
Abstract. Background: Multiple myeloma remains an
incurable malignancy despite of the recent approval of new
molecular-targeted agents. The complex molecular mechanism,
composed of various signal networks, including nuclear factor-
κB (NF-κB), phosphoinositide 3-kinase (PI3K)/AKT, Janus
kinase (JAK)/signal transducer and activator of transcription
3 (STAT3), and interferon regulatory factor 4 (IRF4) pathways,
is a major reason for treatment failure. Curcumin can regulate
these molecules, but its low bioavailability prevents its clinical
application. Materials and Methods: Growth-suppressive
abilities of newly synthesized analogs, GO-Y030 and GO-Y078
were analyzed. Molecular-targeted abilities of the analogs for
NF-κB, PI3K/AKT, JAK/STAT3, IRF4 pathways, as well as
inhibition of interleukin-6 (IL-6) production, were also
examined. Results: GO-Y030 and GO-Y078 were 7 to 12-fold
more potent growth suppressors for myeloma cells, and 6- to
15-fold stronger inhibitors of NF-κB, PI3K/AKT, JAK/STAT3,
and IRF4 pathways than curcumin. GO-Y78 also 14-fold more
potently inhibited IL-6 production. Conclusion: GO-Y030 and
GO-Y078 are potential therapeutic candidates with enhanced
abilities for multiple myeloma.

Multiple myeloma (MM) is generally a B-cell malignancy
characterized by profound immunoglobulin (Ig) gene
hypermutation. MM ranks as the second most frequent
hematological malignancy in the U.S. (1). Despite high-dose

chemotherapy and the recent introduction of agents such as
thalidomide and bortezomib, MM remains incurable, with a
median survival of 44.8 months (2). 

MM cells adhere to bone marrow stromal cells (BMCs),
which then triggers the secretion of cytokines such as
interleukin-6 (IL-6) to activate the mitogen-activated protein
kinase (MAPK), Janus kinase (JAK)/signal transducer and
activator of transcription 3 (STAT3), phosphoinositde 3-
kinase (PI3K)/AKT and nuclear factor κB (NF-κB) pathways
(1). Recently, it was shown that interferon regulatory factor
4 (IRF4), playing an important role in differentiation and Ig
class switching in plasma cells (3), works as a master
regulator in MM cells (4). IRF4 controls metabolism,
membrane biogenesis, cell cycle progression, and cell death
of MM cells. MYC is a direct target of IRF4, and vice versa,
thus forming an autoregulatory loop (5). Knockdown of IRF4
induced effective cell death, therefore IRF4 is considered as
an Achilles heel for MM (5). These understandings of MM
biology have assisted the identification of targeted molecules
that are critical for treatment of MM. 

Curcumin is a dietary constituent of turmeric. It has the
ability to suppress tumor growth (6). Curcumin interferes
with the transactivation of NF-κB (7) and β-catenin (8),
resulting in the negative regulation of various oncogenes such
as c-MYC and cyclin D1. Curcumin also blocks signaling of
various growth factors (9-11), and has anti-invasive,
antimetastatic, and antiangiogenic properties (12, 13).
Therefore, curcumin is considered as a multi-targeted drug.
Curcumin suppresses NF-κB activation, thus, reducing MM
cell growth, and induces apoptosis (14). A phase I/II study of
curcumin for MM is currently ongoing. However, the reduced
bioavailability of curcumin prevents its clinical application.
To ameliorate these limitations, we recently synthesized
curcumin analogs, GO-Y030 and GO-Y078. In this study, we
analyzed the potency of new analogs against MM.
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Materials and Methods

Chemicals. Chemical synthesis of the new analogs has been
previously described (15, 16). Curcumin (Sigma–Aldrich, St
Louis, MO, USA) and its analogs were dissolved in dimethyl
sulfoxide (DMSO) at 10-50 mM as a stock solution. Working
concentrations ranged from 1 to 20 μM, indicating that over one
thousand-fold dilution was conducted. DMSO was used as a
control at 1%. Melphalan and thalidomide were purchased from
Sigma-Aldrich.

