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Treatment with the PARP-inhibitor PJ34 causes enhanced
doxorubicin-mediated cell death in HelLa cells
Natisha Magan®, Richard J. Isaacs® and Kathryn M. Stowell®

Adjuvant therapies can incorporate a number of different
drugs to minimize the cardiotoxicity of cancer
chemotherapy, decrease the development of drug
resistance and increase the overall efficacy of the
treatment regime. Topoisomerase lla is a major target of
many commonly used anticancer drugs, where cell death is
brought about by an accumulation of double-strand DNA
breaks. Poly (ADP-ribose) polymerase (PARP)-1 has been
extensively studied for its role in the repair of double-
strand DNA breaks, but its ability to add highly negative
biopolymers (ribosylation) to target proteins provides a
vast number of pathways where it can also be important in
mediating cell death. In this study, we combine the
classical topoisomerase lla poison doxorubicin with the
PARP inhibitor PJ34 to investigate the potentiation of
chemotherapeutic efficiency in HelLa cells. We demonstrate
that PJ34 treatment has the capacity to increase
endogenous topoisomerase lla protein by about 20%, and
by combining doxorubicin treatment with PJ34, we
observed a 50% improvement in doxorubicin-mediated cell

Introduction

DNA topoisomerases are essential nuclear enzymes that
have the ability to introduce transient double-stranded
breaks (DSBs) in DNA, rotate DNA about that break and
re-ligate the original break [1,2]. Human DNA type II
topoisomerases exist in two isoforms, o ("Topo2a, 174 kDa)
and B (Topo2B, 182kDa), in which only Topo2a is
essential for cell proliferation [3-5]. Normal cellular
processes such as DNA replication, transcription, recom-
bination, DNA repair and chromatin remodelling gen-
erate torsional stress in chromosomes that must be
corrected by topoisomerase activity. For this reason,
rapidly dividing cells exhibit elevated levels of topoi-
somerases to accommodate their replicative needs and
high proliferative status. Among the most commonly used
chemotherapy agents are drugs that target cellular
topoisomerases, such as amsacrine, etoposide, teniposide,
doxorubicin and epirubicin [6,7]. Topoisomerase II-
targeting poisons act by converting normal topoisomerase
IT into a cellular toxin by stabilizing the topoisomerase-
mediated DNA DSB; consequently, cell death ensues due
to an accumulation of permanent DNA damage. The
success in this type of treatment is dependent on high
levels of topoisomerase in combination with lethal doses
of drug and the inability to efficiently repair DSB in
DNA [8-10]. Although cancerous cell lines and tumours
often exhibit elevated levels of Topo2a protein [11-13],
making them susceptible to topoisomerase-targeting
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death in Hela cells. These results were correlated with the
ribosylation of transcription factor specificity factor 1 after
doxorubicin treatment, thereby altering its affinity for
binding to known regulatory elements within the human
topoisomerase lla promoter. Taken together, these results
highlight the synergistic potential of combining PARP
inhibitors with classical topoisomerase lla-targeting
drugs. Anti-Cancer Drugs 23:627-637 © 2012 Wolters
Kluwer Health | Lippincott Williams & Wilkins.
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drugs, the high cardiotoxicity of many treatments and
the development of drug resistance is still a major clinical
problem. The development of doxorubicin resistance can
be attributed to a number of different factors including
changes in TopoZa protein, changes in cellular drug-
efflux mechanisms and enhancement of the natural DNA
repair mechanisms inside a cell [14-16]. A single protein
or mechanism cannot be held accountable for the
development of resistance, making it difficult to provide
effective therapy once resistance occurs.

Poly (ADP-ribose) polymerase (PARP-1) is a highly
abundant 113-115kDa predominantly nuclear enzyme.
It has low basal enzyme activity, which can be rapidly
activated by the presence of DNA breaks and has been
classically implicated with roles in DSB repair as well as
cell cycle progression and cell death [17-20]. PARP-1
catalyses the polymerization of linear or branched chains
of ADP-ribose (pADPr) groups (ribosylation) from donor
nicotinamide adenine dinucleotide (NAD *) onto target
proteins. This confers a highly negative charge onto donor
proteins, proportional to the degree of ribosylation,
thereby affecting protein—protein or protein—-DNA inter-
actions. Emerging evidence demonstrates that PARP-1
protein is a major contributor to the posttranslational
modification of a wide range of proteins including
histones, DNA polymerases, DNA ligases, tumour sup-
pressor p53, RNA polymerase II, TopoZ2f and PARP-1
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itself [21-24]. Most PARP-1 inhibitors act by blocking
the natural interaction between donor NAD * and PARP-
1, thus preventing ribosylation. A range of different
PARP-1 inhibitors exist and many more are in develop-
ment. They vary in the toxicity and range of cellular
function during cancer treatment including inhibiting
angiogenesis, enhancing sensitivity to radiotherapy and
chemotherapy, suppressing cell growth and promoting
apoptosis [25-27]. PARP-1 inhibitors also appear to
protect against the cardiotoxicity of doxorubicin [28-30].
By combining the two treatments, it may be possible to
lower the dosage and reduce the toxic side effects
commonly seen with many chemotherapeutic agents.

