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Abstract

IFN-vy has direct anti-proliferative effects on ovarian cancer cell lines and tumour cells isolated from ovarian cancer ascites. The
aim of this study was to further elucidate the mechanisms involved. An IFN-y-mediated cell cycle blockade was detectable in syn-
chronised cell populations. Apoptosis, which was caspase dependent, was also induced. When caspase activity was blocked, the anti-
proliferative effect of IFN-y was only partially reduced indicating independent roles for both growth inhibition and apoptosis in its
actions. We have demonstrated involvement of the intrinsic apoptotic pathway; IFN-y treatment resulted in mitochondrial mem-
brane depolarisation, cytochrome ¢ release into the cytosol and activation of caspase 9. Cytochrome c release was blocked by
the presence of a general caspase inhibitor, suggesting a role for caspases upstream of the mitochondria. One candidate is caspase
8, which was also activated in cells treated with IFN-y. Levels of Bid, a pro-apoptotic molecule that can mediate mitochondrial
membrane permeabilisation when cleaved by caspase 8, were also decreased and indicated a potential link between these two path-
ways in IFN-y-induced apoptosis. Furthermore, together with cisplatin, IFN-y exerted a more powerful anti-proliferative effect.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Extensive experiments in a range of animal cancer
models suggest that endogenous IFN-vy is involved in
immune surveillance of tumours via a combination of
lymphocyte mediated responses, direct actions on
tumour cells and inhibition of tumour angiogenesis
(reviewed in [1]). Studies looking at the direct effects of
human IFN-y on tumour cells revealed that this cyto-
kine inhibited the growth of human ovarian tumour
xenografts growing in nude mice [2]. Both DNA synthe-
sis was inhibited and apoptosis induced [3]. Human
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IFN-y can also directly inhibit the growth of human
ovarian cancer cell lines and primary ovarian epithelial
cancer cells derived from patients ascites in vitro. Again
this was associated with the induction of apoptosis [4,5].
These effects required 2-3 days of exposure to IFN-y for
an irreversible effect on cell survival. A pilot study, con-
ducted to see whether exogenous IFN-y-induced cell
death in vivo, showed that 2/6 patients had a 90% reduc-
tion in the number of tumour cells in ascites after treat-
ment; some of this response could be attributed to
apoptosis [5]. Clinical benefit as assessed by intervals
in paracentesis was observed in these two patients.

In addition to its ability to induce apoptosis in
ovarian cancer cells, IFN-y can also initiate apoptosis
in other cell types and/or sensitise them to subsequent
death signals delivered by mediators such as TNF
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superfamily members. This involves the induction of a
number of apoptotic-related genes involved in both the
extrinsic and intrinsic apoptosis pathways. IFN-y-in-
duced apoptosis has been associated with caspase upreg-
ulation and activation. For example, in human erythroid
colony-forming cells (ECFC), IFN-y upregulates and
activates caspases 2, -6, -8 and -9 [6] and in colorectal
adenocarcinoma cell lines IFN-y activates caspase 8
and caspase 3 thus triggering apoptosis [7]. In other cell
types e.g. breast and colon carcinoma cells, and lung epi-
thelial cells, IFN-y enhances caspase 8 expression which
sensitises cells to apoptosis by CD9SL/TRAIL [8-11].
IFN-y also regulates members of the Bcl-2 family,
decreasing expression of anti-apoptotic molecules such
as Bcl-2 and Bcl-X;, and increasing expression of pro-
apoptotic molecules, e.g. Bax/Bak [12].

IFN-y can also induce growth arrest in a number of
cell types. The progression of cells through all phases
of the cell cycle can be slowed by IFN-y [13], although
in some cells there are more pronounced effects on G/
Gy [14]. Differences in the point of cell cycle arrest
indicate that diverse growth inhibitory mechanisms are
employed by IFN-y.

Clinically, ovarian cancer remains a difficult disease
to treat since most patients present with advanced
disease. A regime of platinum-taxol chemotherapy fol-
lowing cytoreductive surgery is common, but patients
often relapse. A number of clinical studies show that
IFN-y has some activity against advanced ovarian
cancer. In a phase II trial, 108 patients with residual
disease documented at second look laparotomy after
first line cisplatin-based chemotherapy, were treated
with intraperitoneal, i.p., IFN-y twice a week for
three-four months [15]. Of 98 assessable patients, 23
achieved complete and eight partial response. In a
randomised phase III study, 148 women treated with
cisplatin and cyclophosphamide as first line chemo-
therapy for ovarian cancer were randomly allocated
to receive additional IFN-y three times weekly on
alternate weeks [16]. IFN-y administration was associ-
ated with a significant increase in progression free sur-
vival but an observed increase in overall survival was
not statistically significant. A large global randomised
phase III trial, GRACES (Gamma Interferon and
Chemotherapy Efficacy Study), is currently in progress
to assess the activity of IFN-y in combination with
platinum and taxol.

