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Panobinostat synergizes with zoledronic acid in
prostate cancer and multiple myeloma models by
increasing ROS and modulating mevalonate and
p38-MAPK pathways

F Bruzzese1, B Pucci2, MR Milone2, C Ciardiello1, R Franco3, MI Chianese1,7, M Rocco1, E Di Gennaro1, A Leone1, A Luciano4, C Arra4,
D Santini5, M Caraglia6 and A Budillon*,1,2

Patients with advanced prostate cancer (PCa) and multiple myeloma (MM) have limited long-term responses to available
therapies. The histone deacetylase inhibitor panobinostat has shown significant preclinical and clinical anticancer activity in
both hematological and solid malignancies and is currently in phase III trials for relapsed MM. Bisphosphonates (BPs), such as
zoledronic acid (ZOL), inhibit osteoclast-mediated bone resorption and are indicated for the treatment of bone metastasis. BPs,
including ZOL, have also shown anticancer activity in several preclinical and clinical studies. In the present report, we found a
potent synergistic antiproliferative effect of panobinostat/ZOL treatment in three PCa and three MM cell lines as well as in a PCa
ZOL-resistant subline, independently of p53/KRAS status, androgen dependency, or the schedule of administration. The
synergistic effect was also observed in an anchorage-independent agar assay in both ZOL-sensitive and ZOL-resistant cells and
was confirmed in vivo in a PCa xenograft model. The co-administration of the antioxidant N-acetyl-L-cysteine blocked the
increased reactive oxygen species generation and apoptosis observed in the combination setting compared with control or
single-agent treatments, suggesting that oxidative injury plays a functional role in the synergism. Proapoptotic synergy was also
partially antagonized by the addition of geranyl-geraniol, which bypasses the inhibition of farnesylpyrophosphate synthase by
ZOL in the mevalonate pathway, supporting the involvement of this pathway in the synergy. Finally, at the molecular level, the
inhibition of basal and ZOL-induced activation of p38-MAPK by panobinostat in sensitive and ZOL-resistant cells and in tumor
xenografts could explain, at least in part, the observed synergism.
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Despite continuing efforts to develop effective and safe
therapies for patients with locally advanced, recurrent, or
metastatic prostate cancer (PCa), the overall survival,
particularly in castration-resistant stage, has not improved
significantly.1,2 Similarly, although novel antimyeloma agents
have managed to significantly increase patients’ overall
survival in the past decade, multiple myeloma (MM) remains
an incurable disease, and novel therapeutic approaches are
urgently needed.3 Another major clinical challenge depends
on the propensity of advanced PCa to metastasize to bone,
which is primarily responsible for its effect on patient morbidity

as well as mortality.4 On the other hand, bone marrow plasma
cell overgrowth in MM induces osteolytic bone lesions, and
several pieces of evidence suggest that the interaction
between myeloma cells and the surrounding bone marrow
microenvironment is critical for the progression of the
disease.4,5

Nitrogen-containing bisphosphonates (N-BPs) such as
zoledronic acid (ZOL) are currently used in oncological
practice to reduce skeletal complications and pain, especially
during myeloma and the metastatic phase of breast cancer
and PCa.6 Several reports suggest that N-BPs including ZOL
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exert potent antitumor effects in several cancer cell types
including PCa and MM7 as well as in cancer patients.8–11

N-BPs reduce bone loss in both osteoporosis and meta-
static cancer by interfering with the mevalonate pathway
inhibiting farnesylpyrophosphate (FPP) synthase. This inhibi-
tion causes FPP and geranylgeranyl pyrophosphate (GGPP)
deprivation with a consequent inability to farnesylate and
geranylate small GTPases of the RAS superfamily that
eventually stop osteoclast-mediated bone resorption.7,12

Notably, geranylgeranylated Ras and Rho family proteins
are involved in different cellular processes that are critical for
tumor development and progression, suggesting that the
inhibition of protein geranylgeranylation is an important
antitumor treatment strategy.13,14

Recently, our group has focused its interest on histone
deacetylase inhibitors (HDACi), a new class of antitumor
agent that demonstrated synergistic antitumor activity in
combination with conventional anticancer agents and/or
molecular target drugs.15–19 However, the clinical efficacy of
HDACi, particularly in solid tumors, remains elusive, most
likely because of the lack of understanding of the best context
and combination regimen for their clinical use.20

The HDACi panobinostat (LBH589) has shown significant
preclinical and clinical anticancer activity in both hematologi-
cal and solid malignancies and is currently in phase III studies
for relapsed MM.21,22

In this study, we sought to preclinically define the potential
anticancer effect of panobinostat in combination with ZOL in
PCa and MM preclinical models. We demonstrated a
synergistic antitumor activity of the two drugs both in vitro
and in vivo. We also demonstrated that oxidative injury may
play a functional role in the increased cell death observed in
the combination treatment setting and that panobinostat may
antagonize the acquired resistance to ZOL. Finally, at the
molecular level, we present evidence that both the mevalo-
nate and p38-mitogen-activated protein kinase (MAPK)
pathways are involved in the mechanism of the synergistic
antitumor effect.

