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Abstract. Histone deacetylase inhibitors (HDIs) as well as
non-steroidal anti-inflammatory drugs including aspirin show
promise as antineoplastic agents. The treatment with both
HDIs and aspirin can result in hyperacetylation of proteins.
In this study, we investigated whether HDIs and aspirin
interacted in inducing anticancer activity and histone
acetylation. We found that the HDIs, suberoylanilide
hydroxamic acid and sodium butyrate, and aspirin cooperated
to induce cell death in the ovarian cancer cell line, A2780.
The effect was synergistic, as evidenced by Cl-isobologram
analysis. However, aspirin had no effect on histone
acetylation, neither in the absence nor presence of HDIs. To
gain insight into the mechanism underlying the synergistic
action of HDIs and aspirin, we employed the deacetylated
metabolite of aspirin, salicylic acid, and the cyclooxy-
genase-1- and -2-selective inhibitors, SC-560 and NS-398,
respectively. We found that HDIs and salicylic acid
interacted synergistically, albeit less efficiently than HDIs
and aspirin, to induce cancer cell death, suggesting that the
acetyl and the salicyl moiety contributed to the cooperative
interaction of aspirin with HDIs. SC-560 and NS-398 had
little effect both when applied alone or in conjunction with
HDIs, indicating that the combinatorial effect of HDIs and
aspirin was not the result of cyclo-oxygenase inhibition. In
conclusion, our study demonstrates that HDIs and aspirin
synergize to induce cancer cell death and, thus, provides a
rationale for a more in-depth exploration into the potential of
combining HDIs and aspirin as a strategy for anticancer
therapy.

Introduction

Histone deacetylase inhibitors (HDIs) are emerging as a
promising new class of relatively specific anticancer agents.
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Many in vitro and animal studies have demonstrated that they
can induce differentiation and apoptosis, inhibit cell
proliferation, and exert immune stimulatory and anti-
angiogenic activities in tumor cells (1,2). Additionally, HDIs
have been shown to enhance the anti-neoplastic efficiency of
other therapeutic regimens, such as ionizing radiation or
chemotherapy. Early-phase clinical trials revealed that HDIs
have anticancer activity in a variety of solid and hemato-
logical malignancies also in a clinical setting. HDIs function
by inhibiting histone deacetylases, thus increasing the
acetylation of lysine moieties in histones, in turn leading to
an increase in transcriptionally active chromatin.

Likewise, aspirin and aspirin-like agents, referred to as
non-steroidal anti-inflammatory drugs (NSAIDs), show
promise as antineoplastic drugs. Numerous studies suggest
that the use of NSAIDs, primarily aspirin, decreases the risk
of several malignancies (3-5), including ovarian cancer (6).
NSAIDs primarily function by inhibiting cyclooxygenase
(COX) activity, thereby preventing the biosynthesis of
prostaglandins (7), but also other modes of action may account
for their effects (8). Although there is mounting evidence that
their antineoplastic activity rests on their ability to promote
apoptosis in tumor cells, their way of action is under debate;
both COX-dependent and -independent cellular processes
seem to be involved (3,4,8).

Aspirin inhibits COX enzymes by the acetylation of a
specific serine residue. In addition, it has been reported to
acetylate other proteins, chiefly on lysine moieties (9). We,
thus, hypothesized that aspirin may cooperate with HDIs in
promoting histone acetylation and in exerting antitumor
effects. We investigated whether HDIs belonging to two
different structural classes, the hydroxamic acid derivative
suberoylanilide hydroxamic acid (SAHA; vorinostat) and the
short-chain fatty acid sodium butyrate (NaB), and aspirin
interacted synergistically to induce cell death in an ovarian
cancer cell line. Ovarian cancer appeared to be particularly
interesting, because i) treatment with NSAIDs including
aspirin have been demonstrated in vitro to reduce tumor
growth (10), i) an ovarian cancer mouse model study suggests
that addition of SAHA could potentially increase the efficacy
of the standard chemotherapeutic agent paclitaxel (11), and
iii) in a recent ex vivo study we showed that SAHA had
efficient activity against patient-derived ovarian cancer cells,
which displayed only marginal responsiveness to paclitaxel
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(12). In this study, we show that the combination of HDIs
with aspirin produced synergistic cytotoxic effects in A2780
ovarian cancer cells, while the combination of HDIs with
selective COX inhibitors had no effect.