In this study we sought to investigate further the
mechanisms behind the direct anti-proliferative activity
of IFN-y in ovarian cancer cell lines. We also looked
at the effects of IFN-y used in combination with
cisplatin, an agent commonly used in ovarian cancer.
Further analysis of the molecular events involved in
IFN-y-induced apoptosis may aid identification of
cancer patients that are most likely to respond to
combination therapy with this cytokine.

2. Materials and methods
2.1. Cell lines

PEO1 was derived from ascites in a patient with
poorly differentiated adenocarcinoma and were ob-
tained from Dr. S. Langdon, Cancer Research UK
Edinburgh Medical Oncology Unit, UK. OVCAR-3
originated from ascites in a patient with poorly differen-
tiated papillary adenocarcinoma (purchased from the
American Type Culture Collection [ATCC]).

2.2. Tissue culture

All cell lines were grown in a humidified atmosphere
at 37 °C (10% CO») under pyrogen-free conditions. Cells
were grown in RPMI 1640 (Invitrogen, UK) supple-
mented with 10% FBS (Autogen Bioclear, UK), 5 pg/
ml insulin, 2 mM r-glutamine, 100 U/ml penicillin and
100 pg/ml of streptomycin (Sigma, UK). All cells were
free from and routinely checked for mycoplasma.

2.3. Reagents

Recombinant human IFN-y was provided by Roussel
UCLAF as a lyophilised preparation (20 MU/vial) and
was more than 95% pure. Endotoxin levels were less
than 0.24 UE/vial and the specific activity was
3 x 107 units/mg protein. Cisplatin [cis-diamminedichlo-
roplatinum (II)] (Sigma, UK) was diluted in dimethyl
sulphoxide (DMSO) (Sigma, UK) at 25 mg/ml immedi-
ately before use. The following reagents were reconsti-
tuted in DMSO and stored at —20 °C: Staurosporine
(STS) (Sigma, UK) was at 1 mM; z-VAD-FMK and
z-FA-FMK (ICN Biomedicals Inc, UK) at 20 mM;
Nocodazole (Sigma, UK) at 5 mg/ml. Hydroxyurea
(Sigma, UK) was reconstituted in sterile H,O at 1 M
immediately before use.

2.4. Proliferation assays

Cell lines were seeded at 1 x 10° cells/well of a 6 well
plate and counted using a Vi-Cellyz counter (Beckman
Coulter, UK).

2.5. Protein extraction

Preparation of total cell lysates. Cells were cultured in
6 well plates and were seeded at concentrations that
would ensure the cells were just confluent at the time
of harvest. Non-adherent cells were collected from the
supernatant by centrifugation and combined with
adherent cells. Cells were lysed using ice-cold lysis buffer
(62.5 mM Tris—HCI, pH 7.4, 1% SDS). Lysates were
passed through a 25 g needle and protein estimation
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was performed using a standard BCA assay (Sigma,
UK) according to the manufacturer’s instructions.

Preparation of mitochondrial and cytosolic lysates.
Cells were cultured in 175 cm? flasks until just confluent
at the time of harvest. Lysates were prepared using the
Clontech ApoAlert® Cell fractionation Kit (BD Biosci-
ences, UK), according to manufacturer’s instructions.
Adherent and non-adherent cells were pooled. Cells
were homogenised in a 1 ml Dounce Tissue grinder (Zin-
seer, UK) on ice with 50 passes of the grinder. Protein
estimation was performed using the Bio-Rad protein
Assay System (Bio-Rad Laboratories, Munich, Ger-
many) according to the manufacturer’s instructions.

Lysates were combined with 5x loading buffer
(312.5 mM Tris—HCI, pH 6.8, 10% SDS, 20% glycerol,
10% B-mercaptoethanol, 1% w/v bromophenol blue,
[all from Sigma, UK]). The samples were boiled at
100 °C for 5 min, then cooled on ice before being stored
at —80 °C.

2.6. SDS-PAGE

Electrophoresis was performed using standard condi-
tions. 20 ug of total protein or 5 pg cytosolic/mitochon-
drial lysates were loaded onto the gel. The percentage
acrylamide gel used depended on the molecular weight
of the protein and ranged from 10% to 15%. Protein ly-
sates were run at 120 V for 2h on an AE-6400 Dual
Mini slab kit gel electrophoresis system (Atto Biosci-
ence, MD, USA) using 1Xxrunning buffer (Tris
25 mM, Glycine 192 mM, SDS 0.1%). Blue pre-stained
protein standard markers (Invitrogen, UK) were used
to determine product size.

2.7. Western blotting

Protein was transferred to nitrocellulose (Hybond-
ECL, Amersham International, UK), pre-equilibrated
in transfer buffer (Tris 25 mM, Glycine 192 mM, meth-
anol 20%) using a Trans-Blot electrophoretic transfer
cell (Bio-Rad, UK) for 2 h at 50 V. Blots were blocked
and then incubated in primary antibody (diluted in
PBS-0.1% Tween 20, with either 5% BSA or 5% non-
fat dry milk, according to manufacturer’s instructions)
overnight at 4 °C. Blots were exposed to the secondary
antibody (diluted in PBS-0.1% Tween 20 with 3% non-
fat milk powder) at room temperature with agitation
for an hour. The Amersham ECL system was used for
detection and membranes were exposed to blue-light
sensitive autoradiography film (Hyperfilm ECL). Densi-
tometry was performed using NIH Image 1.61.

