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Curcumin analogue GO-Y030 inhibits STAT3 activity
and cell growth in breast and pancreatic carcinomas
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Abstract. Curcumin has numerous anti-carcinogenic
properties, but low bioavailability prevents its use in chemo-
therapeutic applications. One strategy for circumventing this
problem has been the creation of synthetic analogues. We
tested the efficacy of an analogue known as GO-Y030 in
human breast and pancreatic cancer cells. We compared
the impact of curcumin and GO-Y030 on the breast cancer
cell line MDA-MB-231 and pancreatic cancer cell lines,
PANC-1, HPAC and BXPC-3. Both compounds reduced cell
viability and induced apoptosis, but GO-Y030 was substantially
more potent. We also demonstrated that GO-Y030 was
capable of interfering with STAT3, a persistently activated
transcription factor in many cancer types. GO-Y030 inhibited
STAT3 phosphorylation and transcriptional activity whereas
comparable dosages of curcumin had little or no effect.
These results indicate that GO-YO030 is a potent inhibitor
of cell viability and STAT3 activation, and may thus have
potential as a therapeutic agent for cancers expressing high
levels of activated STAT3.

Introduction

Curcumin is a polyphenolic compound isolated from the
rhizome of the perennial herb Curcuma longa. It has been
part of therapeutic preparations for centuries due to its wide
spectrum of beneficial activities and its safety in relatively
large doses (1). Extensive research has indicated that the
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complex chemistry of curcumin allows it to influence multiple
cell signaling pathways, giving it anti-inflammatory, anti-
oxidant, chemopreventive and chemotherapeutic properties in
addition to many others (2). The anti-carcinogenic properties
of curcumin continue to be a subject of great interest, and
evidence that it can inhibit the initiation, progression and
continued survival of cancerous cells likewise continues to
accumulate (2). Despite these promising findings, curcumin
has yet to be approved as a chemotherapeutic agent. Testing
in animal models and human clinical trials has revealed
that the bioavailability of curcumin is low, owing to its poor
absorption, limited tissue distribution, rapid metabolism, and
subsequent elimination from the body (3). Numerous strategies
have been devised to address these shortcomings, including
the design and synthesis of novel structural analogues (4).

One such compound, termed GO-Y030, was synthesized
by Ohori and colleagues during the course of an exhaustive
screen with the dual focus of identifying the structural motifs
responsible for curcumin's anti-carcinogenic properties
and then designing analogues that improved upon them (5).
Following their initial evaluation, GO-Y030 was found to
possess potent growth-suppressive potential in several cancer
cell lines, inhibiting cell growth by a factor of 8-40 times
that exhibited by curcumin (5). Despite its higher efficacy,
GO-Y030 also retained curcumin's relative safety. Dosages
as high as 100 uM were found to have minimal impact on
primary human hepatocytes, and in vivo toxicity studies
performed in mice revealed no adverse effects following
45 days of oral administration, based upon criteria of body
weight, appearance and behavior (5). Microarray analysis
of GO-Y030 and curcumin-treated cells produced similar
expression profiles, with the expression of the majority of
affected genes falling within a 2-fold variation. At the protein
level however, GO-Y030 was found to down-regulate known
contributors to oncogenesis such as 3-catenin, HER2/neu (also
known as ErbB-2), c-Myc and cyclin D1 at dosages far lower
than those required to elicit a comparable effect with curcumin
(5). Given the multitude of known molecular targets of
curcumin, it seems likely that GO-Y030 may have a similar
effect on other oncoproteins that have yet to be described.
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A potential target is the signal transducer and activator of
tanscription 3 (STAT3), a transcription factor whose activity
can also be down-regulated by curcumin (6,7). Persistently
active STAT3 is found with high frequency in a wide range
of human cancer cell lines and tissues where it has been
implicated in stimulating cell proliferation, promoting angio-
genesis, mediating immune evasion, and conferring increased
resistance to apoptosis (8-13). These activities are apparently
required for the continued survival of certain cancer cells,
as interference with the STAT3 pathway results in growth
inhibition and the induction of apoptosis (14-16). Although
knock-out of STATS3 is lethal to mice in early embryogenesis,
it appears to be dispensable in most normal adult cell and
tissue types (17,18). As such, STAT3 has emerged as an
attractive chemotherapeutic target (19,20).

