were maintained as a suspension
in RPMI 1640 medium supplemented with 10%
(v/v) FCS at 378C in a 5% CO2–95% air atmo-
sphere [Dalton et al., 1986, 1989]. Human cervix
carcinoma HTB-31 cells and human breast
carcinoma MCF-7 cells were used in some ex-
periments as positive controls and were main-
tainedasdescribed earlier [Wojciechowskietal.,
2003].

Drugs and Chemicals

Doxorubicin hydrochloride was purchased
from Calbiochem-Novabiochem, (La Jolla, CA).
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Verapamil hydrochloride and probenecid were
obtained from Sigma Co. (St. Louis, MO).

Cell Treatment

Cells were treated for the indicated periods
of time with the anti-cancer drug DOX at
concentrations ranging from 0.05–5 mM alone
or in combination with MDR modulators
[verapamil (10 mM) and probenecid (1 mg/ml)].
MDR modulators were added 1 h before DOX
administration.

Antibodies

We used the following antibodies: monoclonal
anti-p53 antibodies PAb421 (Ab-1) directed
against an epitope within the carboxy-terminus
of the mouse protein, monoclonal anti-p53
antibodies DO-1 and DO-7 recognizing epitopes
within the amino-terminus of human protein.
Human monoclonal anti-PARP-1 antibodies
(C-2-10) and monoclonal anti-MCM7 (clone
DCS141.2) were from Oncogene Research Pro-
ducts (Cambridge, MA). Polyclonal anti-NF-kB
p65 (C-20) was from Santa Cruz Biotechnology,
(Santa Cruz, CA). Monoclonal anti-MDR1 C219
antibody was from Fujirebio Diagnostics, Inc.
(Tokyo, Japan) and JSB-1 antibody was from
Monosan (Uden, the Netherlands). Polyclonal
antibodies against phospho-CDK1 (Thr161),
phospho-CDK2 (Thr160), and monoclonal anti-
phospho-cdc25C phosphatase (Ser216) antibo-
dies (clone 9D1) were from Cell Signaling
Technology, Inc. (Beverly, MA). Polyclonal anti-
bodies against phospho-CDK1 (Thr14/Tyr15)
and monoclonal anti-a-tubulin antibody (Clone
B-5-1-2) were from Sigma Co. Antibodies
against CDK1 and cdc25C phosphatase (clone
TC-15) were from Upstate Biotechnology (Lake
Placid, NY). Monoclonal anti-CDK2 antibodies
(2B6þ 8D4) were from NeoMarkers, Inc.
(Fremont, CA). Monoclonal anti-actin (Clone
C4) antibodies were from ICN Biochemicals
(Aurora, OH). The secondary antibodies were
purchased from Upstate Biotechnology.

DOX Uptake

Cells were incubated with DOX at a final
concentration of 0.2 and 2 mM with or without
10 mM verapamil for 12 and 24 h at 378C. After
termination of the treatment adherent cells
were detached by treatment with trypsin or
accutase [Wesierska-Gadek et al., 2004]. Col-
lected cells were washed four times with PBS,
counted, and resuspended in PBS (1� 106 cells

per standard tube). Intracellular accumulation
of DOX was immediately measured using FL3
in a FACScan cytometer (Becton Dickinson).

MDR1 Shift Assay

To detect active MDR1, we performed a
MDR1 shift assay (Chemicon International,
Temecula, CA) according to the manufacturer’s
protocol. The human 8226/DOX40 cells were
used as a reference cell line expressing MDR1
[Dalton et al., 1986, 1989]. The MDR1 shift
assay provides a convenient method to detect
conformational changes in MDR1 that occurs
upon transport of MDR1 substrates. Binding of
UIC2 was analyzed by flow cytometry using FL2
for indirect UIC2 staining and FL3 for propi-
dium iodide to exclude dead cells. At least
10,000 events were collected.

Analysis of DNA Content in Cells
by Flow Cytometry

The measurement of DNA content in propi-
dium iodide-stained nuclei was performed
by flow cytometry as described previously
[Vindelov et al., 1983; Wesierska-Gadek and
Schmid, 2000]. The stained cells were analyzed
using a FACScan cytometer. Distribution of
cells in distinct cell-cycle phases was deter-
mined using ModFIT cell-cycle analysis soft-
ware. DNA histograms were obtained by
CellQuest evaluation program.

Determination of Caspase-3/7 Activity

The activity of both caspases was determined
using the APO-ONE Homogenous Caspase-3/7
Assay (Promega, Madison, WI) which uses the
caspase-3/7 substrate rhodamine 110, bis-(N-
CBZ-L-aspartyl-L-glutamyl-L-valyl-L-aspartic
acid amide (Z-DEVD-R100). This compound
exists as a pro-fluorescent substrate prior to
the assay. Upon cleavage and removal of the
DEVD peptide by caspase-3/7 activity and
excitation at 499 nm, the rhodamine 110 leaving
group becomes intensely fluorescent.

