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Abstract Curcumin, a natural polyphenol, has been

described to exhibit effects on signaling pathways, leading

to induction of apoptosis. In this study, we observed that

curcumin inhibited Hsp90 activity causing depletion of

client proteins implicated in survival pathways. Based on

this observation, this study was designed to investigate the

cellular effects of curcumin combination with the pan-

HDAC inhibitors, vorinostat and panobinostat, which

induce hyperacetylation of Hsp90, resulting in inhibition of

its chaperone function. The results showed that, at subtoxic

concentrations, curcumin markedly sensitized tumor cells

to vorinostat- and panobinostat-induced growth inhibition

and apoptosis. The sensitization was associated with per-

sistent depletion of Hsp90 client proteins (EGFR, Raf-1,

Akt, and survivin). In conclusion, our findings document a

novel mechanism of action of curcumin and support the

therapeutic potential of curcumin/HDAC inhibitors com-

bination, because the synergistic interaction was observed

at pharmacologically achievable concentrations, which

were ineffective when each drug was used alone.
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Introduction

Curcumin, a yellow pigment derived from the plant tur-

meric, Curcuma longa, is known to have anti-inflammatory

and anti-oxidant properties [1, 2]. This natural compound

has been extensively studied as a chemopreventive agent,

in particular for colon carcinoma [3, 4]. The chemopre-

ventive efficacy of curcumin has been ascribed to the

modulation of signal-transduction pathways associated

with malignant transformation and tumor promotion,

through interaction with a variety of proteins implicated in

cell proliferation, invasion, and angiogenesis [5]. Indeed,

curcumin induces apoptosis in tumor cells, and apoptosis is

emerging as a major mechanism by which chemopreven-

tive agents eliminate preneoplastic cells [6]. In spite of the

pleiotropic effects reported, the mechanism of action of

curcumin remains poorly understood.

Recently, curcumin has been reported to be able to

down-regulate some proteins, which are known to be cli-

ents of Hsp90, thus suggesting a modulation of Hsp90

function [7, 8]. Hsp90 is an exploitable therapeutic target,

because it plays a central role in correct folding and sta-

bilization of a variety of proteins involved in malignant

behavior [9–12]. Indeed, heat shock proteins are often

over-expressed in tumor cells, thus supporting their ability

to survive under stressed conditions [9, 13]. The chaperone

function of Hsp90 is regulated by a number of post-trans-

lational modifications, including acetylation [14]. The

acetylation status of Hsp90 appears to be controlled by the

deacetylase HDAC6 [15–17]. Among HDAC enzymes,

HDAC6 is unique because of its substrate preferences and

cytoplasmic localization [18]. Depletion of HDAC6 or

inhibition of its deacetylase activity have been reported to

result in reversible Hsp90 hyperacetylation and inhibition

of its function [19–21].
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Based on these observations, the present study was

undertaken to investigate the Hsp90-mediated effects of

curcumin and to explore the cellular effects of the com-

bination of curcumin with known HDAC inhibitors,

vorinostat, and panobinostat, which are known to inhibit

HDAC6, besides other HDAC enzymes [21, 22]. We have

found that anti-proliferative concentration of curcumin

resulted in down-regulation of a number of Hsp90 client

proteins in squamous cell carcinoma A431 and mesothe-

lioma STO cells. The combination of curcumin and HDAC

inhibitors at subtoxic concentrations resulted in a marked

growth inhibition, enhanced depletion of Hsp90 client

proteins, and sensitization to apoptosis.

Materials and methods

Cell lines and culture conditions

The human epidermoid carcinoma A431 and the peritoneal

mesothelioma STO cell lines (provided by Dr. N. Zaffa-

roni, IRCCS Istituto Nazionale Tumori, Milan) were used

in this study. A431 and STO cells were routinely grown in

RPMI 1640 or in 50/50 DMEM/Ham’s F12 medium

(Lonza, Switzerland), respectively, supplemented with

10% (v/v) heat-inactivated foetal bovine serum (Gibco�,

Invitrogen, Segrate, Italy) at 37�C in a 5%/95% CO2/air

atmosphere.