Materials and methods

Reagents. SAHA and NS-398 were purchased from Alexis
(Griinberg, Germany). NaB, aspirin, and salicylic acid were
purchased from Sigma (Deisenhofen, Germany). SC-560 was
purchased from Merck Biosciences (Schwalbach, Germany).
Aspirin and salicylic acid were adjusted to pH 7.4 with NaOH.

Cell culture. A2780 ovarian carcinoma cells were maintained
in RPMI-1640 medium supplemented with 10% fetal calf
serum, 2 mM L-glutamine, 100 units/ml penicillin G sodium,
and 100 pg/ml streptomycin sulfate (media and supplements
were purchased from Biochrom, Berlin, Germany). Cells
were cultivated at 37°C in a humidified 5% CO, incubator
and routinely passaged when 90-95% confluent. Cell viability
was determined by the trypan blue exclusion test. Cells
were regularly inspected to be free of Mycoplasma with
Mycoplasma detection reagents from Roche (Mannheim,
Germany).

Treatment of cells. The cells were plated at 2x103 cells in
6-well plates and treated with SAHA or NaB for 1 h or left
untreated before application of aspirin (or alternatively
salicylic acid, SC-560, or NS-398). Aspirin was added directly
to the culture medium containing HDIs without a medium
change. Cells were then cultivated for another 48 h.

Flow cytometric analysis of cell death. Cell death was
assessed by determining the integrity of the cell membrane
by cytofluorometric analysis of propidium iodide (PI) uptake.
Cells were harvested after the indicated treatments, followed
by a 5-min incubation in 2 gg/ml PI (Sigma) in PBS at 4°C in
the dark. PI uptake was measured by flow cytometry analysis
on a Becton Dickinson (Heidelberg, Germany) FACSCalibur.
In each sample, 10,000 cells were analyzed; data were gated
to exclude debris. The results from the assays were analyzed
by the combination index (CI) method according to Chou
and Talalay (13) using Calcusyn software from Biosoft
(Cambridge, UK). CI values >1.1 indicate antagonism, between
0.9 and 1.1 additivism, and values <0.9 synergism.

Flow cytometric analysis of mitochondrial transmembrane
potential (Ay,,). Ay, was determined by assessing the
accumulation of the cationic lipophilic fluorochrome
3,3'-dihexyloxacarbocyanine iodide [DiOC(3)] in the
mitochondrial matrix. After the indicated treatments, cells
were incubated with 50 nM DiOC4(3) (Molecular Probes,
Eugene, OR, USA) at 37°C for 30 min prior to harvesting.
After washing, 10,000 cells were analyzed using a FACS-
Calibur. Data were gated to exclude debris.

Western blot analysis. Cell were lysed on ice for 15 min in
40 mM Tris-HCI (pH 7.4), 150 mM NaCl, 1% Triton X-100,
0.5% sodium deoxycholate, and 0.1% SDS supplemented
with a protease inhibitor cocktail (Roche) followed by brief
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Figure 1. Induction of cell death in A2780 ovarian cancer cells by HDIs and
aspirin. After 1-h treatment with SAHA or NaB, cells were exposed to
aspirin for another 48 h. (A) Cell death was determined by flow cytometric
analysis of PI uptake. (B) Ay was assessed by flow cytometric analysis of
DiOCy(3) staining. Means + SD of each three separate experiments are
shown. (C) Immunoblotting for acetylated histone H3. After 1-h treatment
with SAHA, cells were exposed to aspirin for 24 h. Total protein (30 pg)
was separated by a 15% polyacrylamid gel.