Mouse cells were plated in 96-wells microtiter
plates. Twenty-four hours after plating cells
were exposed for 15 h to DOX at concentrations
ranging between 0.1 and 4 mM. Thereafter, cul-
ture supernatant was transferred into another
microtiter plate and the caspases activity was
determined separately in cells and in culture
medium. Then an equal volume of caspase
substrate was added and samples were incu-
bated at 378C for 2, 4, and 20 h. The fluorescence
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was measured at 485 nm. Culture medium was
used as a blank. ‘‘No-cell background’’ values
after 20 h were about 500 cpm.

Cell Fractionation

Isolation of nuclei was performed according
to the method of Capco et al. [1982] as
previously described in detail [Wojciechowski
et al., 2003]. During all isolation steps, phenyl-
methylsulfonylfluoride (PMSF) and Pefabloc
were added in a final concentration of 1 mM
and 50 mM, respectively. Briefly, PBS washed
cells were suspended in ice-cold hypotonic
buffer, swollen, and were homogenized after
addition of detergents (combined ionic and
non-ionic detergents). After centrifugation
through sucrose cushion nuclei were pelleted.
In experiments designed to isolate P-gp en-
riched fraction, plasma membrane preparations
from mouse cells (A-19, A-12, and A-11) and
from human 8226/S and 8226/DOX40 were
purified according to the slightly modified
method of Riordan and Ling [Riordan and Ling,
1979].

Determination of Protein Content

Protein concentration in whole cell lysates
(WCLs) and in subcellular fractions was deter-
mined by the DC assay (Bio-Rad Laboratories,
Richmond, CA) using bovine serum albumin
(BSA) as a standard.

Electrophoretic Separation of Proteins
and Immunoblotting

Total cellular proteins or proteins of the
distinct subcellular fractions dissolved in SDS
sample buffer were separated on 8%, 10%, or
15% SDS slab gels and transferred electro-
phoretically onto polyvinylidene difluoride
membrane (PVDF) (Amersham International,
Little Chalfont, Buckinghamshire, UK). Pro-
tein transfer and equal protein loading was
confirmed by Ponceau S staining. Blots were
incubated with specific primary antibodies at
appropriate final dilutions and the immune
complexes were detected using corresponding
peroxidase-conjugated secondary antibodies
and enhanced chemiluminescent detection
reagent ECLþ (Amersham International) as
described previously [Wesierska-Gadek et al.,
2002]. For detection of site-specific phosphor-
ylation of distinct proteins, membranes were
processed in Tris-saline buffer [Wesierska-
Gadek et al., 2004].

Statistical Analysis

Statistical analysis was performed by the
ANOVA test followed by Dunnett’s Multiple
Comparison Test (all treatment groups versus
control).

RESULTS

Reduced DOX Uptake in PARP-1 KO Cells

To assess the intracellular accumulation of
DOX, we performed two independent appro-
aches. Both assays were based on the capability
of DOX, after entering into cells and binding to
DNA, to generate fluorescent signals after
excitation with UV light. In the first approach,
mouse cells exposed to DOX for 24 h we fixed in
situ and cells were analyzed under fluorescence
microscopy using a rhodamine filter. As depict-
ed in Figure 1A, PARP-1 deficient mouse cells in
contrast to normal counterparts did not accu-
mulate DOX. Even at higher magnification, red
fluorescent signals were barely detectable.
However, the combined treatment by DOX and
verapamil (V), a modulator of MDR, resulted in
an elevated accumulation of DOX in PARP-1
KO cells as evidenced by the appearance of the
intense red fluorescence. Interestingly, the
addition of verapamil had no obvious effect on
the intensity of DOX-mediated fluorescence in
normal mouse fibroblasts. The analysis of the
fluorescence in fixed cells allowed us to deter-
mine the DOX accumulation in adherent cells,
whereas the floating cells, if any, could not be
evaluated. Therefore, in a second approach the
intracellular DOX levels were quantified in
total cell populations by flow cytometric analy-
sis (Fig. 1B). Exposure of wild-type mouse cells
to 0.2 mM DOX resulted in a time- and con-
centration-dependent accumulation of the drug
(Fig. 1B). However, after exposure of PARP-1
deficient cells to DOX for 12 h, the drug entered
only about 30% cells, whereas the majority of
cells did not accumulate the drug. The combined
treatment with verapamil dramatically chan-
ged the cellular levels of DOX thereby implicat-
ing that reduced drug uptake in the latter is
attributable to a higher activity of multidrug
transporter proteins. The detailed quantifica-
tion of DOX uptake is shown in Figure 1C.

Overexpression of P-gp Is Associated With
Decreased DOX Accumulation

The exposure of human sensitive and resis-
tant 8226 myeloma cells to 0.2mM DOX for 6 and
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12 h showed the difference in the intracellular
accumulation of the drug (Fig. 2A), which cor-
related with the overexpression of P-gp. The
DOX level in 8226/Dox40 cells strongly increa-
sed after the combined treatment with verapa-
mil thereby substantiating the assumption that
drug resistance of 8226/Dox40 cells is attribu-
table to overexpression of P-gp. The phenotype
of 8226/Dox 40 cells resembled that observed in
mouse fibroblasts lacking PARP-1.