Drugs and treatment conditions

Panobinostat was synthesized as described in the recent US

patent application (6,552,065). Vorinostat was provided by

BIOMOL International LP (Plymouth Meeting, PA, USA).

Curcumin was provided by Sigma Chemical (St. Louis, MO,

USA). Stock solutions of all drugs (10 mg/ml) were prepared

in dimethyl sulfoxide (DMSO) (BDH Prolabo, Milan, Italy)

and maintained at -20�C. Before each experiment, drugs

were diluted in DMSO and used at the concentrations

reported in the legends to individual figures. 17-AAG was

obtained from InvivoGen (San Diego, USA) and it was

provided as a stock solution (5 mM) that we freshly diluted

in culture medium before each experiment. Bortezomib was

also stocked in 10 mg/ml DMSO solutions, but dilutions

were freshly prepared in sterile water. Experiments were

performed by incubating cells with drugs for 4, 24, or 72 h at

37�C in culture medium supplemented with 10% (v/v) heat-

inactivated foetal bovine serum.

Anti-proliferative assay

Cell sensitivity to drug treatment was determined by

growth inhibition assay. Briefly, cells were seeded in

12-well plates (40,000 cells/well), 24 h before experi-

ments. Cells were exposed to the drugs for 72 h and then

adherent cells were trypsinized and counted by a cell

counter (Beckam Coulter, Fullerton, CA, USA). After 24 h

of treatment, cells were incubated in drug-free medium for

72 h and counted by using cell counter. IC50 values,

derived from dose–response curves, were defined as drug

concentrations required for 50% inhibition of cell growth.

Protein expression analysis

Total cell lysates were prepared rinsing cells twice with

ice-cold PBS supplemented with 0.1 mM sodium ortho-

vanadate, then lysing them in hot sample buffer as

previously described [23]. After determination of protein

concentration (BCA Protein Assay Reagent, Pierce,

Thermo Fisher Scientific, Rockford, IL, USA), whole-cell

extracts were separated by SDS polyacrylamide gel elec-

trophoresis (PAGE) and transferred onto nitrocellulose

membranes. Detection of proteins was accomplished using

horseradish peroxidase-conjugated secondary antibodies

and a chemiluminescence reagent purchased through

Amersham Biosciences (Rockford, IL). Primary antibodies

used in this study are: anti-Raf-1 (sc-133) and anti-Cdk4

(sc-601) (Santa Cruz Biotechnology, CA, USA), anti-

EGFR (Upstate Biotechnology, Millipore, Billerica, MA,

USA), anti-Survivin and anti-p23 and anti-Hsc70 (Abcam,

Cambridge, UK), anti-Akt (Transduction Laboratories,

Lexington, USA), anti-PARP-1 (Calbiochem, Merck

Chemicals, Nottingham, UK) and anti-Actin (Sigma).

Quantification of western blot analyses was obtained by

Image Quant 5.2 program.

Co-immunoprecipitation and immunoblot analysis

Following the designated treatments, cells were lysed in

NET buffer [50 mmol/l Tris (pH 7.4), 150 mmol/l sodium

chloride, 0.1% NP40, 1 mmol/l phenylmethylsulfonyl

fluoride, 1 mmol/l EDTA, 2.5 lg/ml leupeptin, 5 lg/ml

aprotinin] first for 30 min on ice and then for 30 min at 4�C

in rotation on a wheel. Nuclear and cellular debris were

cleared by centrifugation (10,000g, 10 min, 4�C). Total

cellular proteins were then quantified using the BCA pro-

tein assay. Cell lysates (500 lg) were incubated with the

Raf-1 or Hsp90 polyclonal-specific monoclonal antibodies

for 2 h at 4�C. Protein A-Sepharose (Sigma) (90 ll), pre-

viously prepared in TNT solution (20 mM Tris–HCl pH

7.4, 150 mM NaCl, 1% Triton X-100), was added to the

lysates and incubated overnight at 4�C. The immunopre-

cipitates (separated by centrifugation, 15,000g, 2 min, 4�C)