sonification. Protein concentration was assayed using
bicinchoninic acid (Pierce, Rockford, IL) according to the
manufacturer's instructions. For immunoblotting, 30 pg of
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%ﬂ Is)l[})]3ASIC[1)\1TII)O(1)\I§fombination index values for SAHA plus aspirin. Table III. Combination index values for SAHA plus salicylic

4 acid.
SAHA (uM) Aspirin (mM) CI
SAHA (uM) Salicylic acid (mM) CI
1.0 1.0 434
1.0 20 0.65 10 10 6.5x108
10 40 0.28 1.0 20 7.6x10°
20 10 0.63 10 4.0 2.4x10*
20 20 0.55 2.0 1.0 0.82
20 40 0.14 2.0 20 0.71
40 10 0.29 2.0 4.0 0.49
40 20 0.19 4.0 1.0 0.45
40 40 0.07 4.0 20 0.42
4.0 4.0 0.38

Based on data from Fig. 1A, CI values were calculated using the
Cl-isobologram method of Chou and Talalay (13).

Table II. Combination index values for sodium butyrate plus
aspirin.

NaB (mM) Aspirin (mM) CI

2.0 1.0 2.73
2.0 2.0 1.44
2.0 4.0 0.13
4.0 1.0 0.58
4.0 2.0 0.39
4.0 4.0 0.06
6.0 1.0 0.30
6.0 2.0 0.18
6.0 4.0 0.03

Based on data from Fig. 1A, CI values were calculated using the
Cl-isobologram method of Chou and Talalay (13).

total cellular protein per lane were separated by standard
SDS-PAGE on 10% gels and electrophoretically transferred
to PVDF membranes (Millipore, Eschborn, Germany). After
blocking in PBS containing 5% dry milk and 0.05% Tween-20,
acetylated histone H3 was immunodetected using rabbit
anti-acetylated histone H3 (dilution 1:10,000; Upstate
Biotechnology, Lake Placid, NY) polyclonal antibody. Even
loading of protein was verified by detection of GAPDH using
mouse anti-GAPDH monoclonal antibody (dilution 1:10,000;
Biodesign International, Saco, ME). Peroxidase-conjugated
goat anti-rabbit or anti-mouse [gGs (dilution 1:12,500;
Dianova, Hamburg, Germany) followed by enhanced chemi-
luminescence (Amersham Biosciences, Freiburg, Germany)
were used for detection.

Results

Effect of histone deacetylase inhibitors in combination with
aspirin in A2780 ovarian cancer cells. To test a possible
favorable cytotoxic interaction between HDIs and aspirin, we

Based on data from Fig. 2A, CI values were calculated using the
Cl-isobologram method of Chou and Talalay (13).

initially monitored cell death by flow cytometric analysis of
PI uptake. After 1-h treatment with SAHA (1-4 yM) or NaB
(2-6 mM), A2780 cells were exposed to aspirin (1-4 mM) for
another 48 h. As presented in Fig. 1A, non-pretreated cells
were marginally sensitive to aspirin under these conditions.
However, when cells were pre-exposed to HDIs, aspirin
evoked cell death in a concentration-dependent manner. For
example, in the presence of 2 yM SAHA, which was not
cytotoxic by itself, treatment with aspirin caused cell death in
<29.4% of cells. We tested the combination of HDIs and
aspirin for synergy by the CI-isobologram method (CI<0.9 is
indicative for a synergistic interaction) (13). This analysis
revealed clear synergy for all combinations involving 2 and
4 uM SAHA (CI, 0.07-0.63; Table I) as well as 4 and 6 mM
NaB (CI, 0.03-0.58; Table II).