Cell lines. RPMI8226 cells were obtained from the Cell Resource
Center for Biomedical Research (Institute of Development, Aging
and Cancer, Tohoku University, Sendai, Japan). U266, OPM2, and
KMS12-BM cells were obtained from the American Type Culture
Collection (Manassas, VA, USA), Deutsche Sammlung von
Mikroorganismen und Zelkulturen (Braunschweig, Germany), and
Health Science Researches Bank, Japan Health Science
Foundation (Osaka, Japan) respectively. Cells were cultured in
RPMI-1640 medium containing 10% fetal bovine serum at 37˚C
with 5% CO2.

Growth suppression analysis. Growth-suppressive effects of analogs
were measured for 72 h, compared with the control, which was
treated with 1% DMSO alone. Cell viability was assayed as
previously described (15). The data were obtained from three
independent experiments.

Cell cycle analysis. The cell cycle distribution was determined by
fluorescence-activated cell sorting (FACS) analysis as previously
described (15, 16). Briefly, cells were inoculated into 6-well plates
at a density of 5×105 cells per well, exposed to the analogs at 2 μM,
cultured for 18 h, and then assayed. The data were obtained from
the triplicate wells. 

Western blotting. Anti-actin monoclonal antibody (MoAb) was
purchased from Sigma-Aldrich. Anti-NF-κB p65 (p65), anti-
phospho-IκBα, and anti-TATA-box-binding protein MoAbs were
purchased from Abcam (Cambridge, UK). Anti-caspase3, anti-pro-
caspase3, anti-poly ADP-ribose polymerase (PARP), anti-
inhibitors of NF-κBα (IκBα) and anti-c-MYC MoAbs were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). The Western blotting procedure was carried out as
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Figure 1. Growth inhibitory effect of curcuminoids. A: Chemical structure. The methoxy group is indicated as MeO, and the methoxymethoxy group
as MOMO. B: The GI50 values of curcumin, its analogs, melphalan, and thalidomide against MM cell lines. 



described previously (15). Nuclear extracts were prepared using
NE-PER™ nuclear extraction reagents (Pierce Corp., Rockford,
IL, USA), according to the manufacturer’s instructions. Anti-AKT,
anti-phospho-AKT, anti-STAT3, and anti-phospho-STAT3 MoAbs
were purchased from Cell Signaling Technology, Inc. (Danvers,
MA, USA). The 50% growth inhibition concentration (GI50)
values were estimated from the band intensity.

Immunofluorescence microscopic observation of p65. RPMI8226
cells were inoculated at a density of 2×104 cells per well on glass
chamber slides (NalgeNunc International, Rochester, NY, USA) as
adherent cells for 24 h. Immunofluorescence observation was
conducted as previously described with anti-p65 MoAb (Abcam)
and goat anti-rabbit IgG-FITC (Beckman Coulter K.K., Tokyo,
Japan) (17). Cells were also stained with 1 mM Hoechst 33258 dye
(Sigma) and photographed using a fluorescence microscope (BZ-
9000; Keyence, Osaka, Japan). 

Quantitative analyses of transcripts. Total RNA was extracted using
the RNeasy mini kit (QIAGEN Corporation Japan, Tokyo, Japan)
and converted to cDNA using a high capacity cDNA reverse
transcription kit (Applied Biosystems Inc., Foster City, CA, USA).
The number of transcripts was measured by Taq-Man gene
expression assay with commercially available primers (Applied
Biosystems Inc.) using an ABI 7500 real-time PCR System. The
number of β-actin transcripts was used as an internal control. 

Quantification of IL-6 production. U266 cells (1×106 cells/ml) were
treated with/without curcuminoids for 24 h. Cell-free supernatants
were collected and the protein level of IL-6 was determined by
Human IL-6 ELISA kit (R&D Systems, Minneapolis, MN, USA).

Statistical analysis. Each experiment was conducted three times,
unless otherwise specified. The values shown are means±SDs.
Student’s t-test (two-sided) was used to test for significant
differences between the groups.

