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New curcumin analogues exhibit enhanced
growth-suppressive activity and inhibit AKT and
signal transducer and activator of transcription 3
phosphorylation in breast and prostate cancer cells
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Curcumin, the active component of turmeric, has been shown to protect
against carcinogenesis and prevent tumor development in cancer. To
enhance its potency, we tested the efficacy of synthetic curcumin
analogues, known as FLLL11 and FLLL12, in cancer cells. We examined
the impact of FLLL11 and FLLL12 on cell viability in eight different
breast and prostate cancer cell lines. FLLL11 and FLLL12 (IC;, values
0.3-5.7 and 0.3-3.8 umol/L, respectively) were substantially more
potent than curcumin (IC;, values between 14.4-50 umol/L). FLLL11
and FLLL12 were also found to inhibit AKT phosphorylation and
downregulate the expression of HER2/neu. In addition, we demon-
strate for the first time that FLLL11 and FLLL12 inhibit phosphorylation
of signal transducer and activator of transcription (STAT) 3, an
oncogene frequently found to be persistently active in many cancer
types. The inhibition of STAT3 signaling was confirmed by the
inhibition of STAT3 DNA binding and STAT3 transcriptional activity.
Furthermore, FLLL11 and FLLL12 were more effective than curcumin
in inhibiting cell migration and colony formation in soft agar as well
as inducing apoptosis in cancer cells. These results indicate that
FLLL11 and FLLL12 exhibit more potent activities than curcumin on
the inhibition of STAT3, AKT, and HER-2/neu, as well as inhibit cancer
cell growth and migration, and may thus have translational potential
as chemopreventive or therapeutic agents for breast and prostate
cancers. (Cancer Sci 2009; 100: 1719-1727)

The cellular mechanisms contributing to breast and prostate
cancer involve a multistep process that includes the inactiva-
tion of tumor suppressor genes and the dysregulation of several
oncogenic pathways. Among the signaling pathways implicated
are the AKT, HER2/neu, and signal transducers and activators of
transcription (STAT) 3 pathways."™ Activated or phosphorylated
AKT appears to play an important role in proliferation, chemo-
resistance, and resistance to hormone therapy of breast cancer
cells.*® The AKT pathway has emerged as one of the key onco-
genic pathways in breast cancer, carrying with it the potential
for therapeutic intervention.”> Although AKT can be activated
through a variety of mechanisms, its dysregulation in many breast
cancers stems from overexpression of the HER2/neu protein.!?
HER2/neu is a 185-kDa surface membrane protein that is over-
expressed in approximately 25-30% of breast cancers due to
amplification of the HER2 gene.® Patients with breast cancers
that overexpress HER2/neu generally have a poor prognosis,
experiencing shorter relapse times and low survival rates.!V
Evidence suggests that cancer cells that overexpress HER2/neu
may also be less sensitive to chemotherapy.!3

STAT3 is a latent transcription factor and is one of the down-
stream signaling proteins for cytokine and growth factor
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receptors.*15 Activation of these receptors induces the phospho-
rylation and subsequent dimerization of two STAT3 monomers
through conserved SH2 domains."%!'” Persistently active STAT3
has been 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 angiogenesis, mediating
immune evasion, and conferring increased resistance to apopto-
sis.1%2 Mora et al. reported constitutive activation of STAT3 in 37
out of 45 (82%) prostate tumor samples.® Barton et al. also reported
a similar observation except that all the prostate tumor samples
they examined had constitutive activation of STAT3.®’ The con-
stitutive activation of STAT3 is also frequently detected in breast
cancer specimens with advanced diseases.?****> STAT3-associated
activities are apparently required for the continued survival of
certain cancer cells, as interference of the STAT3 pathway has
been found to result in growth inhibition and induction of apop-
tosis,®2® furthering its interest as a potential chemotherapeutic
target. -2

