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A B S T R A C T

Growth of multiple myeloma cells is controlled by various factors derived from host bone

marrow microenvironments. Interaction between multiple myeloma cells and bone mar-

row stromal cells (BMSCs) plays an important role in the expression of adhesive molecules

and secretion of growth factors involved in multiple myeloma (MM) cell growth, survival,

and resistance to anticancer drugs. Recently, the possibility of developing novel anti-

cancer therapeutic strategies targeting both MM cells and MM cell–BMSC interactions

has been discussed. Here we present data showing that curcumin, a major constituent

of turmeric compounds extracted from the rhizomes of the plant Curcuma longa, effectively

reduced the growth of MM cells and BMSCs. Upon treatment with curcumin, IL-6/sIL-6R-in-

duced STAT3 and Erk phosphorylation was dramatically reduced in the co-cultured cells. In

addition, curcumin inhibited the production of pro-inflammatory cytokines and VEGF, fac-

tors that are associated with the progression of multiple myeloma, from both MM cells and

BMSCs. In a combination treatment with curcumin and bortezomib, IL-6/sIL-6R-induced

STAT3 and Erk phosphorylation was effectively inhibited. Moreover, this combination

treatment synergistically inhibited the growth of MM cells co-cultured with BMSCs as com-

pared to controls. Taken together, these results indicate that curcumin potentiates the

therapeutic efficacy of bortezomib in MM suggesting this combination therapy to be of

value in the clinical management of MM.
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1. Introduction
Figure 1 – Induction of apoptosis in U266 cells by curcumin. U266

cells were treated with indicated concentrations of curcumin for 24 h

and whole-cell extracts were prepared. Then, 30 mg of extracts were

analyzed by Western blot for PARP, pro-caspase 3, cyclin D1, CDK4,

p21 and b-actin.
Multiple myeloma (MM) is a malignant B-cell neoplasm that is

characterized by the accumulation of malignant plasma cells

in the bone marrow (BM) (Sirohi and Powles, 2004; Kyle and

Rajkumar, 2008). Growth and survival of MM cells are affected

by BM microenvironments, in which bone marrow stromal

cells (BMSCs) interact with MM cells (Pagnucco et al., 2004;

Podar et al., 2007). Even though conventional therapeutic

agents including thalidomide, lenalidomide and dexametha-

sone can achieve high response rates in patients, these con-

ventional therapeutic agents had little effect on relapsed

patients. Recently, bortezomib (Velcade�) was developed as

an anticancer drug that is a selective, reversible inhibitor of

the catalytic site of the 20S proteasome. Bortezomib affects

numerous important cellular signaling pathways in MM

(Blade et al., 2005; Popat et al., 2006). To achieve high response

rates in relapsed MM patients, various combinations of borte-

zomib plus conventional agents with additive or synergistic

activity have been used successfully in clinical trials (Yang

et al., 2003). In order to further improve the outcome of re-

lapsed MM patients, it is essential to investigate novel agents

that may potentiate the clinical efficacy of bortezomib.

