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Overexpression of p73 Enhances Cisplatin-Induced Apoptosis

in HeLa Cells
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To examine a possible synergistic role for p73 and cisplatin (cis-diamminedichloroplatinum I1)
in Hel a cells with a nonfunctional p53 protein, we established stable HelLa/p73 clones using a
tetracycline inducible eukaryotic expression vector. The Hela/p73 clones were not character-
ized by changes in growth or morphology. Cell death analysis, however, indicated a greater
sensitivity to cisplatin in the p73-overexpressed Hela cells than determined for the non-
induced Hel a cells. This increased sensitivity seems to affect an induction of a sub-G1 popula-
tion as assessed from flow cytometry analysis. The increased sub-G1 population may, in turn,
result from a reduction of cyclin D1 and B1 expression by cisplatin in the presence of p73.
Hoechest staining indicated an increased number of dead cells in the p73-induced cells com-
pared to the non-induced cells. Poly ADP-ribose polymerase (PARP) cleavage was shown to
be distinct in the p73-overexpressed cells compared to non-induced cells, which suggests that
p73 modulates the cisplatin-induced apoptosis. Therefore, a synergistic effect of p73 and cispl-

atin to induce apoptosis could lead to new treatment for some types of human cancers.
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INTRODUCTION

Treatments for cancer have relied on the use of various
cytotoxic chemotherapeutic agents and radiation. Applica-
tion of the therapeutic strategy of choice, however, has
been limited by the side effects of these agents on normal
cells. Genetic alterations of human tumors can prevent
the access of therapeutic agents to their site of action.
Newer strategies for cancer chemotherapy are based on
synergistic modulation directed at the selective and in-
creased induction of apoptosis to kill tumor cells (Hannun,
1997).

Cisplatin (cis-diamminedichloroplatinum I} is one of the
most effective chemotherapeutic agents currently in use
for the treatment of a broad range of primary solid tumors
and acts through an apoptosis pathway (Lee ef al., 2001).
Cisplatin destroys the solid tumor cells by inducing
apoptosis through the formation of intrastrand cisplatin-
DNA adducts, which ultimately results in cell-cycle arrest
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at G1, S, or G2/M (Vaisman et al., 1997). The clinical
effectiveness of cisplatin monotherapy, however, has
been limited due to drug resistance (Hannun, 1997).
Tumor cell resistance to cisplatin has been attributed to
such factors as increased and effective DNA repair,
increased drug tolerance, and increased intracellular
glutathione levels (Poppenborg et al, 1997). Drug
resistance is a severe obstacle for the success of the
cancer chemotherapies. Some biochemical modulators
reportedly sensitize tumor cells to the effects of cisplatin
and thus may play an important role in the modulation of
cytotoxicity (Vaisman et al.,, 1997). Several investigators
have reported that caffeine and other methylxanthines
can enhance the cyotoxic effects of cisplatin by the
abrogation of G2 arrest induced by DNA damage (Husain
ef al., 1998; Dubrez et al., 2001). Moreover, bcl-2 anti-
sense therapy has been reported to improve the results of
chemotherapy for melanoma and the combination of IL-1
alpha and cisplatin reportedly act synergistically to affect
apoptosis (Duan et al., 2004; Kim et al., 2004). One of the
key modulators of apoptosis in malignancy is p53, which
regulates cellular responses to different types of intracellular
stresses such as DNA damaging agents (Feng et al.,
2000). Wild type p53 transduction in pancreatic tumor
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cells reportedly increased the cytotoxicity of genotoxic drugs
(Cascallo et al., 2000). Moreover, it has been reported
that p53 is important in the response of human colorectal
tumor cells to different chemotherapeutic agents, which
further suggests that the combination of p53 and cisplatin
could be a very promising new therapy (Bunz et al,
1999).

Within the p53 family of factors, p73 activates trans-
cription of p53-responsive genes e.g. p21 or bax and
inhibit cell growth in a p53-lke manner by inducing
apoptosis in p53 null Saos-2 cells (Jost et al., 1997,
Kaghad et al., 1997). However, a number of differences
between p73 and p53 have been reported. Tyrosine
kinase c-abl stabilized p73 at the posttranslation level in
cisplatin-induced DNA damaged cells (Gong et al., 1999;
Yuan et al., 1999). Some regulatory proteins including c-
abl modulate nuclear translocation of p73 in cells with
nonfunctional p53 (Kim et al., 2001; Puig et al., 2003;
Sphyris et al., 2004). These previous reports suggest that
the apoptotic activity of p73 is potentiated by distinct
pathway in response to DNA damage. It is still unclear,
however, how p73 can regulate cell growth in some tumor
cells.