Results

Panobinostat synergistically interacts with ZOL in PCa
and MM cells. LNCaP, PC3, and DU145 PCa cells and
RPMI8226, KMS12BM, and KMS21BM MM cells appeared
responsive to the antiproliferative effect of panobinostat at
nM concentrations, independently of p53 or KRAS status or
any additional features23 (Table 1). ZOL effect varies among
cell lines at mM concentrations, with LNCaP and RPMI8226
being the most resistant (Table 1). We investigated in all cell
lines the effect of panobinostat/ZOL combination, exploring
different treatment schedules, either simultaneously or
sequentially (with a 24 h delay between the two agents), at
equitoxic concentrations (50 : 50 cytotoxic ratio). We
obtained consistent synergistic effects, with low combination
indexes (CIs), calculated at 50% (CI50) of cell lethality
(highlighted in gray), in all cell lines independently from the
schedule of administration (Table 2). The synergistic inter-
action between the two drugs was confirmed by the
evaluation of the dose reduction indexes (DRIs), which

represent the order of magnitude (fold) of dose reduction
obtained for the IC50 (DRI50) in combination versus single-
drug treatments (Table 2), and by soft agar assay (see
below, Figure 1).

Panobinostat increases the ZOL-mediated antitumor
effect in ZOL-resistant PCa cells. To investigate whether
panobinostat can overcome resistance to ZOL, we took
advantage of the ZOL-resistant DU145R80 subline developed
in our laboratory from DU145 cells,24 and showing a
sixfold higher IC50 of ZOL compared with parental cells
(Table 1). Notably, even in these cells, which were also
slightly more resistant to panobinostat (Table 1 and
Supplementary Figure S1), we observed a clear synergism
(Table 2). To confirm the synergistic effect observed thus far,
a soft agar clonogenic assay was used to determine the
effect of panobinostat and ZOL, alone or in combination, on
DU145 (Figure 1a) and DU145R80 cells (Figure 1b).
In DU145, panobinostat at IC25

96 h or IC50
96 h doses resulted in

B37% and 45% colony formation inhibition, respectively.
At same doses in DU145R80, we obtained a statistically
significant 41% inhibition only with the higher dose of
panobinostat, confirming that this cell line is slightly more
resistant compared with DU145. Conversely, ZOL at IC25

96 h or
IC50

96 h in DU145 resulted in B45% and 85% colony formation
inhibition, respectively, whereas the DU145R80 were
completely resistant. The concomitant panobinostat/ZOL
treatment in DU145, at IC25

96 h and IC50
96 h of both agents,

demonstrated B80% and 97% inhibition, respectively,
whereas only the higher dose combination resulted in a
significant 75% inhibition in DU145R80.
These data clearly confirmed the significant potentiation of

the antiproliferative effect when the two agents were
combined in both ZOL-sensitive and ZOL-resistant cells.

The synergistic interaction of panobinostat/ZOL is
mediated by ROS-induced apoptosis. To assess the
mechanism of the synergistic antiproliferative effect, we
evaluated apoptosis as well as reactive oxygen species
(ROS) generation. As shown in Figure 2, the panobinostat/
ZOL combination induced a clear increase of apoptosis in
PC3 cells (Figure 2a, upper panels) as compared with single
agents, and this effect was paralleled by a significant
increase in ROS levels (Figure 2a, lower panels). Similar
results were also obtained in DU145 and KMS12BM cells
(Figures 2b and c) in which the ROS production induced by
the combination was comparable with that induced by a 24 h
exposure to H2O2 (positive control). Moreover, the
co-administration of the antioxidant N-acetyl-L-cysteine
(NAC) antagonized the panobinostat/ZOL-mediated increase
of both ROS and apoptosis in DU145 and KMS12BM cells
(Figures 2b and c), confirming that oxidative injury plays a
functional role in the enhanced lethality observed in the
combination setting. Consistent with these findings, western
blot analysis showed increased poly-(ADP-ribose)-poly-
merase (PARP) and caspase-3 cleavage in KMS12BM cells
treated with the combination versus single agents, and this
effect was completely antagonized by NAC (Supplementary
Figure S2a). Notably, in the normal prostate epithelial cell
line EPN,25 no synergistic interaction was observed in the