The search for effective chemopreventive agents derived

from natural food substances has identified several plant-

derived compounds with anti-tumor activity against many

different cancers (Landis-Piwowar et al., 2006; Sarkar and Li,

2006). Curcumin [1,7-bis-(4-hydroxy-3-methoxyphenyl-1,

6-hepta-diene-3,5-dione)] is the major constituent of turmeric

compounds extracted from the rhizomes of the plant Curcuma

longa found in south and southeast tropical Asia. The biologi-

cal effect of curcumin has been well characterized in several

types of cancers, and in MM, curcumin has been shown to in-

hibit MM cell proliferation through the inhibition of growth

factor receptor signaling pathways and NF-kB activation

(Bharti et al., 2003; Hatcher et al., 2008). However, the effects

of curcumin on bone marrow stromal cells (BMSCs) interact-

ing with MM cells in bone marrow microenvironments have

not been investigated. In this study, we demonstrated that

curcumin is able to induce apoptosis in MM cells accompanied

by the activation of apoptosis related proteins via inhibition of

cell signaling pathways in MM cells co-cultured with BMSCs.
2. Results

2.1. Induction of apoptosis in U266 cells by curcumin

To study the apoptotic effect of curcumin on MM cells, we

treated U266 cells with different concentrations of this com-

pound (10, 25, 50 mM). The results showed that curcumin in-

duced apoptosis by stimulating the cleavage of PARP, and

decreasing pro-caspase 3 levels (Figure 1). Also, curcumin

inhibited the expression of the cell cycle related proteins, cyclin

D1 and CDK4. In addition, curcumin increased p21 expression,

suggesting induction of cell cycle arrest (Figure 1). Taken to-

gether, these data indicated that curcumin induced apoptosis

in U266 cells via increasing apoptotic protein expression and

inhibiting G1-S cell cycle phase regulated proteins.
2.2. Effect of curcumin on growth inhibition of MM
cells alone or co-cultured with BMSCs

As curcumin induced apoptosis in MM cells, we further exam-

ined its effect on MM cells alone or co-cultured with BMSCs.

As shown in Figure 2, curcumin did not inhibit the proliferation

of co-cultured MMcells when compared to MM cells alone in the

first 24 h. However, after exposure to curcumin for 72 h, the pro-

liferation of MM cells alone or co-cultured was inhibited in

a dose-dependent manner. RPMI 8226 cells, on the other hand,

alone or co-cultured with BMSCs, were more sensitive to curcu-

min even at lower doses (10 mM) than U266 cells (Figure2). These

findings indicate that curcumin inhibited MM cell growth inde-

pendently of the presence of BMSC, although there was some

protective effect conferred by BMSCs in both cell lines.
2.3. Curcumin inhibited the activation of the JAK/STAT
and MAPK pathways through the release of factors
by MM patients’ BMSCs

To address whether BMSCs interact with MM cells to prolong

survival, BMSCs derived from three MM patients’ bone marrow

were incubated in serum-free culture media for 96 h and the

cell culture supernatants (CCSs) were subsequently collected.

U266 cells were treated with serially increased volumes of

CCSs. As shown in Figure 3A, we observed an enhancement

in STAT3 and Erk phosphorylation with increasing volumes

of CCSs. Also, we examined whether curcumin inhibited the

activation of JAK/STAT and MAPK pathways in the presence

of CCSs. We found that curcumin inhibited STAT3 and Erk

phosphorylation as compared to controls (CCSs without curcu-

min) (Figure 3B). These results suggest to us that BMSCs pro-

duce various factors that promote MM cell growth; these

factors are involved in JAK/STAT and MAPK-mediated signal-

ing and their biological action can be inhibited by curcumin.
2.4. Regulation of IL-6/sIL-6R-induced JAK/STAT
and MAPK pathway signaling in U266 cells

To investigate the effect of cell signal transduction inhibitors

on the IL-6/sIL-6R-induced JAK/STAT and MAPK pathway



Figure 2 – Effect of curcumin on the growth of MM cells with or without the presence of BMSCs. MM cell lines (U266 and RPMI 8226; 5 3

104/mL) and BMSCs (1 3 104/mL) were treated with indicated concentrations of curcumin for 24 h and 72 h and cell proliferation was measured

using CCK-8 cell proliferation assay kit. Data shown are the means ± SEs of 3 independent experiments.

M O L E C U L A R O N C O L O G Y 2 ( 2 0 0 8 ) 3 1 7 – 3 2 6 319
signaling in MM cells, we pre-treated U266 cells with various

inhibitors, including curcumin and bortezomib, for 1 h fol-

lowed by treatment with either IL-6 or IL-6/sIL-6R. Even

though sIL-6R alone was unable to induce STAT3 and Erk

phosphorylation, the combination of IL-6 and sIL-6R was

more potent in inducing STAT3 and Erk phosphorylation in

U266 cells than IL-6 alone (Figure 4A). Among the agents

tested, 6-amino-4-quinazoline and curcumin effectively

inhibited IL-6-induced STAT3 and Erk phosphorylation. How-

ever, curcumin was a more potent inhibitor of STAT3 and Erk

phosphorylation than 6-amino-4-quinazoline (Figure 4B and

C). These results indicate that sIL-6R potentiates IL-6-induced

pathways and curcumin is a more effective inhibitor against

IL-6/sIL-6R-induced STAT3 and Erk phosphorylation than the

other inhibitors tested.
2.5. Inhibitory effect of curcumin and bortezomib on IL-6
and sIL-6R secretion in U266 cells