We and others have previously shown that regulation of
the human TopoZ2a gene is primarily influenced by
transcription factors specificity factor 1 (Sp1), specificity
factor 3 (Sp3) and nuclear factor Y (NF-Y) [31-37].
These transcription factors bind to DNA sequences
within the minimal —617Topo2a promoter. Specifically,
Sp1 and Sp3 can bind to either of two GC elements (GC1
and GC2), whereas NF-Y can bind to four of five inverted
CCAAT boxes (ICB1-5). In this study, we combined
PARP inhibition (using PJ34) with doxorubicin treatment
and found an overall improvement in the efficacy of
doxorubicin-mediated cell death in Hel.a cells. We used
the minimal —617TopoZo promoter to show that PARP
inhibition has an effect on expression of the Topo2a gene,
which was correlated with temporal changes in the
amount of TopoZ2a protein. Our results suggest that this
effect is most likely due to changes in the affinity of Spl
for its cognate sequences within the Topo2a promoter,
due to ribosylation of Spl.

Experimental procedures

Cell culture and drug treatment

Helia cells were maintained in a modified Eagle’s
minimal essential reduced serum medium (OPTI-MEM I;
Invitrogen, Carlsbad, California, USA) containing 2% v/v
foetal-calf serum and 1% v/v penicillin/streptomycin
(5000 U/ml penicillin and 5mg/ml streptomycin sulfate
in 0.85% saline). HelLa cells were maintained at all times
under humid conditions, 5% CO, at 37°C (HERAcell 150,
Heraeus; Kendro Laboratory Products GmbH, Langensel-
bold, Germany). Doxorubicin (50 mg/ml; EBewe, Unterach,
Austria) and PJ34 (PARP inhibitor VIII; Calbiochem, EMD
Chemicals, Darmstadt, Germany) stock solutions were
diluted in complete OPTI-MEM I medium to provide a
final concentration of either 0.3, 1.5 or 3 umol/l doxorubicin
and/or 0.25, 0.5, 1 or 2umol/l PJ34. Five microlitres of
complete OPTI-MEM I media were added as a control.

Immunoprecipitation

Approximately 2-3 x 10’ HeLa cells were washed twice
in 2 x (v/v) of ice-cold PBS (0.14 mol/l NaCl, 2.7 mmol/l
KCI, 10 mmol/l Na,HPO,, 1.8mmol/l KH,PO, pH

7.2-7.4) and proteins extracted in 1ml of modified
NP40 buffer [50 mmol/l Tris; pH 8, 120 mmol/l NaCl,
0.5% NP40 plus protease inhibitor cocktail (complete
mini EDTA free; Roche Applied Science, Mannheim,
Germany)]. Each immunoprecipitation reaction was
carried out using an NP40 Hel.a extract prepared from
2-3x 107 HelLa cells along with 2pg antibody, o-Spl
(sc-59; Santa Cruz Biotechnology, Santa Cruz, California,
USA) or a-pADPr [sc-56198 (10 H); Santa Cruz]. After an
overnight incubation at 4°C, immunocomplexes were
isolated using Protein G Plus agarose (IP04; Calbiochem),
washed five times in ice-cold simplified PBS (pH 7.5;
120 mmol/l NaCl, 11 mmol/l Na,HPO,) and proteins
were eluted by boiling in 50 pl 1 x SDS treatment buffer
(12 mmol/l Tris-HCI; pH 6.8, 1% w/v SDS, 1% v/v
B-mercaptoethanol, 5% v/v glycerol and 0.0002% w/v
bromophenol blue). Immunoprecipitated proteins were
subjected to immunoblotting.

Immunoblotting

Twenty to 40 pg of whole-cell extract in extraction buffer
(40 mmol/l HEPES; pH 7.9, 0.4mol/l KCI, 1mmol/l
dithiothreitol, 10% v/v glycerol and protease inhibitor
cocktail) was denatured using 1 x SDS treatment buffer
and then separated using 7% SDS-PAGE. Proteins were
electroblotted onto a PVDF membrane (Roche) and
immunoblotted using primary antibodies from a range of
sources and diluted as follows: 1/500 a-Sp1 (sc-59; Santa
Cruz), 1/2000 a-Spl (sc-17824 X; Santa Cruz), 1/1000
a-Spl (554129; BD Biosciences, Becton Dickson Ltd, New
Jersey, USA), 1/400 o-NF-YA (sc-10779; Santa Cruz),
1/500 a-Sp3 (sc-644; Santa Cruz), 1/700 o-Ku86 (sc-9034;
Santa Cruz), 1/600 o-Ku70 (sc-9033; Santa Cruz), 1/1000
o-PARP-1  (sc-8007; Santa Cruz), 1/4000 o-PARP-1
(sc-74469 X; Santa Cruz), 1/100 a-Topolla (sc-13058)
and 1/4000 o-Tubulin (T 9026; Sigma Chemical Com-
pany, St Louis, Missouri, USA). HRP-conjugated second-
ary a-mouse or o-rabbit antibodies (Sigma) were each
diluted 1/4500. Roche POD substrate was used for
chemiluminescent signal detection and signals were
captured using the Intelligent dark box II LAS 1000
(Fuji Photo Film Co. Ltd, Japan). Immunoblot data were
analysed using Image Gauge software ver 4.0 (Science
Lab 2001, Fuji Photo Film Co.).