MDR1 Shift Assay

To detect active MDR1, we performed a
MDR1 shift assay (Chemicon) according to the
manufacturer’s protocol. The binding of anti-
body UlC2 to human 8226/DOX40 cells expres-
sing MDR1 [Dalton et al., 1986, 1989] was
determined in the absence and in the presence
of vinblastine. As shown in Figure 2B, human
resistant 8226/Dox40 cells, in contrast to the
sensitive myeloma cell line, were stained by
anti-P-gp antibody. The addition of vinblastine,
a MDR1 substrate, resulted in conformational
changes and an increase of stained cells was
observed (Fig. 2B). We also performed the assay
on mouse cells. Our preliminary results (not
shown) revealed the MDR1 shift in PARP-1 KO
cells. However, the total number of positive cells
is lower as compared with human 8226/Dox40
cells. These results additionally evidence the
functionality of enhanced P-gp in 8226/Dox40
cells.

Increased Expression of P-gp in Mouse Cells
Lacking PARP-1

Recently, we compared by immunoblotting
using polyclonal antibodies from Santa Cruz the
expression P-gp protein between normal and
PARP-1 deficient mouse fibroblasts and found
higher cellular P-gp level in the latter [Wurzer
et al., 2000]. We also isolated the plasma
membrane fraction from control and DOX-
treated mouse cells and resolved the obtained
subcellular fractions on a gel together with a
plasma membrane sample from human che-
moresistant HL-60 cells used as a P-gp positive
control [Wurzer et al., 2000]. Immunoblotting
was performed using monoclonal anti-P-gp
antibody. The HL-60 plasma membrane sample
and an aliquot of anti-P-gp (designed as JSB-1
antibody) was a kind gift of our colleagues Dr.
W. Berger and Dr. E. Elbling. As shown in
Figure 3A, the antibody detected only a single
band at about 170 kDa. The intensity of the

Fig. 1. Enhancement of doxorubicin (DOX) accumulation in
poly(ADP-ribose) polymerase-1 (PARP-1) knock-out (KO) mouse
cells by multidrug resistance (MDR) modulator.Wild-type (A-19)
and PARP-1�/� cells (A-11 andA-12)were exposed toDOX (from
0.05 to 2 mM) for 12 and 24 h. Then cells were fixed with
paraformaldehyde (A) or detached from substratum and the DOX
uptake was measured by FACS (B). A: MDRmodulator increased
DOX accumulation in PARP-1 KOmouse cells. Wild-type (A-19)
and PARP-1�/� cells (A-11 and A-12) were exposed to 0.35 mM
DOX alone or in combination with 10 mMverapamil (V) for 24 h.
Thencellswere fixedwith paraformaldehyde. The reduced size of
PARP-1 KO cells became evident. The images of cells were
prepared at a lower magnification (upper panel) and at a higher
magnification (lower panel). B: Quantification of DOX accumu-
lation by FACS.Wild-type (A-19) and PARP-1�/� cells (A-11 and
A-12) were exposed to 0.2 mM DOX for 12 h. Then cells were
harvested, PBS washed and the fluorescence was measured by
FACS. The population of DOX positive cells (R4), shown as blue
dots, is indicated by a circle. C: Wild-type mouse cells strongly
accumulate DOX. A comparison of the frequency of DOX
positive cells (R4) among examined cells lines. Mouse cells were
exposed for 12 h to increasing concentrations of DOX (0.2–2 mM)
alone or in combination with 10 mM verapamil (V). Then cells
were harvested, PBS washed and the fluorescence was measured
by FACS.
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protein band stained in the samples obtained
from mouse cells and that of the positive control
was comparable. The sequential incubation of
the blot with antibodies directed against NF-kB
revealed the major signals in the cytosol frac-
tion indicating that NF-kB failed to translocate
into the nucleus of PARP-1�/� cells upon the
treatment. The lack of induction of stress
response after DOX treatment was additionally
confirmed by immunoblotting with anti-p53
PAb421 antibodies (Fig. 3B). No p53 signal
was detected in mouse samples obtained from
DOX-treated cells. After combined treatment
with verapamil and DOX at high concentration,
p53 protein was induced. However, in the same

blot a strong p53 band was detected in the HL-
60 sample. This result was surprising for two
reasons. First, HL-60 cells cloned from a human
promyelocytic leukemia [Dalla-Favera et al.,
1982] express neither p53 mRNA nor p53 pro-
tein due to major deletions in the p53 gene [Wolf
and Rotter, 1985; Banerjee et al., 1995]. Sec-
ondly, the strong p53 reactivity was detected
solely with the monoclonal anti-p53 antibody
PAb421 but not with human specific DO-1
antibody. The monoclonal anti-p53 PAb421
antibody recognizes wild-type and mutant p53
protein from different species, but its reactivity
with p53 protein expressed in human cells is, if
any, extremely weak. These observations