We also determined the inhibitory effect of curcumin and bor-

tezomib on IL-6 and sIL-6R secretion in MM cells. After serum

starvation, U266 cells were treated with varying
concentrations of bortezomib and curcumin for different pe-

riods of time. Release of IL-6 and sIL-6R was inhibited by bor-

tezomib, especially at 24 h (Figure 5A and B). Curcumin also

inhibited the release of IL-6 and sIL-6R, but the dose-

dependent inhibition was more notable in the case of sIL-6R

(Figure 5C and D).
2.6. Effect of curcumin on IL-6, sIL-6R, and VEGF
secretion in BMSCs from three different sources

As secretion of IL-6 and sIL-6R was decreased by curcumin in

U266 cells, we next sought to determine the effect of curcumin

on IL-6, sIL-6R and VEGF secretion in BMSCs from three differ-

ent sources. Following serum starvation, BMSCs were treated

with curcumin for 24 h and the expression levels of IL-6, sIL-6R

and VEGF were determined. Even though their expression

levels varied among the three different BMSCs, secretion of

both IL-6 and VEGF could be inhibited by exposure to 25 and

50 mM curcumin. Levels of sIL-6R, on the other hand, were

only slightly inhibited by curcumin (Figure 6). These results in-

dicate that curcumin inhibits the release of pro-inflammatory

cytokines from either MM cells or BMSCs.



Figure 3 – Conditioned media obtained from primary cultured MM

patients’ BMSCs activated JAK/STAT and MAPK pathways in U266

cells and those effects were blocked by curcumin. (A) Conditioned

culture supernatants (CCSs) were collected from BMSCs from three

different MM patients after incubation with serum free culture media

for 96 h. After serum starvation, U266 cells were treated with CCSs

for 10 min. Lane: 1. control; 2. 0.5 mL CCS; 3. 1 mL CCS; 4. 2 mL

CCS. (B) BMSCs were incubated with CCSs and different

concentrations of curcumin in serum free culture media for 96 h.

Lane: 1. control; 2. 1 mL CCS; 3. 1 mL CCS treated with 5 mM

curcumin; 4. 1 mL CCS treated with 10 mM curcumin; 5. 1 mL CCS

treated with 20 mM curcumin.
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2.7. Growth inhibitory effect of combined treatment
of bortezomib and curcumin in U266 cells

In the present study, bortezomib had little effect on IL-6 and

IL-6/sIL-6R-induced STAT3 and Erk phosphorylation, but se-

cretion of IL-6 and sIL-6R was effectively inhibited (Figures

4B and C, 5A and B). Curcumin was also able to inhibit secre-

tion of IL-6 and sIL-6. Therefore, we investigated the cell

growth inhibitory effect of the combined treatment of borte-

zomib and curcumin in U266 cells. First, we determined

whether a combination of bortezomib and curcumin synergis-

tically inhibits the growth of U266 cells exposed to various

concentrations of these compounds for 96 h. As presented in

Figure 7, the CIs indicated that certain combinations of borte-

zomib and curcumin (i.e. 4 nM bortezomib/4 mM curcumin and
0.5 nM bortezomib/8 mM curcumin) synergistically inhibited