Panobinostat/zoledronic acid synergistic effect
F Bruzzese et al

2

Cell Death and Disease



combination setting, although either panobinostat or
ZOL alone induced an apoptotic effect (Supplementary
Figure S2b).
Furthermore, to investigate whether the synergistic inter-

action between panobinostat and ZOL occurred via the
mevalonate pathway, we evaluated apoptosis in the presence
of geranyl-geraniol (GGOH) that overcomes the inhibition of
FPP synthase induced by ZOL.26,27 As shown in Figure 2b,
the addition of GGOH did not influence panobinostat effect,
but it did inhibit ZOL-induced apoptosis and completely
antagonized the synergistic effect in both DU145 and
KMS12BM cells. Interestingly, the effect of GGOHwas further
improved, at least in DU145 cells, by concomitant treatment
with NAC (Figure 2b). As a surrogate marker of N-BP uptake
in our cancer models, we analyzed the expression of
unprenylated Rap-1A (uRap-1A), a molecule that is shown
to accumulate in cells as a result of the N-BP-mediated
inhibition of FPP synthase and consequently of prenylation.
The increased accumulation of uRAP-1A was observed after
24 h of treatment with ZOL, or the combination, in both PC3
and DU145 cells (Figure 3c). Increased acetylation of histone
H3 was used as control of panobinostat effect (Figure 3c).
All together, these findings suggested that oxidative injury

plays a significant functional role in the enhanced lethality

induced by the panobinostat/ZOL combination in PCa and
MM cells, but not in normal prostate epithelial cells. In
addition, the synergistic interaction between the two agents
involves, at least in part, the mevalonate pathway.

The inhibition of the ZOL-induced p38-MAPK activation
by panobinostat plays a critical role in the synergistic
effects of the two drugs. To further assess the synergism
at the molecular level, we evaluated several pathways in
untreated or treated PC3 and DU145 cells by a multiplex
phosphoprotein enzyme-linked immunosorbent assay
(ELISA) assay. As shown in Figure 3, within 24 h, both
agents, among several pathways examined (data not
shown), were able to modulate either AKT or ERK,
depending on the cell line evaluated, with any interaction
observed in the combination setting. In contrast, ZOL
induced an B2- and 1.3-fold increase of p38-MAPK
activation in PC3 and DU145 cells, respectively, compared
with untreated cells (Figures 3a and b), and this effect was
completely abrogated by concomitant treatment with pano-
binostat. These results were confirmed by western blotting
analysis that showed a sustained inhibition by panobinostat
of the ZOL-induced p38-MAPK and heat shock protein-27
(HSP27) activation, the latter a well-known substrate of

Table 2 Combination index (CI) a and dose reduction index (DRI) b values according to the different exposure of panobinostat/ZOL

Cell lines PanobinostatþZOL Panobinostat �4 ZOL ZOL �4 panobinostat

CI50 (±S.D.)a bDRI50 (±S.D.)
Panobinostat ZOL

CI50 (± S.D.)a bDRI50 (±S.D.)
Panobinostat ZOL

CI50(±S.D.)a bDRI50(± S.D.)
Panobinostat ZOL

LNCAP 0.48 (0.07) 8.58 (3.56) 3.2 (0.71) 0.59 (0.12) 8.6 (2.7) 2.4 (0.44) 0.52 (0.09) 3.63 (1.23) 6.4 (5.27)
PC3 0.63 (0.098) 4.15 (1.76) 2.96 (1.5) 0.55 (0.2) 7.05 (4.9) 4.4 (3.92) 0.69 (0.007) 3.4 (1.97) 3.5 (2.22)
DU145 0.31 (0.03) 5.75 (0.32) 7.28 (0.98) 0.49 (0.08) 3.11 (0.04) 4.06 (4.96) 0.48 (0.0049) 4.52 (1.2) 4.0.5 (1.04)
RPMI8226 0.58 (0.26) 4.16 (2.5) 4.23 (1.96) 0.48 (0.07) 5.03 (0.24) 3.48 (0.83) 0.89 (0.43) 5.32 (4.34) 1.72 (0.59)
KMS12BM 0.67 (0.1) 0.13 (0.1) 1.68 (0.1) 0.46 (0.09) 0.14 (0.2) 1.76 (0.24) 0.61 (0.19) 0.12 (0.4) 3.15 (0.3)
KMS21BM 0.18 (0.2) 4.1 (0.1) 16.32 (5.42) 0.63 (0.55) 2.49 (3.5) 22.96 (0.2) 0.76 (0.21) 2.7 (0.33) 2.61 (2.1)
DU145R80 0.69 (0.14) 1.65 (0.07) 3.9 (0.84)

aCI values (mean±S.D. from at least three separate experiments performed in quadruplicates) computed at 50% of cell kill (CI50) by CalcuSyn software (Biosoft,
Cambridge, UK). Evaluation of CIs at equipotent doses (50 : 50 cytotoxic ratio) of the sequential exposure of the two agents panobinostat/ZOL. Simultaneous
treatment (panobinostatþZOL), sequential exposure with 24 h delay, to either drug (panobinostat-ZOL or ZOL-panobinostat). CIso0.8 indicated synergism and
are highlighted in gray
bDRI values (mean±S.D. from at least three separate experiments performed in quadruplicates) represent the order of magnitude (fold) of dose reduction obtained
for IC50 (DRI50) in combination setting compared with each drug alone

Table 1 Prostate cancer (PCa) and myeloma multiple (MM) cell lines

Cell lines Origin p53 RAS Additional featuresa Panobinostat
IC50 (lM)
96h±S.D.