Fig. 1. (Continued )
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prompted us to repeat the experiments and to
compare the P-gp level in mouse cells with that
in well-characterized human chemoresistant
cell line that overexpress P-gp. We used pre-
viously established human myeloma parental
8226/s cells and the cell subclone 8226/Dox40
rendered resistant to DOX during 2-years
period [Dalton et al., 1986, 1989]. Immunoblot-
ting analysis of WCLs as well as of the plasma
membrane fraction using the monoclonal anti-
P-gp antibody C219 revealed the presence of a
P-gp band in all three examined mouse cell lines
and in the positive control 8226/Dox40. No P-gp
band could be detected in a lysate obtained from
DOX sensitive human myeloma 8226/s cells,
known to be P-glyoprotein negative (Fig. 3C). To
quantify the P-gp concentration in distinct
mouse cell lines, the intensity of the reactive
band at 170 kDa was determined by densito-
metry. For control, the levels of actin, a chemo-
resistance unrelated protein, was monitored.
The densitometric analysis revealed that
PARP-1 deficient mouse cells express about
threefold higher amounts of P-gp protein than
the normal counterparts. A much higher P-gp

expression was detected in lysates prepared
from human chemoresistant 8226/Dox40 cell
line. Sequential incubation of the blot with the
monoclonal anti-p53 antibodies DO-1 or DO-7
revealed a strong p53 band in the latter. This
result is in concordance with our previous
observation and with published data [Kartner
et al., 1985].

In the next step, we proved the reactivity of
JSB-1 antibody. We prepared twin blots, the
first one was incubated with the monoclonal
anti-P-gp C219 antibody and the second one
with the commercially available JSB-1 antibody
(Fig. 4). To avoid the overstaining of P-gp in the
positive control, we used 8226/Dox40 cells culti-
vated for longer time without DOX and loaded
lower protein amounts. The C219 antibody
recognized P-gp protein in WCLs prepared from
human 8226/Dox40 and from mouse cells (upper
panel), whereas the JSB-1 antibody did not
stain any band on the twin blot (lower panel).
The sequential incubation of the negative blot
with the C219 antibody also gave positive P-gp
bands thereby indicating that the JSB antibody
has a lower affinity to P-gp protein of human
origin than C219 antibody and lacks to react
with the mouse antigen. This latter observation
is consistent with previously published char-
acteristics of the JSB-1 antibody [Scheper et al.,
1988]. The sequential incubation of the blots
with the anti-p53 antibody PAb421 and then
with DO-1 revealed the high expression of p53
protein in human 8226 myeloma cells that was
detected solely using the monoclonal anti-p53
antibody DO-1.

Finally, we probed the JSB-1 antibody with
blots overloaded with cell lysates from cells
overexpressing P-gp. JSB-1 moderately reacted
with human antigen. On the basis of these
results we assume that a kind gift of the anti-P-
gp antibody that we used for incubation of the
blot shown in Figure 3A was presumably C219
instead of JSB-1 antibody.

Intracellular Distribution of P-gp Protein

As expected, P-gp protein was detected in the
plasma membrane fraction isolated from con-
trol and DOX-treated mouse cells (Fig. 5). The
levels of plasma membrane associated P-gp
proteins varied between wild-type and PARP-1
null cells in a similar way as in WCLs and were
much higher in the latter. Furthermore, two
other fractions obtained during the isolation of
plasma membrane fraction: cytosol yielded

Fig. 2. DOX accumulation and MDR1 shift in 8226/Dox40
cells overexpressing P-gp. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]
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after ultracentrifugation and crude nuclei were
additionally submitted to immunoblotting ana-
lysis. No P-gp was detected in soluble cytosol,
whereas P-gp protein was found in the fraction
of crude nuclei. This observation was not sur-
prising for several reasons. First, P-gp protein
undergoes post-translational modification steps
and for glycosylation it enters the endoplasmic
reticulum (ER) [Abbaszadegan et al., 1996].
Since ER is directly connected with the outer
nuclear membrane, it is co-precipitated with
nuclei during isolation procedure of plasma
membrane. Secondly, subcellular fractionation
designed for preparation of plasma membrane
excludes per se the use of detergents and
thereby promotes collapsing of cytoskeletal
elements on nuclei [Capco et al., 1982]. Finally,
the nuclear immunolocalization of P-gp in
multidrug resistant cell lines has been pre-

viously described [Baldini et al., 1995]. In the
next series of experiments we isolated the nuclei
from normal and PARP-1 KO cells according to
the procedure described by Capco et al. [1982].
The thorough analysis of P-gp distribution in
the subcellular fractions revealed that in the
nuclei isolated according to the Penman’s
procedure, the P-gp amounts were strongly
reduced to a barely detectable level (not shown).

Effect of DOX on the Cell-Cycle Progression
Differs Between Normal and PARP-1 KO Cells

Finally, to assess the effect of DOX on the cell-
cycle we performed the flow cytometric analysis
of propidium iodide stained cells. As shown in
Figure 6A, the exposure of normal mouse cells to
1 mM DOX for 12 and 24 h induced a strong G2

block. After 24 h, about 80% of cells were in G2-
phase of the cell-cycle. However, exposure of
PARP-1 deficient cells to DOX inhibited pri-
marily the transition between S and G2 thereby
resulting in the accumulation of the cell popu-
lation remaining in S-phase. DOX reduced
significantly the frequency of G1 cells. The
comparison of the G2/G1 ratio for each cell line