U266 cell growth. As MM cell growth was inhibited by the com-

bination of bortezomib and curcumin, we further examined

the effect of bortezomib and curcumin on the IL-6/sIL-6R-

induced signaling pathways in U266 cells. Exposure of cells

for 6 h to the combination of bortezomib and curcumin or to

curcumin alone effectively inhibited IL-6-induced STAT3 and

Erk phosphorylation (Figure 8). The bortezomib/curcumin

combination was more effective in enhancing the cleavage

of PARP and decreasing the levels of pro-caspase 3 than either

curcumin or bortezomib alone. Also, p-IkBa expression was

induced by the combined treatment of bortezomib and curcu-

min (Figure 9). These results show that combined treatment

with bortezomib and curcumin increased apoptosis in U266

cells as compared with either compound alone.
3. Discussion

Interaction between MM cells and BMSCs triggers pro-inflam-

matory cytokines including IL-6, VEGF, and SDF-1a which are

involved in MM cell proliferation, survival, and drug resistance

(Anderson, 2001). In spite of recent therapeutic advances and

development of novel drugs, MM is still an incurable disease.

Therefore, recent studies have focused on developing novel

anti-cancer therapeutic strategies targeting both MM cells

and MM cells–BMSCs interactions (Podar et al., 2007; Hide-

shima and Anderson, 2002; Caers et al., 2008). The results pre-

sented here showed that MM cells co-cultured with BMSCs

grew faster at 24 h, but curcumin inhibited MM cell growth,

with or without the presence of co-cultured BMSCs at 72 h. In-

terestingly, cell viability of the IL-6 dependent cell line, U266,

was enhanced by BMSCs, indicating that survival of U266 cells

was considerably influenced by the interaction with BMSCs,

most likely due to the release by BMSCs of several growth fac-

tors that promote MM cell growth. Indeed, when MM cells

were treated with conditioned culture media of BMSCs,

STAT3 and Erk phosphorylation was increased commensu-

rate with increasing volumes of conditioned media. However,

curcumin decreased STAT3 and Erk phosphorylation in MM

cells treated with conditioned culture media in a dose depen-

dent manner suggesting that curcumin inhibits the release of

growth stimulating factors from BMSCs that activate JAK/

STAT and MAPK cell signal pathways which promote MM

cell growth.

IL-6/sIL-6R has been shown to potentiate IL-6-induced JAK/

STAT and MAPK pathways (Barille et al., 2000). Among the

various inhibitors with different IC50 values used in these

experiments, curcumin was the most effective in inhibiting

IL-6-induced STAT3 and Erk phosphorylation as compared

with other protein kinase inhibitors. Surprisingly, when

U266 cells were treated with combined IL-6 and sIL-6R, curcu-

min was the most effective compound, among the cell signal

inhibitors tested, in inhibiting IL-6 mediated cell signaling.

These data suggest that curcumin could be a promising candi-

date as a novel agent for MM treatment.

Bortezomib (Velcade�) was developed as an anticancer

drug that is a selective, reversible inhibitor of the catalytic

site of the 20S proteasome. Several clinical reports have dem-

onstrated that bortezomib or bortezomib containing



Figure 4 – Inhibition of IL-6/sIL-6R-induced JAK/STAT and MAPK pathways by various signal transduction inhibitors, including curcumin and

bortezomib in U266 cells. (A) sIL-6R potentiated IL-6-induced JAK/STAT and MAPK pathways. After serum starvation, U266 cells were treated

with either IL-6 or sIL-6R alone or combined IL-6 and sIL-6R for 15 min. Lane: 1. control; 2. 5 ng/mL IL-6; 3. 25 ng/mL sIL-6R; 4. 5 ng/mL

IL-6 and 25 ng/mL sIL-6R. (B–C) After serum starvation, U266 cells were pretreated with various signal transduction inhibitors for 1 h and then

stimulated with IL-6 (5 ng/mL) or IL-6 (5 ng/mL) and sIL-6R (25 ng/mL) for 15 min and 30 mg of whole-cell extracts were analyzed by Western

blot for phosphorylated STAT3, total STAT3, phosphorylated Erk, and total Erk. (B) Lane: 1. control; 2. 5 ng/mL IL-6; 3. 2 mM 6-

amino-4-quinazoline and 5 ng/mL IL-6; 4. 20 mM PD98059 and 5 ng/mL IL-6; 5. 20 mM AG490 and 5 ng/mL IL-6; 6. 5 mM curcumin and 5 ng/

mL IL-6; 7. 1 nM bortezomib and 5 ng/mL IL-6. (C) Lane: 1. control; 2. 5 ng/mL IL-6 and 25 ng/mL sIL-6R; 3. 2 mM 6-amino-4-quinazoline,