were washed twice in NET buffer and twice in PBS with

1% aprotinin and 1 mmol/l PMSF. Proteins were eluted

with the SDS sample loading buffer before the immunoblot
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analyses with specific antibodies against Raf-1, Hsp90,

or Hsp70 (Santa Cruz Biotechnology); p23 or Hsc70

(Abcam). Quantification of western blot analyses was

obtained by Image Quant 5.2 program.

Determination of apoptosis

Apoptosis was determined by TUNEL assay (Roche) after

72 h exposure or after 24 h of treatment followed by 72 h

of drug-free incubation. Treated cells were fixed in 4%

paraformaldehyde (RT, 45 min), washed and resuspended

in ice-cold PBS. The in situ cell death detection kit (Roche,

Germany) was used according to the manufacturer’s

instructions, and samples were analyzed by flow cytometry

(FACScan; Becton-Dickinson, Franklin Lakes, NJ, USA).

Fluorescence polarization assay

Binding of curcumin to human full length recombinant

Hsp90a was determined by a competitive binding fluo-

rescence polarization assay [24], using a fluorescent

geldanamycin probe. Recombinant human Hsp90, provided

by Assay Designs (Ann Arbor, MI) was cloned from a

HeLa cDNA library and expressed in E.coli and purified by

multi-step chromatography.

Surface plasmon resonance analyses

SPR analyses were performed using a Biacore 3000

optical biosensor equipped with research-grade CM5

sensor chips (Biacore AB). Using this platform, two

separate recombinant Hsp90 surfaces, a BSA surface and

an unmodified reference surface, were prepared for

simultaneous analyses. Proteins (100 lg/ml in 10 mM

sodium acetate, pH 5.0) were immobilized on individual

sensor chip surfaces at a flow rate of 5 ll/min using

standard amine-coupling protocols [25] to obtain densi-

ties of 8–12 kRU. Compound 2 and radicicol were

dissolved in 100% DMSO to obtain 4 mM solutions, and

diluted 1:200 (v/v) in PBS (10 mM NaH2PO4, 150 mM

NaCl, pH 7.4) to a final DMSO concentration of 0.5%.

Compounds concentration series were prepared as two-

fold dilutions into running buffer: for each sample, the

complete binding study was performed using a six-point

concentration series, typically spanning 0.05–10 lM, and

triplicate aliquots of each compound concentration were

dispensed into single-use vials. Included in each analysis

were multiple blank samples of running buffer alone [26].

Binding experiments were performed at 25�C, using a

flow rate of 50 lL/min, with 60 s monitoring of associ-

ation and 200 s monitoring of dissociation. Simple

interactions were adequately fit to a single-site bimolec-

ular interaction model (A ? B = AB), yielding a single

KD. Sensorgram elaborations were performed using the

Biaevaluation software provided by Biacore AB [27].

Limited proteolysis

Limited proteolysis experiments were performed at 37�C,

PBS 0.1% DMSO, at a 3-lM recombinant human Hsp90a
concentration using trypsin, chymotrypsin and endoprote-

ase V8 as proteolytic agents; 30 lL of solution were used

for each experiment. Binary complexes Hsp90/inhibitor

were formed by incubating the protein with a 10:1 M

excess of the individual inhibitor at 37�C for 15 min prior

to proteolytic enzyme addition. Each complex was digested

using a 1:100 (w/w) enzyme to substrate ratio. The extent

of the reactions was monitored on a time-course basis by

sampling the incubation mixture after 5, 15, and 30 min of

digestion. Samples were desalted by ziptip C4 (Millipore)