Fig. 3. Increased expression of P-glycoprotein (P-gp) in mouse
cells lacking PARP-1. Proteins of whole cell lysates (WCLs) or of
distinct subcellular fractionswere loadedon10%(AandB) or 8%
SDS gels and transferred electrophoretically onto PVDF mem-
branes. The efficiency of electrotransfer and of protein loading
was proved by Ponceau S staining. A: P-gp expression in PARP-1
KO cells. Subcellular fractions isolated from control and DOX
treated PARP-1 KO cells (A-11) were analyzed. The blot was
incubatedwith anti-P-gpantibodyat a final dilution of 1:500, and
sequentially with anti-NK-kB antibody and anti-actin antibody.
A positive control (plasmamembrane fraction) obtained fromDr.
W. Berger and Dr. E. Elbling was loaded in the last lane on the
right. B: Induction of p53 protein in PARP-1 KO cells after
combined treatment with DOX and verapamil. Samples from
untreated control A-11 cells or cells treated for 24 h with DOX
alone or in combination with 10 mM verapamil (V) or 1 mg/ml
probenecid (P) was resolved on the gel. A positive control
(plasma membrane fraction) obtained from Dr. W. Berger and
Dr. E. Elblingwas loaded in the last laneon the right.C: Reactivity
of P-gp protein with monoclonal C219 antibody. WCLs from
control and DOX treated mouse cells were resolved on the gel.
WCLs of human 8226/Dox40 and 8226s were loaded as a P-gp-
positive and -negative control, respectively. The blot was
incubated with the monoclonal anti-P-gp antibody C-219 at a
final dilution of 1:1,000. The lanes, in which lysates of PARP-1
KO cells were loaded, were unequivocally evidenced after
incubationwith anti-PARP-1antibodies. The loading controlwas
performed with anti-actin antibodies. WCLs of wild-type cells
were loaded at a slightly higher concentration to detect P-gp. To
quantitate the relative amounts of P-gp proteins for each cell line,
the autoradiogramswere scanned using a densitometer (Bio-Rad
Laboratories). The intensity of the P-gp band was then normal-
ized against values of actin and is indicated by black columns.
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(Fig. 6B) revealed a dramatic effect of DOX on
the cell-cycle in normal mouse fibroblasts. The
combined treatment of cells lacking PARP-1
with verapamil and DOX enhanced the action of
DOX (Fig. 6A,C). The inhibition of P-gp by
verapamil doubled the DOX-mediated increase
G2 cell population (Fig. 6A). This effect became
even more evident at low DOX concentrations
(Fig. 6C).

Effect of DOX on the Activity of the Cellular
Factors Regulating the Cell-Cycle

The progression of the cell-cycle is primarily
regulated by the activity of cyclin–cyclin
dependent kinases (CDKs) complexes. There-
fore, we examined the phosphorylation status of
CDK2 and CDK1 in mouse cells exposed to DOX
alone or in combination with verapamil. DOX
treatment resulted in a strong activation of site-
specific phosphorylation of CDK2 in normal
mouse cells but not in PARP-1 mutant cells
(Fig. 7). CDK2 was strongly phosphorylated at
threonine 160 in WT cells. In contrast, the
modification of CDK1 was positively affected in
mouse cells by low DOX dose irrespective of
their PARP-1 status (Fig. 7). The phosphoryla-
tion of threonine 14 and tyrosine 15 increased
markedly after 0.2 mM DOX treatment. How-
ever, at 10-fold DOX concentration the site
specific phosphorylation of CDK1 was obviously
reduced in cells lacking PARP-1 (Fig. 7). More-
over, DOX stimulated the site-specific phos-
phorylation of Myt1, CDK1-related protein
kinase. Interestingly, the basal level of phos-
phorylation of Myt1 at serine Ser83 in
unstressed cells differed between cells lacking
PARP-1 and their normal counterparts.

Strong Activation of Caspases in PARP-1 KO
Cells After Exposure to DOX

Since the DOX treatment more severely
affected the proliferation and cell-cycle progres-
sion of normal mouse cells, we examined the
activity of caspases-3/7, which are essential for
the execution of proteolytic cascade during
apoptosis. We analyzed separately the enzy-
matic activity in whole cells and that released
into culture medium. DOX at low concentration
(0.2 mM) did not significantly activate caspases
neither in normal nor in mutant mouse cells
(Fig. 8). Interestingly, fivefold higher DOX dose
resulted in the activation of caspases-3/7 solely
in mouse cells lacking PARP-1. Inhibition of
P-gp by verapamil strongly enhanced DOX-

Fig. 4. Differential reactivity of anti-P-gp antibodies with
mouse antigens. A: WCLs from control and DOX treated mouse
(A-12 and A-11) and human (8226) cells were loaded on twin
gels. One blot was incubated with monoclonal anti-P-gp C219
antibodies (upper panel) at a final dilution of 1:2,000 and the
second one with commercially available monoclonal anti-P-gp
JSB-1 antibodies 1:1,000 (lower panel). The sequential incuba-
tion of the blot with C219 antibody generated a high background
and thereforeonly shortly exposedfilmwas suitable for scanning.
Sequential incubation with anti-p53 antibodies PAb421 and
DO-1 revealed the high expression of p53 protein in 8226 cells
that was detectable only byDO-1 or DO-7.B: Samples (WCLs or
plasmamembrane (PM) fromcontrolmouse (A-12 andA-11) and
human (8226) cells were loaded on twin gels. One blot was
incubated with monoclonal anti-P-gp C219 antibodies (upper
panel) at a final dilution of 1:2,000 and the second one with
commercially available monoclonal anti-P-gp JSB-1 antibodies
1:200 (lower panel).
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Fig. 5. P-gp protein is primarily anchored in the plasma membrane. Proteins of the subcellular fractions
(30 mg of proteins/lane) were loaded on gels. Blotting conditions as in Figure 3.