In our present study, we compared the effects of GO-Y030
and curcumin in breast and pancreatic cancers that feature
constitutively activated STAT3. As hypothesized, GO-Y030
was substantially more effective than curcumin at inhibiting
the viability of these cells and inducing apoptosis in vitro. It
was also revealed that GO-Y030 was more capable of
preventing the phosphorylation and subsequent activation of
STAT3, an observation that may partially explain why GO-
Y030 is more effective than curcumin against certain cancer
cells.

Materials and methods

Cell culture. The human breast cancer cell line MDA-MB-231
and three human pancreatic cancer cell lines (PANC-1,
BXPC-3, and HPAC) were acquired from the American
Type Culture Collection. These cells were maintained in
1X Dulbecco's modification of Eagle's medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) (Invitrogen),
4.5 g/1, L-glutamine, and sodium pyruvate (Mediatech) and
1% penicillin/streptomycin (P/S). The cells were maintained
in incubators set at 37°C and aired with 5% CO,.

Western blot analysis. GO-Y030 and curcumin (Sigma-
Aldrich, St. Louis, MO) were dissolved in sterile dimethyl-
sulfoxide (DMSO) to make 20 mM stock solutions. The
MDA-MB-231 breast cancer cells and PANC-1, BXPC-3,
and HPAC pancreatic cancer cells were grown to semi-
confluency and treated with 1.0, 2.5, and 5 yM of GO-Y030,
or 2.5-20 uM of curcumin for 24 h. For Western blots, 50 g
of total cell lysates were resolved by SDS polyacrylamide gel
electrophoresis (PAGE) and transferred to PVDF membrane.
These membranes were then blotted with phospho-specific
STAT3 antibody (Tyrosine 705; #9131 Cell Signaling
Technology, Beverly, MA), phospho-independent STAT3
antibody (#9132 Cell Signaling Tech.), cleaved PARP antibody
(#9546 Cell Signaling Tech.), cleaved caspase-3 (Asp175)
antibody (#9661 Cell Signaling Tech.), and GAPDH antibody
(MAB374 Chemicon International Inc., Temecula, CA).
Membranes were analyzed with enhanced chemiluminescence
Plus reagents (GE Healthcare UK Ltd., Buckinghamshire,
UK) and scanned with a Storm phosphorimager (Amersham
Pharmacia Biotech Inc., Piscataway, NJ).

MTT cell viability assay. MDA-MB-231, PANC-1, BXPC-3,
and HPAC breast and pancreatic cancer cells were seeded
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in 96-well plates (4000 cells/well) in triplicate in 10% FBS
DMEM. After 24 h, the cells were treated with 0.5-5 uM of
GO-Y030 or 0.5-30 uM of curcumin for 72 h. MTT (NPI
Research Products International Corp., Mt. Prospect, IL)
diluted in sterile PBS was then added to each well to a final
concentration of 5 mg MTT per ml. The cells were incubated
for 3.5 h at 37°C. Reactions were stopped by the addition of
100 ul of solubilization solution (a 1:1 mixture of ddH,O and
N.,N-dimethylformamide with 20% SDS, pH 4.5). The plates
were kept in the dark at room temperature overnight before
being read at 570 nm in a spectrophotometer. Half-maximal
inhibitory concentrations (ICs,) were determined using Sigma
Plot 9.0 software (Systat Software Inc., San Jose, CA) using
the 4 parameter logistic function standard curve analysis for
dose response.