2.8. Antibodies

All antibodies were purchased from NEB (UK),
unless otherwise stated. Cleaved PARP, Bid, caspase 8

(BDPharmingen, Belgium) and caspase 9 antibodies
were used at a dilution of 1:1000. Cytochrome c¢ anti-
body (BDPharmingen, Belgium) was used at a dilution
of 1:500 and COX-4 antibody (Cambridge Bioscience,
UK) was used at a dilution of 1:2000. B actin (Sigma,
UK) was used at a dilution of 1:5000.

2.9. Fluorescence-activated cell-sorting analysis (FACS)
of caspase activity

Cells were grown in 6 well plates and were seeded
at concentrations that would ensure that the cells were
just confluent at the time of harvest. APO LOGIX
FAM caspase detection kits (ApoLogix) were used to
detect active caspase 8 (FAM-LETD-FMK) and cas-
pase 9 (FAM-LEHD-FMK) in situ, according to man-
ufacturer’s instructions. Adherent and non-adherent
cells were combined and TO-PRO-3 was added to dis-
criminate dead cells. Cells were analysed on a FAC-
SCalibur flow cytometer using CellQuest Software
(Becton Dickinson). Fluorescence from FAM was
measured in the FL1 channel (530/30 nm bandpass fil-
ter). Fluorescence from red-laser (633 nm) excitation of
TO-PRO-3 was measured in the FL4 channel (661/
16 nm bandpass filter), 20000 events were collected/
sample.

2.10. FACS analysis of reduction in mitochondrial
membrane potential

Cells were grown in 6 well plates and were seeded at
concentrations that would ensure that the cells were just
confluent at the time of harvest. Adherent and non-
adherent cells were harvested and combined. CMXRos
(Cambridge Bioscience, UK) was added to a final con-
centration of 50 nM and TO-PRO-3 was added to dis-
criminate dead cells. Cells were analysed on a
FACSCalibur flow cytometer using CellQuest Software
(Becton Dickinson, UK). CMXRos fluorescence was
measured in the FL3 channel (670 nm longpass filter)
and fluorescence from red-laser (633 nm) excitation of
TO-PRO-3 was measured in the FL4 channel (661/
16 nm bandpass filter). 20000 events were collected/
sample.

In addition, PEOL1 cells treated with IFN-y (5000 U/
ml) for 72 h were stained with CMXRos, as outlined,
and sorted into live and apoptotic populations using a
FACS vantage. DAPI was used as the dead cell discrim-
inator. Cells were fixed in 1% PFA at a concentration of
approximately 5 x 10° cells/ml which was used to make
cytospins. 100 pl of the cell suspension was spun onto
an electrostatically charged slide (‘Superfrost’, BDH
Laboratories, UK) at 500 rpm for 5 min using a cyto-
centrifuge (Shandon Cytospin3). Slides were fixed in
4% PFA for 5 min and rinsed with PBS. 5 pg/ml Hoe-
chst 33342 (Sigma, UK) was used to stain chromatin,
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visualised under a 350 nm excitation filter on a Nikon
Labophot 2 microscope.

2.11. Cell cycle analysis

Cells were grown in 6 well plates and were seeded at
concentrations that would ensure that the cells were just
confluent at the time of harvest. BrdU was added to
supernatant to final concentration of 10uM for
30 min. Adherent cells were harvested, washed, collected
by centrifugation, resuspended in PBS and drawn
through a 19 g needle. Cells were fixed in ice-cold 70%
ethanol, left for >30 min at 4 °C and then collected by
centrifugation. Cells were prepared for staining, and
stained with anti-FITC-conjugated BrdU antibody
(Becton Dickinson, UK), according to manufacturer’s
instructions. Propidium iodide (PI) was then added.
FITC emission from BrdU was measured in the FLI
channel (530/30 nm bandpass filter) and PI fluorescence
was measured in the FL3 channel (670 nm longpass fil-
ter) after cell doublets were excluded by pulse process-
ing. 20000 events were collected/sample. Gy, S and G,
cells were gated out as appropriate.

2.12. Statistical analysis

Students unpaired z-test or ANOVA were used to
evaluate results from cell proliferation studies, BrdU
staining, western immunoblot quantification, caspase
APOLOGIX FACS and CMXRos analysis. A probabil-
ity of <0.05 was considered significant. Where applic-
able, data are presented as the mean * SE, unless
otherwise stated.