Transient transfections

Reporter gene constructs 617Topo2aLUC) were pre-
pared and reporter gene assays were carried out as
previously described [33]. Briefly, a total of 0.25 pg pCMV
SPORT B-galactosidase control vector (Promega Corpora-
tion, Madison, Wisconsin, USA) and 0.5 pg of the pGL3B
—617Topo2aLUC luciferase reporter gene were transi-
ently transfected using a 3:1 ratio of FuGENEG6
(Roche) : plasmid DNA. Each transfection was performed
in triplicate, on at least three separate occasions, and
harvested 48 h after transfection. PARP-1 inhibitor, PJ34,
was added 2 h after transfection.
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Impedance-based cell viability assays

Impedance measurements and cell index determinations
were carried out using a real time cell analyser (RTCA) SP
Station fitted into a cell culture incubator (5% CO, at 37°C)
including an RTCA Control Unit (xCELLigence; Roche).
Briefly, 100 pl of complete OPTI-MEM I media were added
to each well of an E-plate 96 (Roche) and used to correct for
initial background measurements. The volume in each well
was made up to 200 pl with the addition of 1 x 10° HeLa
cells in complete OPTI-MEM I media and the impedance
was continuously monitored and then converted into a cell
index every 15min over a 72-h period. The cells were
allowed to recover and adhere to reach a stable baseline
(minimum cell index of 1) before any treatments were
added. Each individual experiment was carried out using
triplicate sets of Hel.a cells and each experiment was
performed on at least two separate occasions. Cell index
values were converted into normalized cell index by dividing
the cell index value at every time point by the cell index at
a point close to which the treatment was administered.
Data analysis and presentation was carried out using the
integrated RT'CA software 1.2 (Roche) or by exporting the
data into Microsoft Excel (2003).

Dye-based cell viability assays

Cell viability assays were carried out using 7 x 10* HelLa
cells in each well of a 96-well plate. Cells were allowed to
adhere and stabilize for 18h and then 5pl of complete
OPTI-MEM I media (no treatment control) or 5ul PJ34
(diluted in complete OPTI-MEM I media) were added to a
final concentration of 0.25, 0.5, 1 or 2 umol/l. Cytotoxicity of
PJ34 was evaluated using the CellTiter96 Aqueous One
Solution (Promega), according to the manufacturer’s
instructions. Each assay was carried out in triplicate on
two separate occasions and data were normalized relative to
Hela cell viability at the time of addition of PJ34.

Electrophoretic mobility shift assays

Electrophoretic mobility shift assays (EMSA) were carried
out as previously described [33]. Briefly, each EMSA
reaction contained 1 pg of poly dI.dC (1 pg/pl in 50 mmol/I
MgCly), 50% v/v GSB (40 mmol/l Tris pH 7.6, 16% w/v
Ficoll, 100 mmol/l KCI, 0.4 mmol/l EDTA, 1 mmol/l DTT)
and 10-20 pg of protein along with 0.5 ng of a y**P-labelled
ICB1/GC1 probe (5 cgagtcagggariggeiggiciacticggaegeaciaaagsaag
3'). Antibodies used in supershift assays were as follows:
a-Spl (sc-17824 X; Santa Cruz), o-Sp3 (F-7 sc-28305; Santa
Cruz), o-PARP-1 (sc-74469 X; Santa Cruz) and o-pADPr
(10 H sc¢-56198; Santa Cruz). Antibodies against the NF-YA
subunit (sc-10779; Santa Cruz) were specifically chosen as
this subunit of the trimeric protein is essential for an
association with DNA [38].

Results

Poly (ADP-ribose) polymerase-1 inhibitor, PJ34,
enhances doxorubicin drug efficacy

Hela cells were subjected to drug treatment and cell
growth was monitored using two different techniques to
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establish whether inhibition of PARP-1 had an effect on
Hela cell viability and doxorubicin drug efficacy.

Using a label-free real-time monitoring system, the
xCELLigence RTCA measured the impedance of ad-
herent cells and these data were converted into a cell
index, normalized and displayed as traces at different
time points (Fig. 1a). A steady increase in the cell index
indicates cell adherence, growth and spreading, whereas a
reduction in the cell index indicates reduced cell viability
and proliferation due to detachment from the plate [39].
The normalized cell index traces demonstrated that in
the presence of 1 pmol/l PJ34, Hel.a cell growth varied
little over a 68-h period (Fig. 1a no treatment vs. 1 pmol/l
PJ34). In consecutive experiments, addition of 0.25, 0.5
and 2 pmol/l PJ34 also had little effect on Hel.a cell
growth, even when longer exposure periods of up to 94 h
were used (data not shown). PJ34 also had little effect on
HelLa cell viability over a 48-h period (Fig. 1b) using the
dye-based CellTiter96 Aqueous One proliferation assay.