and the proteolytic fragments were analyzed by MALDI-

TOF/MS using a MALDI-MX micro (Waters). In order to

optimize sensitivity and accuracy of the mass measure-

ments, three different m/z ranges were explored for each

sample: a first range, from m/z 500 to 3,500 was analyzed

in reflector mode; the other two ranges, from m/z 3,500 to

20,000 and from m/z 20,000 to 95,000, were analyzed in

linear mode. Each m/z range was calibrated using a suitable

peptide or protein mixture. Mass data were elaborated

using the Masslynx software (Waters).

Preferential hydrolysis sites on Hsp90 under different

conditions were identified on the basis of the fragments

released during the enzymatic digestions. When compara-

tive experiments were carried out on Hsp90 in the presence

or in the absence of inhibitors, differences in the suscep-

tibility of specific cleavage sites were detected, from which

protein regions involved in the conformational changes

could be inferred [28].

Statistical analysis

All the reported values represent the mean ± standard

deviation (SD) of at least three independent experiments

performed in duplicate. Where necessary, data were sta-

tistically compared by t test.

Results

Down-regulation of Hsp90 client proteins by curcumin

The analysis of protein expression was performed in two

cell lines, the squamous cell carcinoma A431 and meso-

thelioma STO cells after 24 h-exposure to IC80 of

curcumin (5 lM). The two cell lines exhibited a compa-

rable sensitivity to curcumin in the anti-proliferative assay
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(Fig. 1). As shown in Fig. 2a, EGFR, Raf-1, Survivin, and

Cdk4 protein expression were strongly downregulated by

curcumin treatment, whereas the effect was less marked for

Akt. This effect was consistent with previous observations

indicating a delayed depletion of Akt produced by other

Hsp90 inhibitors [29]. However, in contrast to the gel-

danamycin derivative, 17-AAG, curcumin did not cause

increased expression of Hsp70 (Fig. 2b).

To investigate the mechanism of down-regulation of

Hsp90 clients, co-immunoprecipitation of Raf-1/Hsp90

was performed in A431 cells. After 4 h exposure to cur-

cumin (5 lM) or equitoxic concentration of 17-AAG

(0.1 lM), a lower amount of Hsp90 was found in complex

with Raf-1 (Fig. 2c). Thus, in spite of a different potency,

the effects of the two agents were comparable at equitoxic

concentrations. An additional characterization of the effect

of curcumin on the association between Hsp90 and co-

chaperones was performed in an immunoprecipitation

assay with anti-Hsp90 antibody (Fig. 2d). The results

showed that anti-proliferative concentrations of curcumin

reduced the interaction of Hsc70 (but not of p23) with

Hsp90. The inhibition of Hsp90–client interaction is

expected to result in client protein degradation mediated by

the ubiquitin–proteasome system [12, 30]. The combina-

tion of bortezomib, a well-known proteasome inhibitor,

with curcumin prevented protein depletion induced by

curcumin (Fig. 2e), thus supporting that the observed cur-

cumin-induced protein down-regulation occurred via the

ubiquitin–proteasome pathway.

Curcumin-Hsp90 interaction

The competitive binding fluorescence polarization assay

gave an IC50 of 6.2 ± 0.12 lM for curcumin, 1.09 ±

0.05 lM for 17-AAG, and 0.058 ± 0.001 for radicicol.

Thus, the different anti-proliferative potencies of curcumin

and 17-AAG (IC50 values, 2.4 and 0.06 lM, respectively)

were consistent with their binding affinities to Hsp90.
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Fig. 1 Antiproliferative effect of curcumin on A431 and STO cells.