3. Results

In two previous papers we have provided evidence
that IFN-vy, at doses ranging from 10 to 5000 U/ml,
has a time and dose-dependent anti-proliferative effect
on the majority of ovarian cancer cell lines and freshly
isolated primary tumour cells from the ascites of ovarian
cancer patients in vitro [4,5]. Here we have attempted to
determine the relative contribution of cell growth arrest
and apoptosis in this action. We used two cell lines that
are sensitive to the anti-proliferative effects of IFN-y
(PEO1 and OVCAR-3), which we have previously dem-
onstrated to be representative from a larger panel of
ovarian cancer cells [4,5].

3.1. IFN-y induces a cell cycle blockade

We investigated growth arrest. Cells were treated
with nocodazole to synchronise them at the G,-M
boundary or with hydroxyurea to synchronise them at
the G|-S boundary. Following synchronisation, cells

were treated with media = IFN-y (5000 U/ml). The per-
centage of cells synthesising DNA was significantly de-
creased in IFN-y treated populations at all time points
after 48 h (Fig. 1(a)). For example, at 72 h, the percent-
age of IFN-vy treated cells in S phase was 33.2% com-
pared to 43.2% of untreated cells (P =0.0014, n = 6).
Graphical representations of mean values at 72 h are
shown in Fig. 1(b). Similar reductions could be seen in
the percentage of S phase IFN-y treated PEO1 and OV-
CAR-3 cells synchronised with hydroxyurea. For exam-
ple, after 72 h of IFN-y treatment, 27.3% of PEO1 cells
were synthesising DNA compared with 39.5% of the un-
treated population (P =0.0097) (Fig. 1(c)). Similarly,
44.9% of OVCAR-3 cells were synthesising DNA com-
pared with 51.6% of the wuntreated population
(P =0.0039) as demonstrated in Fig. 1(d). Thus, IFN-
v-induced growth arrest in ovarian cancer cells is sensi-
tive to its anti-proliferative effects.

3.2. IFN-y induces PARP cleavage in ovarian cancer cell
lines

We have previously demonstrated [4] that the anti-
proliferative effects of IFN-y could be partially attrib-
uted to apoptosis, as assessed by the TUNEL assay
and electron microscopy. PARP is involved in DNA re-
pair, and is one of the first proteins to be cleaved by the
executioner caspases [17,18]. In this study we looked to
see if cleaved PARP could be detected in PEO1 and OV-
CAR-3 cells following IFN-y treatment. This molecule
has previously been shown to be a sensitive marker of
apoptosis and was used successfully in a pilot study to
assess apoptosis induced by IFN-vy in the ascites drawn
from IFN-y treated patients [5].

The 89 kDa fragment of PARP was detected after
48 h exposure to IFN-y in both PEO1 and OVCAR-3
cells, reaching maximal levels at 96 h (Fig. 2(a) and
(b)). IFN-y-induced PARP cleavage in PEOI cells was
unaffected by prior hydroxyurea synchronisation;
cleaved PARP was also maximal at 72-96 h after IFN-
treatment in hydroxyurea-synchronised cells (Fig.
2(c)). The presence of cleaved PARP following IFN-y
treatment suggested a role for the caspase family in
IFN-y-induced apoptosis.

3.3. IFN-y-induced PARP cleavage is caspase dependent
in PEOI cells

To assess whether caspase-mediated apoptosis con-
tributed to the anti-proliferative effect of IFN-y in ovar-
ian cancer cells we measured the growth of PEOI cells in
the presence of IFN-y and the general caspase inhibitor
z-VAD-FMK. The number of viable cells remaining
after 96 h of exposure to IFN-y was increased by
approximately 100% in the presence of z-VAD-FMK
(P <0.0001) (Fig. 2(d)). This treatment also inhibited
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Fig. 1. BrdU analysis of synchronised ovarian cancer cells. (a) Data from a representative FACS experiment at 48-96 h after nocodazole
synchronisation. Left lower region contains G1 cells, upper region contains S phase cells and right lower region contains G2 cells. The percentage of
total population of PEO1 cells is shown adjacent to the marked region. (b)—(d) Graphical representation of the mean% total population of ovarian
cancer cells at 72 h in each stage of the cell cycle following synchronisation: (b) nocodazole synchronised PEO1 cells; (c) hydroxyurea synchronised
PEOL cells; (d) hydroxyurea synchronised OVCAR-3 cells. B, untreated; (], IFN-y 5000 U/ml. Error bars represent mean * SE, n > 6. * indicates

P =0.002-0.0001.

IFN-v-induced PARP cleavage (Fig. 2(d), inset). Cells
treated with IFN-y displayed typical features of apopto-
sis: condensation of the nucleus, shrinkage of the
cytoplasm and membrane blebbing. Treatment with
z-VAD-FMK markedly suppressed these morphogenic
changes (data not shown). Taken together, these data
indicated that inhibition of caspase activity, and there-
fore caspase-mediated apoptosis, was partially responsi-
ble for the anti-proliferative effect of IFN-vy in sensitive
cells. We therefore used immunoblotting to investigate
whether activation of the apical caspases 8 and -9 played
a role in the apoptotic effect of IFN-y.