STAT3-dependent transcriptional luciferase assay. MDA-
MB-231 breast cancer cells were stably transfected with the
pLucTKS3 luciferase reporter, a construct that contains
seven copies of the STAT3 binding site in a thymidine kinase
minimal promoter. Expression of luciferase is contingent upon
activation of STAT3 (21). These cells were grown to semi-
confluency in 6-well plates and then treated with the listed
concentrations of curcumin or GO-Y030 for 24 h in 5% FBS
DMEM. The cells were washed with PBS and harvested in
reporter lysis buffer. Lysate (20 u1) was used in the luciferase
per the manufacturer's protocol (Promega, Madison, WI).
Samples were run in triplicate. The data were normalized via
a BCA protein assay (Thermo Scientific, Rockford, IL) to
determine the total amount of protein present in each lysate.
Luciferase activity is expressed as CPS per ug protein.
Curcumin- and GO-Y030-treated STAT3 luciferase activity
is presented relative to a pLucTKS3-transfected but otherwise
untreated sample, arbitrarily set at 100%. Error bars represent
+ standard deviation.

Soft agar colony formation assay. A 0.6% agar gel with 10%
FBS in DMEM was prepared and added to the wells of a 6-well
culture dish as a base agar. MDA-MB-231 breast cancer cells
(5000 per well) were plated for anchorage-independent
growth analysis in 0.4% agar gel with 10% FBS in DMEM
supplemented with the target treatment on-top of the base
agar. The cells were allowed to grow at 37°C for 2 weeks.
The effect of the drugs on anchorage independent growth
was determined by colony growth. Colonies were stained
with MTT dye (100 u1 per well) and pictures were taken with
a Leica MZ 16FA inverted microscope (Leica Microsystems,
Wetzlar, Germany) with a 7.4 Slider Camera (Diagnostic
Instruments Inc., Sterling Heights, MI). Colonies were scored
by counting with an inverted microscope. Colony formation
in each treatment is expressed as a percentage of the total
colonies formed in the untreated control.

Results

GO-Y030 is a more potent inhibitor of viability in human
breast and pancreatic cancer cells. In this study, we initially
examined the growth suppressive activities of GO-Y030 and
curcumin (Fig. 1) in human breast and pancreatic cancer cell
lines. MDA-MB-231 is basal-like triple-negative (in regards
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Figure 1. The chemical structures of curcumin and GO-Y030.

Table I. IC, values for cell viability in human breast and
pancreatic cancer cells.

MDA-MB-231 HPAC PANC-1 BXPC-3
Curcumin 193 16.7 27.8 8.7
GO-Y030 1.2 2.2 0.1 02

Cancer cells were treated for 72 h and cell viability was analyzed
by MTT assays. ICy, values (#M) were subsequently determined
for each cell line.

to presence of the estrogen, progesterone, and human epidermal
growth factor type 2 (HER?2) receptors) breast carcinoma cell
line that features high endogenous levels of phosphorylated
STAT3 (pSTAT3) (22). We assessed the viability of these
cells with MTT assays following 72 h of treatment with
different concentrations of either curcumin or GO-Y030.
Although viability of the MDA-MB-231 breast cancer cells
was reduced in a dose-dependent fashion following treatment
with each compound, the inhibitory effects of GO-Y030 were
much more pronounced. The computation of ICs, values
from these data suggests that GO-Y030 is several times more
effective than curcumin (1.2 versus 19.3 uM respectively) in
regards to its impact on general viability (Table I).

We also examined GO-Y030- and curcumin-induced
inhibition of viability in three human pancreatic cancer cell
lines: PANC-1, BXPC-3, and HPAC. PANC-1 is a pancreatic
epitheloid carcinoma with high levels of endogenous pSTAT3,
whereas both BXPC-3 and HPAC are adenocarcinoma cell
lines with elevated levels of pSTAT3 (23,24). In accordance
with our observations in MDA-MB-231, GO-Y030 was
again the more potent of the two compounds in each of the
pancreatic cell lines evaluated (Table I).