Cells were treated for 72 h with curcumin and cell growth was

evaluated 72 h after the treatment by cell counting. Inverted filled
triangle A431 cells (IC50, 2.2 lM); open circle STO cells (IC50,

2.1 lM). Data are the mean of three independent experiments
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Fig. 2 a Effect of curcumin on Hsp90 client protein levels in A431

and STO cells. Total cellular extracts were obtained 24 h after

treatment with curcumin (5 lM, IC80). Actin is shown as a control for

protein loading. C Control, CUR curcumin. b Comparison of the

effects of curcumin and 17-AAG on protein levels of Hsp70. Cells

were treated as described in (a), with curcumin (5 lM) or 17-AAG

(0.1 lM). c Coimmunoprecipitation of Raf-1/Hsp90 in A431 cells

treated with 17-AAG or curcumin for 1 h. Cells were treated with

equitoxic concentrations of 17-AAG (0.1 lM, IC80) or curcumin

(5 lM). Cell lysates were than harvested and immunoprecipitated

with anti-Raf-1 rabbit polyclonal antibody. Immunoprecipitates were

immunoblotted for Hsp90. Blots were stripped and probed for Raf-1.

C Control, AAG 17-AAG, CUR curcumin. d Coimmunoprecipitation

of Hsp90/hsc70 and Hsp90/p23 in A431 cells treated with curcumin.

Cells were treated with two concentrations of curcumin (2 and 5 lM;

i.e., IC50 and IC80) as described above. Immunoprecipitated obtained

by anti-Hsp90 antibody were immunoblotted for hsc70 or p23. C
Control, CUR2 curcumin 2 lM, CUR5 curcumin 5 lM. e Effect of

bortezomib (BOR) on the depletion of Hsp90 client proteins induced

by curcumin (CUR) in A431 cells. Total cellular extracts were

obtained 24 h after treatment (curcumin 5 lM, bortezomib

0.001 lM). Actin is shown as a control for protein loading. C Control
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We used the limited proteolysis–mass spectrometry tech-

nique for the structural analysis of drug–Hsp90 interaction

[28]. This approach is based on the evidence that exposed,

weakly structured, and flexible regions of a protein can be

recognized by a proteolytic enzyme. The differences in the

proteolytic patterns occurring on the protein when it

underwent digestion in the presence or in the absence of

putative ligands allow identification of the protein regions

involved in the molecular interactions [31]. Results

achieved in the experiment performed on Hsp90, on the

Hsp90/curcumin complex, and on the Hsp90/radicicol

complex are summarized in Fig. 3 and in Table 1. A

comparison between the proteolysis patterns observed on

free Hsp90 and Hsp90/curcumin complex demonstrated

that the sites 94, 215, and 245, cleaved in the experiments

performed on the isolated proteins, were protected fol-

lowing the complex formation, thus suggesting an

interaction involving the Hsp90 N-terminal domain.

However, binding of the protein with curcumin also pro-

duced an higher susceptibility to enzymatic hydrolysis of

same sites located into the middle domain, suggesting a

possible long-range effect of the curcumin on the protein

tertiary structure. The experiments performed on the

Hsp90/radicicol complex indicated a significant protection

of the N-terminal domain from enzymatic hydrolysis. This

result is in agreement with the radicicol/Hsp90 interaction

involving the ATPase portion located into the N-terminal

domain of Hsp90 [32].

We used surface plasmon resonance to measure kinetic

and thermodynamic parameters of ligand–protein complex

formation [33]. An SPR-based binding assay as imple-

mented with Biacore technology was, therefore, used to

investigate the drug–protein interactions. The values of the

constants (Table 1) indicated that curcumin exhibited an

high affinity for Hsp90, even if it was lower than that

measured for radicicol. However, the difference in the

thermodynamic dissociation constants (KD) observed for

these two compounds mainly depend on the stability of the

respective protein complexes, as inferred by the lower

kinetic constant (Kd) determined for curcumin in respect of

that of radicicol.