Because the dysregulation of multiple oncogenic pathways is
common among many cancers, an optimal therapeutic agent
would need to be able to inhibit multiple pathways simultaneously
while causing minimal deleterious side effects. One compound
that may function in this capacity is curcumin, the bioactive
component of the perennial herb Curcuma longa. Extensive
research has revealed that the complex chemistry of curcumin
allows it to influence multiple cell signaling pathways, giving it
anti-inflammatory, antioxidant, chemopreventive, and chemother-
apeutic properties in addition to many others.®¥ Among curcu-
min’s numerous molecular targets are components of the AKT,
HER2/neu, and STAT?3 pathways, whose inhibition requires expo-
sure to relatively high concentrations of the agent.®® Although
large dosages of curcumin tend to be well tolerated, testing in
animal models and human clinical trials has revealed that the
bioavailability of curcumin is low, owing to its poor absorption
across the gut, limited tissue distribution, rapid metabolism, and
subsequent elimination from the body.®> One potential method
of circumventing this limitation has been the design and synthesis
of curcumin structural analogues. Two such compounds, termed
FLLL11 and FLLL12 (Fig. 1), were synthesized by our labora-
tories as part of a series of novel curcumin analogues. Initial
screening revealed that these two compounds were particularly
effective at inhibiting cancer cell viability, warranting a closer

5To whom correspondence should be addressed. E-mail: lin.674@osu.edu
*These authors contributed equally.

Cancer Sci | September2009 | vol.100 | no.9 | 1719-1727



FLLL11
o)
CH;0 O N O OCH;
HO OH
OCH, OCH;
FLLL12
(b)
0 o}
R, 4o NaOH, o R .
+ J_EtOH, 1t, 24 O O FLLL11
Rz R; R,
Rs Rs R

Synthesis of FLLL11 and FLLL12

look at their anticarcinogenic properties. In our present study,
we compared the inhibitory effects of FLLL11, FLLL12, and
curcumin in breast and prostate cancer cells that express elevated
levels of STAT3 and AKT phosphorylation as well as HER2/neu
protein. Our results demonstrated that these two curcumin
analogues can effectively inhibit STAT3, AKT, and HER2/neu
pathways.

Materials and Methods

Cell culture. MDA-MB-231, MCF-7, MDA-MB-468, SK-BR-3,
BT-474, and MDA-MB-453 breast cancer cells, PC-3 and DU145
prostate cancer cells, and WI-38 normal human lung fibroblasts
were acquired from the American Type Culture Collection (Manassas,
VA, USA). Human mammary epithelial cells (HMEC) were
purchased from Lonza Walkersville (Walkersville, MD, USA).
These cancer and normal cells were maintained in DMEM, 1x
with 4.5 g/l L-glutamine and sodium pyruvate (Mediatech,
Manassas, VA, USA), supplemented with 10% FBS (Invitrogen,
Carlsbad, CA, USA) and 1% penicillin and streptomycin in cell
culture incubators that were set at 37°C and aired with 5% CO,.

Western blot analysis. Breast and prostate cancer cells were
treated with 5 or 10 umol/L FLLL11, FLLL12, or curcumin
(Sigma-Aldrich, St. Louis, MO, USA) for 24 h. For Western blots,
50 g of total protein from cancer cell lysates were subjected to
SDS-PAGE and transferred to PVDF membrane. Phospho-
specific STAT3 antibody (Tyr705), phospho-independent STAT3
antibody, phospho-specific AKT antibody (Ser473), Akt antibody,
phospho-specific ERK1/2 antibody (Thr202 and Tyr204), cleaved
poly (ADP-ribose) polymerase (PARP) antibody, cleaved caspase-
3, HER-2/neu, and GAPDH antibody were purchased from
Cell Signaling Technologies (Baverly, MA, USA). Membranes
were blotted with these antibodies and scanned with the Storm
Phosphorlmager (Amersham Pharmacia Biotech, Piscataway,
NJ, USA) using enhanced chemiluminescence plus reagents.

MTT cell viability assay. Breast and prostate cancer cells were
seeded in 96-well plates (3000 cells/well) in triplicate in 10%
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Fig. 1. (@) The chemical structures of curcumin,
FLLL11, and FLLL12. (b) The general synthesis scheme
for FLLL11 and FLLL12.