ZOL
IC50 (lM)
96h±S.D.

LNCaP PCa WT WT ARþ ; androgen dep.; PTEN� mut; JAK1-mut 0.05±0.02 55±6
PC3 PCa Null WT AR-null; androgen ind.; PTEN-null 0.1±0.05 6.25±0.0001
DU145 PCa Mut WT ARþ ; androgen ind; PTEN� WT; CDKN2A-mut; MLH1-mut; RB1-mut;

STK11-null
0.05±0.014 22.99±0.2

RPMI8226 MM Mut Mut CDKN2C-mut; EGFR-mut 0.036±0.005 40±3.2
KMS12BM MM Null WT IL-6R, Cyclin D1, and BCL2 chromosomal gains; B7H1- and RS1

chromosomal losses.
0.2±0.01 2.5±0.9

KMS21BM MM Null WT IL-6R, Cyclin D1, and BCL2 chromosomal gains; B7H1- chromosomal
loss.

0.031±0.05 20±2.8

DU145R80 PCa Mut WT DU145-derived ZOL-resistant cell line 0.071±0.023 145.90±1.8

aFor LNCaP, PC3, DU145, and RPMI8226, information has been derived fromwww.sanger.ac.uk. For KMS12BM and KMS21BM, information has been derived from
Kaizu et al
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p38-MAPK, in both PC3 and DU145 cells (Figure 3c and
Supplementary Figure S3). Conversely, the basal activity of
p38-MAPK and HSP27 was only slightly modulated by
panobinostat. Although less evident, similar results were
obtained in KMS21BM cells (Supplementary Figure S2).
Interestingly, in a recent report, we demonstrated that ZOL

resistance in DU145R80 cells is mediated by a strong
activation of the p38-MAPK-dependent pathway.24 In these
cells, showing higher basal p38-MAPK phosphorylation
compared with DU145, panobinostat completely downregu-
lated p38-MAPK activation (Figure 3d). Finally, the role of
p38-MAPK in the observed synergistic effect was additionally
confirmed by demonstrating that the p38-MAPK inhibitor
SB203580 increased apoptosis in ZOL-exposed DU145 cells
(Supplementary Figure S4).
Altogether, these data showed that the inhibition of ZOL-

induced p38-MAPK activation by panobinostat plays a critical
role in the synergistic effects between the two drugs and
confirmed previous findings that identified p38-MAPK as
significantly involved in the sensitivity of cancer cells to the
antitumor effect of ZOL.28–30

In vivo activity of panobinostat/ZOL combined treatment
in a PCa xenograft model. To assess whether the
synergistic antitumor effects demonstrated in vitro could be
confirmed in vivo, we used a DU145 xenograft flank model.

As shown in Figure 4a, tumors in untreated mice grew rapidly
and reached the end point size within 3 weeks of treatment.
In the ZOL-treated group, the average tumor volume was
slightly increased compared with untreated mice, whereas
panobinostat treatment produced a measurable but modest
tumor volume reduction compared with untreated mice
(Figure 4a). However, a significant inhibition of tumor growth
was found in the panobinostat/ZOL group (Figure 4a).
Moreover, the resulting tumor growth delay (TGD) induced
by the combination reached a peak of almost 40% compared
with 20% in the panobinostat group, indicating that the rate of
tumor growth in the control was almost 1.6-fold higher than in
the combination setting (Figure 4b). The combined treatment
was well tolerated, as shown by the maintenance of body
weight (Figure 4a, inset) and by the absence of other signs of
acute or delayed toxicity.
Our analysis of hematoxylin and eosin (H&E)-stained slides

from the DU145 xenograft tumors showed an increase in the
percentage of necrotic cells in the panobinostat/ZOL group
compared with the untreated or the single-agent groups
(*Po0.001; Figure 4c). Notably, a significant increase of
apoptosis was also demonstrated by terminal deoxynucleo-
tidyltransferase (TdT)-mediated dNTP labeling (TUNEL)
assay in the panobinostat/ZOL group compared with control
and single-agent groups (*Po0.001; Figure 4c). The analysis
of histone H3 acetylation, assumed as a pharmacodynamic
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Figure 1 Synergistic inhibition of soft agar colony formation by the panobinostat/ZOL combination in DU145 and DU145R80 cell lines. Soft agar clonogenic assay in
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DU145R80: *Po0.001 combination versus control or ZOL; **Pr0,008 panobinostat versus control and combination versus panobinostat)
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marker of the deacetylase inhibitor effect, demonstrated a
significant increase in both the panobinostat and panobino-
stat/ZOL groups as compared with control (*Po0.001;
Figure 4c).
Finally, as shown in Figures 4d and e, we confirmed by

western blotting analysis that panobinostat also suppresses
basal and ZOL-induced p38-MAPK and HSP27 activation in
xenografted tumors.