Fig. 6. DOX affects differentially the cell-cycle progression in
normal and PARP-1 KO cells. A: DOX induces a strong G2 block
in WT MEFs. DNA histograms were obtained by CellQuest
evaluation program. B: Distribution of mouse cells in distinct
cell-cycle phases. Distribution of cells in distinct cell-cycle
phases was determined using ModFIT cell-cycle analysis soft-

ware.C: DOX-inducedG2 block is accompanied by reduction of
G1 population in normal mouse cells. D: Inhibition of P-gp in
PARP-1 KO cells exposed to DOX results in a G2 block. DNA
histograms were obtained by CellQuest evaluation program.
[Color figure canbeviewed in theonline issue,which is available
at www.interscience.wiley.com.]



mediated activation of caspases (Fig. 8) indicat-
ing that the extent of caspases 3/7 activation in
cells lacking PARP-1 correlates with the intra-
cellular accumulation of the drug. The analysis
of culture medium revealed the release of

activated caspase-3/7 after exposure of PARP-
1 KO cells to 1 mM DOX that was essentially
augmented after inhibition of P-gp activity (not
shown). These results correlate closely with the
apoptotic changes observed in whole cells.

Fig. 6. (Continued )
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DISCUSSION

One reason for the failure of many chemother-
apeutic protocols in the treatment of human
cancers is the development of resistance against
a wide range of anti-cancer drugs. Determining
mechanisms of drug resistance and developing
tools for identifying drug resistant cells could
provide the basis for advances in the improve-
ment of therapeutic settings. One type of resis-
tance that is termed multiple-drug resistance
was observed frequently in tumor cells. The
cancer cells develop a resistance to a number of

drugs that are heterogeneous in structure and
action. Tumor cells exhibiting MDR phenotype
frequently overexpress a 170 kDa membrane
glycoprotein P-gp. To establish a model system
for identifying mechanisms of resistance to anti-
cancer drugs, cell lines were cultivated for a long
time in the presence of increasing concentra-
tions of anti-cancer drugs such as DOX or
vinblastin. By selection one can develop a
population of cells that is enriched in highly
resistant cells by killing the sensitive cells and
allowing the resistant cells to multiply. A
consequence of this strategy is elevation of the

Fig. 7. Effect of DOX treatment on the activity status of factors
regulating cell-cycle.WCL obtained from untreated control cells
and cells treated for 24 hwithDOX alone or in combinationwith
verapamil (V) were resolved on 12% SDS gels. The phosphoryla-
tion status of CDK1 and CDK2 was examined using antibodies
recognizing site-specific phosphorylation of the corresponding
CDKs. To visualize the total level of the corresponding CDKs, the

blots were sequentially incubated with antibodies, which
recognize proteins irrespective their phosphorylation state. The
equal protein loading and transfer was confirmed by Ponceau S
staining and additionally evidenced by examination of cellular
level of actin using a monoclonal anti-actin antibody (Clone 4
from ICN) or by examination of cellular level of a-tubulin using
monoclonal anti-a-tubulin antibody (CloneB-5-1-2 fromSigma).
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expression of drug efflux pumps or metabolizing
enzymes and alteration in expression of genes
encoding the targets of drug action. Analysis of
the changes of gene expression that accounted
for the resistance allowed to identify the genes
encoding the efflux pump P-gp [Juliano and
Ling, 1976; Chen et al., 1986], the MRP1 [Cole
et al., 1992], and ABCP [Doyle et al., 1998;
Miyake et al., 1999]. P-gp, a 170 kDa integral
membrane protein, belongs to the superfamily
of structurally related ABC (ATP-binding cas-
sette) membrane transporters that bind cova-
lently to ATP [Gottesman, 1993]. Sequence
analysis revealed that P-gp, consisting of 1,280
amino acids, possesses 12 transmembrane do-
mains with 6 transmembrane loops in 2 homo-
logous halves. P-gp is post-translationally
modified, the glycosylation by mannose moi-
eties is a major modification. The covalently
N-linked multiple carbohydrate residues re-
sulting in the shift of the molecular weight
contribute to the size heterogeneity of P-gp.

P-gp is expressed in a several cell types in
normal tissues. It has been detected in epithe-
lial cells of the liver, large intestine, and kidney.
P-gp was also found in mouse embryonic
fibroblast lines NIH/3T3. Brain microvascular
endothelial cells express P-gp, which contri-
butes to the blood–brain barrier. The physiolo-
gical function of P-gp in normal tissues is not
fully understood. One can speculate that P-gp is
involved in transepithelial transport of xeno-
biotics and toxic metabolites and may essen-
tially contribute to the barrier function. P-gp
protein seems to be also involved in the regula-
tion of chloride channel activity.