GO-Y030 induces apoptosis and inhibits STAT3 phospho-
rylation more effectively than curcumin in breast and
pancreatic cancer cells. We then examined if GO-Y030 and
curcumin were leading to the induction of apoptosis by
assaying for the presence of cleaved poly-(ADP-ribose) poly-
merase (PARP) in cancer cells following their exposure to
these compounds. PARP is an early target of active caspases,
and its cleavage product can serve as a marker of apoptosis
(25). Based on the higher efficacy of GO-Y030 observed in
the viability assays, we decided to treat MDA-MB-231 cells
with 1-5 yM concentrations of GO-Y030 and 5-20 M con-
centrations of curcumin for 24 h. Western blot analysis with a
cleavage-specific PARP antibody revealed that induction of
apoptosis can be detected in MDA-MB-231 cells at GO-Y030
concentrations as low as 2.5 and 5 M (Fig. 2A). Cleavage of
PARP was also detected in HPAC and PANC-1 pancreatic
cancer lines at these concentrations of GO-Y030, whereas
curcumin concentrations as high as 20 yM failed to induce
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Figure 2. GO-Y030 induces cleavage of PARP in (A) the MDA-MB-231 breast cancer cell line, and the pancreatic cancer cell lines (B) HPAC, (C) PANC-1,
and (D) BXPC-3. Total cell lysate (50 xg) from each sample was resolved by SDS-PAGE and transferred to membranes for Western bblotting with antibodies

for cleaved PARP or GAPDH as a loading control.
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Figure 3. GO-Y030 is a more potent inhibitor of STAT3 phosphorylation than curcumin. Semi-confluent plates of MDA-MB-231, HPAC, PANC-1 and
BXPC-3 cells were treated with the listed concentrations of these compounds for 24 h. Total cell lysate (50 yg) from each sample was resolved by SDS-PAGE
and transferred to membranes for Western blotting with antibodies specific for pSTAT3, phospho-independent STAT3, cleaved caspase-3 (Aspl75), or

GAPDH.
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Figure 4. (A) GO-Y030 and curcumin on interfere with STAT3-mediated transcription of luciferase in a dose-dependent manner. MDA-MB-231 breast cancer
cells were stably transfected with the pLucTKS3 luciferase construct, whose expression of luciferase is contingent upon activated pSTAT3. These cells were
seeded and treated with the listed concentrations of curcumin or GO-Y030 in triplicate for 24 h. Relative luciferase activity was measured and normalized as
described in Materials and methods. (B) The ability of MDA-MB-231 breast cancer cells to form colonies in soft agar is decreased following treatment with 5 yM
of curcumin or 1 and 5 yM of GO-Y030. The colony numbers were counted following 2 weeks of growth time.

cleavage of PARP (Fig. 2B and C). Treatment of the BXPC-3
pancreatic cancer line with 1-5 M concentrations of GO-Y030
produced nearly identical results, however this cell line also
appeared to be more sensitive to high dosages of curcumin
(Fig. 2D).

To determine if GO-Y030 was having any impact on the
phosphorylation status of STAT3, we performed a similar
series of experiments and assayed for the presence of pSTAT3
using a phospho-specific antibody. MDA-MB-231 breast
cancer cells were treated with GO-Y030 or curcumin for

24 h. A 5 uM concentration of GO-Y030 was sufficient to
inhibit STAT3 phosphorylation whereas concentrations as
high as 20 yM of curcumin had little to no effect (Fig. 3A).
Phosphorylation of STAT3 was also examined in the HPAC,
PANC-1, and BXPC-3 pancreatic cell lines. GO-Y030 notice-
ably reduced levels of pSTAT3 at concentrations as low as
1 uM, and the presence of pSTAT3 was nearly undetectable
in samples treated with concentrations of 2.5 and 5 yM
across all three pancreatic cancer cell lines tested (Fig. 3B
and D). Treatment with equivalent dosages of curcumin
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elicited no observable effect on levels of pSTAT3 in these
cells (data not shown). Some reduction in pSTAT3 was seen
following treatment with 10 and 20 yM concentrations of
curcumin, the extent of which varied with the cell line.