Discussion

In the present study, we demonstrated that the combination of
N-BP ZOL with HDACi panobinostat induces synergistic
antiproliferative and proapoptotic effects in PCa and MM cell

lines, regardless of androgen dependency or the p53 and
KRAS mutational status. Moreover, the effect of the pano-
binostat/ZOL combination in both PCa and MM cells was not
schedule dependent, an observation that could be clinically
relevant because a less stringent condition of drug adminis-
tration would make this combination easily adaptable for
clinical application.
We have also shown a clear synergism between the two

agents in the DU145R80 ZOL-resistant PCa cell model,
providing evidence for the first time that an HDACi can
overcome resistance to ZOL. Finally, consistently with the
in vitro data, the synergistic antitumor effect of panobinostat/
ZOL combination was also observed in vivo in a xenograft
PCa model in nude mice. In detail, although we did not
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observe evidence for tumor regression, a significant inhibition
of tumor growth was found in the panobinostat/ZOL versus
single-agent treatments, together with more prominent
histopathologic changes such as higher apoptotic activity
and necrosis.
HDACis, including panobinostat, have been shown to be

preclinically active in the suppression of PCa and MM growth,
both in vitro and in vivo.21,31 Panobinostat, like other HDACi, is
currently undergoing a large clinical development program
in MM in combination regimens,21 and a clinical study in
combination with docetaxel has recently been concluded in
PCa patients.22 In addition to several preclinical studies, three
randomized studies have demonstrated an anticancer benefit
for ZOL that is distinct from its effect on bone in women
receiving adjuvant endocrine therapy for early breast

cancer.8–10 Notably, a recent trial for MM demonstrated
increased overall survival induced by ZOL, independently of
the prevention of skeletal-related events, confirming a
treatment benefit of this agent beyond bone health.11

However, a direct therapeutic activity of ZOL on tumors has
been questioned because ZOL is readily excreted from the
kidneys and cannot be maintained at high concentrations
except in bone tissues.32,33 In humans, ZOL is administered
once every 3 to 4 weeks with a peak serum concentrations in
the range of 1–3 mM that are detectable for few hours in the
peripheral blood.34 The IC50 values of ZOL in our experi-
mental cell models range from a minimum of 2.5 mM to a peak
of 55 mM, and the cells are exposed for 24 h up to few days,
thus clearly above the human peak serum concentrations.
However, by combining ZOL with panobinostat, we showed
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Figure 3 p38-MAPK involvement in the interaction between panobinostat and ZOL. Phosphoprotein ELISA-based multiplex immunoassay (see Materials and Methods) in
PC3 (a) and DU145 (b) cells untreated (CTR) or treated for 24 h with panobinostat and/or ZOL at the IC50

96 h doses (panobinostat: 0.05mM, DU145; 0.1mM, PC3; ZOL: 17mM,
DU145; 6.25mM, PC3). (c) Western blotting analysis of phospho-p38-MAPK (p-p38-MAPK), p38-MAPK, unprenylated Rap-1A (uRap-1A), and acetylated histone H3 (AcH3)
in PC3 and DU145 cells treated as indicated above. Extracts (100mg) were resolved by SDS-PAGE and immunoblotted with specific antibodies. The numbers below the
panels indicate the ratio of phosphorylated to total p38-MAPK protein determined by densitometry. g-Tubulin served as the control for equal protein loading. (d) Western
blotting analysis of p-p38-MAPK and p38-MAPK in DU145R80 ZOL-resistant cells treated with panobinostat and/or ZOL at the IC50

96 h doses of wt DU145 cells. Extracts (60 mg)
were resolved by SDS-PAGE and immunoblotted using specific antibodies. The numbers below the panels indicate the ratio of phosphorylated to total p38-MAPK protein
determined by densitometry. g-Tubulin served as the control for equal protein loading