In untreated cells, caspase 8 was present predomi-
nantly in the form of the full length precursor (50/

55 kDa), whilst the 23 kDa fragment of caspase 8 could
be detected in PEOL1 cells after 48 h of exposure to IFN-
v (Fig. 3(a)). FACS analysis using carboxyfluorescein la-
belled peptide inhibitor (FAM-LETD-FMK) confirmed
that the cleaved subunits formed active caspases. After
72 h treatment with IFN-y, there was a significant in-
crease in the percentage of caspase 8 positive cells com-
pared with untreated cells cultured for the same time
(mean increase 1.9 £0.57, P=0.04; n=4) (Fig. 3(c)).
Similar results were shown for OVCAR-3 cells (data
not shown).

In untreated cells, caspase 9 was also present in pre-
cursor form at 47 kDa. The 35 kDa subunit of caspase
9 could be detected after 72 h of exposure to IFN-y
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not shown).

(Fig. 3(b)). Similarly, FACS analysis was performed
using carboxyfluorescein labelled peptide inhibitor
FAM-LEHD-FMK to confirm that the cleaved subunits
formed active caspases. After 72 h treatment with IFN-
v, there was a significant mean fold increase of
2.4+ 0.67 in the percentage of PEO1 cells that were po-
sitive for active caspase 9 when compared with un-
treated cells cultured for the same time (P =0.03;
n =4), (Fig. 3(d)). Similar results were shown for OV-
CAR-3 cells (data not shown). These data indicated that
both caspase 8 and caspase 9 were activated in PEOI
and OVCAR-3 cells in response to IFN-y stimulation.
We therefore went on to study key events involved in
caspase activation.

3.4. IFN-y treatment results in mitochondrial membrane
depolarisation in PEOI cells

The activation of caspase 9 suggested involvement of
the mitochondrial-operated, or intrinsic, pathway in
IFN-y-induced cell death. IFN-induced change in mito-
chondrial membrane potential was investigated using
MitoTracker Red CMXRos. Mitochondrial membrane
depolarisation could be observed in PEOI cells exposed
to IFN-y. Fig. 4(a) shows a representative experiment
where 5.9% of IFN-y treated cells had reduced mito-
chondrial membrane potential (Fig. 4(a); R2) at 72 h
compared with 2.4% of untreated cells. There was a
mean fold increase of 2.1 £ 0.54 in the percentage of
cells with reduced mitochondrial membrane potential
after 72 h IFN-y treatment (P =0.01; n=5). Hoechst
33342 staining on flow sorted PEOI cells confirmed that
the R2 fraction was apoptotic (Fig. 4(b)). Shrunken,

irregular nuclei were observed in the cells isolated from
R2, but not in the R1 (live), fraction.

3.5. IFN-y treatment increases the level of cytochrome ¢ in
the cytosol of ovarian cancer cells

Cytochrome c is released from the intermembranous
spaces of mitochondria into the cytosol upon mitochon-
drial membrane permeabilisation. Immunoblot analysis
of the cytosolic fraction of IFN-y treated PEOI1 cells
showed a mean fold increase of 2.7 + 0.47 in the level
of cytochrome ¢ at 72h compared to control cells
(Fig. 5(a)) (P =0.0003; n=06). This was abrogated in
the presence of z-VAD-FMK (Fig. 5(b)), indicating a
dependence on caspase activity. Similar findings were
observed with OVCAR-3 cells (Fig. 5(c)).

3.6. IFN-y induces Bid cleavage, indicating the
involvement of the extrinsic apoptotic pathway

These data indicate that the mitochondrial pathway is
activated following IFN-y treatment. However, as the
23 kDa fragment of caspase 8 appeared before the
35 kDa fragment of caspase 9, and cytochrome ¢ release
into the cytosol was blocked by z-VAD-FMK, our data
suggested that IFN-vy exerted its effect, at least in part, at
a level upstream of the mitochondria. Bid, a pro-apop-
totic member of the Bcl-2 family, has cytochrome ¢
releasing ability when cleaved by caspase 8 into a trun-
cated form, tBid [19,20]. Levels of intact Bid were re-
duced in IFN-y treated in PEO1 and OVCAR-3 cells
(Fig. 6(a) and (b)) and this was blocked by z-VAD-
FMK (Fig. 6(c)).
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Fig. 3. Analysis of caspase 8 and caspase 9 activation in PEO1 cells. Immunoblot analysis of (a) caspase 8 and (b) caspase 9 in PEOI1 cells
treated £ IFN-y (5000 U/ml) for specified times (h). Blots are representative of two independent experiments. Lysates from cells treated with 100 ng/
ml TNF-o for 96 h were used as a positive control for caspase 8. Lysates from cells treated with 1 pM STS for 6 h were used as a positive control for
caspase 9. FACS analysis of (c) caspase 8 activity and (d) caspase 9 activity after 72 h of treatment * IFN-y (5000 U/ml). Lower left quadrant
contains live cells, lower right quadrant contains apoptotic cells positive for (¢) FAM-LETD-FMK and (d) FAM-LEHD-FMK and upper quadrant
contains dead cells. TO-PRO-3 was used as a dead cell discriminator. STS treated cells (1 uM; 6 h) were used as the positive control. Representative

of four independent experiments.