In this study, we addressed the hypothesis that p73
plays a synergistic role in cisplatin-induced apoptosis in
human cancer cells with nonfunctional p53 proteins. To
test our hypothesis, we constructed a HelLa/p73 cell line
using a tetracycline-inducible system in human cervical
carcinoma Hela cells. Previous reports had indicated that
the Hela cell has a nonfunctional p53 protein due to
binding with the HPV E6 protein (Kessis ef al., 1993;
Minagawa et al., 1999; Wei, 2005). Cellular responsive-
ness to cisplatin was examined using various cytotoxic
assays in both non-induced HelLa cells and the p73-
induced Hela cells.

MATERIALS AND METHODS

Cell culture and transfection

The Hela cell line was obtained from the American
Type Culture Collection (ATCC, Rockville, MD). Hela
cells were maintained as a monolayer cuiture in DMEM
(GIBCO-BRL, Gaithersburg, MD) supplemented with 10%
fetal bovine serum (Hyclone, Logan, UT). Full-length p73
(gift from Dr. Kaghad, Sanofi Recherche, France) was
cloned into the Xba1/EcoR1 sites of the expression vector
pUHD10-3. HelLa cells were transfected with the tetracy-
cline-inducible plasmid by lipofectamine (GIBCO-BRL,
Gaithersburg, MD). Cells were then grown in complete
medium containing 100 mg/mL G418 (Stratagene, La
Jolla, CA). Colonies were isolated and expanded into cell
clones at the end of four weeks.
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Cytotoxicity assay

Cytotoxicity to cisplatin was determined by the sulforho-
damine B (SRB) assay. Cells were plated in triplicate and
the assay carried out in standard 96 well plates.
Tetracycline (2 mg/mL) was added to the celis for 12 h
and treated for additional 12 h with various concentrations
of cisplatin (dissolved in distilled water). The plates were
fixed with 10% trichloroacetic acid (TCA) and stained with
SRB. After rinsing the plate with 1% acetic acid, it was
solubilized with 10 mM Tris buffer (pH 10.5). Cell viability
was analyzed with an ELISA reader (Bio-Rad, Hercules,
CA) at ODsy,. To examine DNA fragmentation, cells were
extracted with DNA extraction buffer (10 mM Tris-HCI (pH
8.0), 100 mM NaCl, 25 mM EDTA (pH 8.0), 0.5% SDS,
Proteinase K, 0.1 mg/mL). Genomic DNA was obtained
by phenol/chloroform extraction, precipitated with absolute
ethanol, separated on 1.5% agarose gel, and visualized
with ethidium bromide staining.

Flow cytometry analysis

Cell populations (1x 10°) were cultured in 60 mm
dishes. After the induction of p73 with tetracycline,
cisplatin was added and the treatment continued for 24 h.
Cells were then harvested and stained with propidium
iodide. Cell cycle distribution was analyzed according to
the protocols of Becton Dickinson (Becton Dickinson,
Mountain View, CA).

Hoechest staining

Hoechest staining was performed according to a
previous report (Kang et al., 1999). Briefly, cells were fixed
with 3.7% formaldehyde and stained by Hoechest 33258
(Sigma, St.Louis, MO) for 30 min. A minimum of 500 cells
were counted and scored for the incidence of apoptotic
morphology as an unbiased manner.

Western blot analysis

Whole cell lysates were prepared in TNN buffer (40 mM
Tris (pH 8.0), 120 mM NaCl, 0.1% NP-40). Protein samples
were separated by 7.5-12% SDS-PAGE, the gels blotted
to nitrocellulose filters, and then hybridized with anti-p21,
anti-bax, anti-cyclin D1, anti-cyclin B1, and anti-PARP
(Santa Cruz, San Diego, CA). Anti-p73 polyclonal rabbit
serum was prepared against the N-terminal fragment of
p73 and processed by affinity chromatography purifica-
tion.

Statistical analysis

Data are presented in experimental graphs as the mean
* standard deviation (SD). Statistical analyses were per-
formed using student’s t-test. Differences were considered
significant at p < 0.05.
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RESULTS

Isolation of p73-overexpressed HelLa cells

After the transfection of the tetracycline inducible vector
containing p73 cDNA into the Hela cells, we isolated the
p73-overexpressed clones and designated them as Hela/
p73. The expression of p73 was increased in the presence
of tetracycline when compared to the non-tetracycline
exposed Hel a cells (Fig. 1A). The mechanism of action of
p73 involves the induction of target genes (Kaghad et al.,
1997; Kang et al., 2002). As expected, the p73 over-
expression also increased p21 and bax, which are well-
known target proteins for p73. The growth and the
morphology of the Hela cells and the p73-overexpressed
Hela cells, however, was not changed (data not shown).
These results suggest that the expression of p73 is
regulated by tetracycline in the HeLa/p73 cells.
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Fig. 1. Tetracycline-inducible p73 expression in Hela cells. (A). HelLa
and Hela/p73 cells were cultured in the presence (2 mg/mL) or
absence of tetracycline (Tet). Western blot analysis was performed after
loading 30 mg of protein lysates onto 10% SDS-PAGE (B). Cells were
treated by indicated concentrations of cisplatin for 24 h after p73 was
induced with tetracycline for 12 h. SRB assay was performed as
described in Materials and Methods. This graph was obtained from
triplicate experiments.
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Overexpression of p73 enhances cisplatin-induced
apoptosis in HelLa cells