We observed previously that the efficacy of
some anti-cancer drugs such as DOX or C-1305
in MEFs depends on the functional status of
PARP-1 [Wurzer et al., 2000; Lövborg et al.,
2002; Wesierska-Gadek et al., 2004]. A number
of anti-cancer agents target cellular DNA
resulting in its damage and finally the genera-
tion of DNA strand breaks. Considering the fact

Fig. 8. A strong activation of caspase-3/7 in PARP-1 deficient
cells at high DOX concentration. Caspase 3/7 activity was
determined quantitatively using APO-ONE Caspase 3/7 Assay
(Promega). Cells were mixed with caspases substrate Z-DEVD-
R110.After 4h incubationat 378C,fluorescencewasmeasuredat
485 nm. Culturemediumwas used as a blank. Three replicates of

each sample were measured. Assay was repeated four times.
Statistical significance was determined using the ANOVA test
followed by Dunnett’s Multiple Comparison test (all treatment
groups vs. corresponding control). Bars indicate means� SD.
Asterisks indicate statistical significance valuated with ANOVA
test: **P<0.01, *P<0.05.
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that PARP-1 is a very potent sensor of DNA
strand breaks, it is not surprising that suscept-
ibility of cells to distinct drugs and cellular
outcomes after chemotherapy may be related to
the cellular status of PARP-1. DOX, a drug
frequently used in the cancer therapy inter-
calates into the DNA helix and generates DNA
strand breakage by inhibition of topoisomerase
II and by oxidative stress.

Remarkably, DOX induced within a few
hours a strong p53 response in normal but not
in PARP-1 KO cells. After prolonged exposure of
the latter to the combined treatment with
verapamil and high DOX concentration, p53
protein was upregulated [Wurzer et al., 2000].
The comparative analysis of the P-gp levels in
wt mouse cells and cells lacking PARP-1 re-
vealed enhanced expression of P-gp in the latter
[Wurzer et al., 2000]. To ensure that the
decreased susceptibility of PARP-1 KO cells to
DOX is attributable to MDR phenotype, we
performed a new series of experiments in which
paralelly to MEFs, the human sensitive and
drug resistant cells were included. We observed
that the phenotype of PARP-1 KO cells re-
sembled that of human resistant 8226/Dox40
cells. Both cell types accumulated DOX only at
low levels and the MDR reversor, verapamil,
strongly increased the DOX uptake. Immuno-
blotting experiments performed with the mono-
clonal anti-P-gp C219 antibody confirmed the
elevated expression of P-gp in PARP-1 deficient
cells. The densitometric quantification of the
p170 band revealed about threefold higher P-gp
expression in mutant cells as compared with the
normal counterparts. Remarkably, inspection
of the autoradiograms after short exposure
revealed that the monoclonal anti-P-gp C219
antibody reacted in samples obtained from
MEFs and in human 8226/Dox40 cells with a
double band at 170/180 kDa. The P-gp doublet
appeared in lanes in which WCLs were loaded.
This observation is consistent with features of
P-gp. p170 is a glycoprotein and is modified at
multiple sites by N-linked mannose moieties.
The post-translational modification occurring
in ER results in a shift of the protein band. It has
been previously evidenced [Dalton et al., 1989]
that the monoclonal anti-P-gp C219 antibody
recognizes P-gp irrespective of the modification.
Two closely related bands at about 170 kDa
detected in WCLs represent the nascent and
modified protein. It is not surprising that both
forms: de novo translated and mature P-gp

protein are present in total cell lysates. On the
other hand, one could expect that in the plasma
membrane primarily the mature P-gp form is
anchored.

Moreover, the functionality of the P-gp in our
reference cell line 8226/Dox40 was additionally
checked by MDR1 shift assay. The principle of
the assay is based on the capability of the
monoclonal anti-P-gp UlC2 antibody to detect
active MDR1. UlC2 inhibits the activity of P-gp
and preferentially recognizes P-gp that is in the
process of transporting substrates. The mono-
clonal UlC2 antibody appears to preferentially
bind to MDR1 that has completed its catalytic
cycle and hydrolyzed ATP. Pretreatment of
8226/Dox40 cells with vinblastine increased
the binding of the monoclonal UlC2 antibody.

The analysis of the effect of DOX action on the
cell-cycle progression revealed the differential
susceptibility of wt and PARP-1 KO cells to the
drug. DOX reduced significantly the frequency
of G1 cells and arrested very rapidly the normal
MEFs in G2-phase of the cell-cycle. In contrast,
PARP-1 deficient cells were inhibited by DOX
primarily in the transition between S and G2