FBS. The following day, cells were treated with 0.5-5 wmol/L
FLLL11 and FLLL12, or 0.5-30 pumol/L curcumin for 72 h. Then
25 uL MTT (M5655; Sigma-Aldrich) was added to each sample.
After 3.5 h, 100 uL N,N-dimethylformamide (D4551; Sigma-
Aldrich) solubilization solution was added to each well. The
absorbance was read at 590 nm the following day. The viability
of the untreated cells was arbitrarily set at 100% and compared
with the viability of curcumin-, FLLL11-, and FLLL12-treated
cells. ICy, were determined using Sigma Plot 9.0 software
(SYSTAT Software, Chicago, IL, USA) using the four parameter
logistic function standard curve analysis for dose response.

Determination of combinatorial effects. The ability of doxorubicin,
FLLL11, and FLLLI12 to act in a synergistic matter with regard
to growth inhibition was determined as follows. Briefly, the log
(falfu) was plotted against the concentration (D) for each compound
alone or in combination, where fa is the fraction affected and fu
is the unaffected fraction (1-fa) of cells at each concentration.
Calcusyn software (Biosoft, Great Shelford, Cambridge, UK)
was used to determine the combinational index (CI) for each
concentration of drug mixture used. A value of CI <1 represents
a case where synergism of doxorubicin, FLLL11, and FLLL12 was
present. CI values of 1 and >1 represent additive and antagonistic
effects respectively.

STAT3 DNA binding activity and STAT3-dependent transcriptional
luciferase activity. MDA-MB-231, SK-BR-3, and DU145 breast
and prostate cancer cells were treated with 10 umol/L. FLLL12,
FLLL11, and curcumin, or DMSO for 24 h. The nuclear extracts
were analyzed for STAT3 DNA binding activity using TransFactor
Universal STAT3-specific kits following the manufacturer’s
protocol (Clontech, Moutain View, CA, USA). To assess transcrip-
tional activity, MDA-MB-231 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 reporter. Expression of luciferase is contingent upon
activation of STAT3.4® These cells were grown to semiconfluency
in six-well plates and then treated with the listed concentrations
of FLLLI11, FLLL12, curcumin, or DMSO for 24 h in 5%
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Table 1. IC,, (M) of FLLL12, FLLL11, and curcumin in human breast and
prostate cancer cells and WI-38 normal human fibroblasts

Cell line FLLL11 FLLL12 Curcumin
MDA-MB-468 0.3 0.3 14.4
MDA-MB-231 2.8 2.7 25.6
SK-BR-3 5.7 3.8 37.7
BT-474 5.6 1.8 419
MDA-MB-453 4.7 1.3 >50.0
MCF-7 2.4 1.7 215
PC-3 3.9 3.6 19.8
DU145 3.6 3 39.6
WI-38 normal human >1000.0 >1000.0 >1000.0

lung fibroblasts

FBS DMEM. The cells were washed with PBS and harvested
in reporter lysis buffer. Twenty pUL of lysate was used in the
luciferase assay in accordance with the manufacturer’s protocol
(Promega, Madison, WI, USA). Samples were run in triplicate.
The data were normalized via a bicinchoninic acid (BCA)
protein assay (Thermo Scientific, Waltham, MA, USA) to
determine the total amount of protein present in each lysate.
Luciferase activity is expressed as counts per second per LLg protein.
Curcumin-, FLLL11-, and FLLL12-treated STAT3 luciferase
activity is presented relative to a pLucTKS3-transfected sample
treated with DMSO, arbitrarily set at 100%.

Soft agar colony formation assay. A 0.6% agar gel with 10% FBS
in DMEM was prepared and added to the wells of a six-well
culture dish as a base agar. Five thousand cells 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 MDA-MB-231 and SK-BR-
3 breast cancer 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 uL per well) and pictures of the colonies were taken with
a Leica MZ 16FA inverted microscope (Leica Microsystems,
Bannockburn, IL, USA) with a 7.4 Slider Camera (Diagnostic
Instruments, Sterling Heights, MI, USA). Colonies were scored
by counting with an inverted microscope. Numbers were normalized
as a percentage of colonies formed in DMSO treatment.