HDIs as well as aspirin have been shown to induce cell
death by affecting the mitochondria (14,15). Thus, in order to
verify the observed cooperative interaction of HDIs and
aspirin by another read-out, we determined Awy,,. We found
that aspirin as a single agent had little effect on mitochondria
(Fig. 1B). Likewise, SAHA or NaB applied alone resulted in
decay of Ay, in maximally 18.4% of cells. However, in the
combined drug group, we observed Ay, dissipation in up to
74.2% of cells.

We employed Western blot analysis to examine the effect
of HDIs and aspirin on the acetylation status of histone H3.
After 1-h treatment with SAHA, A2780 cells were exposed
to aspirin for 24 h, and histone H3 acetylation was analyzed
by an acetylated H3-specific antibody. As demonstrated in
Fig. 1C, aspirin had no effect on histone acetylation, neither
in the absence nor presence of SAHA, while SAHA and NaB
induced histone H3 hyperacetylation. Different incubation
times with aspirin (1-48 h) did not result in increased histone
acetylation (not shown).

Effect of histone deacetylase inhibitors in combination with
salicylic acid, SC-560, or NS-398. To investigate whether the
synergistic action of HDIs and aspirin was due to the acetyl
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Figure 2. Induction of cell death in A2780 cells by HDIs and salicylic acid,
SC-560, or NS-398. After 1-h treatment with HDIs, cells were exposed to
(A) salicylic acid or (B) SC-560 or NS-398 for another 48 h. Cell death was
determined by flow cytometric analysis of PI uptake. Means + SD of each
three separate experiments are shown.

or the salicyl moiety of aspirin, we combined SAHA and
NaB with salicylic acid, the deacetylated metabolite of aspirin.
Fig. 2A shows that salicylic acid alone was hardly toxic to
A2780 cells. Low doses of HDIs (1 uM SAHA, 2 mM NaB),
which already sensitized cells to aspirin (Fig. 1A), had no
effect on the susceptibility to salicylic acid. However, in
conjunction with higher concentrations of HDIs, salicylic acid
elicited cell death in a dose-dependent manner. These data
were tested for synergy by the Cl-isobologram method. The
calculated CI values (0.24-0.82) indicated a synergistic to
weakly synergistic effect (Tables III and IV). In order to
investigate whether the synergistic induction of cell death by
HDIs and aspirin involved the inhibition of COX activity, we
employed SC-560 and NS-398, selective inhibitors of COX-1
and -2, respectively. As demonstrated in Fig. 2B, SC-560 and
NS-398 were hardly cytotoxic in A2780 cells when applied
alone or in conjunction with HDIs.

Discussion

This study was driven by the hypothesis that HDIs and
aspirin might interact cooperatively to induce cell death and
increase histone acetylation in cancer cells. We found that
the HDIs SAHA and NaB cooperated with aspirin in exerting
a cytotoxic effect on A2780 ovarian cancer cells, as judged
by flow cytometric analyses of PI uptake and Ay,,. The CI-
isobologram analysis provided evidence that the interaction
between HDIs and aspirin was truly synergistic. However,
contrary to our expectations, we did not observe a combina-
torial action of HDIs and aspirin on histone acetylation.
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Table IV. Combination index values for sodium butyrate plus
salicylic acid.

NaB (mM) Salicylic acid (mM) CI
2.0 1.0 3.8x10°
2.0 20 1.69
2.0 4.0 9.02
4.0 1.0 0.68
4.0 20 043
4.0 40 0.37
6.0 10 0.35
6.0 20 0.24
6.0 40 0.24

Based on data from Fig. 2A, CI values were calculated using the
Cl-isobologram method of Chou and Talalay (13).