Cellular effect of the combination of curcumin

with HDAC inhibitors

In combination studies, we used vorinostat and panobino-

stat, two hydroxamic acid-based compounds, which are

well-known pan-histone deacetylase inhibitors including

HDAC6. The cell growth inhibition studies were per-

formed using subtoxic concentrations of curcumin

(IC10–20) (Fig. 4). Under these conditions, the combined

treatment resulted in a marked enhancement of the anti-
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Fig. 3 Schematic representation of the results obtained from limited

proteolysis experiments on recombinant Hsp90. The preferential

cleavage sites detected performing enzymatic digestions on recombi-

nant Hsp90, on the Hsp90/curcumin complex, and on the Hsp90/

radicicol complex are in dark grey. The Hsp90 N-terminal domain

is highlighted in light grey, the middle domain is boxed and the

C-terminal domain is highlighted in grey

Table 1 Curcumin and radicicol interaction with Hsp90

Compound KD (nM)a Kd (s-1)a Protected sitesb Exposed sitesb Putative interaction region

Radicicol 3.04 ± 0.85 0.0113 ± 0.0005 75, 94, 215 – N-terminal domain

Curcumin 6.68 ± 3.28 0.0090 ± 0.0008 94, 215, 245 368, 413 N-terminal domain

a Dissociation constants obtained by SPR analysis
b Proteolytic pattern obtained by limited proteolysis and mass spectrometry analysis
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proliferative activity of either vorinostat or panobinostat as

shown by the dose response curves. Based on these

observations, further experiments of drug interaction were

performed with subtoxic concentrations of all agents

(IC20), i.e. curcumin (1.5 lM), panobinostat (11.5 nM),

and vorinostat (15 nM). Apoptosis response was examined

after 72 h exposure by TUNEL analysis (Fig. 5a). When

tested at these concentrations, single drug treatment

induced only a marginal extent of apoptosis, whereas the

combination treatment markedly enhanced apoptotic

response to around 50%. A similar enhancement was

observed following a shorter exposure (24 h) and 72 h

incubation in drug-free medium. On the contrary, when

apoptosis was assessed after 72 h exposure to cytotoxic

concentrations of single drug (IC80), a consistent number of

apoptotic cells was found; but the shorter exposure fol-

lowed by drug removal, indicated the reversibility of the

effect of these agents, as no significant apoptosis was found

(Fig. 5b). These results confirm that, differently from sin-

gle treatment, the sensitization resulting from the drug

interaction did not require prolonged exposure, suggesting

an irreversible effect specific of the combined treatment.

Effect of the combination of curcumin and HDAC

inibitors on levels of Hsp90 client proteins

In order to investigate the molecular basis of the synergistic

interaction between curcumin and HDAC inhibitors, the

effects of single agents and their combination on Hsp90

client proteins were examined by western blot analysis using

the same (subtoxic) concentrations of previous experiments.

Figure 6 shows that, under these conditions, single agents did

not produce appreciable changes of protein expression. In

contrast, the combinations of curcumin with either HDAC

inhibitors caused depletion of the well-established client

proteins, in particular Akt, EGFR, and Raf-1. The down-

regulation of Cdk4 and survivin was less marked and may

reflect a different kinetics of depletion as suggested by the

effect of the combination on survivin 24 h after treatment.

The reduction of the Hsp90 client protein levels was persis-

tent even 24 h after drug removal, with the exception of

Cdk4. The persistence of the client down-regulation was

typical of the combined treatments; indeed, when cells were

treated with single agents (IC80) and incubated in drug-free

medium for 24 h, the biochemical effects were lost (Fig. 6c).
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Fig. 4 Antiproliferative effects

of HDAC inhibitors, vorinostat

(a) or panobinostat (b), alone or

in combination with curcumin.

Cells were treated for 72 h with

panobinostat or vorinostat

combined with two subtoxic

concentrations of curcumin

(1.5 and 0.5 lM); cell growth,

after the treatment, was

determined by cell counting.