Cell migration assay. For cell migration assays, MDA-MB-231
breast cancer cells (3 x 10° cells per well) were plated in a six-well
plate. Approximately 2448 h later, when the cells were 100%
confluent, the monolayer was scratched using a 1-mL pipette tip.
Medium and non-adherent cells were aspirated, the adherent cells
were washed once, and new medium containing various concen-
trations of FLLL12 and FLLL11 (1-20 umol/L) was added for
4h. Cells were observed under the microscope after an
additional 20 h. The inhibition of migration was assessed when
the wound in the control was closed. ImageJ software, available
from the NIH website (http://rsb.info.nih.gov/ij/), was used to
quantify cell migration assay data. Three random pictures were
taken for each treated well and the areas of the wounds
measured using ImageJ software. The percentage of wound
healed was then calculated using the formula: 100 — (final
area/initial area X 100%).

Results

FLLL11 and FLLL12 are more potent inhibitors of the proliferation of
breast cancer cells than curcumin. We determined the ICy, of a
panel of 24 novel analogues of curcumin in MDA-MB-231 and
MCF-7 breast cancer cell lines.*” FLLL11 and FLLLI12
(Fig. 1a) are among the most potent curcumin analogues with
lowest IC, values and we chose these two compounds for further
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testing in additional breast cancer cell lines. The synthesis of
FLLL11 and FLLL12 is shown in Figure 1(b).

We next tested the inhibitory efficacy of FLLL11 and FLLL12
in four additional human breast cancer cell lines, MDA-MB-468,
BT-474, SKBR-3, and MDA-MB-453. In total, six breast cancer
cell lines were tested (Table 1) representing at least four distinct
subtypes of breast cancer (based on molecular genetic profiling)
that have prognostic significance: 4 (1) MDA-MB-468 and
MDA-MB-231 cells are basal-like (estrogen receptor [ER] nega-
tive, progesterone receptor [PR] negative, and HER2 negative); (2)
SKBR-3 and MDA-MB-453 cells overexpress HER2 (ER"PR™
HER2"); (3) BT-474 cells are similar to luminal B (ER*PR*HER2");
and (4) MCF-7 cells are similar to luminal A (ER*PR*HER2").
FLLL11 and FLLL12 were found to be more potent than curcumin
at inhibiting cell viability in all six breast cancer cell lines (Table 1).
The IC,, values for FLLL11 and FLLL12 ranged from 9- to 48-
fold lower than curcumin in these four subtypes of breast cancer
cells (Table 1). FLLL11 and FLLL12 were also more potent than
curcumin against the human prostate cancer cell lines PC-3 and
DU145. The IC,, values for FLLL11 and FLLL12 were 3.6-3.9
and 3.0-3.6 umol/L, respectively, compared to IC,, values of 19.8—
39.6 umol/L. observed with curcumin (Table 1). FLLL11 and
FLLL12 were much more effective than curcumin against all of
the cancer cell lines we initially evaluated. Importantly, these two
compounds also maintained curcumin’s reputed low toxicity
against normal cell lines, as evidenced by their inability to
decrease viability in the WI-38 normal human lung fibroblasts
(Table 1).

FLLL12 downregulates HER2/neu expression and AKT phosphory-
lation. The HER2/neu and AKT pathways play important roles
in drug resistance, invasion, and angiogenesis, and influence a
host of other oncogenic functions.®74= Because HER2/neu
overexpression is an important factor in the progression of many
breast cancers, we tested whether FLLLLL11 and FLLL12 were
capable of downregulating its expression. We observed that both
FLLL11 and FLLL12 could downregulate protein levels of
HER2/neu in BT-474 and SK-BR-3 breast cancer cells; however,
FLLL12 seemed to be slightly more potent (Fig. 2a,b). FLLL12
also downregulated HER2/neu expression in MDA-MB-453 breast
cancer cells (Fig. 2¢). In addition, FLLL12 but not FLLLI11
inhibited AKT phosphorylation (serine 473) in MDA-MB-453
breast cancer cells (Fig. 2c) and PC-3 prostate cancer cells
(Fig. 2d). In MDA-MB-453 breast cancer cells, FLLL12 also
decreased AKT expression (Fig.2c). Both FLLLI1 and
FLLLI12 induced apoptosis in these breast and prostate cancer
cells, as evidenced by increased levels of cleaved PARP
(Fig. 2a—d) and cleaved caspase-3 (Fig. 2b—d). Similar treatment
of these cell lines with equimolar concentrations of curcumin
had little to no observable impact (Fig. 2a—d).