Results

GO-Y030 and GO-Y078 are more effective suppressors of
myeloma. The growth suppressive effects of GO-Y030 and
GO-Y078 on four MM cell lines with different genetic
background: RPMI8226, KMS12-BM, U266, and OPM2
(18) (Figure 1). The GI50 values of curcumin for RPMI8226,
KMS12-BM, U266, and OPM2 cells were 17.7, 10.3, 17.8,
and 9.7 μM, respectively. The corresponding GI50 values of
GO-Y030 were 1.5, 1.5, 2.1, and 0.8 μM (Figure 1B), which
were 11.6-, 6.7-, 8.3-, and 11.5-fold lower than those of
curcumin. For GO-Y078, the corresponding GI50 values
were 1.0, 0.6, 1.2, and 0.8 μM. For comparison, the GI50
values of melphalan for these four MM cell lines ranged
from 23.3 μM to >50 μM. The GI50 values of thalidomide
were over 50 μM. The results indicate that GO-Y030 and
GO-Y078 are stronger growth suppressors than curcumin.

GO-Y030 and GO-Y078 are more effective inducers of
apoptosis. We examined the apoptosis-inducing ability of

GO-Y030 and GO-Y078 against MM cells using FACS
analysis. As representatively shown in Figure 2A, compared
with the control, in KMS12-BM cells, only a 1.5-fold higher
sub G1 fraction (6.0% versus 4%) was induced with 20 μM
of curcumin, whereas a 10.4- and 9.1-fold higher sub G1
fraction (41.6% and 36.2%) was induced with 2 μM of GO-
Y030 and GO-Y078, respectively. Thereafter, we examined
caspase-3 conversion and PARP cleavage (Figure 2B). In
curcumin-treated cells, conversion of pro-caspase 3 to caspase
3, as well as PARP cleavage, was not observed at 10 μM, but
was observed at 20 μM of curcumin. In the GO-Y030 and
GO-Y078 treated cells, caspase-3 conversion and PARP
cleavage were observed at 2 μM. These results indicate that
GO-Y030 and GO-Y078 can induce apoptosis at a
concentration at least 10 times lower than that of curcumin. 
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Figure 2. Apoptosis-inducing ability of curcumin analogs. A: FACS
analysis of KMS12-BM cells treated with analogs: (i) control (DMSO
alone), (ii) 2 μM curcumin, (iii) 20 μM curcumin, (iv) 2 μM GO-Y030,
and (v) 2 μM GO-Y078. B: Caspase-3 induction by analogs. Pro-
caspase-3 (pro-Casp3), caspase-3 (Casp3), and poly ADP-ribose
polymerase (PARP) cleavage were assayed. Con: Control (DMSO
alone), ACTB: β-actin.



Effects on NF-κB transactivation. Immunomodulatory
analogs and bortezomib (19) are known to inhibit NF-κB
transactivation, and are approved therapeutic agents for MM.
In response to various signals, NF-κB released from IκB
anchoring, migrates into the nucleus and activates target
genes. Nuclear translocation of p65 was examined using
immunofluorescence microscopy of RPMI8226 cells (Figure
3A). p65 was translocated to the nucleus in the presence of
tumor necrosis factor α (TNFα) (10 ng/ml). However, 2 μM
of GO-Y030 and GO-Y078, as well as 20 μM of curcumin,
inhibited the translocation. In the absence of TNFα, IκBα
was expressed in the cytosol, but in its presence, the amount
of IκBα in the cytosol decreased to 21.5% (Figure 3B).
Treatment with curcumin analogs inhibited the decrease in
IκBα expression dose-dependently: 10 μM GO-Y030

recovered the expression to 36.9% that of the control, and 10
μM GO-Y078 to 63.8%. Curcumin did not restore
expression, even at 30 μM.

In the nucleus, a 36.0-fold higher amount of p65 (p65nuc)
was detected in the presence of TNFα. In the presence of
TNFα, the analogs suppressed p65nuc expression dose-
dependently, 10 μM GO-Y030 reduced p65nuc expression to
31.6% that of the control, and 10 μM GO-Y078 reduced it
to 34.4%. On the other hand, curcumin did not reduce
p65nuc expression even at 30 μM. The IC50 of GO-Y030 for
p65nuc was 1.72 μM, and that of GO-Y078 was 4.71 μM.
However, inhibition with curcumin did not reach 50% of the
control, even at 30 μM. These observations indicate that GO-
Y030 and GO-Y078 are at least 6.4-fold stronger inhibitors
of NF-κB than curcumin. 
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Figure 3. Effects on NF-κB transactivation. RPMI8226 cells were pretreated with curcuminoids with (indicated by open bar) or without tumor
necrosis factor-α (TNF-α) (solid bars). A: Inhibition of nuclear translocation of p65. Con: Control (DMSO alone); Cur: curcumin. B: Western
analysis of p65 and inhibitors of NF-κBα (IκB) in the cytosol (C) and the nucleus (N). ACTB: β-Actin, TBP: TATA-box-binding protein.