Data are the mean of three

independent experiments. Filled
square single agent (vorinostat

or panobinostat), filled circle
curcumin 1.5 lM ? vorinostat

or panobinostat, filled triangle
curcumin 0.5 lM ? vorinostat

or panobinostat. The effect of

the subtoxic concentrations of

curcumin alone at the tested

concentrations is also shown in

each cell line. Open triangle
curcumin 0.5 lM, open circle
curcumin 1.5 lM. Data from

three independent assays were

analyzed by t test (vorinostat or

panobinostat vs combined

treatment): *P \ 0.05,

** P \ 0.005, ***P \ 0.0005
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To better document the involvement of Hsp90 inhibition in

down-regulation of client proteins, we have performed a co-

immunoprecipitation analysis after 4 h exposure, i.e. under

conditions where a substantial depletion of client proteins is

not expected (Fig. 7). Again in contrast to a negligible effect

of single agents, the combination treatment reduced the

amount of Hsp90 bound to Raf-1, an effect most evident with

the combination of curcumin and vorinostat. This observa-

tion was consistent with an enhanced inhibition of Hsp90

function, resulting in a reduced association of Hsp90 with

Raf-1. The combined treatment resulted in a concomitant

increase in the binding of Raf-1 to Hsp70. The shift of the

binding from Hsp90 to Hsp70 has been described as an event

preceding proteasome-mediated degradation of the client

proteins [30, 34, 35].

Discussion

Curcumin has been shown to have multiple biological

activities. The chemopreventive and anti-tumor effects of

curcumin have been related to its ability to interfere with

several signal transduction pathways which are involved in

cell proliferation and/or apoptosis [6]. However, the

underlying molecular mechanisms of these cellular effects

are not well defined. In the present study, we have provided

evidence that curcumin at cytotoxic/anti-proliferative
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Fig. 5 a Effect of curcumin on apoptosis induced by HDAC

inhibitors in A431 cells. Cells were exposed for 72 h to subtoxic

concentrations of panobinostat (11.5 nM) or vorinostat (15 nM),

alone or in combination with curcumin (1.5 lM). b Apoptotic cell

death caused by cytotoxic concentrations of single agent treatment.

Cells were exposed for 72 h to cytotoxic concentrations of panobi-

nostat (100 nM), vorinostat (1 lM) and curcumin (5 lM). At the end

of the treatment, apoptosis was detected by TUNEL assay and

determined by FACS analysis. In a parallel experiment, cells were

treated for 24 h and apoptosis was detected after 72 h following drug

removal. Data from three independent assays were analyzed by t test

(control vs treatment): *P \ 0.05, **P \ 0.005

Fig. 6 Effects of combination of curcumin/vorinostat (a) or curcumin/

panabinostat (b), or single agent treatment (c) on cellular levels of

Hsp90 client proteins. a,b Cells were exposed to each drug alone or in

combination for 24 h and processed as indicated in legend to Fig. 2.

Subtoxic concentrations of each drug were used (i.e. curcumin 1.5 lM,

vorinostat 15 nM, panobinostat 11.5 nM). The analysis was also

performed after incubation of the drug-treated cells in drug-free

medium for 24 h. c Cells were exposed to cytotoxic concentrations

(IC80) of each drug (i.e. curcumin 5 lM, vorinostat 1 lM, panobinostat

0.1 lM) for 24 h and processed as indicated in the legend to Fig. 2. The

analysis was also performed after incubation of the drug-treated cells in

drug-free medium for 24 h. Actin is shown as a control for protein

loading
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concentrations was able to directly inhibit Hsp90 function,

thereby promoting the chaperone dissociation and the

degradation of several Hsp90 client proteins. This finding

may account for curcumin’s ability to interfere with mul-

tiple signal transduction pathways, because Hsp90 plays a

critical role in stabilization of several proteins implicated

in the control of cell growth and malignant transformation

[9, 10]. As compared with the geldanamycin derivative,

17-AAG, a well-established Hsp90 inhibitor, the potency

of curcumin was substantially lower, because the inhibi-

tory effects could be detected in the micromolar range of

concentrations. This was consistent with lower anti-

proliferative potency and a weaker Hsp90 binding.