5 ng/mL IL-6 and 25 ng/mL sIL-6R; 4. 20 mM PD98059, 5 ng/mL IL-6 and 25 ng/mL sIL-6R; 5. 20 mM AG490, 5 ng/mL IL-6 and 25 ng/mL

sIL-6R; 6. 5 mM curcumin, 5 ng/mL IL-6 and 25 ng/mL sIL-6R; 7. 1 nM bortezomib, 5 ng/mL IL-6 and 25 ng/mL sIL-6R.
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combination regimens are very effective in the clinical man-

agement of MM patients (Blade et al., 2005; Popat et al., 2006).

In our study the combination of curcumin and bortezomib

was more effective than either agent alone and the CI showed

that synergism between curcumin and bortezomib can be

achieved at low concentrations of bortezomib (0.5 nM) com-

bined with 8 mM curcumin. These findings suggest that curcu-

min can potentiate the therapeutic efficacy of low dose

bortezomib, thus reducing toxicity issues associated with the

use of high-dose bortezomib. To further investigate the molec-

ular mechanisms by which the combined treatment of curcu-

min and bortezomib inhibited MM cell growth, we examined

the activation of protein kinases in U266 cells treated with

a combination of 1 nM bortezomib and 5 mM curcumin. Since

sIL-6R significantly affects MM cell survival (Barille et al.,

2000; Kallen, 2002), phosphorylation patterns of STAT3 and

Erk were examined in U266 cells pretreated with IL-6 and sIL-

6R. In the combined treatment, both p-Erk and p-STAT3 were

dramatically decreased. An increase in cleaved PARP and de-

crease in pro-caspase 3 were also observed in the combined
treatment. Between bortezomib and curcumin, only curcumin

dramatically blocked the phosphorylation of both STAT3 and

Erk. Phosphorylation of STAT3 and Erk protects tumor cells

from undergoing apoptosis when cancer cells are exposed to

anti-cancer drugs. Bortezomib, through its inhibition of the

proteasome, elevates IkB, which, in turn, inactivates NF-kB,

promoting tumor cell apoptosis (Popat et al., 2006; Ma et al.,

2003). In addition, bortezomib blocks IL-6 production, a key

growth factor in myeloma proliferation (Hideshima et al.,

2003). In the present study, we could show that 1 nM bortezo-

mib did not suppress the phosphorylation of STAT3 and Erk.

However, the reduction of phosphorylation of STAT3 and Erk

by curcumin promoted the proapoptotic effect of bortezomib.

In summary, we showed that curcumin suppressed production

of IL-6 and sIL-6R. It also blocked phosphorylation of STAT3

and Erk induced by IL-6 and sIL-6R. Combined treatment of

curcumin and bortezomib effectively inhibited the growth of

U266 cells via induction of apoptotic signals including inactiva-

tion of NF-kB. Thus, the combination of curcumin and bortezo-

mib can be utilized as a novel MM treatment regimen.



Figure 5 – Effect of curcumin and bortezomib on IL-6 and sIL-6R secretion in U266 cells. After serum starvation, U266 cells were treated with

indicated concentrations of bortezomib and curcumin for indicated time periods. Culture media supernatants were collected and IL-6 and sIL-6R

expressions were measured using ELISA. (A) IL-6 secretion was inhibited by bortezomib. After serum starvation, U266 cells were treated with

5 nM bortezomib for 6 and 24 h. (B) Autocrine sIL-6R secretion was inhibited by bortezomib. After serum starvation, U266 cells were pretreated

with 5 nM bortezomib for 6 h and then treated with IL-6 (5 ng/mL) and sIL-6R (25 ng/mL) for 24 h. (C–D) IL-6 and sIL-6R secretion

was inhibited by curcumin in a dose dependent manner. After serum starvation, U266 cells were treated with indicated concentrations of curcumin

for 24 h.
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4. Experimental procedures

4.1. Cell line and cell culture

Human MM cell lines, U266 and RPMI 8226 were obtained

from the American Type Culture Collection (Rockville, MD,

USA) and maintained in RPMI 1640 medium (Gibco-BRL,

Gaithersburg, MD, USA) supplemented with 10% heat-

inactivated fetal bovine serum, penicillin (100 U/mL), and

streptomycin (100 mg/mL) (GIBCO, Grand Island, NY, USA).