Figure 4 Antitumor activity of panobinostat and ZOL on established PCa xenografts. DU145 cells (7� 106) were s.c. injected into athymic mouse flanks as described in
the Materials and Methods. When established tumors were palpable (B200 mm3), mice were randomly assigned to four treatment groups (15 each): vehicles (CTR),
panobinostat (15 mg/kg i.p.), ZOL (0.1 mg/kg i.p.), or both drugs (COMB), 5 days/week for 2 weeks. (a) The mean±S.D. tumor volume measured at prespecified time points
(n¼ 10); *Po0.001. Inset, body weight measured three times/week. (b) Tumor growth delay (TGD) was determined as: %TGD¼ [(T�C)/C]� 100, in which T and C are the
mean times expressed in days for the treated or control group, respectively, to reach a defined tumor volume (see Materials and Methods). (c) Paraffin-embedded tissue was
prepared for each tumor. The necrotic areas were evaluated on H&E-stained tissue and defined as the percentage of necrosis inner to tumoral nodule. The TUNEL assay and
immunohistochemical analysis of histone H3 acetylation (AcH3) were evaluated as described in the Materials and Methods and were scored semiquantitatively for the
percentage of positive cells. Images were captured with a � 20 objective on a light microscope. The group means were calculated for n¼ 5–7 tumors per group. All of the data
are presented as average±S.D. (*Po0.001). (d) Western blotting analysis of phospho-p38-MAPK (p-p38-MAPK), p38-MAPK, phospho-HSP27 (p-HSP27), and HSP27 in
lysates from three different tumor from each treatment group (see Materials and Methods). Whole tumor protein lysates (60 mg) were separated by 10% SDS-PAGE,
transferred to nitrocellulose membranes, and immunoblotted with specific antibodies. g-Tubulin immunoblotting ensured the equal loading of samples in each lane.
(e) Densitometric analysis of western blotting from Figure 4d with NIH Image software. p-p38-MAPK and p-HSP27 levels were normalized to p38-MAPK and HSP27,
respectively. Values, expressed as the ratio to the CTR group, are the mean±S.D. of the three different tumors for each group. #Po0.05 COMB versus ZOL
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ZOL IC50 dose reduction from 1.7-fold to 420-fold versus
single-drug treatment. Similarly, clear dose reductions for
panobinostat IC50 were demonstrated in the combination
setting in both PCa and MM cells. Moreover, we observed a
statistically significant synergistic interaction between ZOL
and panobinostat in the agar assay using IC25 doses of both
agents. Furthermore, in the in vivo DU145 xenograft PCa
model, we clearly demonstrated delayed tumor growth in the
combination setting. Similarly, preclinical in vivo studies in
tumor models, including PCa, suggested that even low serum
ZOL concentrations are sufficient to exert antitumor effect in
peripheral tissues when combined with chemotherapeutics or
molecular-targeted agents.7,34–37 Interestingly, we did not
observe a significant apoptotic effect in the combination
setting in the normal epithelial prostatic cell line EPN,
suggesting that the synergistic interaction between the two
agents could be confined to tumor cells. Indeed, we did not
observe any increased loss of body weight or other signs of
acute or delayed toxicity in vivo in the combinatory treatment.
Mechanistically, the apoptotic effect could be, at least in

part, related to the parallel increase of ROS induced by the
combination compared with the separate administration of the
two drugs. Notably, the co-administration of NAC, which
abolishes the increased ROS levels induced by panobinostat/
ZOL, also significantly reduced apoptosis, suggesting a
causal role for oxidative damage in the induction of lethality.
Indeed, neoplastic cells are more vulnerable to increased
ROS because they function with a heightened basal level of
ROS-mediated signaling, and the panobinostat/ZOL combi-
nation could lead to the accumulation of intracellular ROS to
levels that exceed the cell’s metabolic capabilities to maintain
an acceptable physiological range and thereby induce
apoptosis in cancer cells but not in normal cells.
We and others have shown that the generation of ROS

represents an important mechanism by which high concentra-
tions of HDACis exert their lethality.15,38–40 The mechanism by
which this effect occurs involves alterations in the expression of
redox-related genes and/or mitochondrial homeostasis.19,40

A direct effect of ZOL as a single agent on ROS generation has
not been shown before; however, a recent report demonstrated
that the increased intracellular ROS levels and the cytotoxic
effect induced by ionizing radiation in cancer cells are
enhanced by cotreatment with ZOL and that this effect is
reduced by NAC.41 Notably, isoprenoids such as GGPP and
FPP, which are inhibited in the cells treated with ZOL, are
involved in the positive modulation of several nonsteroid
isoprenoids (e.g., heme-A, coenzyme-Q10, and dolichols) that
are related to antioxidant status.42 In light of these data, we can
hypothesize that ZOL treatment may potentiate HDACi-
induced oxidative stress by inhibiting the biosynthesis of
antioxidant isoprenoids. This hypothesis is further supported
by our results showing in both PCa and myeloma cell lines that
the synergistic induction of apoptosis by panobinostat/ZOL is
partially reverted by GGOH, which has been shown to
overcome the inhibition of FPP synthase induced by bispho-
sphonates, and is further inhibited by cotreatment with both
GGOH and NAC. This finding indicates that the interaction
between the two agents may occur via the mevalonate
pathway. A previous study investigating the combination of
ZOL and the HDACi vorinostat in vitro showed similar results.27