Treatment with aspirin had no effect on the acetylation status
of histones, neither in the presence nor absence of HDIs
(while SAHA and NaB induced pronounced histone
hyperacetylation). It can therefore be concluded that the
synergistic cytotoxic action of HDIs and aspirin did not arise
from a cooperative induction of histone acetylation.
However, in addition to histones, many non-histone proteins
are modified by acetylation and, thus, are potential targets of
HDIs (16). For example, the acetylation of p53 has been
shown to stimulate its DNA-binding activity (17). Therefore,
we cannot exclude the possibility that HDIs and aspirin
may cooperate in inducing hyperacetylation of non-histone
proteins.

In order to gain insight into the mode of action of the
combination treatment with HDIs and aspirin, we employed
salicylic acid, the deacetylated metabolite of aspirin. If the
combination of HDIs with salicylic acid was as efficient
as the combination of HDIs with aspirin, an acetyl group-
independent action of aspirin could be concluded. Vice versa,
a lesser efficacy of the combination of HDIs with salicylic
acid would indicate an acetyl group-dependent action. Our
results suggest that both the acetyl and the salicyl moiety
contribute to aspirin's synergistic interaction with HDIs. On
the one hand, we noted a cooperative effect of HDIs with
salicylic acid, and Cl-isobologram analysis indicated that it
was synergistic. On the other hand, the combination of HDIs
and salicylic acid was less potent than the combination of
HDIs and aspirin; in particular, low concentrations of SAHA
or NaB sensitized cells to aspirin but not to salicylic acid.

Aspirin is supposed to function primarily by inhibiting
COX activity. Two COX isoforms have been described:
COX-1 is constitutively expressed in many tissues, while
COX-2 is inducible by diverse stimuli, such as growth factors,
cytokines, and mitogens (7). In the majority of studies, the
antineoplastic effects of NSAIDs including aspirin have been
attributed to the inhibition of COX-2 (18,19). However,
Daikoku et al have reported that the COX-1-selective inhibitor
SC-560 reduced tumor growth in a mouse model of ovarian
carcinoma, suggesting that COX-1 may also be a target for
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activity, we studied the effect of SC-560 and the COX-2-
selective inhibitor NS-398 in combination with HDIs. The
COX inhibitors had little effect when applied alone or in
conjunction with SAHA or NaB, arguing against the
possibility that the combinatorial effect of HDIs and aspirin
stemmed from the inhibition of COX-1 or -2. In concor-
dance, in a recent assessment of aspirin and non-aspirin
NSAID use in postmenopausal women, only aspirin use was
found to be associated with lower cancer incidence and
mortality (21).

Therefore, which mechanism may account for the
synergistic interaction of HDIs and aspirin? Since our results
militate against a combination effect on histone acetylation or
COX activity, we can presently offer only some speculative
explanations. For example, HDIs have been shown to
cooperate with the proteasome inhibitor bortezomib (22),
and aspirin has been reported to inhibit proteasome function
(23). Likewise, HDI-induced cell death can be augmented by
inhibiting the antiapoptotic transcription factor NF-xB
(24.25), whose activation is blocked by aspirin and salicylic
acid (26,27). It is currently under discussion that salicylates
and other NSAIDs in general may have synergistic efficacy
when combined with anticancer agents (28,29). However,
there are also a number of studies that suggest otherwise. For
example, it has been shown that aspirin can induce resistance
against doxorubicin in prostate cancer cells (30) and that it
can antagonize the apoptotic response of colon cancer cells to
etoposide and irinotecan (31). NS-398 has been reported to
protect ovarian cancer cells against paclitaxel (32) and another
COX-2-selective inhibitor, nimesulide, has been found to
inhibit the cytotoxic effect of cisplatin in head and neck cancer
cells (33). Therefore, a potential benefit of adding NSAIDs to
anticancer chemotherapy may depend on the tumor entity and/
or the drug applied and must be unambiguously established.
Our study demonstrates that HDIs and aspirin interact
favorably in A2780 ovarian cancer cells and, hence, suggests
that the combination of HDIs and aspirin warrants a more
in-depth exploration for the treatment of cancer.
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