They were cultured in a highly humidified atmosphere of

5% CO2 and 95% air at 37 �C. All experiments were con-

ducted using cells in the logarithmic growth phase. Bone

marrow specimens were obtained from MM patients under

a protocol approved by the Seoul National University Hospi-

tal Institutional Review Board for the use of samples for re-

search, and mononuclear cells separated by Ficoll-Hipaque

density sedimentation to establish long-term BMSC cultures

as previously described (Uchiyama et al., 1993). When an

adherent cell monolayer had developed, BMSCs were har-

vested in Hank’s Buffered Saline Solution containing 0.25%

trypsin and 0.02% EDTA, washed, and collected by

centrifugation.
4.2. Reagents

Recombinant human IL-6 and sIL-6R were purchased from

R&D Systems (Minneapolis, MN, USA), rehydrated in phos-

phate-buffered saline (PBS) containing 0.1% bovine serum al-

bumin, and stored as a stock solution at �20 �C. The specific

proteasome inhibitor, bortezomib (Velcade�; formerly known

as PS-341), was generously provided by Janssen Korea, Ltd.

(Seoul, Korea). Curcumin was purchased from Sigma Co., (St

Louis, MO, USA). PD98059, AG490, and 6-amino-4-(4-phenoxy-

phenylethylamino) quinazoline (NF-kB activation inhibitor)

were purchased from Calbiochem Corp. (San Diego, CA,

USA). These agents were dissolved in DMSO as a stock solu-

tion, stored at �20 �C, and subsequently diluted with serum-

free RPMI 1640 prior to use.
4.3. Cell proliferation assay

Cell proliferation assay was performed using Cell Counting Kit-

8 (Dojindo Laboratories, Kumamoto, Japan) according to the

manufacturer’s instructions (downloadable at http://www.do-

jindo.com/newimages/CCK-8TechnicalInformation.pdf).

Briefly, 100 mL of cell suspension was incubated in 96-well

http://www.dojindo.com/newimages/CCK-8TechnicalInformation.pdf
http://www.dojindo.com/newimages/CCK-8TechnicalInformation.pdf


Figure 6 – Effect of curcumin on IL-6, sIL-6R, and VEGF secretion in BMSCs from three different sources. After serum starvation, BMSCs from

three different sources were treated with indicated concentrations of curcumin for 24 h. (A) IL-6 secretion in three BMSCs. (B) sIL-6R secretion

in three BMSCs. (C) VEGF secretion in three BMSCs.
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Figure 7 – Growth inhibitory effect of the combined treatment of bortezomib and curcumin on U266 cells. U266 cells were treated with indicated

concentrations of combined bortezomib and curcumin for 96 h and CI was calculated using Calcusyn Software.

Figure 8 – Effect of the combination of bortezomib and curcumin on

IL-6/sIL-6R-induced JAK/STAT and MAPK pathways in U266

cells. U266 cells were pretreated with either bortezomib (1 nM) or

curcumin (5 mM) or combined bortezomib and curcumin for 1 h and

then treated with IL-6 (5 ng/mL) and sIL-6R (25 ng/mL) for 4 h.

Whole-cell extracts (30 mg) were analyzed by Western blot for

phosphorylated STAT3, total STAT3, phosphorylated Erk, and total

Erk. Lane: 1. control; 2. 5 ng/mL IL-6 and 25 ng/mL sIL-6R; 3.