GO-Y030 inhibits STAT3-mediated transcription of luciferase.
A luciferase assay was employed to gauge GO-Y030-mediated
repression of STAT3 transcriptional activity. Due to its high
endogenous levels of pSTAT3, MDA-MB-231 breast cancer
cells were chosen to be stably transfected with pLucTKS3, a
luciferase construct that features seven copies of the STAT3
binding site in a thymidine kinase minimal promoter. Expression
of luciferase is thus contingent upon the phosphorylation and
activation of STAT3 (22). These stably transfected cells were
treated with 1-10 yM of GO-Y030 or curcumin for 24 h.
Luciferase activity was monitored via a luminometer, and the
luminescence of the GO-Y030- and curcumin-treated cells
was compared to that of an untreated control. Following
normalization of the data, both compounds were shown to
reduce the expression of luciferase in a dose-dependent
manner, however GO-Y030 was again much more effective
in this capacity (Fig. 4A). These results confirm that GO-Y030
is a potent agent of inhibiting STAT3 phosphorylation and
STAT3-dependent transcriptional luciferase activity.

GO-Y030 is a potent inhibitor of anchorage-independent
growth. The ability of transformed cells to grow and proliferate
in the absence of substratum attachment is one of the hallmarks
of malignancy and is vitally important in the formation of the
tumor (26). Since curcumin has been shown to down-regulate
STAT3 phosphorylation (7), which may have an effect on
anchorage independency (27), we hypothesized that curcumin
would lead to a decrease in the number of colonies formed in
soft agar and that GO-Y030 would show an even greater
decrease. Our results show that both curcumin and GO-Y030
treatment led to decreased colony formation in soft agar
when compared to the untreated control in MDA-MB-231
breast cancer cells. Compared to the control, samples treated
with a 5 uM concentration of curcumin showed a nearly 60%
decrease in the number of colonies formed. Concentrations of
1 and 5 uM GO-Y030 showed a 95 and 92% decrease in
colony number respectively (Fig. 4B). These data are indicative
that in addition to reducing overall viability, curcumin and to
a larger extent GO-Y030 inhibit the ability of cancer cells to
grow in an anchorage-independent manner.

Discussion

The American Cancer Society estimates that 180,000 new
cases of invasive breast cancer are diagnosed each year. It
remains the second most fatal form of cancer in women after
those that afflict the lung and bronchus, and it is responsible
for approximately 40,000 deaths annually (28). Although
cancers of the exocrine pancreas are comparatively less
common, they remain among the most deadly; the overall
survival rate of pancreatic cancer patients is <4%, and an
estimated 33,370 deaths resulted from the disease in the year
2007 alone (28). As such, there is a critical need for better
approaches to the treatment of these types of cancers.
Numerous reports have shown that curcumin can inhibit
multiple oncogenic processes in many cancers, including
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those of the breast and pancreas. The low bioavailability of
curcumin limits its use in therapeutic applications, however,
necessitating alternative routes of administration. In this study,
we further evaluated the inhibitory effects of the curcumin
analogue GO-Y030. Our data clearly demonstrate the increased
efficacy of this compound over curcumin in inhibiting breast
and pancreatic cancer cell viability. Moreover, GO-Y030 was
found to induce apoptosis in these cells at concentrations
far lower than those required to elicit a comparable effect
following curcumin treatment.

We also show that GO-Y030 is a potent inhibitor of
STATS3. Constitutively activated STAT3 has been reported
in a high percentage of cancers, where it contributes to
increased cell growth, apoptotic resistance, angiogenesis and
enhanced metastatic potential (8). Treatment of breast and
pancreatic cancer cells with GO-Y030 resulted in moderate
to sharp declines of detectable levels of pSTAT3, showing
some variance across cell lines. Luciferase assay analysis
with an activated STAT3-dependent luciferase construct
revealed that GO-Y030 could effectively suppress STAT3
transcription in a dose-dependent manner, and low dosages
of GO-Y030 were found to impair the ability of MDA-MB-231
cells to form colonies in soft agar. Although further analysis
of the GO-Y030 inhibitory effects is warranted, our results
thus far show that GO-Y030 is a potent agent to suppress
viability and anchorage independency, induce apoptosis, and
inhibit constitutive STAT3 signaling. It may thus have
translational potential as a chemopreventative or therapeutic
agent for human cancer, pending further examination of its
bio-availability and tissue distribution.
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