Effects on the PI3K/AKT pathway. Phosphorylation of the
threonine residue at codon 308 (pAKT (Thr 308)) and the serine
residue at codon 473 (pAKT (Ser 473)) are essential to activate
AKT (20). IL-6 can activate AKT in OPM2 cells. In the
presence of IL-6, 2.8-fold higher pAKT (Thr 308) and 1.8-fold
higher pAKT (Ser 473) expressions were observed compared to
in the absence of IL-6 (Figure 4A). Curcumin did not suppress
pAKTs at either residue at 20 μM, whereas GO-Y030
suppressed the levels of both pAKT (Thr 308) and pAKT (Ser
473) to 33.8% and 45.3% that of the control, respectively, at 2
μM (Figure 4). GO-Y078 suppressed the levels of pAKT (Thr
308) to 62.9% and pAKT (Ser 473) to 61.2% of the control,
respectively, at 2 μM (Figure 4A). GO-Y030 and GO-Y078 are
at least 10-fold stronger inhibitors of pAKTs than curcumin. 

Effects on the JAK/STAT3 pathway. IL-6 can activate JAK,
which subsequently phosphorylates STAT3 at tyrosine residue
705 (pSTAT3) and thus, activates it (21). The presence of IL-
6 induced a 172.8-fold increase of pSTAT3 in OPM2 cells,
compared to in the absence of IL-6 (Figure 4B). Curcumin
dose-dependently suppressed the level of pSTAT3 to 81.4%
and 52.4% of the control at 2 μM and 
20 μM, respectively. GO-Y030 and GO-Y078 suppressed the
level of pSTAT3 to 12.5% and 21.6% of the control at 2 μM,

respectively (Figure 4B). GO-Y030 and GO-Y078 are
considerably 10-fold stronger inhibitors of pSTAT3 than
curcumin. 

Effects on the IRF4 pathway. The effects of curcuminoids on
the IRF4 pathway were examined. Treatment with 10 μM
curcumin reduced the expression of IRF4 to 34.6% that of the
control in KMS12-BM cells (Figure 5A). GO-Y030 and GO-
Y078 also reduced the expression of IRF4 dose-dependently,
but more efficiently than did curcumin (Figure 5A). The IC50
of IRF4 expression was 9.69 μM with curcumin treatment, but
was 0.65 μM with GO-Y030, and 0.51 μM with GO-Y078.
MYC is transcriptionally regulated by IRF4 (4), and curcumin
reduced MYC expression dose-dependently, and its IC50 value
was 9.87 μM (Figure 5A). The IC90 values for MYC
expression after GO-Y030 and GO-Y078 treatments were 1.05
μM and 0.71 μM, respectively. B lymphocyte-induced
maturation protein 1 (BLIMP1) is also transcriptionally
regulated by IRF4 (22). Curcumin reduced BLIMP1
expression dose-dependently; the IC50 value was 9.64 μM
(Figure 5A). The IC50 values after GO-Y030 and GO-Y078
treatments were 1.63 μM and 0.85 μM, respectively. 

Thereafter, we examined the effect of GO-Y030 and GO-
Y078 on the expression of other target genes of IRF4 (5), such
as cyclin-dependent kinase 6 (CDK6), stromal antigen 2
(STAG2), cyclin C (CCNC), SUB2 gene, homolog of the human
splicing factor hUAP56, squalene epoxidase (SQLE), and
stearoyl-CoA desaturase (SCD) genes as well as c-MYC and
BLIMP1 by reverse transcription-PCR (RT-PCR) of KMS12-BM
cells. Curcumin at 2 μM did not have any effect on the number
of transcripts; however, 20 μM curcumin suppressed the
transcripts for IRF4, BLIMP1, c-MYC, CDK6, STAG2, CCNC,
SUB2, SQLE and SCD to 66.7, 65.8, 61.5, 67.9, 87.3, 71.3, 74.7,
68.8, and 62.6% that of the control, respectively. At 2 μM, GO-
Y030 suppressed the number of transcripts to 53.1, 53.6, 47.2,
42.9, 77.6, 55.5, 67.0, 74.3, and 60.2% that of the control,
respectively, while GO-Y078 suppressed them to 36.5, 62.9,
59.1, 62.7, 111.6, 78.9, 81.2, 64.5, and 37.8% that of the control,
respectively. The transcriptional levels of IRF4, BLIMP1, c-
MYC, CDK6, and SCD were suppressed with 20 μM curcumin,
as well as with 2 μM GO-Y030 and GO-Y078 (Figure 5B).