At the molecular level, we provided evidence that the
inhibition by panobinostat of basal as well as ZOL-induced
activation of p38-MAPK seems to play a critical role in the
mechanism of the synergism in both sensitive and ZOL-
resistant cells. We have shown that ZOL induces, within 24 h,
a clear activation of p38-MAPK and of its effector HSP27 and
that this effect is abrogated by concomitant treatment with
panobinostat. Notably, we have recently demonstrated that
the acquired resistance to ZOL in DU145R80 cells is mediated
by p38-MAPK and can be reversed by a specific inhibitor of
p38-MAPK.24 Interestingly, in this cell line, which expresses a
higher level of activated p38-MAPK compared with parental
DU145 cells, panobinostat completely inhibited p38-MAPK
basal activation. Conversely, in DU145 and PC3 ZOL-
sensitive cells, the basal phosphorylation of p38-MAPK and
HSP27 is slightly affected by panobinostat, suggesting that
only an inappropriate activation of p38-MAPK pathway is
targeted by HDACi. Notably, the inhibition by panobinostat of
the ZOL-induced activation of both p38-MAPK and HSP27
was also observed in MM cells and in tumor specimens from
PCa xenograftedmice. Finally, the critical role of p38-MAPK in
the synergism has also been indirectly confirmed by our
finding that a p38-MAPK inhibitor potentiates ZOL-induced
apoptosis.
Although the potential role of p38-MAPK activation in the

resistance to N-BP treatment has been previously proposed in
breast cancer28 and osteosarcoma29,30 models, our study is
the first to show a prosurvival role of p38-MAPK against ZOL
in MM and in PCa both in vitro and in vivo and a suppressive
antagonistic activity of panobinostat.
The increased activation of p38-MAPK has also been

correlated with malignancy in several types of cancers,
including PCa and MM, and several lines of evidence have
suggested that, in cancer cells, p38-MAPK activation may
facilitate proliferation, survival, invasion, and drug resis-
tance.43,44 Indeed, in our previous study, we demonstrated
that p38-MAPK activation mediated ZOL resistance in
DU145R80 cells and also mediated the acquisition of a more
aggressive phenotype characterized by epithelial-to-
mesenchymal transition (EMT), increased invasive capability,
and the increased secretion of proinflammatory and proan-
giogenic cytokines as compared with parental cells.24

Interestingly, the isoprenoid GGOH in the mevalonate
pathway has recently been shown to possess antioxidant,
anti-inflammatory, antiapoptotic, and anticarcinogenic poten-
tial mediated at the molecular level by p38-MAPK inhibition.45

The latter study could further explain the activation of p38-
MAPK upon ZOL treatment as well as the correlation between
apoptosis and oxidative stress found in our experimental
model.
We have also shown that ZOL-induced p38-MAPK activa-

tion is paralleled within 24 h by the accumulation of unpreny-
lated Rap-1A, a surrogate marker of the effect of ZOL,
confirming that this agent targeted the mevalonate pathway in
our cancer cell models.
In conclusion, to our knowledge, this study is the first to

show the synergistic antitumor effect between ZOL and an
HDACi such as panobinostat in both in vitro and in vivo PCa
models and in an in vitroMMmodel.We also proposed a novel
potential mechanism for the synergism between these agents
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relying on increased oxidative stress and dependent on cross-
talk between the mevalonate and p38-MAPK pathways. The
ability of panobinostat to synergize with and potentially
overcome resistance to ZOL represents an attractive strategy
that warrants clinical evaluation, even in combination with
other agents, for the treatment of patients with bone-related
cancers such as advanced PCa and MM.

Materials and Methods
Cell culture and cell viability assay. DU145, PC3, LNCaP, and
RPMI8226 cells were purchased from American Type Culture Collections
(Rockville, MD, USA). ZOL-resistant DU145R80 cells were obtained as previously
described.24 EPN cells were kindly provided by Dr. D Tramontano (Department of
Cellular and Molecular Biology and Pathology, University of Naples Federico II,
Naples, Italy).25 KMS12BM and KMS21BM MM cell lines were kindly provided by
Dr. E Carbone (Department of Experimental and Clinical Medicine G Salvatore,
University of Catanzaro Magna Graecia, Catanzaro, Italy). The cell viability was
evaluated 96 h after treatment with sulforhodamine B (SRB) or by MTT (3-
(4,5-dimethylthiazolyl-2)-2,5-diphenyl tetrazolium bromide) assay, as previously
described.15,16

The drugs and their preparation, all other reagents including antibodies, cell
culture conditions, and other additional information are described in the
Supplementary Materials and Methods.