FLLL11 and FLLL12 are potent inhibitors of STAT3 phosphorylation
and associated activities in breast and prostate cancer cells. We next
examined whether FLLL11 and FLLL12 could inhibit STAT3
phosphorylation in the MDA-MB-231 and SK-BR-3 breast cancer
cells and DU145 prostate cancer cells, all of which express elevated
levels of phosphorylated and active STAT3.?Y Both FLLL11 and
FLLLI12 inhibited STAT3 phosphorylation (Tyr705) in MDA-
MB-231 (Fig. 3a), SK-BR-3 (Fig. 3b), and DU145 (Fig. 3c), but
were ineffective at preventing phosphorylation of the ERK1/2
MAP kinase. With regard to STAT3 phosphorylation, FLLL12
was found to be a more potent inhibitor than FLLLI11, if
only to a slight extent. We also observed a correlation between
reduction of phosphorylated STAT3 levels and the induction of
apoptosis (determined by cleavage of PARP and caspase-3),
which again reflects the necessity of persistent activation of this
transcription factor in many cancers.'® However, FLLL11 and
FLLL12 (10 umol/L) did not induce cleaved PARP and
caspase-3 in HMEC and WI-38 normal human lung fibroblasts
(Fig. 3d).
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Fig. 2. The inhibitory effects of AKT phosphorylation and HER-2/neu protein expression by FLLL11, FLLL12, and curcumin in (a) BT-474, (b) SK-BR-
3, (c) MDA-MB-453, and (d) PC-3 human cancer cell lines. Cancer cells were treated with 5-10 umol/L FLLL11 and FLLL12, or 5-10 umol/L curcumin
for 24 h. Membranes were blotted with HER-2/neu, phospho-specific AKT (S473), cleaved poly (ADP-ribose) polymerase (PARP), cleaved caspase-3,

and GAPDH antibodies.

To further confirm the inhibition of STAT3 signaling by FLLL11
and FLLL12, we examined the impact these compounds had on
STAT3 DNA binding and transcriptional activity in cancer cells.
Treatment of MDA-MB-231, SK-BR-3, and DU145 with FLLL11
and FLLL12 resulted in significantly more inhibition of STAT3
DNA binding activity than that observed with curcumin (Fig. 3e—
g). A luciferase assay was also used to gauge FLLL11- and
FLLL12-mediated repression of STAT3 transcriptional activity.
Due to its high endogenous levels of phosphorylated STAT3
protein, 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 contin-
gent upon the phosphorylation and activation of STAT3.4® Each
compound reduced STAT3-mediated transcription of luciferase
in a dose-dependent manner, and FLLL11 and FLLL12 again
showed much greater efficacy than curcumin (Fig. 3h). Dosage
for dosage, FLLL12 displayed greater potency than FLLL11 in
inhibiting STAT3-dependent transcriptional activity, which was
consistent with our earlier observations regarding the inhibition
of STAT3 phosphorylation (Fig. 3a—c). Taken together, these results
confirm that FLLL11 and FLLLI12 are potent inhibitors of acti-
vated STAT3 in vitro.
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FLLL11 and FLLL12 inhibit anchorage-independent growth and cell
migration in human breast cancer cells. The ability of transformed
cells to grow and proliferate in the absence of substratum attach-
ment is one of the hallmarks of malignancy and is vitally important
in the formation of the tumor.“® As curcumin has been shown
to downregulate STAT3“) and AKT“® phosphorylation, which
may have an effect on anchorage independency,*’*® we hypo-
thesized that curcumin would lead to a decrease in the number
of colonies formed in soft agar and that FLLL11 and FLLL12
would show an even greater decrease. As expected, treatment
with curcumin, FLLLI11, and FLLL12 led to decreased colony
formation in soft agar when compared to the untreated control
in MDA-MB-231 and SK-BR-3 breast cancer cells (Fig. 4a,b).
Compared to the control samples, a 5 umol/L concentration of
curcumin produced a decrease of nearly 60% in colony formation.
Equal concentrations of FLLL11 and FLLL12, on the other hand,
showed 95 and 80% reductions in colony numbers respectively.