Because the red dye associated with doxorubicin inter-
fered with the absorbancies generated using the Cell-
Titer96 Aqueous One proliferation assay, the label-free
impedance-based technology (xCELLigence RTCA)
could only be used to evaluate doxorubicin toxicity.
Figure 1a demonstrates that treatment with 0.3, 1.5 and
3 umol/l doxorubicin significantly reduced the normalized
cell index in a dose-dependent and time-dependent
manner, as cell death occurs, causing detachment from
the plate. When both doxorubicin and PJ34 were used in
combination (grey lines, Fig. 1a), there was a shift in the
doxorubicin response curves (black lines, Fig. 1a), in-
dicating that PJ34 may enhance doxorubicin efficacy. The
log concentration of doxorubicin was plotted against the
normalized cell index for each individual doxorubicin
response curve (all data not shown) in the presence of
0.25, 0.5, 1 and 2 umol/l PJ34 and the relative 1Csq value
was calculated for doxorubicin during drug treatment
(Fig. 1c). These data clearly demonstrated that PJ34
caused a progressive reduction in the 1Csq of doxorubicin
from 1100 nmol/l (no PJ34) down to approximately
460 nmol/l with 2 pmol/l P]J34 (Fig. 1c¢).

Doxorubicin and PJ34 affect the cellular amounts of
Topo2a protein

The results from collective xCELLigence assays sug-
gested that treatment with 1 pmol/l PJ34 in conjunction
with 1.5 pmol/l doxorubicin caused the greatest enhance-
ment in doxorubicin-mediated cell death (Fig. 1a);
therefore, we sought to investigate whether cellular
levels of Topo2a protein were altered under these
conditions. After a 10-h exposure to 1 umol/l PJ34 alone,
there was a modest, but reproducible increase in the
amount of Topo2a protein (Fig. 2). However, treatment
with 1.5pumol/l doxorubicin (with or without 1 pmol/l
PJ34) resulted in a 40% reduction in the amount of
Topo2a protein. As transcription factor levels have also
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Poly (ADP-ribose) polymerase inhibitor, PJ34, enhances doxorubicin (dox) drug efficacy. (a) Doxorubicin response curves; individual samples were
seeded using 1 x 10° Hela cells and continuously monitored using the xCELLigence real-time cell analyser. Ten hours after seeding, triplicate sets
of Hela cells were treated with 1 pmol/I PJ34 (lighter coloured traces) or media only (no treatment). This was followed by (21 h after seeding)

treatment with 0.3, 1.5 or 3 umol/l doxorubicin (¢). Impedance measurements were normalized close to the 21-h time point and the traces of the
normalized cell index are displayed at the time points indicated. (b) PJ34 treatment has no significant effect on Hela cell viability; Hela cells were
treated with 0.25 umol/l (OJ), 0.5 umol/l (A), 1 umol/l (+), 2 umol/I (<) PJ34 or no treatment (4 media only). Cytotoxicity of P34 was evaluated
using Promega CellTiter96 Aqueous One Solution over 48 h. Data are displayed as percentage change in viability relative to HeLa cell viability at time
zero (addition of PJ34) for each treatment. (c) Changes in IC5( of doxorubicin with PJ34 treatment; duplicate sets of doxorubicin response curves (a)
with 0.25, 0.5, 1, 2 umol/l PJ34 or no treatment (media only) were used in conjunction with the integrated RTCA software 1.2 to calculate the ICgq for
doxorubicin over a 47-h time period. A summary of the data (n=6) is displayed as a percentage change in ICg of doxorubicin in the presence of

increasing concentrations of PJ34. *P<0.01, significantly different from the doxorubicin-only data set with no PJ34 treatment.

been shown to fluctuate and as a consequence modulate
Topo2a. gene expression [32,36,37,40], immunoblotting
was carried out using antibodies against Sp1 (a-Sp1) and
nuclear factor Y (a-NF-Y). No changes in the relative
amounts of transcription factors Spl or NF-YA were
observed. In addition, 1 pumol/l PJ34 did not cause any
significant variation in the amount of PARP-1 protein
(Fig. 2), demonstrating that inhibition of PARP activity
does not affect the cellular levels of PARP-1 protein.

PARP-1 inhibition increases Topo2« promoter activity
PJ34 was shown to consistently enhance Topo2a protein
levels in extracts isolated from Hel.a cells. Therefore, the
effect of PARP-1 inhibition on basal Topo2a promoter
activity was examined. Hela cells were transiently
transfected using a luciferase reporter vector pGL3B
harbouring the -617Topo2a promoter region of the

human topoisomerase Ila gene (—617Topo2aLUC). With
the addition of PJ34, luciferase activity increased,
demonstrating enhanced promoter activity up to 30% in
a dose-dependent manner (Fig. 3a). This suggested that
inhibition of PARP-1 activity may result in activation of
the topoisomerase Ila promoter.