To examine a possible synergistic role for p73 on
cisplatin-induced apoptosis, we treated various concen-
trations of cisplatin for 24 h in both Hela cells and p73-
overexpressed Hela cells. The apoptotic effect of cis-
platin varied as the concentration increased in both HelLa
and p73-overexpressed HeLa cells. Since HelLa cells are
without p53 activity, they could be mildly resistant to
cisplatin-induced apoptosis (Minagawa et al., 1999). The
overexpression of p73 resulted in fold induction of the
apoptotic effect to cisplatin (Fig. 1B). A synergistic effect
of p73 on cisplatin-induced apoptosis was also confirmed
by an internucleosomal DNA fragmentation assay, which
yielded the similar results (Fig. 2). We suggest, therefore,
that p73 promotes the cisplatin-induced apoptosis in HelLa
cells.

Enhanced effects of p73 was not correlated with
the arrest of G1 or G2/M

it has been proposed that cell death might be correlated
with the arrest of G1 or G2/M after anticancer drug treat-
ment in tumor cell lines (Vaisman ef al., 1997; Qin and Ng,
2001; Sphyris et al., 2004). To study the mechanism for
p73 sensitization to cisplatin-induced apoptosis, we per-

HelLa+Tet Hela/p73+Tet

A
&
G
<

Control Cisplatin  Control Cisplatin

Fig. 2. DNA fragmentation in HeLa and p73-overexpressed Hela cells.
p73 was induced with 2 mg/mL tetracycline for 12 h. Genomic DNA
was extracted at 24 h after 50 mM cisplatin treatment, resolved in 1.5%
agarose gel electrophoresis, and visualized with ethidium bromide
staining.
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Fig. 3. Cell-cycle analysis and G1 or G2/M cyclins expression in Hela and p73-overexpressed Hela cells. (A) p73 was induced with 2 mg/mL
tetracycline for 12 h. Fifty mM of cisplatin was added to the cells for the indicated times. Cells were harvested and incubated in propidium iodide/
RNase A for 30 min. Cell-cycle analysis was performed according to the manufacturer's protocol (Beckton Dickinson, U.S.A.). (B) Sub-G1
population was calculated by mean £ SD. (C) it was performed for p73 induction and cisplatin treatment. Cells were harvested and Western blot
analysis was performed using the indicated antibodies. Actin antibody was used as a loading control

formed a flow cytometry analysis following cisplatin treat-
ment of HeLa and HelLa/p73 cells. Cell cycle analysis
demonstrated that there was no significant difference on
cell cycle distribution in HelLa or p73-induced Hela cells
in the absence of cisplatin (Fig. 3A, upper). Cisplatin treat-
ment, however, accelerated the induction of sub-G1 cells
in p73-induced Hela cells compared to non-induced
Hela cells (Fig. 3A, B). We also analyzed the cyclin D1
and B1 expression in the combination of p73 and cisplatin.
As shown in Fig. 3C, cyclin D1 and B1 expression were
dramatically decreased by cisplatin in the presence of
p73, indicating that cisplatin induces cell death without cell
cycle arrest in Hela cells. It might be assumed from these
results that p73 sensitizes cisplatin-induced apoptosis in a
cell-cycle independent manner by modulating cell-cycle

regulatory proteins in Hela cells.

Overexpression of p73 modulates cisplatin-in-
duced apoptosis

Flow cytometry analysis data was consistent with the
interpretation that p73 expression modulates cisplatin-
induced apoptosis in the Hela cells. To further investigate
this indication, we performed hoechest 33258 staining
and poly ADP-ribose polymerase-1 (PARP) cleavage
using a 50 mM cisplatin treatment in both the HelLa and
the p73-overexpressed Hela cells. The morphology of
apoptotic cells were examined and photographed using
fluorescence microscopy. As shown in Fig. 4, a cisplatin-
induced apoptotic morphologic change was clearly observed
in the p73-overexpressed Hela cells when compared to
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Fig. 4. Counting of dead cells by Hoechst staining. (A) Cells were
seeded and stained with hoechest 33258 at the indicated time points
and photographed using a Nicon Eclipse TE 300 microscope (100X).
(B) The percentages of apoptotic cells were determined. Apoptotic cells
were counted at five areas without any bias. Experimental data is
expressed as the mean + SD.