Effect on IL-6 production. IL-6 is secreted from BMCs, and
a major growth factor of MM cells (22). A minority of MM
cell lines, including U266, produces IL-6 by an autocrine
mechanism (Figure 6). In U266 cells, the basal level of IL-6
production in the medium was 564.05±15.19 mg/ml, whereas
the amount decreased dose-dependently following curcumin
treatment. The IC50 value of curcumin for IL-6 production
was 10.21 μM. GO-Y030 did not considerably reduce IL-6
production, however, the IC50 value of GO-Y078 for IL-6
production was 0.73 μM. Thus, GO-Y078 is a more potent
inhibitor of IL-6 production.

Kudo et al: Enhanced Inhibition of Myeloma with New Curcumin Analogs

3723

Figure 4. Effects of curcumin analogs on the phosphoinositide 3-
kinase/AKT (PI3K/AKT) and Janus kinase/signal transducer and
activator of transcription 3 (JAK/STAT3) pathways. OPM2 cells were
pretreated with curcuminoids, and then interleukin-6 (IL-6) was added
(solid bar) or not (open bar). After 10 min treatment, cells were
harvested. The relative band intensity is indicated below the band. Con:
Control (DMSO alone), Cur: curcumin, Y030: GO-Y030, Y078: GO-
Y078. A: PI3K/AKT pathway. B: JAK/STAT3 pathway.



Discussion

The results of clinical trials determining the clinical
applicability of curcumin for MM seem to indicate it is not
useful. This is mainly attributed to the low bioavailability of

curcumin. We have developed 69 species of diarylpentanoid
analogs, and assayed their antitumor abilities; in silico
absorption, distribution, metabolism and elimination (ADME)
analysis was conducted simultaneously (23). GO-Y030 was
one of the most effective growth suppressants, and GO-Y078
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Figure 5. Effects of curcumin analogs on the IRF4 pathway. A: Western blot analysis of interferon regulatory factor 4 (IRF4), B lymphocyte-induced
maturation protein 1 (BLIMP1), and c-MYC. B: Quantitative RT-PCR analyses of IRF4 and its transcripts: (i) IRF4, (ii) BLIMP1, (iii) c-MYC, (iv)
cyclin-dependent kinase 6 (CDK6), (v) squalene epoxidase (SQLE), (vi) stearoyl-CoA desaturase (SCD). The asterisk indicates a significant difference
between the control (Con, DMSO alone) and each treatment. 



had the additional characteristics of improved solubility and
effectiveness in a mouse model of gastric cancer (23). Single-
targeted agents cannot overcome the redundancy of signaling
networks. Therefore the multitargeted potency of curcumin
cannot be readily abandoned. In this study, multitarget
inhibition of the analogs was shown by their enhanced
activities in MM cells. Down-regulation of IRF4 expression is
also promising because knockdown of as low as 50% of IRF4
alone can kill MM cells effectively (5); complete suppression
of IRF4 expression may result in severe immunodeficiency.
While the amount of IRF4 in heterozygous IRF4+/− mouse was
half of that of the wild type littermates, the amount of Ig was
comparable to the wild type (24). Although 50% knockdown
of IRF4 is lethal to myeloma cells, it has no adverse effect on
immunity. Moreover, as the toxicity of GO-Y030 and GO-
Y078 against normal hepatocytes is low (23), there is room for
combination therapy with the cytotoxic agents. Although the
efficacy and safety of GO-Y030 and GO-Y078 in vivo remain
to be elucidated, the present study suggests that the new
curcumin analogs GO-Y030 and GO-Y078 can offer potential
leads for the development of therapeutic agents against MM.
As the attachment group modification of each aromatic ring
could improve both physical and pharmacological properties of
analogs, it is worth exploring to synthesize the analogs carrying
various attached groups.
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