Transcription factor Spl also has the ability to activate
Topo2a gene expression through a direct interaction with
cognate GC1 and GC2 elements [33,37]. To determine
whether this PJ34-mediated promoter activation was
dependent on the presence of Sp1, both the GC1 and the
GC2 eclements were mutated within the -617Topo2a
LUC reporter gene construct (GC1mt/GC2mt —617To-
po2aLUC) and reporter gene assays were carried out as
shown in Fig. 3a. There was no significant change in
promoter activity in the presence of PJ34 when both GC
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Doxorubicin (dox) and PJ34 affect the cellular amounts of
topoisomerase llo. (Topo2a) protein. Immunoblot comparing the
changes in the amounts of Topo2a protein when Hela cells were
exposed initially to 1 pmol/l PJ34 for 10 h and then 1.5 pmol/I
doxorubicin for 6 h. Data from five separate immunoblots were
quantified and normalized against each respective tubulin signal. The
numbers represent the percentage change in signal intensity/protein
relative to no treatment (100%). NF-Y, nuclear factor Y; PARP-1, poly
(ADP-ribose) polymerase-1; Sp1, specificity factor 1.
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elements were mutated (Fig. 3b), suggesting that P]J34
may mediate its effect through Spl binding to the
Topo2a promoter. In addition, a 5-10% decrease in
luciferase activity was observed in the presence of 2 pmol/l
PJ34, suggesting that promoter repression could occur
when higher concentrations of PJ34 were used and this
effect could be Spl-independent.

PJ34 causes Sp1 to bind more strongly to DNA

Previous work examining the —617TopoZ2a promoter has
shown that both the ICB1 and the GC1 elements exhibit
the greatest influence on transcriptional regulation of the
Topo2o. gene [33]. Using a *?P-labelled probe encom-
passing both ICB1 and GCI1 elements in-vitro binding
assays (EMSA), we asked whether PARP-1 could directly
interact with these elements. Transcription factors Spl,
Sp3 and NF-Y bound specifically to the ICB1/GC1 probe
(Fig. 4a; lanes 4, 5 and 3, respectively); however, PARP-1
did not appear to associate with either the ICB1 or the
GC1 element directly (Fig. 4a; lane 7). With the addition
of antibody against the posttranslational modification
ribosylation (Fig. 4a; lane 8 a-pADPr), a reproducible
reduction in the band that corresponds to the Sp1/probe
complex was observed, suggesting that Spl could
potentially be ribosylated. An increase in the amount of
the Spl/probe complex was observed when protein
extracts from Hel.a cells treated with increasing amounts
of PJ34 were used in EMSA (Fig. 4b, compare the
uppermost band Spl in lane 1 with 2-5). This suggests
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Poly (ADP-ribose) polymerase-1 inhibition increases topoisomerase llo. (Topo2a) promoter activity. HeLa cells were transiently transfected (n=09)
with a —617Topo2aLUC promoter reporter gene construct and increasing concentrations of the poly (ADP-ribose) polymerase-1 inhibitor, PJ34 (as
indicated). An empty pGL3B plasmid represents the no-promoter control. *P<0.03, moderately different from the —617Topo2aLUC promoter data
set with no PJ34 treatment. (a) Enhanced Topo2a promoter activity with PJ34 treatment; normalized luciferase activities are displayed as percentages
relative to the wt —617Topo2aLUC promoter activity with no PJ34 treatment (100%). (b) Mutation of GC1 and GC2 elements within the Topo2a
promoter abolishes the enhanced Topo2a promoter activity observed with PJ34 treatment; normalized luciferase activities are displayed as
percentages relative to the GC1mt/GC2mt —617Topo2aLUC promoter activity with no PJ34 treatment (100%).
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Fig. 4 Fig. 5
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PJ34 causes specificity factor 1 (Sp1) to bind more strongly to DNA.
Proteins present in the whole-cell HelLa extract that bind to the Topo2a
regulatory elements ICB1 and GC1 (probe/DNA) were examined using
electrophoretic mobility shift assay (EMSA). Four typical protein—-DNA
interactions were observed (€); labelled Sp1, nuclear factor Y (NF-Y)
and specificity factor 3 (Sp3), X represents an uncharacterized
complex. *Non-specific protein—DNA interactions. Figures are
representative of four similar experiments. Left panel: Poly (ADP-ribose)
polymerase-1 (PARP-1) does not bind directly to the IBC1/GC1
regulatory elements; antibodies against proteins demonstrate a
supershift and identify specific protein-DNA interactions. Right panel:
EMSA using a PJ34-exposed Hel a extract; HelLa cells were exposed to
0.25, 0.5, 1 and 2 umol/I PJ34 for 48 h and the whole-cell HeLa extracts
were used in EMSA.

that there is enhanced binding of Spl to DNA upon
treatment with PJ34 as ribosylation is inhibited. Taken
together, these results suggest that PJ34 decreases
ribosylation of Spl by PARP-1 and nonribosylated Spl
may bind more strongly to the TopoZ2a promoter.