3.7. Cisplatin as an anti-proliferative agent in ovarian
cancer cells

As outlined in the introduction, i.p. administration of
IFN-y has anti-tumour activity in advanced stage ovar-
ian cancer patients after clinical resistance to conven-
tional chemotherapy has developed. We aimed to
further investigate mechanisms behind the anti-prolifer-

ative effects of the combination of IFN-y and cisplatin
(the standard treatment regime). A detailed analysis of
the apoptotic mechanisms behind this combination
may be of use in the design of future clinical trials. In
these experiments we used a lower dose of IFN-y
(200 U/ml), which we have previously demonstrated to
be clinically achievable in the ascites of patients under-
going treatment for ovarian cancer with IFN-y [5]. In
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the same way as we did with IFN-y alone, we first set
out to assess the effects of combination treatment of
both cell growth arrest and apoptosis.

Cisplatin had a time and dose-dependent anti-prolif-
erative effect on the PEOL1 cell line (Fig. 7(a)). Both
100 ng/ml and 1 pg/ml cisplatin inhibited growth of
PEO1 cells after 48 h of treatment (P =0.0006 and
P =0.0325, respectively). By 72 h the anti-proliferative
effect of 1 pg/ml cisplatin was significantly greater than
that of 100 ng/ml cisplatin (P = 0.0008). The anti-prolif-
erative effect of 1 pg/ml and 100 ng/ml cisplatin occurred
at a similar time to IFN-y-induced growth inhibition.
100 ng/ml cisplatin was used in subsequent experiments
with PEOI cells; using a sub-optimal dose of cisplatin
would allow us to distinguish any additional effects of
IFN-y.

3.8. Cisplatin increases the anti-proliferative effect of
IFN-y in PEOI cells

As outlined in earlier studies, after 72 h of treatment
with 200 U/ml IFN-y there was a 24.5% reduction in the
number of viable PEOI cells (P = 0.0168). There was a
43% reduction in the number of viable PEOI cells after
cisplatin treatment (P =0.0001) compared with un-
treated cells at the same time (Fig. 7(b)). By 96 h cis-
platin reduced the number of viable cells by 71%
(P <0.0001) compared with untreated cells whereas,
the reduction with IFN-y was 57% (P = 0.003).

When cells were treated with IFN-y and cisplatin in
combination, the reduction in the number of viable cells
was significantly greater compared to either IFN-y
(P <0.0001) or cisplatin (P <0.0034) alone after 72 h
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and 96 h of treatment. There was a 59% reduction in cell
number at 72 h (P <0.0001) and 82% reduction at 96 h
(P <0.0001) in the number of viable PEO1 cells treated
with IFN-y and cisplatin compared with untreated cells

(Fig. 7(b)).

3.9. IFN-y-induced cell cycle blockade is augmented by
cisplatin in PEOI cells

To assess the effect of IFN-y and cisplatin on cell cy-
cle progression, PEO1 cells were again treated with
hydroxyurea to synchronise them at the G,—S boundary
or with nocodazole to synchronize them at the G,-M
boundary. At this time cells were treated with either con-
trol media, or media containing 200 U/ml IFN-y,
100 ng/ml cisplatin or both IFN-y and cisplatin.

The percentage of cells synthesising DNA was signif-
icantly decreased in IFN-y (200 U/ml) treated hydroxy-

urea synchronised populations compared with untreated
populations 48-96 h after release (P < 0.0073) (Fig. 7(c)
shows 72 timepoint). There was also a significant reduc-
tion in the percentage of cells synthesising DNA follow-
ing treatment with cisplatin compared with untreated
cells 48-96 h after release (P < 0.0112) (Fig. 7(c)). When
cells were treated with both IFN-y and cisplatin there
was a significant further reduction compared with un-
treated cells at all time points. For example, the percent-
age of cells in S phase was reduced from 39.0% in the
untreated population to 20.9% after combination treat-
ment after 72 h treatment (P < 0.0001) (Fig. 7(c)). Com-
bination treatment differed significantly from IFN-y
treatment alone at all time points (P < 0.002), but only
significantly different to cisplatin alone at times after
72 h (Fig. 7(c)) (P < 0.0027).

A similar pattern was seen in the percentage of S
phase IFN-y treated cells synchronised with nocodazole.
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For example, after 72h of combination treatment,
24.2% of cells were in S phase compared to 45.5% in
the untreated population. The percentage of cells syn-
thesising DNA following IFN-y treatment was signifi-
cantly different to untreated cells (38.8%; P =0.02), as
it was in cisplatin treated cells (34.5%; P = 0.002). Com-
bination treatment was significantly better than either
treatment alone (P < 0.0009). Thus, cisplatin induced a
G,-M block at all time points tested and this was aug-
mented in the presence of IFN-y after 72 h (P < 0.0028).