Cell migration is necessary in many physiological processes,
such as wound healing and tumor metastasis. To assess whether
FLLL11 and FLLL12 similarly affected cell migration, a wound
healing assay was carried out with MDA-MB-231 breast cancer
cells. Upon inflicting a scratch wound, these cells were treated
with various concentrations of FLLL11 or FLLL12 for 4 h and
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FLLL11 and FLLL12 inhibit STAT 3 phosphorylation in (a) MDA-MB-231, (b) SK-BR-3, and (c) DU145 breast and prostate cancer cells. Cells were

treated for 24 h. Membranes were blotted with phospho-specific STAT3, phospho-independent STAT3, phospho-specific ERK1/2, cleaved poly (ADP-ribose)
polymerase (PARP), cleaved caspase-3, and GAPDH antibodies. (d) FLLL11 and FLLL12 (10 umol/L) induce cleaved PARP and cleaved caspase-3 in breast
cancer cells but not in human mammary epithelial cells (HMEC) and WI-38 normal human lung fibroblasts. The inhibitory effects of FLLL11 and FLLL12
on STAT3 DNA binding activity in (€) MDA-MB-231 (f), SK-BR-3, and (g) DU145 cancer cells. The nuclear extracts were analyzed for STAT3 DNA binding
activity using STAT3-specific TransFactor kit. Statistical significance (P < 0.01) relative to the DMSO vehicle control is designated by an asterisk. (h) The
inhibitory effect of FLLL11 and FLLL12 on STAT3-dependent transcriptional activity was analyzed in MDA-MB-231 breast cancer cells that stably
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DMSO vehicle control. Asterisks denote statistically significant (P < 0.01) decreases in luciferase activity.

returned to standard media in an attempt to minimize any cyto-
toxic effects that could potentially confound our observations.
Following 20 h of further incubation, the areas of the wounds were
measured using ImageJ software. Migration of the FLLL11- and
FLLL12-treated cells was impaired relative to the curcumin-
treated samples (Fig. 4c). FLLL12 has greater inhibitory effect
than FLLL11 and curcumin (Fig. 4c). The ability of FLLL12 or
FLLL11 to inhibit cell migration may not be due to their ability
to inhibit cell proliferation (Fig. 4d).

Quantitative combinatorial effects between FLLL11, FLLL12, and
doxorubicin. We next examined the possibility of synergistic effects

Lin etal.

of FLLL11 and FLLL12 with more established chemotherapeutic
drugs, such as doxorubicin. Doxorubicin is a powerful inhibitor
of DNA replication, and although it has proven effective against
many types of cancer, it is associated with a host of acute and
chronic side effects that increase in severity with cumulative
dosing. Treatment of these cells with doxorubicin resulted in
dose-dependent decreases in their viability in a triple-negative
breast cancer cell line, MDA-MB-231. A representative combina-
tion figure is presented (Fig. 5a,b). As can be seen, all concen-
trations tested have a CI value smaller than 1, indicating synergism
between doxorubicin and FLLL11 (Fig. 5a) or FLLL12 (Fig. 5b).
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Fig. 3. Continued

These data clearly demonstrate a synergistic effect between
doxorubicin and FLLL11 or FLLL12 that could potentially prove
useful in therapy.

Discussion

Breast cancer remains the second most common cancer after skin
cancer in women and is second in mortality only to lung cancer.
Likewise, prostate cancer is the second most common type of
cancer found in American men, other than skin cancer. Curcumin
has been shown to protect against carcinogenesis or prevent
tumor formation and development in several cancer types and
also to suppress angiogenesis and metastasis in a variety of animal
tumor models.®**-7 From the published literature, curcumin
has been shown to exhibit inhibitory effects in breast cancer
cells®"® and in prostate cancer cells.**%” Curcumin has been
shown to inhibit multiple pathways including the STAT3, HER2/
neu, and AKT pathways, albeit at high concentrations.®44362
These results suggest that curcumin might be an ideal agent to
target multiple oncogenic pathways in breast and prostate cancer.
Although the growth suppressive activity and bioavailability
of curcumin in humans may be effective as a preventive agent,
it may not be sufficient as an effective therapeutic agent in
cancer. Therefore, more potent curcumin analogues that can
inhibit STAT3, AKT, and HER2/neu pathways with lower doses are
needed as more effective therapeutic agents for cancer treatments.