In order to eliminate the possibility that the observed
increase in Spl binding to the ICB1/GC1 probe was not
due to temporal changes in the amount in Sp1 present in
these PJ34-treated extracts, the same Hel.a extracts were
subjected to analysis by immunoblotting (Fig. 5). There
was no significant variation in the amount of Sp1 present
in these extracts (Fig. 5, compare lane 1 with lanes 2-5),
suggesting that the increase observed in the EMSA
(Fig. 4b) was most likely to be due to an increased affinity
for DNA rather than any change in the amount of Spl
protein. Consistent with earlier results (compare Fig. 2
with Fig. 5), inhibition of PARP-1 activity did not
influence the levels of NF-Y or PARP-1 protein. These
conditions did not affect the amount of transcription
factor Sp3 either (Fig. 5). Proteins Ku86 and Ku70 were
also examined as they are known to interact with PARP-1

o-Tubulin . S

100 98 117 123 125
a-Topo2a — e -—— -
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Immunoblots of Hela protein extracts with increasing PJ34 treatment.
Thirty micrograms of whole-cell Hela extract (exposed to 0.25, 0.5, 1
and 2 pmol/l P34 for 48 h) was subjected to SDS-PAGE and individual
protein levels were monitored by immunoblotting. Data from four
individual immunoblots were quantified and normalized against each
respective tubulin signal. The numbers represent the percentage
change in signal intensity/protein relative to no-treatment HelLa protein
extracts (100%). NF-Y, nuclear factor Y; PAGE, polyacrylamide gel
electrophoresis; PARP-1, poly (ADP-ribose) polymerase-1; Spf1,
specificity factor 1; Sp3, specificity factor 3.

protein as part of the DSB repair pathway [41]. No
changes were observed for any of these proteins; however,
there was an increase in the amount of Topo2a protein
(Fig. 5) with increasing PJ34 treatment, consistent with
previous experiments.

Ribosylation of interacting proteins Sp1 and PARP-1

In order to establish whether treatment with doxorubicin
could stimulate PARP-1 activity, immunoprecipitation
reactions were carried out using antibodies specifically
against pADPr residues (Fig. 6a). Extracts were prepared
from Hel.a cells treated with only 1.5 umol/l doxorubicin
(input lane 2) or a combination of both 1 pmol/l PJ34 and
1.5 pmol/l doxorubicin (input lane 1), and immunocom-
plexes were examined for the presence of PARP-1, Spl
and Sp3 (lanes 5 and 6). The results of these assays
demonstrate that both PARP-1 and Spl formed immu-
nocomplexes with the pADPr antibody, which were
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Ribosylation of interacting proteins specificity factor 1 (Sp1) and poly (ADP-ribose) polymerase-1 (PARP-1). (a) Both PARP-1 and Sp1 can be
ribosylated through treatment with doxorubicin; using an antibody against ribosyl groups (a-pADPY), proteins were immunoprecipitated from extracts
(XT) isolated from Hela cells treated with 1.5 pmol/I doxorubicin (dox) (6 h, lane 5) or a combination of both 1 pmol/I PJ34 (10h) and 1.5 umol/|
doxorubicin (6 h, lane 6). Twenty micrograms of NP40 Hela extract (input lanes 1 and 2) or the total volume of an immunoprecipitation reaction was
separated using 7% SDS-PAGE and immunoblotted using antibodies against PARP-1 (top panel), Sp1 (middle panel) and Sp3 (bottom panel).
(b) Changes in Sp1 and PARP-1 interactions: results of Sp1 immunoprecipitation using extracts isolated from Hela cells treated with 1 pmol/| PJ34
for 10 h, 1.5 umol/l doxorubicin (10h) or both. Sp1 immunoprecipitation reactions were also supplemented with 5 ug ICB1/GC1 oligonucleotide
(lanes 3b, 4b, 8b and 9b) to enhance for the binding of Sp1 to DNA and PARP-1 coimmunoprecipitation. Twenty micrograms of NP40 Hela extract
(XT), along with half (lanes 3—4) or the total volume (lanes 8-9) of an immunoprecipitation reaction, was separated using 7% SDS-PAGE and
immunoblotted using antibodies against PARP-1 (top panel), Sp1 (middle panel) and nuclear factor Y (NF-YA) (bottom panel). The figure is
representative of duplicate similar experiments. PAGE, polyacrylamide gel electrophoresis.

considerably reduced in the presence of PJ34 (top and
middle panels, compare lanes 5 and 6). This result
suggests that doxorubicin treatment could stimulate the
addition of ribosyl groups onto both PARP-1 and Sp1. Sp3
did not appear to form immunocomplexes with the
antibodies against pADPr (a-Sp3 panel, lanes 5 and 6),
indicating that Sp3 might not be ribosylated under these
conditions.

In order for PARP-1 to ribosylate Spl, these proteins
must interact. Spl immunoprecipitation reactions were
modified to not only investigate the conditions that may
influence a PARP-1-Sp1 interaction but also determine
the requirement for the cognate Spl DNA-binding site.
Spl immunoprecipitation reactions were carried out in
the presence (Fig. 6b, lanes 3b, 4b, 8b and 9b) and
absence (Fig. 6b, lanes 3a, 4a, 8a and 9a) of the composite
ICB1/GC1 oligonucleotide with extracts isolated from
Hel.a cells subjected to a 10-h exposure with 1 umol/l
PJ34 (input lane 5), a 6-h treatment with 1.5umol/l
doxorubicin or a combination of both (input lane 10).