The mechanism of curcumin-Hsp90 interaction remains to

be defined. A lack of up-regulation of Hsp70 suggests a

mechanism of interaction different from that of geldana-

mycin. However, in preliminary limited proteolysis

experiments, the proteolysis pattern observed on HSP90a
indicated a protection of the N-terminal domain from the

enzymatic hydrolysis.

Based on the observations that Hsp90 hyperacetylation

by HDAC inhibitors effective against HDAC6 isoform

disrupts its chaperone function [15–17], we have investi-

gated the efficacy of curcumin in combination with well-

known pan-HDAC inhibitors. Our results provide evidence

that the potentiation of the anti-proliferative/cytotoxic

activity of both vorinostat and panobinostat by subtoxic

concentrations of curcumin (\IC20) might be mediated by

inhibition of Hsp90 function. Indeed, the combinations of

curcumin and HDAC inhibitors, at concentrations which

produced negligible effects when used alone, resulted in a

marked induction of apoptosis (Fig. 5). The cellular death

could be related to a synergistic inhibition of Hsp90

activity, as under the same conditions, the combined

treatment caused an almost complete depletion of several

client proteins following 24 h exposure. The synergistic

interaction of curcumin and HDAC inhibitor at target level

was supported by co-immunoprecipitation experiment

indicating an early (4 h) shift of the association of the

Raf-1 from Hsp90 to Hsp70 (Fig. 7). Previous reports have

shown that the shift in the chaperone association of

the client proteins to the Hsp70-containing unstable

multichaperone complex induces polyubiquitylation and

degradation of the client proteins by the 26 S proteasome

[30, 34, 35].

The most striking finding of this study was the long-

lasting effect of the combination, which persisted even

following removal of the drugs (Fig. 6). As a consequence

of the persistent inhibition, the enhancement of apoptosis

did not required prolonged exposure. Thus, given the rel-

atively rapid reversibility of cellular effects of HDAC

inhibitors [36] and curcumin (Figs. 5b and 6c), these

combinations may have therapeutic implications. Since

Hsp90 acetylation may induce a modified conformation of

the enzyme, a tentative explanation of the synergistic

interaction between HDAC inhibitor and curcumin may be

that, as a consequence of allosteric effects, changed con-

formation of the acetylated protein favors the curcumin–

Hsp90 interaction. A synergistic interaction between

HDAC inhibitors and standard inhibitors of Hsp90 (i.e.

geldanamycin analogues) has already been reported in

leukemia or sarcoma cells [37–39], and the sensitization

has been ascribed to the modulation of Hsp90 chaperone

function by its acetylation status [40].

In conclusion, our findings reveal a novel mechanism of

action of curcumin, which is consistent with modulation of

signaling pathways. The effects of curcumin described in

this manuscript support previous observations indicating

the ability of curcumin to down-regulate p210bcr/abl, a cli-

ent protein of Hsp90 [7]. Our obsvervations may be

relevant to the therapeutic applications of both HDAC

inhibitors and curcumin. Indeed, the therapeutic efficacy of

these agents as single-agent therapy is still limited for

pharmacological and pharmaco-dynamic reasons. Indeed,

besides problems related to bioavailability and metabolism

[41], the expected reversibility of target inhibition repre-

sents a major drawback of these target-specific agents.

Relevant to this point is the observation that the sensiti-

zation for drug-induced apoptosis could be produced by

very low drug concentrations which are achievable in vivo

and expected to be well tolerated. Both curcumin and

HDAC inhibitors have been reported to enhance cytotox-

icity of various antitumor agents [6, 42–45]. The present

study supports the potential interest of a novel combination

which can be translated into the design of novel therapeutic

approaches.
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