3.10. IFN-y-induced PARP cleavage is augmented by
cisplatin in PEOI cells

We next looked at key molecules involved in apop-
tosis. In each case we used time points after 72 h as
combination treatment did not differ significantly from
sub-optimal cisplatin until this time. Cleaved PARP lev-
els were increased 8-fold in PEOL cells treated with both
IFN-y and cisplatin after 72 h of exposure when com-
pared to untreated cells (Fig. 7(d)). This was greater
than the amount of cleaved PARP detected in cells trea-
ted with one drug alone (2.4-fold increase with IFN-y

and 3.7-fold increase with cisplatin compared to un-
treated control).

3.11. IFN-y-induced Bid cleavage in PEOI cells is
enhanced by cisplatin

Levels of intact Bid were decreased by two fold in
PEOL1 cells treated for 72 h with IFN-y (200 U/ml) and
cisplatin (100 ng/ml) (Fig. 7(d)). The decrease was grea-
ter than in cells treated with IFN-y (200 U/ml) alone.
Cisplatin treatment alone did not affect the level of
intact Bid.

3.12. The mitochondrial apoptotic pathway is activated by
IFN-y and cisplatin in PEOI cells

We investigated the intrinsic pathway in response to
the combination of IFN-y and cisplatin. Mitochondrial
membrane potential was analysed using MitoTracker
Red CMXRos (Fig. 8(a) shows a representative experi-
ment). The percentage of cells with reduced mitochon-
drial membrane potential was increased by treatment
with IFN-y or cisplatin after 96h (2.7% and 3.2%
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respectively, compared with 1.4% of untreated cells).
The combination of IFN-y and cisplatin raised the
amount of cells with reduced mitochondrial potential
to 7.5%. This was significantly increased compared to
both IFN-y and cisplatin alone (P <0.0001; n=4).
The amount of dead cells was also significantly in-
creased by the combination of IFN-y and cisplatin com-
pared to either agent alone (P < 0.0001).

3.13. Cisplatin augments IFN-y-induced release of
cytochrome c into the cytosol

Immunoblot analysis of the cytosolic fraction re-
vealed that cytochrome ¢ levels in the cytoplasm were

elevated in cells treated with either IFN-y or cisplatin
after 72h and 96 h of exposure (Fig. 8(b)). At 72 h
IFN-vy increased cytochrome c¢ levels 2.7-fold, cisplatin
increased levels of cytochrome ¢ 3-fold and combination
treatment increased cytochrome ¢ levels 4-fold. At 96 h
IFN-y and cisplatin treatment alone increased cyto-
chrome ¢ release (2.3- and 2.5-fold compared with
untreated cells respectively) and this was increased to
3.7-fold in cells treated with a combination of IFN-y
and cisplatin.

4. Discussion

We, and others, have previously determined that
apoptosis (as measured, for example, by TUNEL and
EM) is induced by IFN-y in ovarian cancer cells
[4,21]. In this study we have concentrated on elucidating
the mechanisms by which this apoptosis occurs and sub-
sequently looked at the contribution apoptosis makes to
the well documented anti-proliferative effect of IFN-y.

We have shown that the intrinsic apoptosis pathway
was activated in response to IFN-y in ovarian cancer cell
lines. Published data on the importance of the regulation
of Bcl-2 family proteins suggest a role for mitochondrial
regulation of cell death in IFN-y-treated cancer cells.
For example, in gastric cancer, IFN-y treatment resulted
in increased Bak and decreased Bcl-2 expression [22].
Here we provide direct evidence for activation of this
pathway by; an IFN-y-induced collapse of mitochon-
drial membrane potential, cytochrome c¢ release into
the cytosol and caspase 9 activation. Future studies
could use systems in which mitochondrial activation is
blocked, for example in cell lines engineered to express
Bcl-2. This would provide further evidence for a domi-
nant role for the intrinsic pathway. Although the per-
centage of apoptotic cells measured after treatment
were not as substantial as those observed in model sys-
tems, it is worth remembering that apoptosis in response
to IFN-vy is asynchronous and the effects occur over a
period of days. Our data relates to cells analysed at a
snapshot in time. Thus, when z-VAD-FMK was used
to inhibit apoptosis over a prolonged period, the anti-
proliferative effect of IFN-y was substantially reduced
by one third.

An alternative way of activating the caspase cascade
is via the death receptors and caspase 8. There is a body
of evidence that suggests IFN-y induces the expression
of several members of the TNF receptor superfamily
in numerous cancer cell types and thus regulates control
of the extrinsic apoptotic pathway [23]. For example,
CD95 is upregulated in breast cancer cells [9,10]. In this
paper we have demonstrated that caspase 8 was cleaved
in IFN-y treated cells at an earlier time point than cas-
pase 9. Moreover, when caspase activity was inhibited,
cytochrome ¢ release was blocked. This suggests that
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caspase 8 activity upstream of the mitochondria is nec-
essary for the activation of the mitochondrial pathway
by IFN-v in these cells.