‘We demonstrated that two new analogues, FLLL11 and FLLL12,
are more potent than curcumin at inhibiting cell viability, cell
migration, and colony formation in soft agar, and they induced
apoptosis in human breast and prostate cancer cells. In addition,
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we demonstrated that FLLL11 and FLLL12 can synergize with
doxorubicin to suppress the growth of MDA-MB-231 breast
cancer cells. Besides FLLL11 and FLLL12, additional curcumin
analogues such as dimethoxycurcumin, EF-24, GO-Y030, and
others have been reported.®% However, none of the current
curcumin analogues have been reported to be able to inhibit the
STAT3, HER2/neu, and AKT pathways. Our results demonstrate
that two new curcumin analogues, FLLL11 and FLLL12, can
effectively inhibit all three of these pathways. Numerous reports
have shown that inhibiting STAT3 activation by a dominant-
negative mutant, antisense oligonucleotides, small interfering
RNA, and other methods in human cancer cells suppresses
proliferation and induces apoptosis in vitro and tumorigenicity
in vivo.“¢) These results demonstrate that STAT3 is crucial to the
survival and growth of tumor cells. Our data show that FLLL11
and FLLL12 are more potent than curcumin at inhibiting STAT3
phosphorylation, STAT3 DNA binding, and STAT3-dependent
transcriptional activity in breast and/or prostate cancer cells.
Blocking signaling to STAT3 by FLLL11 and FLLL12 may represent
one of the more potent therapeutic approaches to targeting
the STAT3 pathway in breast and prostate cancers that express
constitutive STAT3 signaling. In addition, constitutive AKT
signaling appears to play an important role in proliferation,
chemoresistance, and resistance to hormone therapy of pros-
tate@®8% and breast cancer cells.”® Furthermore, patients with
breast cancer that overexpress HER2/neu have a poor prognosis,
shorter relapse time, and low survival rate.!” Our results showed
that FLLL12, but not FLLL11, is more potent than curcumin in
downregulating AKT phosphorylation in breast and prostate cancer
cells. Our results also showed that FLLL11 and FLLL12 are
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Fig. 4. The ability of MDA-MB-231 breast cancer cells to form colonies in soft agar is decreased following treatment with 5 umol/L curcumin or
1-5 umol/L FLLL11 and FLLL12 in (a) MDA-MB-231 and (b) SK-BR-3 breast cancer cells. (c) Migration of MDA-MB-231 into a scratch wound is impeded
after 4 h of treatment with curcumin, FLLL11, or FLLL12. (d) MTT assays of MDA-MB-231 cells reveal that the dosages of these agents used
in the migration assay have minimal impact on viability over 4 h of drug treatment and an additional 20 h without treatment.
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more potent than curcumin in downregulating the expression
of HER2/neu. In summary, our findings demonstrated that the
curcumin analogues FLLL11 and FLLL12 could have transla-
tional potential as novel cancer therapeutic agents. For Absorp-
tion, Distribution, Meabolism, Excretion, and Toxicity (ADMET)
pharmacokinetic and pharmacodynamic assessments, fifty
parameters have been calculated and it appears that FLLL11 and
FLLL12 pass the drug-likeness test. Of particular note are the
cell permeability indexes of FLLL11, which although acceptable,
are not as good as FLLL12. This may explain, at least in part,
the lower efficacy of FLLL11 observed in our studies. Thus far,
FLLL12 is the best choice, and has 86% similarity to propaf-
enone and trimethobenzamide. Therefore, FLLL12 may be a better
agent than FLLLI11 and curcumin for the future development
of chemotherapeutics to target breast and prostate cancers.
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Fig. 5. The inhibitory effects of cell viability by FLLL11 and FLLL12 in com-
bination with doxorubicin in the MDA-MB-231 human breast cancer cell
line. MDA-MB-231 breast cancer cells were treated with (a) FLLL11, (b)
FLLL12, and doxorubicin for 72 h. The cell viability was determined by MTT
assay. The untreated cells were set at 100% and the viability of
doxorubicin-, FLLL11-, and FLLL12-treated cells was determined relative
to the untreated cells. Asterisks represent synergism (a combinational
index less than 1).
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