Small amounts of PARP-1 protein were found to
coimmunoprecipitate with Spl (Fig. 6b; lanes 3a and
3b); however, the presence of the ICB1/GC1 oligonu-
cleotide significantly increased the amount of PARP-1
that immunoprecipitated with Spl protein (Fig. 6b;
compare lane 3a with 3b, 4a with 4b). In order to monitor
whether enhancement or inhibition of specific proteins
occurs when immunocomplexes form in the presence of
the ICB1/GC1 oligonucleotide, immunoprecipitates were
also screened for the presence of ICB1-binding protein
NF-YA (bottom panels with a-NF-YA). Figure 6b demon-
strates that immunocomplexes containing the ICB1/GC1
oligonucleotide can enhance the amount of Sp1 and NF-Y
that is immunoprecipitated (compare lanes 3a with 3b
and 4a with 4b). In comparable experiments using
mutated oligonucleotides, reduced coimmunoprecipita-
tion of NFY-A was observed when the ICB1 element was
mutated (data not shown). In addition, reduced Spl was
observed when the GC1 element was mutated (data not
shown), substantiating the specific nature of these
DNA:protein:antibody immunocomplexes.
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Simplified representation demonstrating two of the processes by which poly (ADP-ribose) polymerase (PARP) inhibitors could improve
topoisomerase llo. (topo2a)-targetting drug-mediated cell death. A rapid induction of PARP-1 activity and ribosylation (RI0O Teet »°°*) occurs
with the introduction of DNA damage (double-strand breaks). Autoribosylation and dimerization of PARP-1 activates PARP-1; exceSsive
autoribosylation inactivates PARP-1. Ribosylation has a short cellular half-life, where the balance of cellular ribosylation is maintained by poly
(ADP-ribose) glycohydrolase (PARG). PARP inhibitors are classically thought improve chemotherapy-mediated cell death through inhibition of
double-strand break repair. This study demonstrates that PARP inhibitors could also reduce the amount of ribosylated specificity factor 1 (Sp1),
which in turn increases the amount of cellular topo2a protein and improves the efficacy of topo2a-targetting chemotherapies.

A major target of PARP-1 ribosylation is PARP-1 itself,
where PARP-1 is thought to be activated upon ribosyla-
tion, causing dimerization [21]. When ribosylation was
inhibited by PJ34, PARP-1 was still observed to interact
with Sp1 (Fig. 6b; compare lanes 3a and 4a, in presence of
PJ34), indicating that PARP-1 activity might not be
required in order for it to interact with Sp1. However, the
interaction between Spl and PARP-1 was completely lost
when Hel.a cells were treated with doxorubicin (Fig. 6b;
compare lanes 3a and 4a with 8a and 9a) and was not
restored even in the presence of PJ34 (compare lanes 8a
and 8b with 9a and 9b). Taken together with data
from Fig. 6a, this suggests that the treatment of Hel.a
cells with 1.5 umol/l doxorubicin is sufficient to induce
ribosylation of both Spl and PARP-1 itself. This
posttranslational modification affects their ability to
interact with each other and their cognate DNA
sequence. Activation of the ribosylation activity of

PARP-1 is most likely due to the induction of DSB upon
doxorubicin treatment. This is consistent with the
current understanding that the addition of pADPr groups
confers a highly negative charge to Spl and leads to
electrostatic repulsion between DNA and protein, there-
by affecting protein—protein and protein-DNA interac-
tions [42-44].

Discussion

Hella cells were treated with PJ34 in a range of
concentrations (0.5-1 pmol/l) previously reported in
other studies [44,45] to effectively inhibit PARP-1
catalytic activity. The effect of PJ34 on cell viability
was then assessed using impedance-based technol-
ogy [46-48]. The degree of change in impedance is
primarily influenced by the number of cells that are
seeded, the cell-cell interactions and the quality of the
interaction as the cells adhere to the surface of the

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



electrodes, as well as the morphology of the cells. In this
study, Hel.a cells were initially titrated (data not shown)
to optimize the number of cells to use for these
experiments. Using 1 x 10° HeLa cells, it typically took
9-10h to reach a stable baseline (a minimum cell index of 1)
and cells were monitored for a further 10h to establish
growth curves, before drug treatment commenced. The
data represented by the dye-based CellTiter96 Aqueous
One proliferation assay and the xCELLigence impedance
data (compare Fig. la and b) were consistent in
demonstrating that a single dose of PJ34 alone did not
significantly affect HelLa cell viability. Interestingly, when
doxorubicin was added to adherent cells (Fig. 1a), there
was a rapid dose-dependent increase in the cell index
that was not observed when PJ34 or media only were
administered. This rapid increase in the cell index may
indicate an induction of cell growth, but is more likely to
be due to an overall change in cell morphology and cell
cycle arrest as the Hela cells responded to the toxic
doxorubicin treatment. The increase in the cell index was
followed by a decline (Fig. 1a), which was again dose
dependent and was correlated with a loss in cell
adherence and viability when measured microscopically.
Using impedance-based technology, the calculated ICs
for doxorubicin without any PJ34 treatment was
1100 nmol/l (= 95 nmol/l), similar to other reports using
HelLa cells [49,50]. Significantly, the ICs, of doxorubicin
reduced as Hel.a cells were also treated with increasing
concentrations of PJ34. The most marked reduction in
ICsy was observed with 0.5 pumol/l PJ34 (588 = 37 nmol/l)
and 1umol/l PJ34 (458 =97 nmol/l), indicating that
inhibition of PARP activity can improve the efficacy of
doxorubicin-mediated cell death (Fig. 1c).