5 mM curcumin, 5 ng/mL IL-6 and 25 ng/mL sIL-6R; 4. 1 nM

bortezomib, 5 ng/mL IL-6 and 25 ng/mL sIL-6R; 5. 5 mM curcumin,

1 nM bortezomib, 5 ng/mL IL-6 and 25 ng/mL sIL-6R.
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culture plates at 37 �C. Then, indicated reagents were added

into culture media in the plate and cells were incubated for

the indicated time period. Then, 10 mL of CCK-8 solution was

added to each well for 4 h. The absorbance of each well was

measured in a microplate reader (Becton Dickinson Labware,

Le Pont de Claix, France) at 450 nm (reference 650 nm) after

shaking as stated above. Means and standard deviations were

generated from three independent experiments. Absorbance

values were normalized to the values obtained from control

group to determine the value for % of survival. Values are the

mean� S.D.

Combination index (CI) values for each combination treat-

ment were calculated using Calcusyn Software (Biosoft, Fergu-

son, MO, USA). CI value>1.2 was definedas antagonism, 0.8–1.2

as additive and <0.8 as synergistic effect.

4.4. Western blot analysis

The cells were treated with the indicated reagents for the

indicated time periods, washed once in ice-cold phosphate

buffered saline (PBS), and resuspended in lysis buffer (50 mM

Tris–HCl (pH 7.4), 150 mM NaCl, 1% NP-40, Na-deoxycholate

0.25%, 1 mM EDTA, 1 mM NaF, 1 mM Na3VO4, 1 mM PMSF,

aprotinin, leupeptine, and pepstatin 1 mg/mL). The protein

concentration of lysate was measured, 30 mg of cytoplasmic

protein extracts were boiled for 5 min and the proteins were

resolved in 10% SDS-polyacrylamide gel electrophoresis and

electrotransferred to polyvinylidene difluoride membranes

(Millipore, Bedford, MA, USA). The membranes were blocked

in Tris-buffered saline containing 0.05% Tween 20 and 5%

nonfat dry milk for 1 h at room temperature and incubated



Figure 9 – Synergistic effect of bortezomib and curcumin on apoptosis induction in U266 cells. U266 cells were pretreated with either bortezomib

(1 nM) or curcumin (5 mM) or combined bortezomib and curcumin for 1 h and then treated with IL-6 (5 ng/mL) and sIL-6R (25 ng/mL). Cultures

were incubated at indicated time periods and then 30 mg of whole-cell extracts were analyzed by Western blot for PARP, pro-caspase 3,

phosphorylated IkBa, total IkBa and b-actin. Lane: 1. control; 2. 5 ng/mL IL-6 and 25 ng/mL sIL-6R; 3. 5 mM curcumin, 5 ng/mL IL-6 and

25 ng/mL sIL-6R; 4. 1 nM bortezomib, 5 ng/mL IL-6 and 25 ng/mL sIL-6R; 5. 5 mM curcumin, 1 nM bortezomib, 5 ng/mL IL-6 and 25 ng/mL

sIL-6R.
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with the appropriate primary antibody for 2 h. Immunoreac-

tive proteins were detected using horseradish peroxidase-

conjugated secondary antibody (Jackson ImmunoResearch

Laboratories Inc., PA, USA) and an enhanced chemilumines-

cence reagents (Amersham Pharmacia Biotech, Piscataway,

NJ, USA). Antibodies for the following proteins were utilized

in this study; phospho-STAT3, phospho-Erk, phospho-IkBa,

STAT3, Erk and IkBa (Cell Signaling Technology, Beverly, MA,

USA), PARP, caspase 3, cyclin D1, CDK4 (Santa Cruz, CA,

USA), p21, and b-actin (Sigma, MI, USA).
4.5. ELISA

Enzyme-linked immunosorbent assays were conducted with

IL-6, a soluble IL-6 receptor (sIL-6R), and VEGF kit (R&D Sys-

tems, Minneapolis, MN, USA). The cells were treated with

the indicated reagents for the indicated time period, and the

cell-free supernatants were harvested. These samples were

measured for IL-6, soluble IL-6R, and VEGF levels in accor-

dance with the manufacturer’s instructions.
4.6. Statistic analysis

The statistical significance of differences observed in experi-

mental versus control cells was determined via the Student’s

t test. The minimal level of significance was p< 0.05.
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