Bid, a Bcl-2 family member normally found in the
cytosol, can act to link the extrinsic and intrinsic apop-
tosis pathways. In the present work, levels of intact Bid
decreased in IFN-y sensitive ovarian cancer cells follow-
ing IFN-y treatment, in a caspase-dependent manner.
Upon digestion by proteases, in particular caspase 8§,
tBid translocates to the mitochondria where it induces
mitochondrial changes and strengthens the apoptotic
signal. This allows for mitochondrial amplification of
a weak caspase 8 signal following death receptor ligation
[24]. In our system, therefore, tBid is a likely candidate
in the initiation of the mitochondrial pathway in re-
sponse to IFN-y. This would certainly correlate with
other data in the literature that Bid cleavage in response
to certain chemotherapy agents activates the mitochon-
drial pathway and amplifies the apoptotic signal [25]. In
summary, we conclude that the intrinsic apoptosis path-
way is acting downstream of caspase 8 activation as an
amplification loop following IFN-y treatment. To con-
firm the importance of death receptor-mediated path-
ways in IFN-y-induced apoptosis, it would be
interesting in future studies to generate dominant nega-
tive FADD clones.

The anti-proliferative mechanisms by which IFN-y
exerts its effects appears to be cell type specific [26] for
example, in pancreatic cancer cells IFN-y induces apop-
tosis [27] and in prostate cancer cells IFN-y induces cell
growth arrest [28]. However there is little evidence from
the literature investigating both responses in the same
cells at the same time. By using a general caspase inhib-
itor we have demonstrated that both caspase-dependent
apoptosis and growth arrest are important in the anti-
proliferative effects of IFN-y in ovarian cancer cells.
Controversy exists in the literature over the specificity
of z-VAD-FMK. Some studies suggest it can inhibit
proteases other than the caspases, for example cathepsin
B and -H, which can also be involved in the induction of
apoptosis [29,30]. However, in the present study, when
the specific cathepsin B inhibitor z-FA-FMK was added
to our cells no effect on either growth inhibition or
induction of apoptosis in response to IFN-y was de-
tected (data not shown). It is of note that the timing
of the growth arrest observed in this study correlates
with the induction of molecules, such as p21Cip !
responsible for blocking cell cycle progression in these
cells in response to IFN-y [4].

Whilst agents such as IFN-y which cause cell cycle ar-
rest and apoptosis may benefit a minority of patients, it
cannot compete with the current treatment regimes such
as platinum based drugs. Therefore we sought to deter-
mine whether IFN-y could enhance the in vitro anti-pro-
liferative effects of cisplatin. Earlier in vitro studies with
IFN-y and cisplatin in human ovarian cancer reported

synergistic actions [31,32]. However, the mechanisms re-
main unclear since neither an increase in platinum accu-
mulation in cells nor formation of total platinum-DNA
adducts or DNA repair were thought to be responsible.
A further understanding of how these two agents act to-
gether may be of benefit in the planning of future clinical
studies.

Controversy exists in the literature over how chemo-
therapy agents such as cisplatin exert their apoptotic ef-
fects, and whether caspase 8 or -9 is the dominant apical
caspase [33,34]. In this study, we showed that the intrin-
sic apoptosis pathway was activated in ovarian cancer
cells by cisplatin, and that this was augmented by the
presence of IFN-vy. In addition, cisplatin enhanced the
IFN-y-mediated reduction in the level of intact Bid.
Mediators such as calpain have been associated with cis-
platin cytoxicity in melanoma cells, via Bid cleavage [35]
but in our cells, levels of intact Bid were not reduced by
cisplatin treatment alone, either at 100 ng/ml or 1 pg/ml
(data not shown). Cisplatin enhancement of the IFN-y
effect on the decrease in Bid levels, may be the result
of cleavage by downstream executioner caspases as part
of a positive feedback loop to act on the mitochondria,
or cisplatin-mediated enhancement of extrinsic apopto-
sis. From these data we would hypothesise that cisplatin
and IFN-y act initially to trigger different but converg-
ing apoptotic pathways. Consequently, cellular response
to death signals is maximised.

In summary, we have shown that IFN-y mediates
apoptosis in a caspase-dependent manner with both
extrinsic and intrinsic pathways playing a role. Since
it is clear that IFN-y may provide therapeutic benefit
to ovarian cancer patients [15], part of which may be
attributed to the apoptosis of tumour cells in the asci-
tes [5], an enhanced understanding of the molecular
events underlying IFN-y-induced apoptosis may help
determine which patients are suitable for this therapy.
Novel combination therapies using biological agents
such as IFN-y with chemotherapy drugs are likely to
be of benefit to ovarian cancer patients. Our data pro-
vide evidence that this is a result of the targeting of
both apoptotic pathways together with an enhanced
G2-M arrest. Combination treatment may therefore
provide a viable treatment option for ovarian cancer,
especially for patients who cannot tolerate optimal
doses cisplatin.
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