In vitro drug combination studies. The drug combination studies were
based on the concentration–effect curves generated as a plot of the fraction of
unaffected (surviving) cells versus the drug concentration.15,16 Serial dilutions of
equipotent doses of the two agents in combination (panobinostat and ZOL) were
assessed. Synergism, additivity, or antagonism were quantified by determining
the CI calculated by the Chou–Talalay equation as described elsewhere.15,16

We assumed that CIo0.9, CI¼ 0.9–1.2, and CI41.2 indicate synergistic,
additive, and antagonistic effects, respectively.16 The DRI represents the measure
of how much the dose of each drug in a synergistic combination may be reduced
at a given effect level compared with the doses of each drug alone.16

Bio-Plex phosphoprotein detection assay. A multiplex ELISA-based
immunoassay (Bio-Rad Lab Inc., Hercules, CA, USA) was used according to the
manufacturer’s instructions to evaluate the levels of protein phosphorylation on
protein lysates from cells cultured and treated as indicated. Data acquisition and
analysis were performed using Bio-Plex Manager software 3.0 (Bio-Rad). The
phosphoprotein fluorescence intensities were normalized for the total protein
expression intensities.

Protein extraction and western blotting. Cells grown and treated as
indicated were collected, lysed, and separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis-polyacrylamide gel electrophoresis (SDS-PAGE);
western blotting was performed as described elsewhere.18

Apoptosis assays. Annexin-V binding was identified by flow cytometry using
Annexin-V-FITC staining, following the manufacturer’s instructions as previously
described15 (Becton Dickinson, San Jose, CA, USA).

Measurement of ROS generation. ROS generation was analyzed by flow
cytometry using the ROS-sensitive dye hydroethidine, as described previously.15

Clonogenic agar assay. Cells were plated in 24-well, flat-bottomed plates
using a two-layer soft agar system, as previously described.15 After 3 h, the cells
were treated with ZOL and/or panobinostat at the in vitro IC25 and IC50 of the
drugs. The medium (with or without drugs) was replaced every 3 days. The
colonies grew for 21 days and were then stained overnight with NBT (nitroblue
tetrazolium), photographed, analyzed, and counted using Image-Pro-Plus
(Immagini and Computer, Bareggio, Milano, Italy). Colonies of 4100 mm were
scored as positive. All experiments were performed in triplicate.

In vivo xenograft assay. Xenograft experiments were conducted in female
BALB/c nude mice (Charles River Laboratories, Milan, Italy) that were five weeks
old. The mice received subcutaneous (s.c.) injections in the right flank of 7� 106

DU145 cells/mouse in 200ml of a 1 : 1 mixed cell suspension and Matrigel. After

tumor volumes reached B200 mm3, B1 week after inoculation, a total of 60
xenografted mice were randomly assigned to four groups (15 each) to receive the
maximum tolerated dose of panobinostat reported for animal studies31 (15 mg/kg
daily i.p.), a ZOL dose equivalent to the approved clinical dose (0.1 mg/kg 3 days/
week i.p.),34 the combination of both agents, or control vehicles. Treatments were
administered 5 days/week for 2 weeks. The body weight and tumor size (caliper)
were measured three times/week, and the mice were killed when tumors reached
an established cutoff volume of B1200 mm3. TGD was determined as %TGD¼
[(T�C)/C]� 100, where T and C are the mean times expressed in days for the
treated or control group, respectively, to reach a defined tumor volume. All
experiments were approved in advance by the Institutional Animal Ethics
Committee in accordance with the guidelines of the Italian Ministry of Health.

Histology, immunohistochemistry, and western blotting
analysis from tumor samples. At the end of the experiment, tumors
were then excised and split in two parts: one piece was frozen for biochemical
studies and another piece was paraffin embedded for immunohistochemical
analysis. Formalin-fixed and snap-frozen fragments of tumor specimens were
paraffin embedded, and we evaluated necrosis by H&E staining, apoptosis by
(TUNEL, and histone H3 acetylation by immunohistochemistry, as reported
previously.17 Study slides were examined by a single pathologist (RF) who was
blinded to the final pathology interpretation. The group means were calculated with
n¼ 5–7 tumors per group. All data are presented as the average±S.D. Similarly,
fragments from three different tumors from each treatment group were lysed and
separated by SDS-PAGE, and western blotting was performed as described
elsewhere.3 Proteins were transferred to nitrocellulose paper, immunoblotted with
specific antibodies, and probed with the appropriate horseradish peroxidase-linked
IgG. Immunoreactive bands were detected by enhanced chemiluminescence
(ECL). Densitometric analysis was performed with the NIH Image software
(National Institute of Health, Bethesda, MD, USA).

Statistics. The results of in vitro cell proliferation and of the soft agar
clonogenic assay are expressed as the means for at least three independent
experiments performed in quadruplicate; the S.D. is also indicated.

The results of apoptosis and the measurement of ROS generation by flow
cytometry analysis were expressed as the means for at least three independent
experiments (±S.D.), and the statistical significance of differences was determined
by two-sided Student’s t-test. A probability of o0.05 was considered statistically
significant. Representative results from western blotting, the Bio-Plex phosphopro-
tein assay, and immunohistochemistry from a single experiment are presented;
additional experiments yielded similar results. All statistical evaluations were
performed using Sigma Plot software (Systat Software Inc., San Jose, CA, USA).
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