Hela cells. A difference in sensitivity to cisplatin was also
evident when the PARP cleavage effects were measured
using western blot analysis. PARP cleavage was found at
8 h after the start of cisplatin treatment in the p73-
overexpressed Hel a cells, whereas only at 16 h in HeLa
cells (Fig. 5). Thus, these results suggest that p73
accelerates the cisplatin-induced apoptosis.

DISCUSSION

By understanding the different pathways that contribute
to cell death, one or more of these pathways could be
targeted to induce apoptosis. Cisplatin is one of the chem-
otherapeutic agents that induces apoptosis in human
cancers. Resistance to cisplatin in various cancers, speci-

K.-C. Kim et al.

Hela + Tet Hela/p73 + Tet
+ Cisplatin + Cisplatin
0 8 16 24 ¢ 8 16 24 (h)
PARP | & | IO RIS R R | : 115 kDa
e—y" 85 kDa

Fig. 5. PARP cleavage in Hela and p73-overexpressed Hela cells.
After the induction of p73, the cells were treated with 50 mM cisplatin
for the indicated time periods. Western blot analysis was performed
using anti-PARP antibody.

fically solid tumors, however, is an ongoing therapeutic
challenge. Therefore, understanding the expression of cell
cycle regulatory molecules is a worthwhile goal to increase
drug efficacy (Hannun, 1997; Qin and Ng, 2001; Sphyris
et al., 2004). As a tumor suppressor p53 homolog, the
p73 protein is a target of c-abl tyrosine kinase in response
to cisplatin or radiation based damage to DNA (Agami et
al., 1999; Yuan et al., 1999). A role for p73 in the cellular
responses to DNA damage, however, has not been
investigated.

In the present study, we asked whether p73 has a
possible role in modulating cisplatin-induced apoptosis.
Our studies used the Hela cervical carcinoma cell, which
has nonfunctional p53 due to its binding with the human
papillomavirus (HPV) E6 protein (Kessis et al., 1993). The
binding of HPV EB6 protein to E6-associated protein (EGAP),
a cellular ubiquitin-protein ligase, enables E6AP to ubiqui-
tinate p53, which leads to p53 degradation in Hela cells
(Wei, 2005). HelLa cells show a poor response to DNA
damaging agents, including cisplatin (Minagawa ef al.,
1999). In our studies, we did not detect any apoptosis-like
characteristics in the HelLa/p73 clones as determined by
trypan blue exclusion, although p73 were highly expressed
by treatment of tetracycline. This may explain that p73,
like p53 or bax, induces apoptosis in a cell context-
dependent manner (Fang et al., 1999). Our data show
that cisplatin in the presence of p73, however, was
associated with accelerating apoptosis in Hela cells,
which suggests that p73 is an apoptosis-related tumor
suppressor protein.

The induction of drug sensitivity by a tumor suppressor
protein may be mediated by cell-cycle arrest in tumor cell
lines. This is especially the case with the expression of G1
phase regulatory proteins which have been shown to
modulate sensitivity to cisplatin in various cancer cells.
Thus, for p21 and cisplatin, the p21 induction appears to
correlate with increased apoptosis after G1 arrest has
been induced by anticancer drugs in hepatocellular car-
cinoma cells (Qin and Ng, 2001) and primary pancreatic
cells (Sphyris et al., 2004). Also, the expression of p27
was strongly associated with enhanced chemosensitivity
in acute myeloid leukemia cells (Radosevic et al., 2001).
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The combination of cisplatin and wild type p53, however,
elicited induction of a sub-G1 population in human cancer
cells (Cascallo et al., 2000; Dunkern et al., 2001). In this
report, we have identified significant increases in a sub-
G1 population when p73 is overexpressed. In the pre-
sence of p73, cisplatin treatment severely decreased the
expression of both cyclin D1 and B1, which are cell-cycle
regulatory proteins for the G1 and G2/M phases,
respectively. This result may explain why the combination
of the p73 protein and cisplatin accelerate cell death
without cell cycle arrest in the Hela cells. The hoechest
staining and PARP cleavage studies consistently indicated
greater dead cell populations in the p73-overexpressed
Hela cells compared to the Hela cells. Thus, our results
suggest that the combination of p73 and cisplatin
depends upon the induction of sub-G1 cells.

In this paper, we have focused on a synergistic thera-
peutic strategy which may confer additional antitumor
efficacy for chemotherapeutic agents. Our work tests the
hypothesis that intracellular modulators may induce
sensitivity to chemotherapeutic agents. The synergistic
mechanism involving a p73- cisplatin-induced apoptosis
seems to be based upon accelerating cell death. Thus,
the combination of p73 and cisplatin may be the basis for
new therapies for certain types of human cancers.
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