Topo2a expression has previously been correlated with
the proliferative state of a tumour and the relative
response to adjuvant chemotherapy [8-13,32,51]. Treat-
ment with 0.25-2 umol/l PJ34 did not change the relative
amounts of Spl, Sp3, NF-YA, Ku86, Ku70 or PARP-1
(Fig. 5); however, treatment with 1 pmol/l PJ34 (Figs 2
and 5) was sufficient to generate a reproducible 20%
increase in cellular Topo2a protein. We observed a
significant 40% reduction in the amount of Topo2a
protein 6h after treatment with 1.5 umol/l doxorubicin,
which did not change in the presence of PJ34 (Fig. 2).
The reduction in TopoZa protein levels may be reflective
of an early cellular response that influences the down-
regulation of Topo2a and the subsequent development of
drug resistance. This warrants further study.

We have previously shown that a mutation in the ICB1
element that interacts with NF-Y reduces basal promoter
activity by approximately 70% and overexpression of Spl
can activate transcription in a dose-dependent man-
ner [33]. Sp3, however, can repress Sp-1 mediated
transcriptional activation by competing for binding to
the GC elements [37]. The ICB1 element is adjacent to
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GC1 within the topoisomerase [la promoter and the two
elements are thought to work synergistically to regulate
transcription through the recruitment of transcription
factors to their respective elements through mechanisms
that allow chromatin reorganization, DNA bending and an
interaction with RNA polymerase 11 [32,37,52,53]. In this
study, a 20% increase in Topo2a protein (Figs 2 and 5)
and a 30% increase in Topo2o promoter activity (Fig. 3a)
were observed after HelLa cells were treated with PJ34.
These changes did not correlate with any fluctuations in
the cellular levels of defined transcription factors (Fig. 5),
nor was PARP-1 found to directly interact with the
regulatory ICB1/GC1 elements (Fig. 4a, lane 7). In
addition, enhancement of Topo2a promoter activity was
abolished when mutations in both GC1 and GC2 were
incorporated (Fig. 3b). Collectively, these data suggest
that that even though fluctuations in Spl protein were
not observed, Spl may be posttranslationally modified by
PARP-1 activity to modulate TopoZa gene expression.
The EMSA data provided preliminary evidence (Fig. 4a,
lane 8) that inhibition of ribosylation could effectively
enhance the amount of Sp1 that can associate with DNA
(Fig. 4b). Immunoprecipitation reactions using antibody
against ribosyl groups (a-pADPr) demonstrated that both
PARP-1 and Sp1 could be ribosylated and ribosylation was
inhibited in the presence of P]J34 (Fig. 6a). Doxorubicin
treatment for 6 h was sufficient to induce PARP-1 activity
and detect ribosylation of PARP-1 and Spl (Fig. 6a,
compare lanes 5 and 6). This is consistent with the
understanding that the amount of pADPr formed in living
cells is in proportion to the extent of DNA damage, which
may take time to accumulate due to doxorubicin uptake
and catabolism in living cells [43,54]. Sp1 immunoprecipi-
tations (Fig. 6b) demonstrated that significant enhance-
ment of a PARP-1-Sp1 interaction occurred in the presence
of the ICB1/GC1 composite oligonucleotide (Fig. 6b
comparing lane b with a). This interaction was abolished
when extracts from doxorubicin-exposed Hel.a cells were
used (Fig. 6b, top panel, lanes 8-10). Taken together,
these data suggest that doxorubicin-mediated ribosyla-
tion could inhibit the interaction between PARP-1 and
Spl. Together with the alterations in Spl binding to its
cognate elements (Figs 4b and 6b), this study highlights
an additional mechanism by which PARP-1 inhibitors
could improve the efficacy of TopoZ2a-targeting chemo-
therapeutic agents (Fig. 7).

Conclusion

In this study, Hela cells that were treated with PARP
inhibitor PJ34 exhibited an increase in Topo2a promoter
activity and an increase in TopoZ2a protein. These results
correlated with an increase in binding of the activating
transcription factor Spl to its cognate sequence within
the TopoZa promoter in the absence of ribosylation.
Conversely, treatment with doxorubicin enhanced ribo-
sylation of Spl and reduced its association with DNA.
Most strikingly, by combining doxorubicin treatment with
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PJ34, doxorubicin-mediated cell death increased by
approximately 50%. This demonstrates the potential for
using PARP-1 inhibitors to reset cellular sensitivity to
topo2-poisons by enhancing the amount of TopoZa
protein present in cells and highlights that PARP-1
inhibitors have the potential to improve current che-
motherapy regimes in a multifactorial manner.
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