thereby resulting in the accumulation of the cell
population residing in S-phase. However, the
combined treatment with MDR reversor arrest-
ed the mutant cells in G2-phase. Thus, the
inhibition of P-gp activity resulting in the
elevation of intracellular DOX concentration
blocked PARP-1 deficient cells in G2. These
results implicate that the differential effect of
DOX on the distribution of mouse cells in
distinct phases of the cell-cycle does not depend
on PARP-1 status but is rather related to the
intracellular level of DOX. Interestingly, differ-
ences in the DNA profiles after DOX treatment
were reflected by differential activity of essen-
tial components regulating the cell-cycle. Most
striking difference was observed in the action of
DOX on the functional status of CDK2. CDK2
activity is essential for entry into the S-phase of
the cell-cycle [Nurse, 1997; Helin, 1998; Nurse
et al., 1998]. Activated CDK2 in complexes with
cyclin E and cyclin A is assumed to phosphor-
ylate proteins whose activity is directly impli-
cated in regulating the initiation of DNA
replication [Nurse, 1997; Nurse et al., 1998].
The activation of CDK2 is caused by its phos-
phorylation at threonine 160. Remarkably, the
exposure of mouse cells to low DOX concentra-
tions induced site-specific phosphorylation of
CDK2 in normal but not in mutant cells thereby
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explaining the basis of the accumulation of the
latter in the S-phase. On the other hand, the
DOX-mediated block at the G2-M border was
attributable to the maintenance of CDK1 com-
plexes in the inactive state in DOX-treated cells.
Progression through G2- and M-phase is regu-
lated by CDK1 in association with cyclin A and
cyclin B [Nurse, 1997; Nurse et al., 1998]. The
phosphorylation of CDK1 at Thr14, Tyr15, and
finally at Thr161 is necessary for initial activa-
tion of the CDK1/cyclin complexes. The site
specific-phosphorylation of distinct residues of
CDK1 is catalyzed by specific protein kinases:
Myt1 and Wee1 [Nurse, 1997; Nurse et al.,
1998]. However, the onset of mitosis is regu-
lated by sequential dephosphorylation of CDK1
at Thr14 and Tyr15. Activatory Cdc25C protein
phosphatase is responsible for determining the
phosphorylation state of CDK1, which only
achieves full protein kinase activity when
Thr14/Tyr15 are dephosphorylated. The induc-
tion of phosphorylation of Myt1 at serine 83 ob-
served primarily in DOX treated normal mouse
cells coincides with the increase of the modifica-
tion of Thr14/Tyr15 of CDK1. The activity of
Myt1, the protein kinase responsible for the
phosphorylation of CDK1 at Thr 14 is also
regulated by modification. Myt1 upon phos-
phorylation at serine 83 is capable of phosphor-
ylation of CDK1 at threonine 14.

Moreover, we observed that DOX activated
strongly caspase-3/7 in PARP-1 deficient cells.
The extent of caspases activation correlated
directly with the cellular accumulation of DOX.
Higher DOX dose and suppression of P-gp
potentiated the activation of caspases and re-
sulted their release into the culture medium.
These observations indicate that DOX at high
concentrations initiate apoptosis in mouse
fibroblasts and that the inactivation of PARP-1
promotes the induction of apoptotic changes.

Taking together our results evidence that
mouse cells lacking functional PARP-1 express
higher levels of P-gp, which correlates with the
MDR phenotype. What could be a reason of the
P-gp upregulation in PARP-1 deficient mouse
cells? The expression of P-gp protein is known to
be negatively regulated by wt p53 tumor sup-
pressor protein [Chin et al., 1992; Wang and
Beck, 1998]. The strong reduction of the basal
level of wt p53 after disruption of PARP-1 gene
[Wesierska-Gadek et al., 1999] could be respon-
sible for the loss of the negative regulation of
P-gp and could contribute to the development of

MDR phenotype. Recently, resistance of 53 KO
cells to DOX was described [Dunkers et al.,
2003]. The observed resistance to DOX was
related to decreased formation of DNA strand
breaks in the absence of functional p53. On the
other hand, it has been proposed that aneuplo-
pid cell lines can acquire resistance against
multiple drugs by chromosome reassortments
catalyzed by aneuploidy [Duesberg et al., 2001].
Inactivation of PARP-1 by gene disruption in
mouse [Wang et al., 1995] cells led to a number
of genetic alterations and chromosomal abnor-
malities [d’Adda di Fagagna et al., 1999;
Simbulan-Rosenthal et al., 2000]. Cytogenetic
analysis of mouse embryonic fibroblasts
revealed that the disruption of the gene encod-
ing PARP-1 is associated with severe chromo-
somal instability, characterized by increased
frequencies of chromosome fusions and aneu-
ploidy [d’Adda di Fagagna et al., 1999]. More-
over, PARP-1 null mice exhibit an unstable
tetraploid population, and partial chromosomal
gains and losses [Simbulan-Rosenthal et al.,
2000]. Oligonucleotide microarray analysis
applied to characterize more comprehensively
the differences in gene expression between
asynchronously dividing primary fibroblasts
derived from PARP-1 null mice and their wild-
type littermates revealed that of the 11,000
genes monitored, 91 were differentially express-
ed in mutant mice [Simbulan-Rosenthal et al.,
2000]. Immortalized PARP-1 deficient fibro-
blasts are accompanied by changes in the exp-
ression of p53, Rb, and c-Jun, as well as other
proteins [Simbulan-Rosenthal et al., 2000].

Considering the fact that disruption of
PARP-1 gene results in the genetic instability
and aneuploidy, we cannot exclude that the
chromosome reassortments could also be res-
ponsible for the acquisition of spontaneous drug
resistance.
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